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Abstract:
The replacement of first row elements by second row elements (e.g. S for O) in electron donating
groups in conjugated organic materials has been shown to produce an enhancement of the nonlinear
response. Amino functionalities have been utilized as strong donors in the design of molecules for both
second and third order NLO applications. In the present work N (Nitrogen) has been replaced by P
(Phosphorus) in various chromophore functionalities. A series of bis-(diphenylphosphino) diphenyl
polyenes with up to five double bonds, a bis-(diphenylphosphino)-PPV dimer, and a
diphenylphosphino DANS equivalent have been synthesized. In addition, the first generations (G0) of
two types of dendrimers were made by a divergent approach. The first type is a series of three arm
dendrimers with stilbene type units. The second type is a series of three arm dendrimers with PPV type
units.

These new molecules were compared to the N equivalents in several characteristics such as absorption,
organic light emitting diodes (OLED), nonlinear optical properties, two-photon absorption, and reverse
saturable absorption.

It was found out that diphenylphosphino substituents behave as weak electron-withdrawing groups
despite the lone pair of electrons. Compared to N, the lone pair of electrons of P participates weakly in
the conjugation of 71-systems, which results in a blue shift in λ 
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ABSTRACT

The replacement of first row elements by second row elements (e.g. S for 0 )  in 
electron donating groups in conjugated organic materials has been shown to produce an 
enhancement of the nonlinear response. Amino functionalities have been utilized as 
strong donors in the design of molecules for both second and third order NLO 
applications. In the present work N (Nitrogen) has been replaced by P (Phosphorus) in 
various chromophore functionalities. A series of bis-(diphenylphosphino) diphenyl 
polyenes with up to five double bonds, a bis-(diphenylphosphino)-PPV dimer, and a 
diphenylphosphino DANS equivalent have been synthesized. In addition, the first 
generations (GO) of two types of dendrimers were made by a divergent approach. The 
first type is a series of three arm dendrimers with stilbene type units. The second type is 
a series of three arm dendrimers with PPV type units.

These new molecules were compared to the N equivalents in several 
characteristics such as absorption, organic light emitting diodes (OLED), nonlinear 
optical properties, two-photon absorption, and reverse saturable absorption.

It was found out that diphenylphosphino substituents behave as weak electron- 
withdrawing groups despite the lone pair of electrons. Compared to N, the lone pair of 
electrons of P participates weakly in the conjugation of ̂ -systems, which results in a blue 
shift in Xmax.
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INTRODUCTION

The synthesis of polyacetylene ( I)  by Shirakawa1 in the 1970s permitted the 

study of the chemistry, physics and applications of conducting polymers. This has 

resulted in an increasing interest in electroactive materials that has given us a better 

understanding of the formation and stabilization of the charge states and the nature, of 

the insulator-metallic transition upon chemical or electrochemical doping. It is currently 

accepted that polymers like polyacetylene are dominated by polaronic (radical-cations or 

radical-anions) or solitonic species, while polymers such as polythiophene (2) and 

poly[p-phenylenevinylene] (3) are dominated by bipolaronic species (di-ions) in the 

conducting state. The insulator-conductor transitions due to an oxidative doping have 

been linked to the appearance of new midgap states, which seem to be characteristic of 

Tt-conjugated polymers in general. It has been demonstrated that electroactive polymers 

also have unique optical properties.2 Fofthis reason, the nature of charge-state 

formation and stabilization in extended ^-systems and the relationship of the electron 

delocalization and polarization to electronic and/or photonic properties is an ongoing 

area of study.

Several research groups have shown that electroactive polymers and oligomers 

possess enhanced nonlinear optical properties. The NLO properties rise from an 

interaction of an electric field E of light with matter that can be described on the 

molecular level by equation 1,

R = aE + p E E + y E E E + ... eq. (1)
I
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where P is the induced polarizability by the electric field, a  is the linear polarizability, and 

p and y are the first and second order hyperpolarizability respectively.3 The nonlinear 

response is generally very weak and it is only possible to observe in some NLO 

materials when strong electromagnetic fields are used, as the one obtained with a 

coherent laser beam causing a polarization response in the ^-electron cloud of 

conjugated organic molecules. This polarization response is intensity-dependent and 

thus non-linear. In a practical sense, this interaction produces a temporary change in 

the material optical properties, such as index of absorption or refraction, which are 

present as long as the electric field is present.

In bulk materials, like polymer films, the non-linear susceptibilities %(2) and %(3) are 

third and fourth order tensors respectively, that relate all components of the polarization 

vector (P) to all components of the electric field vector (E) as described by equation 2:

P(E) = XmE + %(2)EE + x (3)EEE + ... Eq. (2)

I

Nonlinear optical properties can be assessed by a variety of techniques, which 

probe the NLO response of a system. Two common ways of doing this is by Third 

Harmonic Generation (THG) and Electric Field Induced Second Harmonic generation 

(EFISH) measurements. THG3 is a process that describes production of the third 

harmonic of the incident laser frequency and is related to the magnitude of the third 

order hyperpolarizability. EFISH3 is a technique where a strong dc electric field is 

applied to a sample, causing the molecules to orient the dipole moment with the 

interacting applied field. EFISH has contributions form both x(2) and x (3); however, for 

centrosymmetric structures or structures with zero second-order nonlinearity, the EFISH 

generation are derived form the third order nonlinearity.
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Results of studies on y, the third order hyperpolarizability, show that it increases 

with increasing conjugation length. 4 However, this conjugation can be limited to an 

effective conjugation length that is less than the formula conjugation length due to steric 

or conformational effects that may cause twisting out of planarity and a loss of orbital 

overlap.5 It has been postulated that y enhancement may be possible by the 

incorporation of polaronic and bipolaronic charge states in conjugated 7r-systems. This 

prediction has been supported by more refined calculations, and such enhancement has 

been experimentally verified for both small molecules in solution and polymers.6,7 The 

solubility of dibutyl-substituted dithienylpolyenes series has allowed the determination for 

the first time of length-dependence on bipolaronic species studies. Nonlinear optical 

studies of the oxidative doping of these series have confirmed the prediction of y 

enhancement by bipolaron formation. These materials are among the most nonlinear 

small molecules yet studied (y values approaching 10"3° esu). Since the polarizability of a 

Ti-conjugated system is related to the extent of ^-electron delocalization in the system, 

the possibility of coupling bipolaronic enhancement of %(3) with three-dimensional charge 

delocalization in dendritic macromolecules promises to be a seminal approach to the 

design of new NLO materials, and may allow third-order NLO macromolecules to 

compete for the first time with electric-field poled second-order polymers in a variety of 

applications. These materials can then be used in a variety of photonic applications 

such as eye protection via reverse saturable absorption or two photon absorption, in 

optical wave-guiding, third harmonic generation for nonlinear optical (NLO) applications, 

for electrochromic thin films for high contrast electrochromic applications, and finally in 

organic light-emitting diodes (OLEDs).

I
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HISTORICAL SECTION

Structure-Property Relationship for Third-Order Non-linear Optical Activity

Over the past 10 years there have been tremendous efforts to synthesize organic 

molecules with high third-order optical non-linearity8,10. These synthetic efforts have 

been focused in finding the right structure-property relationships that correspond to 

molecules with an enhanced NLO response. From these studies it has been found that 

the second hyperpolarizability is proportional to the extent of electron delocalization in 

molecules containing 71-electron systems11, in an attempt to model and predict the 

consequences of increasing conjugation, several researchers have made use of a power 

relation of the form12,13,

y a  Na

where N is the number of repeat units, like double bonds, carbon atoms, or length of the 

molecule. Beratan et ai.13, using a Huckel approach, have shown that y increases 

rapidly for polyenes as conjugation increases to 1.0-15 repeat units, and then more 

slowly up to 40 repeat units. Based on ab initio calculations for a series of polyenes up 

to C22H24, Hurst and coworkers14 found that y was proportional to chain length with 

power dependence of 4.0; however, this dependence levels off as N increases. Garito 

and coworkers15 calculated a power law dependence of y on chain length in the order of 

4.6 ±0.2. They suggest that only conjugation sequences of intermediate length (100 A) 

are needed in order to obtain large values of x (3). Also, Prasad16 has measured y for a 

series of polythiophene oligomers by degenerate fourwave mixing (DFWM) in solution 

and found a power law dependence for y of 4. He also concluded that y levels off with 

increasing N. In addition, from %(3) measurements on poly (3-dodecylthiophene) he
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found that the effective conjugation, for NLO purposes, did not extend much beyond 10 

repeat units, and that similar measurements for poly (p-phenylene) showed a leveling off 

of x <3) at the terphenyl level (N=3). All this suggests that it may not be necessary to 

synthesize a chain with very long number of repeat units in order to produce high third- 

order nonlinearity17.

Cheng et al.18, in an attempt to understand what structural parameters most 

affect y, made extensive measurements on benzene, styrene, and stilbene derivatives. 

Tables 1, 2, and 3 show the results from that study.18 These studies were focused on 

experimental measurements on molecules where the following parameters were 

systematically changed to correlate their influence on the nonlinear properties.

Donor-Acceptor Strengths

Table 1 shows the result of the studies on molecular hyperpolarizability on

Table 1: NLO results on monosubstituted benzenes and stiIbenes (units in esu)

O hi
n-36 EFISHX YlEFlSH x 1 g 36 Y ™ x 1 0 * yEFISH/ y THG a x 10’23 P x 10'

OMe 3.8 4.8 0.79 1.4 <0.2
SMe 5.9 7.2 0.82 1.7 1.1
NH2 7.8 8.1 1.70 2.4 1.3
NMe2 14.1 8.1 1.70 1.7 1.1
Julodiamine 16.7 7.8 2.14 2.4 1.3
SO2F 6.7 4 1.7 1.5 0.3
CN 10.3 4.3 2.4 1.3 0.36
COH 14.8 5.3 2.8 1.3 0.80
COCF3 25.0 5.3 4.7 1.7 1.3
NO 30.0 6.8 4.4 1.4 1.7
NO2 40.8 5.7 7.2 1.4 1.9
C2H(CN)2 82.3 12 6.9 2.0 3.1

NH2 104 31
- " C r l

3.4 2.8 7.4
NMe2 167 64 2.6 3.3 10
NO2 276 61 4.5 2.9 11
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Table 2: NLO results on para-disubstituted benzene (units in esu)

t v  2 3Y X a x 1 0 '23 P x IO 33 y x lO '36

OMe CN 1.7 1.9 4
SMe CN 2.0 2.8 9
NH2 CN 1.6 3.1 6
NMe2 CN 2.1 5.0 10
OMe CHO 1.7 2.2 8
SMe CHO 1.9 2.6 13
NH2 CHO 1.6 3.1 6
NMe2 CHO 2.0 6.3 18
Me CHO 1.6 1.7 7
OPh CHO 2.6 1.2 9
OMe NO2 1.5 5.1 10
SMe NO2 1.9 6.1 17
NH2 NO2 1.7 9.2 15
NMe2 NO2 2.2 12 28
CN NO2 1.7 0.6 7
CHO NO2 1.7 0.2 7
NH2 CHO 1.6 3.1 6
NMe2 CHO
Julolidine CHC(CN)2

2.0
3.0

6.3
44

18

Table 3: NLO results on para-disubstituted benzene (units in esu)

Y X a x 1 0'23 P x IO '30 Y X lO 36

HOHexO SO2CSHn 6.0 10 68
OMe S 0 2C6Fi3 4.8 14 93
OMe COCF3 3.9 16.4 83
OH CN 3.2 13 52
OMe CN 3.4 19 54
N(Me)2 CN 3.9 36 125
H NO2 2.9 11 61
Me NO2 3.5 15 77
Br NO2 3.8 14 98
OH NO2 3.3 17 104
OPh NO2 4.2 18 80
OMe NO2 3.4 28 79
SMe NO2 3.9 26 113
NH2 NO2 3.2 40 147
N(Me)2 NO2 3.4 73 225
Julolidine NO2 4.5 96
COOMe NO2 3.8 4.0 46
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monosubstituted benzene and stilbene derivatives.18 In the case of benzene, the most 

striking observation is that, except in N,N-dimethylaniline and julolidine, all donors 

groups are found to be ineffective in inducing charge and polarization asymmetry. This 

is seen in the small values for (B and y. Examination of the second order nonlinear 

property (yEFISH and yTHG values) in Table 1 show that for monosubstituted benzenes, 

both values change in parallel, indicating a limited dipole contribution to EFISH signal. 

This is partly due to the small dipole moments. The situation is the same for halogen 

derivatives. The ineffectiveness of donors in inducing asymmetry may be attributed to 

two factors. Apart from the dimethylamino group and the bridged structure in julolidine, 

the connecting atom in all the donors, including the amino, is sp3 hybridized. Due to the 

tetrahedral geometry, there is not an efficient overlap between the lone pair containing 

donor and the n orbitals of the benzene ring. Besides, these donor substitutions only 

result in minimal extension of the overall conjugation19. Ori the other hand, electron 

withdrawing groups are found to be more effective. Their efficiencies increase in the 

order of SO2CH3, SO2F, CN, CHO, COCF3, NO, NO2, and CHC(CN)2. The reason for 

the effectiveness of the accepting groups may be the proper hybridizations and longer 

extensions of the benzene conjugation.

It is also interesting to investigate the cooperative effects of donor and acceptor 

groups by studying para-disubstituted benzene and 4,4’-disubStituted stilbene. Tables 2 

and 3 show the results on these systems performed by Cheng et al18. In all cases there 

is a significant increase of |3 and y compared to the monosubstituted fragments. This is 

the well-recognized enhancement resulting form the charge transfer (CT) interactions 

between donor and acceptor groups20. Charge transfer interactions between 

susbtituents can be seen as resonance structures that connect charge-neutral and
I

charge-separated states with alternating single and double bonds.
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Results in Table 3 obtained for stilbene derivatives are different compared to 

benzene derivatives. The higher P and y values also indicate that the stilbene group 

is more polarizable. It can be safely concluded that conjugation length is an 

important factor in determining all orders of polarizability21. This is in agreement with 

theoretical calculations that predict that an increase in the size of N correlates with 

an increase on the polarizabilty of the system12.

Styrene Derivatives: The Efficacy of Vinyl Extension

Table 4 shows the measurement performed on 4- and P- substituted styrene 

molecules. These results show how a vinyl extension affects these molecules in

Table 4. NLO results on 4- and (T-substituted styrenes (units in esu)

Y X a x 1 0'23 P x IO"30 y x 10

OMe CN 2.3 7.0 11
NMe2 CN 2.8 23 29
Br CHO 2.3 6.5 36

OMe CHO 2.5 11 28
NMe2 CHO 2.6 30 63
OMe COMe 2.7 8.9 29
H NO2 2.0 8.0 29
OH NO2 2.4 18 52
OMe NO2 2.6 17 35
NMe2 NO2 3.2 50
NO2 NMe2 2.6 35
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comparison to both benzene and stilbene. Since styrene has a conjugation length 

intermediate to those of benzene and stilbene, the values of |3 and y are expected to fall 

between those of benzene and stilbene derivatives. Comparison of the results in Table 

4 and those of Table 2 and 3 confirms this expectation for all donor-acceptor pairs. 

Again, both (3 and y increase nonlinearly with the conjugation length. The vinyl addition 

going from the benzene to styrene structures appears to have a much greater 

enhancement on p and y that the phenyl addition going from the styrene to 

the stilbene structures22,23.

The length of various n systems

Tables 5 and 6 show the result of studies performed on a-phenylpolyene and 

a.uj-diphenylpolyene derivatives to further study the effect of conjugation extension on 

hyperpolarizability. Inspection of the data shows an increase of the nonlinearity with the 

increase of conjugation length as has been mentioned earlier21. In addition,

Table 5. NLO results on 4-donor, p-acceptor-substitued a-phenylpolyene oligomers(units in esu)

n Y X U X lO 2j 3 x 1 0'30 y x  10"36
O CHO MeO 1.7 2.2 8
1 CHO MeO 2.5 12 28
2 CHO MeO 3.0 28 43
3 CHO MeO 3.5 42 120
O CHO NMe2 2.0 6.3 17
1 CHO NMe2 2.6 30 63
2 CHO NMe2 3.3 52 140
3 CHO NMe2 4.0 88 257
O CHC(CN)2 MeO 1.7 9.8 25
1 CHC(CN)2 MeO 2.5 32 83

it should be noted that the two end capped a.w-diphenylpolyenes show lower values of 

both (3 and y compared to a -phenylpolyenes. This is in agreement with Morley’s24 

calculations that suggest that the phenyl unit is much less effective than the olefinic unit



to enhance hyperpolarizability. This may be seen as further evidence that the olefinic 

unit is superior to the phenyl unit in engineering

10

Table 6. NLO results on disubstituted a,co-diphenylpolyne oligomers (units in esu)

~ x, -I n- 2 3n Y X a x  10 23 PxIO"30 7 X 1 0 3*
1 CN OMe 3.4 19 54
2 CN OMe 3.8 27 122
3 CN OMe 4.4 40 234
1 NO2 Br 3.2 18 45
2 NO2 Br 3.9 21 146
3 NO2 Br 4.4 35 224
1 NO2 MeO 3.4 34 93
2 NO2 MeO 4.0 47 130
3 NO2 MeO 4.2 76 230
4 NO2 MeO 4.8 101
1 NO2 MeS 34
2 NO2 MeS 4.2 55 206
1 NO2 NMe2 3.4 73 225
2 NO2 NMe2 4.0 107
3 NO2 NMe2 4.2 131
4 NO2 NMe2 190

hyperpolarizability due to the aromatic stabilization of the phenyl n system compare to a 

vinyl unit.

Spangler et al.25, studied the effect that several D1D-, A1A-, and D1A substitutions on 

diphenyl polyenes have on y values. These results are shown in Table VII. As can

Table 7. Second Hyperpolarizability for disubstituted diphenyl polyenes

' -C h x C h
n X y •̂max 7X10'
3 Me2N Me2N 410 252
4 Me2N Me2N 410 252
1 C8HO17 NO2 374 158
2 C8HO17 NO2 397 305
3 C8HO17 NO2 412 530
4 C8HO17 NO2 425 831
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be noted for each system, the conjugation length plays an important factor in 

increasing the second polarizability. Also, these data show that D,A-substituted diphenyl 

polyenes have the largest y values. This is in agreement with Garito8 and coworkers 

suggestion that substitution of D and A groups on polyene chains produces a new type 

of virtual excitation process, which becomes allowed when centrosymmetry is broken by 

the asymmetric substitution pattern.

Reinhardt and Prasad26 have published another very interesting work that shows 

how controlled structural changes in organic molecules can affect y.

y = 16 x 10'36 esu 26x10'36 esu 4 3 x 1 0"36 esu

This study demonstrates that, by changing particular structures in a conjugate 

model parent, an increase in y can be expected. Such changes can be summarized 

as follows:

A. Increased delocalization via change in heteroatom (e g. S for 0);

B. Increased effective conjugation length (e.g. addition of aromatic ring or 

insertions of one or more double bonds);

C. Increased electron density in the conjugation moiety by adding electron 

donating susbtituents (e.g. replace H with RO).
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The combination of these effects has a cumulative effect, as seen for the following 

model rigid rod system that shows an increase of y by three orders of magnitude:

OCH3 QCH3

CH3°~^S~CH=CH~̂ N̂lOC )~CH=CH~^^~0CH3
C H 3O a  C H 3O9  CH3O

Y= 14,000 x 10"36 esu

Planarity

Another interesting structure-property relationship is related with the dependence of 

hyperpolarizability on conjugation planarity. Such dependence is expected because of 

the diminution of 71-electron overlap in a nonplanar geometry27. Table 8 shows the 

studies on polarizability on biphenyl and fluorene derivatives by Cheng20.

Table 8. NLO results on 4-4’-disubstituted biphenyls and fluorenes (units in esu)

X y ^max a x 10"23 B x IO 30 YX 10"36
H H 252 2.2 0.0 0.010
CN H 272 2.4 1.9 17
COCH3 H 280 2.7 2.0 8
NO2 H 304 2.5 4.1 5
CN OH 292 2.5 6.3 10
COCH3 OMe 304 2.9 4.9 23
NO2 Br 306 2.9 4.4 32
NO2 OH 334 2.6 7.7 37
NO2 OMe 332 2.8 9.2 39
NO2 NH2 372 2.8 24 70
NO2 NMe2 390 3.4 50

O h
130

NO2 H 328 2.6 5.1 29
NO2 Br 330 2.6 6.0 30
NO2 OMe 357 2.7 11 28
NO2 NMe2 410 3.6 40 95

I
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The results can be summarized as follow: (1) Torsion along the phenyl-phenyl bond 

causes reduction of y values in biphenyl relative to their fluorine analogous. (2) A  weak 

dependence on torsion for small angles gives small differences in y values.

(3) The y values for the biphenyl and the fluorene derivatives converge as the donor and 

acceptor strength increases. (4) When more than one phenyl ring is connected to the 

biphenyl system, the y values maximize at biphenyl for the oligophenylene series (see 

Table 9). This rapid saturation and decrease of y is expected with conjugated structures 

with two to more torsional angles, which has an intrinsic ineffectiveness of the phenyl 

extension, eventually leading to a decrease in y.

Table 9. NLO results on 4-4’-nitropolyphenyl oligomers (units in esu)

x—^ j j ) — ND2

n X m̂ax ax  10'23 PxIO"30 YX 10"36
1 NH2 370 1.6 10 21
2 NH2 372 2.6 24 96
3 NH2 360 3.5 16 124

Extreme bond alternation

The effect of orbital hybridization and bond alternation on hyperpolarizability was 

study by Cheng et al.20, on a series of a,io-diphenylpolyyne derivatives containing up to 

three triple bonds. Experimental values of y reported elsewhere12 for a,w-diphenyl 

polyynes with one and two triple bonds were found to be significantly lower than

Table 10. NLO results on 4-4’-disubstituted diphenylacetylenes (units in esu)

y X CtxIO 23 P xIO '30 YX10"36
NH2 S02Me 338 3.4 13 59
SMe C02Me 328 3.5 8 14
NH2 COMe 332 3.7 15 62
SMe COMe 336 3.6 9.8 19
NH2 COMe 334 3.2 12 29
NH2 COPh 352 3.7 19 57
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a.uj-diphenylpolyenes. It is expected for the acetylenic linkages to have lower nonlinear 

polarizabilities since they are less polarizable than the ethylenic units28. Table 10 shows 

a big difference between diphenylacetylene and trans-stilbene (see Table 3). The 

diphenylacetylenic derivatives are found to be much less nonlinear for all combinations 

of donor and acceptor groups they examined. They argue that the orbital hybridizations 

between the acetylenic and ethylenic linkages are responsible for this result. The p 

orbitals of the sp-hybridized acetylenic carbons may lead to a less effective 

delocalization due to the orbital mismatch with the p orbitals of the sp2-hybridized phenyl 

carbons. Besides, the p-orbital overlap is maximized in the acetylenic resonance 

structure because of the short triple bond length. These conditions are likely to result in 

a localization or electron density at the phenyl rings. In the case of trans-stilbene, where 

all carbons are sp2 hybridized, such a difference does not exist, in consequence there is 

an effective delocalization of all the n electrons. Cheng et a!.20 made further studies on 

diphenylacetylene systems, where additional acetylenic units were added. The results 

are shown on Table 11. They found that quinoidal character29 (an indication of 

delocalization) was present only in the phenyl fragments and that the acetylenic

Table 11. NLO result on 4-4'-disubstituted o,(o-diphenylpolyyne oligomers (units in esu)

n y X -̂rnaxi D m a x 10"23 BxIO"30 YX10"36
1 SMe CN 333 3.5 15 35
2 SMe CN 330 3.8 17 42
1 NH2 CN 342 3.2 20 55
1 SMe NO2 362 3.8 20 OS'
2 SMe NO2 338 4.0 17 61

remains largely unchanged in the ground state. It can be concluded that there is a poor 

delocalization in the ground state of the n system and as result of that charge localization 

the hyperpolarizability is strongly diminished.
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Heteropentacyclic Derivatives: Minimization of aromaticity,

As was mentioned before, one the characteristics that increases nonlinearity in 

molecules is the extent of the k electron delocalization in a particular system. It is known 

that aromaticity of phenyl rings is difficult to break and actually is an energetically 

disfavored process. For this reason it was thought that the hyperpolarizabilities of 

conjugated structures containing phenyl units can be enhanced by replacing phenyl 

groups with groups that have reduced aromatic stabilization and more polyene-like 

structures. Various researchers have explored this hypothesis20,25,27. For example, 

Cheng et al.20, investigated CT structures in which phenyl units in conventional arene 

derivatives such as stilbene, diphenylbutadiene, and terphenyl are replaced with five- 

membered heterocyclics such as furan and thiophene rings with reduced aromatic 

characters (Table 12). It was found that the CT band was red-shifted and that both p 

and y values were higher for heteropentacyclic derivatives. They found out that the 

destabilization of the ground state through partial elimination of aromatic energy, shown 

by the reduction in CT transition energy30, is the origin of the higher nonlinearity found in 

these systems.

The studies performed on different chemical structures in order to find a structure- 

property relationship that enhances the nonlinearity of a particular system can be 

summarized in the following way:

1. Vinyl units are better than acetylenic units to increase hyperpolarizabilities.

2. Extension of the conjugation gives higher (3 and y values

3. Increased delocalization via change in heteroatom (e.g. S for 0 )  gives increase 

in y values.

I
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Table 12. NLO comparison of the effect of aromatic vs. heteroaromatic structures on and y

[.i(3(10"4X esu)

Y ( I O ^ e s u )

A\

•S xN

71

210

1100
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4. Increased electron density in the conjugation, moiety.by adding electron donating 

susbtituents (e.g. replace H with RO) gives higher y values.

5. The use of systems with A1A-, D1D-, and D1A- susbtituents increase the 

hyperpolarizabilities. D1A- susbtituents give higher enhancements compered to 

A 1A-, or D1D- substituents. This is mostly due to charge transfer between donor 

and acceptor.

6. Replacement of phenyl rings, in a parent structure, with groups that have

' reduced aromatic stabilization like thiophene rings, produce an increase of the 

nonlinearity of the system.

7. Finally, planar structures facilitate delocalization of the it system, increasing the 

polarizability of the system, and thereby increasing y.

I
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Synthesis of Substituted Diphenvlpolvenes

As mentioned before, the nonlinear optical properties of molecules has been 

strongly coupled to polyene chemistry. For this reason the syntheses of long polyenes 

are very important in the field of photonics. Most of the work in this area has been 

oriented to the synthesis of a,co-diphenyl-polyenes. Polyenes without susbtituents 

become unstable and insoluble as the number of double bonds increases, and they have 

a tendency to polymerize in contact with air31. Also, it has been proven that 

incorporation of a combination of donor-donor, acceptor-acceptor, and donor and 

acceptor susbtituents in the phenyl rings increases the nonlinearity of these molecules25. 

It is germane at this point, then, to review how these systems have been previously 

synthesized.

The first report a,co-diphenylpolyenes was done by Kuhn and Winterstein32 in 

1928. They reported both the synthesis and the melting points for a series of a,co- 

polyenes containing up to five conjugated double bonds. Their method consisted in the 

reaction of an aromatic aldehyde in the presence of acetic anhydride and lead (II) oxide 

with the appropriate bis-carboxylic acid. However, they did not report the purification 

methods or the yields of their products.

A rTH=CHCHO  +

I

A rT H 2COOH
PbO
AC2O

Ar"

A rTH =C H C H =C C O O H

Decarboxylation

v

Scheme 1. Synthesis of diphenylpolyenes by Perkin condensation
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The synthesis of diphenyl polyenes in the early 1950’s was carried out by the 

Perkin condensation reaction33. Diphenyl butadienes were prepared in very low yields 

by the reaction of an aromatic aldehyde with succinic acid (10) in the presence of lead 

oxide and acetic anhydride. After decarboxylation, an asymmetrical trans.trans-1,4- 

diarylbutadiene was obtained (Scheme 1).

In 1956 Drefahl et al.33, synthesized 4’,4”-bis(p-methoxy)-1,4-diphenyl-1,3- 

butadiene (11). This product was made by a double Stobbe condensation. This 

procedure seems to be useful for the synthesis of diphenylbutadienes with donor 

susbtituents. However, this is the only compound that was reported in the article. 

Reaction of p-anisylaldehyde (12) with succinic acid (10) under basic conditions, gives 

the product in “good” yield (the paper did not give the actual yield) (scheme 2).

Scheme 2. Synthesis of 4’,4"-bis(p-methoxy)diphenylbutadiene (11) by a double Stobbe
condensation

The Wittig reaction was used by McDonald et al34 in 1959 to synthesize 

diarylbutadienes in higher yields, which surpassed in all cases the yields that had been 

reported by other researchers in the literature to that time. McDonald used two methods 

to perform his syntheses. In method A, cinnamyl chloride (13) was reacted with 

triphenylphosphine to make triphenylcinnamylphosphosnium chloride (14). The latter 

molecule was treated with lithium ethoxide in ethanol, and then reacted with 

benzaldehyde (15) or substituted benzaldehydes. Scheme 3 illustrates this process.
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C6H5C H = C H — CH2CI +  (C6H5)BP 
13

* -  [(C6H5) 3P+CH2=CHC6H5J1Cr 14

1. UOEt 
Ethanol

Scheme 3. Synthesis of diarylbutadiene by Wittig condensation (Method A)

In method B, phosphonium salts from benzyl halides were reacted with 

cinnamaldehyde (16) to yield the corresponding polyenes. Scheme 4 illustrates this 

process.

R =  P-OCH3 (6 3 % ) 17  

R = P -N (C H 3)2 (66% ) I 8 

R =  P-CO2CH3 (3 8 % ) 19 r^ O ”

R =  Hi NO2 (6 5 % ) 2 0

+  C6H5CH=CHCHO

16

T

O
Scheme 4. Synthesis of Diarylbutadiene by Wittig condensation (Method B)

Polyenes with acceptor and donor susbtituents in the para-position of the phenyl 

rings were obtained in good yields, as shown in Scheme 4. Also, it was found out that 

the olefination took place in 30-60 seconds at room temperature when an ethanol- 

ethoxide mixture is used. This is in contrast when ether is used as a solvent, since
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temperatures about 65 0C are necessary. This acceleration of the reaction is related 

with the polar nature of the reaction intermediates.

When R in method B is a phosphonium group, the result of the Wittig reaction is 

1,4-bis-(4’-arylbutadienyl)benzenes as illustrated in Scheme 5. McDonald et al.35, 

described the preparation of p-xylene-bis-(triphenylphosphonium chloride) (21) and 2,5- 

dimethyl-xylylene-bis-(triphenylphosphonium chloride) (22). Reaction of these 

phosphonium salts with benzaldehydes produced 1,4-distyrylbenzenes in good yields. 

Different R' groups were used as susbtituents, and gave general good yields, for 

example, when R' = H and R = H (88 %) (23), R' = m-nitro and R = H (65 %) (24), and R' 

= P-N(CH3) and R = H (100 %) (25) All the products were obtained as mixtures of cis 

and trans isomers that were isomerized, except for the dimethylamino derivatives, to the 

all trans configuration by digesting in boiling xylene containing a trace of iodine. The 

dimethylamino compounds could not be isomerized in this way since they reacted with 

iodine. However, it isomerized to the all-trans configuration when recrystalized from 

dimethylfonmamide (DMF).

R

(C6H5)3P+CH2- H ( O ) - c h 2 p ^ c6h5132c1' +  C6H4CH==CHCHO

R R =H 21  
R =  CH3 2 2

UOB

EtOH

R

H = C H -C H = C H C 6H4-R 1

R1=H R=H 2 3  
R'=m-nitro R=H 2 4R

R= PN(CH3)2 R=H 25

Scheme 5. Synthesis of 1,4-Bis(4’-arylbutadienyl)benzenes
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Synthesis of diphenylpolyenes using phosphonate esters were reported by 

Wadsworth et al.36, in 1961. Scheme 6 illustrates how these reagents can be reacted 

with a variety of aldehydes. Homer et al.37, also synthesized a 1,10-diphenyldeca- 

pentaene (26) (Scheme 7). When the phosphonate esters are used in place of the 

traditional phosphonium salts, the reaction is referred to as the Homer-Emmons- 

Wadsworth (HEW) modification of the Wittig reaction. Also, Clifford et al.38, reported the 

synthesis of several substituted diphenyl polyenes utilizing this methodology.

(C2H5O)2PCH2C6H5
2 7

16
C6H4CH=CHCHO

NiH *"
C6H5CH=CHCH=CHc6H5

2 8

(C2H5O)2PH2C CH2P(OC2H5)2

C6H5CHO 1 5  
NaH 

v  EtOH

C6H5CH=CHC6H4CH=CHc6H5 3 0

Scheme 6. The HEW method for polyenes synthesis

C6H5CH=CHCHO 
16

(C2H5O)2PcH2CH=CHCH2P(OC2H5)2
31

NaH
EtOH

C6H5(CH=CH)5C6H5
2 6

Scheme 7. HEW synthesis of 1 ,1 0-Diphenyl-1,3,5,7,9-decapentaene (26).

The first synthesis of a series of 4 ,4 ’-disubstituted-a,co-diphenyl polyenes was 

published by Friedrich and Hartmann39 in 1961. They made use of the synthetic 

methodology that Kuhn and Wmterstein had used, and reported the synthesis of 1,6-bis- 

(4’-methoxyphenyl)-1,3,5-hexatriene (32), 1,8-bis-(4’-methoxyphenyl)-1,3,5,7-
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octatetraene (33), and 1,10-bis-(4’-methoxyphenyl)-1l3 l5,7,9-decapentane (34). In all 

cases, the yields were very low.

Also, the synthesis of diphenylhexatriene was reported by Misumi and Nakagawa 

using the methodology reported by McDonald34, only that this time they utilized a 

bromide as opposed to a chloride Wittig salt. In addition, they reported the synthesis of 

1,8-diphenyl-1,3,5,7-octatetraene (23 %) (35) by reacting cinnamaldehyde with 5-phenyl- 

2,4-pentadienyltriphenyl- phosphonium bromide (36) and lithium ethoxide in ethanol 

(Scheme 8). ..

Scheme 8. Synthesis of Diphenyl-octatetraene (35) by the Wittig method

The first double Wittig synthesis was published by Hietman et al40 (Scheme 9). 

They synthesized symmetrically substituted 1,6-diphenyM ,3,5-hexatrienes (37) with 

yields, ranging from 15 to 80% depending on susbtituents utilizing the same 

methodology used by McDonald34.

I
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LiEtOH

Scheme 9. Bis-Wittig salts for the synthesis of diphenylhexatrienes

Leznoff and Hayward42 improved the double Wittig.approach by using a more 

reactive Wittig salt (Scheme 10). The isomers of the bis-nitrosubstituted diphenyl- 

hexatriene were synthesized by reacting 1,4-bis-(tributylphosphonium)-2-butenyl 

dichloride (39) with sodium ethoxide in ethanol with the corresponding aldehyde. They 

obtained the polyenes in yields between 60 and 85 %.

Scheme 10. Bis-Wittig salt of (nBu)3P used in the synthesis of 
1 ,4 -bis-nitro-diphenyl-hexatrienes

In 1967, Cantrell et al43 (Scheme 11), reported the synthesis of 1,10-diphenyl- 

decapentaene (26) obtained by the reaction of lithium cyclooctatetraenediide (40) to 

produce 42 in 12 % yield. Dehydration of 42 in acidic conditions produced the polyene 

in 9 % yield.
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Scheme 11. 1,10-Diphenyldecapentaene synthesis by reaction of cyclooctatetraene with
aldehydes

Khole44 reported and patented the synthesis of several diphenylpolyenes using 

nickelbis(1,5-cyclooctadiene) (44) (Scheme 12). The reaction of 44 with an aldehyde (or 

a ketone) and a 1,3-diolefin (45) gave an alcoholate complex from which diols and 

unsaturated olefins were prepared. Khole reported the synthesis of three diphenyl 

polyenes with three (60%) (37), five (60%) (26), and seven double bonds (80%) (46)

Rh— ---- Rh
6 0 %  3 7

4 5

POO3 Rh— CH— CH;

8 0  %  4 8

Scheme 12. Synthesis of Diphenyl polyenes by the catalysed reaction of Nickel(1,5- 
cyclooctaene) with aldehydes and 1,3 diolefins
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in very good yields. However, there were no reports of how aldehydes, with either donor 

or acceptors susbtituents, performed in this reaction.

Piechacki46 used a phase transfer system to synthesize diphenylhexatriene

FiBu4Nl 
50% NaOH 
Bz

Ph—
37

Scheme 13. Synthesis of Diphenylhexatriene (37) by transfer catalysis

(37) in a very high yield (80 %). He reacted 3-phenyl-2-propenyl phosphonate (49) with 

cinnamaldehyde (16) in benzene, with 50 % sodium hydroxide in water with tetrabutyl 

ammonium iodide as the phase transfer catalyst. This is illustrated in Scheme 13.

In 1982, Ganushchak et al47,48 reported the synthesis of 1,8-diphenyl-1,3,5,7- 

octatetraene (35), using a modification of the Meerwein reaction. The reaction of 

benzenediazonium chloride (50) with 1,3-butadiene (45) in the presence of FeCb at pH 

4-5 gave four different products with the preferential formation of 4-chloro-1-phenyl-2- 

butene (51). Scheme 14 illustrates this procedure. Normally, the catalyst used in this 

reaction is CuCI; by using FeCI2 instead they obtained two byproducts that do not form in 

the traditional Meerwein reaction. One is the telomerization product 53 end the second 

is the dimerization product 54. The product from the additive dimerization, was obtained 

with higher yield when there are electron-withdrawing susbtituents in the ring (11 to 24 

%). When the dimerization product is reacted with bromine and then with sodium 

ethoxide, the corresponding 1,8-disubstituted-diphenyl-octatetraenes are obtained in 23  

to 41 % yields.
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N2CI +
FeCI2

C6H5CH2C H =C H C H2Ci 50-55%  51 

C6H5CI 1 0 %  5 2  

C6H5(CH2CH=CHCH2)2Ci 9% 53

C6H5(CH2CH=CHCH2)2C6H5 16% 54

R— C6H5(CH2CH=CHCH2)2C6H5- R  ^  R— C6H5(CH=CH)4C6H5- R
2) NaOEt

Scheme 14. Synthesis of 1,8-diphenyl-1,3,5,7-octatetraene (54) by the catalytic action of FeCI2 in
the Meerwein reaction

In 1984, Heck et al.49, published the palladium-catalyzed arylation reaction to 

prepare a variety of diaryl polyenes. Scheme 15 illustrates the process. They reacted a 

polyene such as 1,3 butadiene (45) or 1,3,5-hexatriene (55) with aryl bromides and 

iodides by employing triethylamine as the base and palladium acetate-tri-o-tolyl 

phosphine (56) as catalyst. They obtained yields that went from 3 to 75 % for

O2N
4 5

+ (C2H5)3N

Scheme 15. Palladium catalized arylation for the synthesis of 4’,4”-dinitro-1,4-diphenyl-1,3-
butadiene (59)

1,4-diaryl-1,3-butadienes. They found out that the electron-withdrawing p-nitro, acetyl,

carbomethoxy and cyano groups enhanced the rate of the reaction and also improved



the yields. The rates of reaction of p-dibromobenzene (61), p-bromotoluene (62), and p- 

bromoanisole (63) were so low that they had to use 10-mole % palladium acetate with 

20-mole % tri-o-tolylphosphine as catalyst rather than the usual 1 or 2-mole %. In 

addition, the reactions with donor susbtituents stopped even before the aryl halides were 

completely consumed. Using this method they synthesized both 1,8-diphenyl-1,3,5,7- 

octatetriene (35) and 1,10-diphenyl-1,3,5,7,9-decapentaene (26) in 18 and 14 % yield 

respectively. They used an amino group as a substituent to synthesize asymmetric aryl 

polyenes. 1 -(p-nitrophenyl)hexatriene (64) reacted moderately well with p-bromoaniline 

(65), giving the mixed diaryltriene in 56 % yield. This is illustrated in Scheme 15.
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O2N +  (C2H5)3 N

5 6
100 0C

Scheme 16. Synthesis of an asymmetric diaryltriene

The syntheses of long diphenylpolyenes have been somewhat difficult because 

aromatic polyenals beyond cinnamaldehydes are not readily available. In 1988, 

Spangler et al.50, using a methodology suggested by Cresp51, developed a method that 

allowed the synthesis of long conjugated polyenals (aldehyde extension) which can be 

used to make longer conjugated polyenes. Scheme 17 illustrates this process. 2-Bromo 

methyl-1,3-dioxalane (67) was reacted with tri-n-butyl-phosphine at 90 0C. The reaction



proceeded quantitatively and the salt was obtained as a glass, which was dissolved in 

DMF. The extension was carried out by reacting the Wittig salt and the corresponding

BrCH2CH

6 7

+  PBu 3
NaOEt ^ B fB u 3P + CH2CH

68

ArCHO or 
HetCHO

1. 68 /NaOC2H5ZDMF 
 — ►

2. 10%HCI/THF

ArCH=CHCHO

HetCH=CHCHO

Scheme 17. Aldehyde extension reactions

aldehyde with a base such as sodium ethoxide or potassium tert-butoxide, followed by 

the in situ deprotection of the aldehyde with 10 % HCI in tetrahydrofuran (THF).

The advantage of using this Wittig salt is that the reactivity of tributylphosphine is 

much higher than that of triphenylphosphine. When acceptor groups are present in the 

para position of the aryl aldehyde, the Wittig salts formed with both triphenylphosphine 

and tributylphosphine perform well with substituted aldehydes. However, when donor 

groups are present, triphenylphosphine give very poor yields but tri-butyl-phosphine

almost always give yields higher than 60 %.

Comins et al.52 developed an alternative way of extending an aldehyde. They 

reacted acetonitrile with one equivalent of diisopropylamide (LDA) in the presence of a 

second equivalent of LDA. Then, Iithioacetonitrile (69) reacted in an SN2 reaction with 

diethylchlorophosphonate (70) to give diethyl cyanomethylphosphonate (71), which is 

deprotonated by the second equivalent of LDA. In this way, acetonitrile is efficiently 

converted in situ into the anion (72) of diethyl cyanomethylphosphonate. A Homer- 

Wadswoth-Emmons reaction between the phosphonate-anion and a corresponding
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aldehyde (or ketone) gave the extended nitrile. After purification, the nitrile was reduced 

to an aldehyde by diisobutylaluminum hydride (DIBAL-H). No report of this procedure 

being used for the aldehyde extension of aryl systems where donor groups are present, 

exists. In addition, the one pot reaction shown in Scheme 17 is much more convenient 

than the two-step reaction of Scheme 18.

H3C -C N
I .  UN(C3H7I ) 2

0

70 DIBAL-H

Scheme 18. Aldehyde extension with 1-cyanoethanephosphanate

The use of the aldehyde extension has allowed Spangler et al.53, to report the 

synthesis of p,p-disubstituted-a,o>-diphenyl polyenes with up to six double bonds. Two 

bis-Wittig reagents were employed to synthesize these polyenes. Polyenes containing 

an even number of double bonds can be made by using the bis-Wittig salt 77 obtained 

from the reaction of PBu3 with E1 E-1,6-dibromohexa-2,4-diene (78). Polyenes 

containing an odd number of double bonds can be synthesize by using the bis-Wittig salt 

39. The syntheses of these intermediates are shown in the scheme below.

I
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Scheme 19. Synthesis of Bis-Wittig salts 39 and 77

Finally, Scheme 20 shows how reacting 39 and 77 with the corresponding 

aldehyde, can prepare diphenyl polyenes with both even and odd number of double 

bonds.

3 9  CrBu3P+ CH2CH=CHCH2P+ Bu3Cr G— Ar(CH=CH)xCH0

7 9  (EtO)2POCH2CH=CHCH2PO(OEt)2

odd-numbered series 

G— Ar(CH=CH)2x +  3Ar— G

7 7  CI Bu3P+ CH2(CH=CH)2CH2P+ Bu3Cr g— Ar(CH=CH)xCH0  

81 (EtO)2POCH2(CH=CH)2CH2PO(OEt)2

even-numbered series 

G -A r(C H = C H )Z x  +  4Ar— G

G =  alkyl, NO2. MeO, Me2N, MeS, H
Scheme 20. General Procedure for Diphenylpolyene synthesis
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Synthetic Incorporation of Diphenvlamino and Diphenvlphosphino Groups

The driving force behind the synthesis of nonlinear optical (NLO) molecules is to use 

them in the design of devices for optoelectronics applications54,55,56. Organic materials 

possess large electro-optic (E-O) coefficients, fast response speed, and good 

processability, which are necessary for multi-layer integration into large-area devices. It 

is also necessary that materials used for information processing and telecommunications 

have, for example, exceptional E-O properties, low optical loss, and temporal stability of 

the poling-induced polar order (for second-order materials), as well as thermal stability 

under device processing conditions and field use. In most cases, the large long-term E- 

O coefficient of NLO materials can be realized by aligning the dipole moment of the 

efficient second-order chromophores. This is done by applying a strong electric field (1- 

2 MV/cm) at a temperature that is above the glass transition temperature (Tg) of the 

material. Due to the high-temperature processing of multi-layer E-O devices (200-300 

0C), NLO chromophores need to possess excellent thermal as well.as photochemical 

stability57.

Many candidate materials that could be used for E-O applications have electron- 

donating susbtituents like amino groups since they have a large influence in the NLO 

properties of these materials58. Twig et al.52, have conducted studies to determine a 

mechanism for the thermal decomposition of amino groups. They found out that there is 

a correlation between the oxidation potential of these molecules and their thermal 

stability, since an increase in the oxidation potential causes an increase in the thermal 

stability. From this study it was determined that alkyl substituents on the amino group 

have lower oxidation potentials and consequently lower thermal stability compared to
i'

aryl substitutuents. Table 8 shows the temperature at which these molecules start to >
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decompose (Td). It can be noted how phenyl susbtituents increase Td compared to alkyl 

susbtituents (methyl in this case).

Table 8. Thermal data for amino groups with methyl and phenyl substituents

Structure R Td (°C)

82 Me 290
v _ y  \ _ y 83 Rh 336

84
85

Me
Rh

290
358

86
87

Me
Rh

307
393

88 Me
(CH2)6OH

213
S 89 Rh 295

90 Me
(CH2)6OH

259

91 Rh 356

Diphenvlamino groups

Several groups have made use of the thermal stability that diphenyl amino groups 

convey. They have devised synthesis for their incorporation in their molecules57,59,60,61. 

For example Akiyama et al.59 have synthesized p-diphenylamino-4’-nitrostilbene (92) 

using a HEW methodology. They formed p-nitrobenzyl phosphonate (93) and reacted it 

with p-diphenylaminobenzaldehyde (96). Scheme 21 illustrates this reaction.
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Scheme 21. Synthesis of 4-diphenylamino-4’-nitrostilbene (92)

The synthesis of p-diphenylaminobenzaldehyde (94) is essential for the 

introduction of the diphenylamino susbtituents in these types of molecules. It is possible 

to make 94 by a Vilsmeier reaction on triphenylamine (95)62. Scheme 22 illustrates this 

synthesis.

95

1. P0Cl3_
2. DMF *
3. NaOk

95%

Scheme 22. Vilsmeier-Haack formylation of triphenylamine (94)

Recently, Spangler et al.63, have made extensive use of the aldehyde 94 to 

synthesize a series of bis-(diphenylamino)diphenyl polyenes with up to 8 double bonds. 

These molecules have proven to be very soluble, which is in marked contrast to the 

corresponding bis-(dialkylamino) series, and allows their facile synthesis and
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characterization, especially of the polyenes with more than five double bonds. Two 

important intermediates in the diphenylamino polyene synthesis are shown in Scheme 

23. The first one is the extended aldehyde, which is formed by the reaction of the Wittig 

salt 68 and the corresponding aldehyde (94). The second one is either a Wittig salt or a 

phosphonate (97, 98) of triphenylamine.

R =  PO(OEt)2 9 8

Scheme 23. Synthesis of intermediates 96, 97, and 98

The first diphenylamine polyene in the series, bis-diphenylamino stilbene (99), 

was made by the McMurray coupling. The reaction of the extended aldehyde 96 with 

either 97 or 98 gave the second member of the series, bis-(diphenylamino)-1,4-diphenyl- 

1,3-butadiene (100) as shown in Scheme 24s3.
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Scheme 24. Synthesis of the polyenes 99 and 100

Using a methodology developed in their laboratory, Spangler et al.64,65. 

completed the series by making bis-(diphenylamino)diphenylpolyenes with 3 up to 8 

double bonds66. These molecules were easily purified either by column chromatography 

or by recrystalization (Scheme 25).

C H = C H ^ -C H O  +  Bu3P +CH2(C H =C H )pCH2P + Bu3^ B r

101 KOt-Bu
THF

p =  1
39

n =6  

1 0 5

p = 2
77

n = 3  n = 4  

10 2  10 3

n = 7  

1 0 6

n = 5  

104

n =  8 

10 7

Scheme 25. Bis-(CiphenyIamino) diphenylpolyene synthesis with 3 to 8 double bonds
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Another group of molecules of interest as NLO materials are the p-phenylene 

vinylene (PPV) oligomers related to the molecules that McDonald et al.35 synthesized in 

1959 (see 30). Some characteristics of these molecules related to two-photon 

absorption will be discussed later. Spangler et al.67, synthesized these molecules using 

bis-Wittig salts shown in Scheme 26 and reacted them with aldehyde 94.

R

R = C6H13Iog

+

KOtBu
THF
EtOH

9 4

CH=C H-CH=CH

110 111 112 

Scheme 26. Synthesis of 1,4-bis-(4'-diphenylamino-p-styryl)benzene

Dendrimers Containing Diphenyl Amino Units

There have been considerable recent interest in materials with improved 

properties involving highly controlled molecular architecture. Dendrimers or starburst 

polymers67, which are new families of highly branched three-dimensional molecules, 

have recently been prepared and have been the focus of attention of many groups68,69 

One of the reasons for studying these highly branched macromolecules has been the
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expectation that these new materials will have fundamentally different properties when 

compared to more traditional linear polymers70. The Starburst® approach exemplifies

the divergent methodology that has proven useful in the synthesis of these 

monodisperse macromolecules. This approach consists in the addition of an ABx 

monomer to a polyfunctional core. Modification of the resultant first-generation 

dendrimer is followed by addition of a second layer of monomer units. Three or more 

layers can be added when the modification process is repeated; this allows growth to 

proceed outwards from the central core (divergent synthesis). The final result is an 

increase in the terminal, chain-end groups at the periphery of the macromolecule71. An 

example of the divergent approach is the synthesis of the first generation dendrimer 114 

performed by Spangler et al.72, based on bis-(diphenylamino) diphenylpolyene repeat 

units is shown in Scheme 27.

Scheme 27. Divergent synthesis of a first generation 3-arm dendrimer 114
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The synthesis of the core molecule 113 was done as shown in Scheme 28. The 

first thing that comes to mind is the synthesis of 113 by Vilsmeier-Haack formylation of 

triphenylamine73. However it has been shown that this approach does not work60,62 well. 

Spangler et al.74, have made 113 in the following way: triphenylamine (95) is brominated 

to form tribromotriphenylamine (115), then 115 is functionalized with three cyano groups 

(116), followed by reduction of the cyano groups with DIBAL-H to give the desired 

material (113).

Scheme 28. Synthesis of core molecule 113

Diphenvlphosphino Substitutions

As it is well known, triphenylphosphine as a ligand in catalysis76 has been explored 

extensively since triphenylphosphine has the ability to bind to almost all transition metals 

in the periodic table. On the other hand, the use of diphenylphosphino susbtituents, 

which could act as an electron donating group in NLO materials, has not been explored. 

Yuan et al.77 made molecules containing three coordinate phosphorous and boron as n-



40

donor and ^-acceptor moieties. The synthesis consists in the hydroboration of 

compound 11778 with dimesitylborane (118) to give the E-alkenyl borane (119) product in 

high yield. This is illustrated in Scheme 29.

Fyfe et al.79, synthesized (p-vinylphenyl)diphenylphosphine (120) by the reaction 

of the Grignard reagent 121 and chlorodiphenylphosphine. The purpose of the 

synthesis, however, was to incorporate 120 in a copolymer system and not to use it as 

an NLO material nonetheless, this procedure illustrates how vinyl groups can be 

incorporated onto triphenylphosphine (Scheme 30).

Scheme 29. Synthesis of compound 119

MgCI
121

Scheme 30. Synthesis of (p-vinylphenyl)diphenylphosphine

In 1977, Pudikov et al.80, published the first synthesis of an stilbene molecule

with bis-diphenylphosphino substituents (122). They heated a-aminobenzyl
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diphenylphosphine (302) to 300-320 0C in a closed system as shown in Scheme 31.

The nature of this reaction does not allow the synthesis of conjugated polyenes with 

higher number of double bonds, which are necessary to test and use these molecules as 

NLO materials. Butters et al.81, introduced a phenyl vinyl group into triphenylphosphine

300-320 0C

Scheme 31. Synthesis of bis-(diphenylphosphino) stilbene 122

as shown in Scheme 32. They heated compound 124 in an organic solvent

126
Scheme 32. Synthesis of compound 126
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containing water. The result of the reaction was the formation of 125 via intramolecular 

nucleophilic addition of phosphorous to the triple bond. Compound 125 was reduced to 

the phosphine (126) by HSiCI3-

In order to synthesize polyenes with more than one double bond, a possible 

route might involve the Wittig methodology that was used to make the corresponding 

bis-(diphenylamino)diphenylpolyenes. This approach requires p- 

diphenylphosphinobenzaldehyde (130) (Scheme 33). Shiemenz82 reported the 

synthesis of molecule 130 for the first time in 1966. He first formed p-diphenyl 

phosphinobenzoic acid (127) by the reaction of CO2 with the Grignard of p- 

bromophenyldiphenylphosphine (128), followed by reduction of the acid to obtain the 

alcohol (129), and the oxidation of 129 to obtain the aldehyde 130.

CHO -+

Scheme 33. Synthesis of p-diphenylphosphinobenzaldehyde 130

In 1973, Schiemenz et al.83,84, reported an improved synthesis of the aldehyde 

13085 in one step. He reacted the Grignard of 2-p-bromophenyl-1-3-dioxalane (131)86 

with chlorodiphenylphosphine to obtain 130 in 78 % yield (Scheme 34). They also
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prepared p-triphenylphosphine trialdehyde (132) by the method shown in Scheme 34, in 

this case reacting PCI3 with three equivalents of 128.

Phosphines have a tendency to oxidize both in solution and in air. There are not 

many phosphine protecting groups that are both easily introduced and easily removed. 

Immamoto et al.87 reported an extensive work on the synthetic application of phosphine- 

boranes. He demonstrated the utility of this protecting group by preparing molecules, 

which under normal conditions, are difficult to prepare. For example, he transformed air- 

unstable secondary phosphines into phosphine-boranes, which are air-stable crystalline 

products. The borane protecting group is easily removed by heating the phosphino- 

borane in an excess amount of diethylamine or morpholine. Scheme 35 illustrates this 

process.

Scheme 34. Synthesis of aldehyde 130

BH3
EtNH2 , 50 OC , 8 h

Rh

136
Rh
135 BH3-THF

Scheme 35. Synthesis of phosphinoboranes
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Dendrimers Containing Diphenvlphosphino Groups

Dendrimers with incorporated tertiary phosphines have been prepared to use as 

metal ligands. Scheme 36 shows the use of the divergent method to make a 

diphosphino surface functionalized dendrimer84.

X r 1 V

i  2 r

' 3S 4 11
K,N' x ^ 'N ^ / ' y  (

y  A  / A

NH1

N-4 -NH1

v X-NH1

y-N

H2N
H2N NH1

137

CH2OZHPPh2

H2IX
R2P^-N

R2P^

R2P "z? 
'N9  Cr* 
X /  /

R2P X
R2P 

R2P

J - >)— X "  L

» P ^ N ^  )  (R = C6H5) {  ^ cn

PR2
;■ --NvzPH2

V x r i

PR2

V  R2PrS

PR2

PrJ " .

Scheme 36. Synthesis of a dendrimer surface functionalized with diphenylphosphino groups
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Aromatic Amines as Hole-Transport Materials in Organic Light-Emitting Diodes
(OLEDs)

There have been tremendous efforts directed to the development of functional 

organic LEDs due to their vast commercial potential. OLEDs have several advantages 

over inorganic LEDs. OLEDs can be built at a cheaper cost, they can be used in large 

area displays, and they are more easily made compared to inorganic LEDs, since 

organic materials are easier to process. The use of a commercial OLED requires the 

design of a device with long lifetimes (> 10,000 h). This has not been practical to date, 

even though there have been a great deal of work on the design of new molecules, and 

the way the diodes are engineered.

The first efficient OLED was built in 1987 by Tang et al87. Figure 1 shows the 

constitution of this device, which was made of vacuum deposited molecular thin films. 

This OLED was built as follows: 1) the anode was ITO (indium tin oxide) (139); 2) a 

tertiary amine (140) worked as hole transport layer (HTL)1 3) an aluminum coordination 

complex electron-transport layer (ETL) was then added (141), and 4) the device was 

capped with a Mg-Ag (142) cathode.

Figure 1. Design and materials used in the construction of first OLED



Even though different materials and structures have been used for the 

construction of better devices, the mechanism of electroluminescence (EL) devices 

remains similar in most OLEDs. Holes are injected from the anode into the HTL1 when a 

potential is applied across the OLED. These holes migrate to the interface formed by 

the HTL/ETL, in the presence of the electric field. Also, electrons are injected from the 

cathode when the potential is applied. These electrons move from the cathode to the 

ETL and there is subsequent migration of these carriers to the ETL/HTL interface. The 

HTL and ETL layers used in the OLEDs preferentially carry either holes or electrons but 

these materials do not conduct the opposite carrier to any appreciable extent. In this 

way, the HTL conducts holes but is an electron blocker, and the ETL is an electron 

conductor but a hole blocker. If the adequate materials are chosen, that will lead to a 

structure that confines the carriers in the organic materials and directs them to the 

HTL/ETL interface. When the electrons and holes recombine they give excited 

molecules, or excitons, that relax radiatively to give the EL emission. Ideally, the 

recombination occurs at or near the HTL/ETL interface. However, this varies in different 

devices, and as a consequence of this, the site of relaxation dictates the color of the EL 

emission, which can range from blue through the visible to the near-infrared. The color 

also depends on what materials are used to construct the OLED89,90.

Thermal instability is one of the major reasons of OLEDs failure. Thermal stress 

sources in OLEDs have been identified as follows: 1) in the fabrication of the OLED, 

deposition of the cathode heats the organic heterostructure; 2) both joule heating and 

inefficient energy transfer during OLED operation contribute to thermal stress; 3) 

irreversible failure that happens when one of the organic components in the OLED is 

heated above the glass transition temperature (Tg)91. This failure is related with an
I

expansion of the material at its Tg, this in consequence provokes a significant disruption

46
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of the multiplayer structure. Thermal instability of the amorphous organic layers at room 

temperature also provokes reduction in the lifetimes of the devices. The source of 

instability at room temperature is thought to be dewetting and crystallization of the HTL 

materials, which occurs mostly in material with low Tgs91. In OLEDs the component with 

the lowest thermal instability is the HTL For example, in the OLED of Fig. 1, the Tg for 

aluminum tri(8-hydroxyquinoline) (AIq) (141) is 175 0C1 while for TPD (140) is 65 0C92.

Materials that could be used as HTLs must have several requirements. They 

must have a low barrier to hole injection from the anode, have high hole mobility, a low 

barrier to hole injection into the ETL or emissive layer, and be thermally stable in an 

amorphous or glassy state. The materials that have been found to have the best 

general match to the HTL requirements are triarylmines91. TPD (140) is one of the most 

widely used HTL materials in OLEDs. TPD fulfills the three first requirements for a good 

HTL This gives devices with low turn-on voltages and excellent EL efficiencies92. 

However, the thermal stability is poor (Tg = 65 0C). In addition, the amorphous films 

formed by 140 are known to crystallize in air at room temperature and also at elevated 

temperatures (60-80 °C) in the absence of air53. This crystallization contributes to device 

failure.

New materials for hole-transporting layers in OLEDs have been developed in the 

last ten years93,94,95. The development of new HTL materials has mainly focused on the 

improvement of the thermal stability of the OLEDs, while maintaining the properties that 

molecules like TDP (140) display. A wide variety of approaches have been used to do 

this. Shirota et al.96developed a novel class of starburst molecules for use in OLEDs, 

4,4’,4”-tris(N,N-diphenylamino) triphenylamine (143) and 4,4’,4”-tri[N-(3-methylphenyl)- 

N-phenylamino] triphenylamine (144). Figure 2 shows the structure of these molecules. 

These materials form stable amorphous, glassy states with glass-transitions



temperatures much higher than room temperature. The Tg of compound 143 is 89 0C 

while 144 has a Tg of 75 0C. It is thought that the stability of the amorphous phase of 

these materials is due to their nonplanar molecular shapes and the introduction of the 

methyl group at the meta-position of the phenyl group in 144, which prevent easy spacial 

reorientation of the molecules, and consequently lack of crystallization.

48

Figure 2. Starburst molecules for use as HTL the in OLEDs.

In 1991, Ishikawa et al.97 reported the synthesis of new molecules that they 

studied for their use as HTLs. Fig. 3 shows their structures. The parent compound 145 

does not form a glassy state. It melts at 257 0C and crystallizes when cooled down. On 

the other hand, both m-MTDAB (146) and p-MTDAB (147) form stable amorphous 

glassy states. Their Tgs are 49 and 58 °C respectively. In this work, it was concluded 

that the methyl susbtituents have a great influence on the formation of the glassy state. 

This might be explained on the basis that incorporation of the methyl group into the non-
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planar starburst molecule 145 increases the variety of conformations and the mode of 

the packing of molecules, thus preventing crystallization. This result is similar to the one 

previously found by Shirota et al.96, for the molecules shown in Fig. 2.

m-MTDAB 1 4 6

p-MTDAB 1 4 7

Figure 3. TDAB and methyl derivatives m-MTDAB and p-MTDAD for HTLs in OLEDs

Another type of amorphous molecule that could be a good candidate as a HTL 

was reported by Ishikawa et al.98, in 1993. Fig. 4 shows its structure. They found out 

that the amorphous glass formed by this molecule has a Tg of 108 0C. This compound is 

a good example of an stable photo- and electro-active molecular material, with a 

relatively high Tg, that resists crystallization even when heating at temperatures higher 

than Tg.

In 1997, Tamoto et al.99, reported an interesting group of molecules that have an 

oxadiazole group as an electron transport unit and a triphenylamine group as a hole 

transport unit. They found out that the films formed with these molecules were



OJ CQ
p-DPA-TDBA

1 4 8

Figure 4. Starburst p-DPA-TDBA for use as HTL in OLEDs

R

1 4 9  Tg =  13 3 .6  OC

R

1 5 0  Tg =  1 2 2 .3  OC

151 Ta =  1 18 .2  OC

' 152
Ta =  9 9 .3  OC

153
T a = 1 6 6 . 5 OC

R =  NPh2

Figure 5. Molecules with an ET unit (oxadiazole group) and an HT unit (triphenylamine group)
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amorphous and showed strong blue green fluorescence in the range 450-490 nm. All 

these materials (see Fig. 5) have high glass transition temperatures (over 99 °C). The 

starburst molecule 331 showed a very high Tg (166.5 0C), and should be a heat-stable 

material for OLED applications. The propeller structure of the three-diphenyl amine units 

possibly contributes to its high Tg.

More recently, Koene et al.100, reported a study that relates the structure of 

materials to high Tgs. They found out that in all the HTL molecules with higher Tg, the 

triarylamine is asymmetrically substituted. They also noted that asymmetric substitution 

of the triarylamine hinders crystallization, often leading to stable glasses. A good 

example of this can be seen by comparing molecule 154 with molecule 155 in Figure 6. 

154 does not form a glass, but gives a crystalline material with a melting point of 290 0C1 

while replacing one of the phenyl groups with a naphthyl group (155) gives an stable 

glass with a Tg of 68 0C and melting point of 182 0C.

Figure 6. Effect on Tg by asymmetric substitutions



52

Koene et al.100, by using different susbtituents, prepared a large series of 

compounds with different triarylamines to probe how the thermal properties are related 

with these changes. They investigated a novel and systematic approach to increase the 

Tg values of triarylamines. One of the most efficient HTLs are benzidine derivatives 156 

and 157 (Fig. 7). These materials are asymmetric because they have three different aryl 

groups bound to each nitrogen atom (e g., phenyl, naphthyl, and biphenyl for 155), but 

the two nitrogen atoms are identically substituted. The approach of the Koene et al.100 

study was to have three different aryl groups on each nitrogen but at the same time to 

have asymmetry in the amines on either side of the biphenyl group. They showed that 

this asymmetry gives materials with high propensity to form stable glasses.

Figure 7. Molecules for HTL materials with the two nitrogen atoms identically substituted.
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Using this approach they prepared molecules with improved thermal stability (see 

Fig. 8). They found that the biphenyl derivatives have a higher Tg compared to the 

phenyl derivatives. Higher Tgs were obtained for materials containing the amine 

susbtituents such as iminostilbene, iminodibenzyl, and/or carbazole. These amines 

have a hydrocarbon linkage or single bond joining the arene groups, preventing free 

rotation about the N-phenyl bond. For this reason, molecules having two of these three 

groups as part of the molecular structure have the highest Tgs.

At the current time, molecules containing diphenylphosphino susbtituents have 

not been systematically evaluated as HTL materials. It would of interest to know how 

starburst molecules with diphenylphosphino susbtituents behave as HTLs for

Figure 8. Tgs for asymmetric substituted biphenyl derivates

construction of OLED devices.
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Organic Materials for Reverse Saturable and Two-Photon Absorption
Optical Limiting

The advances in laser technology have made possible an ever-increasing number of 

applications. High-powered lasers have become more compact, efficient, and can 

function at a variety of wavelengths; for these reasons it has become important to 

develop methods for limiting exposure to laser radiation.

When light with an initial intensity Iin passes through a material capable of 

providing a limiting effect, the transmission is nonlinear in that it is intensity dependant. 

For low intensities, the transmission is essentially linear, no absorption phenomenon 

takes place, and Iout is essentially the same as Iin. As the intensity increases; however, a 

variety of nonlinear mechanisms become accessible, and a point is reached where l0ut 

stays the same regardless how high Iin becomes up to the damage threshold of the 

material101. In other words, optical limiting of the incident radiation has occurred. This is 

illustrated in Fig. 9. Nonlinear optical materials have the potential of being used as 

optical limiters. Many types of molecules have been used for this application and have 

been tested in many designs for optical limiting devices102,103,104.

NLO

lout <  Iin

Figure 9. Optical limiter based on nonlinear optical (NLO) materials
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There are several processes that could limit the power of an incoming laser beam. 

However, there are two important passive optical limiting mechanisms that could 

potentially operate over a wide frequency range. These are reverse saturable 

absorption (RSA) and two-photon absorption (TPA).

Reverse Saturable Absorption

This process can be explained in terms of a five level model103 shown in Fig. 10. The 

absorption of a single photon populates an excited single state Si. If the lifetime (I1) is 

sufficiently long and then the absorption process becomes bleached out as more of the 

ground state population becomes depleted, hence the term saturable absorption.

S-| moderate absorption 

'Sn strong absorption 

-TSn strong absorption

Figure 10. Energy level diagram for RSA

However, reverse saturable absorbers show an excited state cross section that is 

larger than the S0 to Si cross section at the excitation wavelength, which also 

contributes to the absorption of energy. Thus, as the intensity of the incident radiation 

increases, so does the absorption. In many works, the optical limiting process have 

been explained in terms of the formation of the triple state Ti via Intersystem Crossing 

(ISC) from the excited state S i105. In Fig. 10, both Ti and Tn have been replaced by TSi
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and TSn respectively where TS represent all possible transient states. In addition to 

triplet states, the possibility of charge state formation also exists via e-transfer pathways. 

Charge states exibit strong absorption and are long lived, which are two important 

characteristics for a good RSA chromophore. For many years, Spangler et al.106, have 

worked on the synthesis of a,co-diphenyl polyenes and a,co-dithienylpolyenes (Fig. 11 

shows an example of these type of molecules) that upon oxidation with SbCI5 form 

stable polaronic

Figure 11. Diphenyl polyenes 161 and dithienyl polyenes 162 that form stable bipolaron-like
dications upon oxidation with SbCI5

Neutral

Polaron Radical-Cation

Bipolaron-Dication

Figure 12. Formation of polaron radical-cation and bipolaron-dication of 1,8-bis(2’-thienyl)octa-
1,3,5,7-tetraene (341)
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radical-cations (164) and bipolaronic-dications (165)107. This is illustrated in Fig. 12.

Spangler et al.108, have found that by varying the number of double bond in both 

the diphenyl polyenes and dithienyl polyenes series, the absorption characteristics of 

polaronic and bipolaronic species can be fine-tuned to absorb throughout the visible 

region and potentially provide protection for optical sensors and human eyes. Fig. 13 

shows the red-shift that takes place when a diphenylpolyene is oxidized with SbCI5. In 

this case, as it is in almost all the cases studied so far, the polaronic and bipolaronic are

3 . 0 0 0  

ABS

0. 000 
nm

Figure 13. Doping of 1,10-Bis(2’-thienyl)-1,3,5,7,9-decapentaene with SbCI5

more highly absorbing than the S0 to Si initial one-photon process.

In order for a material to work properly via RSA by the formation of either 

polarons or bipolarons, there has to be a process that forms these charges during 

irradiation. Photo-generation to form charged species from the neutral forms on the 

picosecond time scale has been demonstrated, and, since significant amounts of these 

species are generated, these materials could potentially be used as optical limiters to 

protect against both ns and ps laser pulses105.

It was shown by Cao et al.109, that it was possible to photo-generate charge
I

species in oligomers of ladder polymers on the ps time scale. In addition, the photo-

bipolaron
neutral
form

4 0 0  6 0 0  8 0 0  1 0 0 0
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induced absorption (PIA) spectrum of the incipient charge state was identical to that 

chemically produced. Sapochak et al.110, utilizing a pump-probe technique arrived at the 

same conclusions, but also demonstrated that the structural relaxation to a transient 

state was faster than the electron hole recombination, and that the transient charge state 

was long-lived on the picosecond time scale.

The efficient photo-generation of charge states is a very important process. 

Saricifti and Heeger111 have used fullerenes to enhance the process of charge 

separation in polymeric systems. They also demonstrated that a photoinduced electron 

transfer could occur between a conducting polymer and C60- C60 itself has been 

recognized as an optical limiter based on reverse saturable absorption from the excited 

triplet state manifold104.

Figure 14 shows the structure of a PMMA polymer with a 10 % incorporation of a 

chromophore (167) onto the polymer backbone. This material has been combined with 

C6O in solution and tested as an optical limiter112. Figure 15 shows the results of the 

study performed by collaborators at Laser photonics Technology, Inc. (Amherst, NY). 

The limiting experiment was performed on the C6O alone, on the polymer, and on a 

combination of C60 and the polymer incorporating 167 (10 % incorporation). The 

reduction of the intensity of the laser beam in each case indicates that there is optical 

limiting, with the Polymer-C60 combination system exhibiting the best limiting behavior.

COOMe COOMe COOMe COOMe COOMe

COOMe COOMe COOMe C00 COOMe

(cH>>3— s-

10 %  chromophore 
incorporation

167
Figure 14. Material used for a typical RSA optical limiter

-S(CH2)3OH
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Figure 15. Optical limiting for 167, C60, and a C60/167 combination

This is a very promising result for the use of charged states as optical limiters. 

However, the authors of this work caution against concluding that this result is a result of 

charge-transfer between the donor (167) or the acceptor (C60)1 because the optical 

limiting could come simply from the additive limiting of the donor and the acceptor, 

individually in solution.

Two-photon Absorption

The Two-Photon Absorption (TPA) process is similar to the one shown in Fig. 10 

for RSA. TPA is also a nonlinear phenomenon. However, in this case the excited state 

is populated by a simultaneous absorption of two photons. The five level model103 of 

Fig. 16 illustrates the TPA process. Similar to Fig. 10, both T1 and Tn have been 

replaced by TS1 and TSn respectively where TS represent all possible transient states.

The TPA can be measured by the two-photon cross section of a molecule and it 

can be defined in the following way:

OPL of DT3SP/PMMA, w / C60, and C60 alone (all In tcp)
167

* DT3SP/PMMA
• êo e
o Ceo:DT3SP/PMMA

167

- f c L MKC A : 58; c:\mkc\DT3SPPM1.spw
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o 2 =  8;i;2hi> Im[x(3)] Equation (3)
D2C2N

where h = Plank’s constant, u = frequency of incident light, n = index of refraction, c = 

speed of light in vacuum, and N = number of absorbing molecules, and lm[x(3)] is the 

imaginary x(3) component which relates to the absorption process.

Sg — ► S i medium absorption

S i — ►Sn possible strong absorption

TS  ̂— ►TSp possible strong absorption 
Figure 16. Energy level diagram for TPA

Rienhart et al.113, conducted studies on structure property-relationships that influence 

the magnitude of the two-photon cross-section. Their study was done at wavelength of 

800 nm, since most organic chromophores of potential interest exhibit 1-photon 

absorption near 400 nm. Some structure-property variables became apparent in this 

work, which tended to increase the two-photon cross section:

1) Extend the conjugation length

2) Change the identity of the conjugated bridge

3) Increase the rc-donor strength
I

4) Incorporate more polarizable double bonds
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5) Increase planarity of the chromophore

Fig. 17 shows an example of two molecules that have a very high two-photon cross 

section. These two-photon cross sections were determined at only one wavelength and 

only with nanosecond pulses. For this reason, these two-photon cross sections could be 

enhanced by the presence of excited state absorption105.

168 (AF-50)

o2 = 11560 x ID"50 cm4 s photon"1

o2 = 11480 x ID"50 cm4 s photon'1
Figure 17. Enhanced two-photon cross section in two molecular systems (Reinhart et al)

Perry, Marderand coworkers114,115 found out that bis(di-n-butylamino)-(E)-stilbene 

(170) had a two-photon cross section that was about 20 times that of (E)-stilbene (171). 

This increase is thought to come from an increase in the electron delocalization in the 

first excited state and an increase in the dipole moment from the first excited state to the 

second excited state. Fig. 18 shows two types of molecules that Perry and Marder 

found to have enhanced two-photon cross sections. Chromophore 172 has two terminal
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electron-donating diphenylamino groups and one middle ring with electron-withdrawing 

CN substitution. Chromophore 173 has an opposite arrangement with donor groups in

o2 = 4400 x 10"50 cm4 s photon'1
Figure 18. Two-photon cross sections for Chromophores with a D-A-D (172) pattern and a A-D-A

pattern (173) (Mader and Perry et al.)

the middle and acceptor groups in the ends. Following similar reasoning to that used by 

Perry and Marder.114,115, Spangler et al.116, have synthesized several PPV oligomer

o2 = 1940 x 10'50 cm4 s photon'1

Vl MeO MeO 1 7 3  MeO
NC CN

O i

0 110 §
o2 = 6,670 x 10"50 cm4 s photon"1 (8 ns pulse, 800 nm)

o2 = 8,180 x 10"50 cm4 s photon"1
Figure 19. PPV derivatives with enhanced two-photon cross sections (Spangler et al.)
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chromophores for TPA applications. They have found large two-photon cross sections 

for these material types as illustrated in Figure 19. Spangler et al.117, have also recently 

made fully conjugated dendrimers intended for TPA applications. Based on theoretical 

calculations on these quasi-2D systems, it was predicted that these dendrimers will have 

very high third-order hyperpolarizability values109. Since the Im part of is related to the 

size of the two-photon cross section (c2) according to equation 3, these dendrimers 

should also have high o2 values. Fig. 20 show one of the model dendrimers used for this 

study.

Figure 20. Model dendrimer for TPA applications.
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PROPOSED RESEARCH 

NLO Enhancement by Second Row Elements

Reinhardt and Prasad26 have shown the relation of the third-order nonlinearity to 

organic structural parameters by carrying out well-controlled structural changes in rigid- 

rod oligomer repeat units. Basically, what they did was to determine y, the third order 

molecular hyperpolarizability, in relation to specific changes in a molecular structure as 

shown in Fig. 21.

y=  16 x 10'66esu Y = 26 x 1 0 36 esu

175 7

Y  = 71 x 10"36esu Y  = 210 x IO"36 esu

Figure 21. Change in y by substitution of a sulfur atom by oxygen

An important design parameter can be formulated from these studies, in essence 

an increase of the second hyperpolarizability can be obtained for a given conjugated 

model parent structure when there is a polarizability enhancement through a change in 

heteroatom, in this case changing an atom of the first row (O) by an atom of the second 

row (S). Using sulfur in place of oxygen functionality in diphenyl and dithienyl polyenes 

studies has allowed a greater stabilization of bipolaron species. This has permitted the 

formation of molecules with high third-order optical nonlinearities.
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Based on this correlation of first and second row atoms with y we propose that 

changing nitrogen for phosphorus in a parent structure will allow us to obtain molecules 

with increased nonlinearity due to greater polarizability in the donor groups. This will 

also be reflected by a possible stabilization of either polarons or bipolarons by the 

phosphorus atom. W e believe that this change may produce a new class of molecules 

with high third-order nonlinearity for a variety of photonics applications.

Synthesis of Diphenvlphosphino polyenes

Recently, it became possible to synthesize processible diphenylpolyenes with 

long conjugation sequences for the first time utilizing diphenylamino substituent groups 

in place of dialkylamino donor groups. Previously known diphenylpolyenes were 

essentially insoluble in all organic solvents at the hexaene level; however, these new 

diphenylaminopolyenes are still soluble in all common organic solvents to at least the 

octaene level. Oxidative doping with SbCI5 yielded exceptionally stable bipolaron-like 

dications, including the first stable stilbene bipolaron yet observed. Encouraged by 

these results we propose to make new molecules in which diphenylamino is replaced by 

diphenylphosphino donor susbtituents. W e propose that the change of an atom of the 

first row (N) by an atom of the second row (P) will produce the same trend obtained 

when sulfur was substituted for oxygen. These new molecules will allow us to study 

either polaron or bipolaron formation and stabilization by phosphorus for the first time. 

Also, upon doping we can determine the shift in the oscillator strength by following the 

change in absorption characteristics. These shifts can provide insight unto 

enhancement contribution by these new groups to the third-order nonlinearity.

I
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These new polyenes were made by the use of a double Wittig reaction as shown 

in Scheme 37. It was necessary to protect the highly nucleophilic P lone pair of electron 

with BH3. This protecting group can be easily removed to yield the free phosphine.87

-CH=CH)-CHO n=1 180 
n=2 185

Br-Bug+ CH2(CH =C H)m CH2P+ Bu3Br"

2n+m+2

2n+m+2

Scheme 37. Synthesis of bis-(diphenylphosphino)diphenylpolyenes

Synthesis of Bis-(Diphenvlphosphino)-PPV Dimer (176) and 4-Diphenvl 
Phosphino-4’-Nitrostilbene (177)

These two molecules were synthesized in order to compare them with (p- 

phenylenevinylene) (PPV) dimer (110) and DANS (178). These materials may be of 

practical use if (1) the optical nonlinearity of the diphenylphosphino series is enhanced 

compared to the diphenylamino series due to the replacement of a first row element by a 

second row element, or (2) if there are significant shifts in the absorption maxima
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between the two series. The structures of these two interesting materials are shown in 

Fig. 22. The double bonds were formed by the respective Wittig reactions.

The diphenylphosphino equivalents of PPV oligomers could be good candidates 

for optical limiters, since the diphenylamino equivalent has a large two-photon cross- 

section. For this reason it would be interesting to compare these materials in this 

particular application.

Dendrimer Design and Synthesis

It has been recently shown by the work of Tomalia118 and Frechet119 that the 

synthesis of hyperbranched and dendritic materials yields a high degree of control over 

molecular architecture that can be achieved by convergent and divergent approaches to 

three-dimensional globular structures. The structure of dendritic material raises the 

possibility of three-dimensional delocalization of ^-conjugated systems via interchain 

electron-hopping. It is recognized that an increase in the NLO properties of materials 

can be achieved by incorporating two-dimensional delocalization (y=10"32 esu) over

quasi-one dimensional molecules (Y=IO"30 esu). Carl Dirk at the University of Texas-El

Figure 22. Diphenylphosphino equivalents of both PPV and DANS
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Paso has recently conducted a series of calculations, which predict the three- 

dimensional electron delocalization will give even larger NLO enhancement. Three- 

dimensional delocalization in ^-conjugated dendritic macromolecular structures will 

therefore lead to unique electronic and optical properties, compared to 1-D and 2-D 

systems. Also, some of the dendrimers have been tested as both emitter and the hole 

transporter materials in OLEDs. In addition, some of these dendrimers are currently 

being tested as optical limiters via both TPA and RSA by photogeneration of transient 

excited states.

We have chosen to synthesize these dendrimers by a divergent approach where 

monodendrons are coupled to a multifunctional core. Only the first generation (GO) of 

the dendrimers were made since the best molecules that come out of this study can be 

chosen to make higher generations in a future work. The dendrimers were made by 

Wittig reaction as shown for the diphenylpolyenes in Scheme 37. During this work it was

Figure 23. GO dendrimers derived from stilbene units with P and N substitutions



discovered that for some applications it was ideal to have dendrimers with both P and N. 

(Fig. 23). In the generic dendrimer structure D2 may be N and D1, was P, and in others 

D2 was P and D1 was N. Finally, the GO generations of the dendrimers containing PPV 

units were also made by Wittig reaction to be tested as optical limiters (see Fig. 24)

69

Figure 24. GO dendrimers derived from PPV units with N and P substitutions



70

RESULTS AND DISCUSIONS

Synthesis of p-(Diphenvlphosphino-Borane) Benzaldehvde (180)

Synthesis of aldehyde (180) was accomplished by reaction of the lithium 

derivative of p-bromo-1,3-oxalane (179) and t-BuLi a t -7 8  0C with diphenylphosphino 

chloride (133) as shown in Scheme 38, to yield 179 in 96 %. The phosphine was 

protected with BH3 to avoid formation of phosphine oxides. The deprotection of the 

aldehyde 180 was first tried with acetone in acidic conditions at 60 0C but under these 

conditions, besides performing the deprotection it also removed the BH3 protecting 

group. This complex is unstable when heated above 50 0C. In addition it was found 

that there was some alcohol present due probably to the aldehyde reduction by the free 

BH3. The deprotection was carried out successfully in THF and SM HCI at 0 0C giving 

the aldehyde in 90 % yield. Under these conditions the BH3 was not removed and only

Scheme 38. Synthesis of p-(diphenylphosphinoborane) benzaldehyde
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the aldehyde was deprotected. At room temperature the borane-phosphorous complex 

of 180 is a crystalline stable product.

Synthesis of Diphenylphosphino-borane Wittiq Salt 183

The aldehyde reduction was done with NaBH4 as shown in Scheme 39 to obtain 

the alcohol 181. The reduction is initially done at 0 0C to avoid the removal of BH3. 

Iodination is done under very mild conditions with triphenylphosphine and iodide. The 

standard methodology for the preparation of Wittig salt in Spangler research group is to 

heat tributylphosphine and the halogenated intermediate in toluene at 80 0C for 24 h, by 

using these conditions the resultant Wittig salt did not have the BH3 protecting group. For 

this reason, the reaction was done using ether as solvent. After heating overnight the 

Wittig salt precipitated out of solution and was obtained very pure in 70 % yield.

180
NaBH4
THF *  
OOC

PPh3
Imidazole

PBu3

Ether
Reflux

Scheme 39. Synthesis of Wittig salt 183
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Synthesis of Diphenylphosphinopolyenes

In the polyene series, 184 was made by two different methods. The first method 

was the McMurray coupling. This reaction was tried on aldehyde 180 but without the 

BH3 group. However, the reaction did not work. On the other hand, when the borane 

was used the target molecule was obtained in 63.6 % yield.

Scheme 40. Synthesis of 4,4’-bis-(diphenylphosphinoborane)-E-stilbene. Method A

Scheme 4. Synthesis of 4,4’-bis-(diphenylphosphinoborane)-E-stilbene. Method B.
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The second method was the Wittig reaction (Scheme 41). The polyene was 

obtained in 73.3 % by reaction of the aldehyde 180 and the Wittig salt 183 with KOt-Bu 

in THF and some ethanol 95 % to dissolve the Wittig salt.

Only the trans olefin was obtained, probably due to isomerization that took place 

either during the column purification or after crystallization. In order to prepare the olefin 

with two double bonds it was necessary to extend the aldehyde 180 (see Scheme 42) by 

its reaction with 68 in KOt-Bu. The protecting group was removed in acidic condition in a 

one-pot reaction (69.0 %).

Scheme 42. Synthesis of 4”-(diphenylphosphinoborane)cinnamaldehyde 

The olefin 186 was obtained as shown in Scheme 43 by the Wittig reaction of the

+

KOtBu
THF

Scheme 43. Synthesis of 4 ’,4”-bis-(diphenylphosphinoborane)-1,4-diphenyl-1,3-
butadiene
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extended aldehyde 185 and the phosphonium salt 183 to give the product in 57.0 % 

yield.

The syntheses of diphenylphosphinopolyenes with three and four double bonds 

were accomplished using the Wittig methodology as shown in Scheme 44. The polyene 

with three double bonds (187) was made by reacting the bis-Wittig phosphonium salt 39 

with aldehyde 180. The polyene with four double bonds (188) was made by the reaction 

of the bis-Wittig phosphonium salt 77 and aldehyde 185. The yields for the diphenyl- 

phosphines with three and four double bond were 72 % and 71 % respectively.

X = I 39

X = 2 77
KtBuO
THF

Scheme 44. Synthesis of diphenylphosphinopolyenes with three and four double
bonds

KtBuO B flBu3P+

Scheme 45. Synthesis of 4’-4”-Bis-(diphenylphosphinoborane)-1,10-diphenyl-1,3,5,7,9-
decapentaene
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The synthesis of the diphenylphosphine polyene with five double bonds was 

made as shown in Scheme 45. The Wittig reaction gave the product in 41.4 %.

In order to obtain the free phosphine, the Imamoto87 procedure was followed. By 

heating the phosphine-boronates in excess diethylamine for 8 h at 50 0C1 the free 

phosphines were obtained in yields between 89 and 91 % for the polyenes with one to 

three double bonds (Scheme 46). The olefins with four and five double bonds were 

obtained in 64 and 65 % yields. The later molecules were found to be relatively unstable 

in air. It was found by NMR that they tend to form the phosphine oxides more easily 

than the polyenes with fewer double bonds. Also, by UV-Vis spectroscopy, it was found 

out that the double bonds suffer oxidation. This can be seeing by comparing the UV-Vis 

spectra of these molecules taken after several months with the spectra of a fresh sample 

(Figs. 29-30, pp. 100, 101). The Xmax for the phosphine oxide are blue shifted and there 

is a new absorption band at higher energies.
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Scheme 46. Diphenylphosphinopolyene deprotection 

Compound 176 was obtained in 63 % yield with the Wittig methodology by the 

reaction of the aldehyde 180 and bis-Wittig phosphonium salt 21 as shown in Scheme 

47. The boronate was deprotected with diethylamine, and was obtained in 92 % yield.

KOtBu
THF

Bh 

176

Scheme 47. Synthesis of 1,4-bis-[4’-diphenylphosphino-f3-distyryl benzene

Compound 177 was made by the Wittig methodology by the reaction of the

aldehyde 180 with the phosphonium salt 196 to give the phosphino-borane intermediate. 

The phosphino-borane intermediate was deprotected without further purification and the 

free phosphine 177 was obtained in 85 % as shown in Scheme 48.
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Scheme 48. Synthesis of 4-diphenylphosphino-4’-nitro stilbene

The diphenyl phosphine polyenes were tested for the formation of polaron and 

bipolaron in order to compare with the corresponding bis-(diphenylamino) diphenyl 

polyene. After oxidative doping with SbCI5, they did not form either stable polarons or 

bipolarons. Since the diphenyl amino polyenes were able to form stable bipolarons it 

was thought that a molecule containing both P and N might be able to form one or both 

of the afore-mentioned charged states. For this reason product 198 was synthesized 

and then doping studies were performed in this system. The resulting charge state 

formation is discussed in the next section. Scheme 49 shows the synthesis of 

compound 198. It was obtained by Wittig methodology in 83 % yield and the phosphine

Scheme 49. Synthesis of 4-diphenylphosphino-borane-4’-diphenylamino stilbene
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was deprotected and obtained in 86 % yield.

Synthesis of the Dendrimer Cores

The dendrimers synthesized in this work were made by a divergent approach. 

Both p-triphenylphosphine trialdehyde (132) and p-triphenylamine trialdehyde (113) were 

used as the cores of the dendrimers and different arms were attached to them to form 

the GO generations.

Scheme 50 shows the synthesis of 132. This reaction is similar to the one used 

to make the diphenylphosphinomonoaldehyde 180. However, the phosphine in the 

trialdehyde 132 was not protected with BH3. Initially, the BH3 was used; however the 

PiBH3 complex was even more unstable compared to the PiBH3 complex in the 

monoaldheyde 180. The BH3 was lost even in the conditions used for the oxalane 

removal to make 180. The presence of three electronwithdrawing groups in the para 

positions of the triphenylphosphine weakens the ability of the pair of the phosphorus of 

electrons to form a stable PiBH3 complex. For this reason it was decided not to utilize 

the boronate complex. The trioxalane 199 was obtained in 41.3 % yield and the 

aldehyde 132 in 93 % yield.

PCI3 + 131

Scheme 50. Synthesis of 4,4’,4”-Tri formyl triphenyl phosphine
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Scheme 51 shows the synthesis of the trialdehyde 113. The three-equivalent 

Vilsmayeir-Haack reaction gives very poor yields of this product. This product has been 

made in our laboratory by the method shown in Scheme 28, which is a three-step 

process with low yields. Since this molecule is the core of many projected dendrimer 

structures, it was necessary to find an alternative way. Product 113 was made directly 

from the reaction of 115 with tBuLi and DMF to yield the product in 67.6 % yield. It was 

not possible to purify 113 by column chromatography since, due to the polar nature of 

this molecule, it was necessary to dissolve the sample in a high volume of solvent to 

load it onto the column, which gave a poor separation. The product was finally purified 

by recrystalization.

115

1) tBuLi (-780C)-H M P A

2) DMF
*  3)HCI

DHf

113

Scheme 51. Synthesis of 4 ,4 \4”-triformyltriphenylamine
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These fully conjugated dendrimers were prepared by the Wittig methodology. 

The phosphonium salts 183 and 97 were reacted with trialdehydes 132 and 113 to give 

the corresponding GO dendrimers. Scheme 52 shows the synthesis of dendrimer 201, 

which was obtained in 89 % yield. The BH3 protected dendrimer 200 was obtained in 65 

% yield.

Synthesis of GO Dendrimers with Stilbene Arms

I

OHC

OHC

132

Scheme 52. Synthesis of tris-(4’-diphenylphosphino-4-stilbenyl)
triphenylphosphino GO dendrimer
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Scheme 53 shows the synthesis of the BH3 protected dendrimer 202, which was 

obtained in 71 % yield. Dendrimer 203 was obtained in 90 % yield.

OHC

KOtBu

Et2NH 
THF 

50 o c

2 0 3

Scheme 53. Synthesis of tris-(4’-diphenylphosphino-4-stilbenyl)triphenylamine
G-O dendrimer
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Finally, Scheme 54 shows the synthesis of dendrimer 204. This GO dendrimer 

was obtained in 77 % yield.

OHC

KQBu
TT-F

Scheme 54. Synthesis of tris-(4’-diphenylamino-4-stilbenyl)triphenylphosphino
GO dendrimer

I
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Dendrimers with PPV arms (see Scheme 47 for a view of a PPV dimer) were 

desirable targets since it was shown that the all nitrogen dendrimers of this type have 

very large two-photon cross sections. It was ideal to find out if these new molecules 

would show large two-photon cross sections as well.

Wittig salt 209 was made as shown in Scheme 55. It is interesting to note that it 

had been impossible to make this product without the BH3 protecting group, since the 

phosphorous from the triphenyl phosphine would have competed with the phosphorous 

of the tributyl phosphine. For simplicity, the yields of the products are shown in the 

scheme.

Synthesis of Wittig Salts to Make GO Dendrimers with PPV Dimer Arms

I. KOtBu 
THF

,, 2. HQ 3M

+

r
CHO

NaBH4 
THF, 2 5  o c

99.2%
OH

69.2%
Ph3P

Br2

Scheme 55. Synthesis of 4-diphenylphosphinoborane-4’-stilbenylmethyl
tributylphosphonium bromide
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Synthesis of Wittig salt 214 is shown in Scheme 56. The yields are given in the 

scheme. It was necessary to use LAH to perform the reduction of the aldehyde since 

NaBH4 did not work very well. Probably, the electron donating ability of the nitrogen 

deactivates the aldehydes and therefore it is necessary to use a stronger reducing 

agent.

205 97

1) KOtBu 
THF

V2)3M HCI

210 
64.2 %

f  Imidazole

Scheme 56. Synthesis of 4’-diphenylamino-4-stilbenylmethyl tributylphosphonium
bromide

I
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Dendrimer 216 was made by the Wittig methodology as shown in scheme 57. 

Reaction of phosphonium salt 209 with trialdehyde 113 gave the phosphine protected 

dendrimer 215 in 84.6 % yield. Removal of the BH3 groups gave dendrimer 216 in 89 % 

yield.

Synthesis of PPV-Dimer Type GO Dendrimers

KOtBu
THr

Scheme 57. Synthesis of tris[4’-(4”-diphenylphosphino-|3-styryl)-4-stilbenyl]
triphenylamino GO dendrimer
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Finally, dendrimer 217 was made as shown in scheme 58. This dendrimer was 

obtained in 61 % yield.

Scheme 58. Synthesis of tris[4’-(4”-diphenylamino -p-styryl)-4-stilbenyl] 
triphenylphosphino GO dendrimer
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UV-Vis Spectra of Diphenvlphosphinopolvenes and Dendrimers

The absorption spectra of the diphenylphosphinopolyenes and dendrimers 

synthesized in this work are shown in Figures 26 to 39. In addition, the Xmax of all these 

molecules are recorded in Tables 14 through 18.

The first striking observation is that the Xmax for all the molecules containing 

diphenylphosphino susbtituents are blue shifted compared to all the molecules 

containing diphenylamino substitutions. The values are shifted from 40 nm up to 72 nm

Table 14. Xmax of Bis-Substituted-Diphenylpolyenes

Number of n R = Diphenylphosphino 
nm

R = Diphenylamino 
nm

1 341 (190) 389 (99)

2 362 (191) 404 (100)

3 384 (192) 424 (101)

4 400 (193) 438 (102)

5 418 (194) 449 (103)
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Table 15. Xtnax of non-symmetrical compounds

ax in nm

D = Ph2P and A = NO2 364 (77)

D = Ph2N and A = NO2 436 (92)

D = Ph2P and A = Ph2N 380 (198)

Table 16. Xmax of molecular equivalents of PPV

R = Diphenylphosphino R = Diphenylamino

380 nm (176) 403 nm (110)

Table 17. Xmax for GO dendrimers with stilbene arms

D1 = D2 = P 346 (201)

D1 = D2 = N 406 (114)

D1 = P and D2= N 387 (204)

D1 = N and D2 = P 404 (203)
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Table 18. Xmax for GO dendrimers with PPV arms

D1 = P a n d D 2 = N 383 (217)

D1 = N a n d D 2 = P 427 (216)

The first experiment that was carried on these molecules was the oxidative 

doping studies with SbCI5. However, it was found that all the molecules containing 

diphenylphosphino susbtituents do not form either stable polarons or bipolarons. At the 

beginning it was thought that this result was due to the ability of the P atom to complex 

any Lewis acid, and therefore it was neutralizing the ability of the SbCI5 to oxidize the 

polyenes. In order to prove this, the polyenes were oxidized electrochemically in 

collaboration with Prof. John Reynolds group (Univ. of Florida); however, the polyenes 

were oxidized irreversibly without apparent positive charge state formation. During the 

course of this work it was proposed to make molecules containing both P and N in the 

same structure. The result was the polyene 77 shown in Table 15 and dendrimers with 

both P and N shown in both Tables 17 and 18. Note that the Xmax are red shifted 

compared to the all phosphorus molecules but still blue-shifted compared to the all 

nitrogen molecules. SbCI5 successfully oxidized all molecules in all the tables 

mentioned above. In all the cases, the absorption spectra show the signature of a 

polaron, even when a large excess of SbCI5Was used. W e believe that this is the first 

time a molecule forms a stable polaron without subsequent oxidation to the bipolaron 

'form. Molecules containing both N and S form polarons as well as bipolarons but the
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amount of SbCI5 has to be carefully controlled, since a slight excess causes the 

immediate formation of bipolaronic species. In order to make sure that the polaron form 

was present, an ESR spectra of 4-diphenylphosphino-4’-diphenylamino stilbene was 

taken in collaboration with Prof. David Singel’s group (MSU). Figure 39, p. 110 shows 

the ESR spectra which indicates the presence of a free radical. This radical is very 

stable and it persisted during a period of 24 h with no apparent decay of the signal.

Also, from the spectra, it is inferred that the radical spends more time next to P atom, 

and by default the positive charge spends more time next to the N atom122. This is an 

indication that P does not stabilize a positive charge as well as nitrogen.

If the initial assumptions regarding enhanced nonlinearity of Ph2P vs. Ph2N 

substituents were correct, a red-shifted spectra should have resulted. However, the 

opposite is true. How can this be? The pair of electrons in the second row elements, 

like both phosphorus and sulfur, should be more polarizable, and therefore they should 

be able to participate in the extension of the ^-conjugation compared to either N or 0 . 

Apparently, this is the case for S but not for P. On the other hand, it can be argued that 

the larger size of the electron-pair of the P atom could result in decreased effective 

conjugation, but if this is true, the same should occur with S, since their atomic radii are 

similar. From the absorbance, it is obvious that the difference in the HOMO-LUMO in 

the diphenyl phosphinopolyenes is higher than in the diphenylaminopolynes, indicating 

that P has less ability to effect enhanced ^-conjugation.

In order to find how the HOMOs and LUMOs of the two series could be 

compared to one another, a solvation profile study was made. The study was made by 

taking the absorption spectra of 4’,4”-bis-(diphenylphosphino)-1,6-diphenyl-1,3,5- 

hexatriene and 4 ,,4”-bis-(diphenylamino)-1,6-diphenyl-1,3,5-hexatriene in a series of
I

solvents ranging in polarity from hexane to N,N-dimethyl formamide. The result of this
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study is shown in Figs. 40 and 41, p. 111. This study showed that both series of 

polyenes display almost identical solvatochromic behavior, with Xmax varying only ca. 5 

nm in going from the solvent of least polarity to that of highest polarity. In addition, the 

molar absorptivities showed almost no solvatochromic effect between the two different 

materials. One can conclude form these studies that the polarities of the HOMO and 

LUMO for the two materials are quite similar.

In 1989, Ratovskii et al.120, published a work that was related with the n-electron 

ability of alky aryls of the forms: para-X-substituted-alkyl-aryl-sulfides, dialkylaryl 

phosphines, and di-alkylarylamines. In order to study the intermolecular interactions of 

S, P1 and N (i.e. their jt-conjugation ability), they studied the ratio of a mixture of two 

conformers. These conformers can be exemplified in the structure shown below:

Conformer B has the S-CH3 bond in the plane formed by the S-Ph-X system and 

conformer A has the S-CH3 bond orthogonal to the plane formed by S-Ph-X system. 

They measured the intensity of the IR band corresponding to the stretching vibration of 

the benzene ring at around 1600 cm"1, since this region is extremely sensitive to the 

resonance interaction of the susbtituents in the benzene ring. It was found out that when 

the alkyl-S, (alkyl)2-P, and (BlkyI)2-N are in the planar conformation (A), the three of them 

behave as 71-donors, with the %-donating ability increasing in this fashion: (alkyl)2-P < 

alkyl-S < (alkyl)2-N. But when they are in the non-planar conformation (B)1 both alkyl-S 

and (alkyl)2-N behave as jt-donors with the %-donating ability increasing in this way:



alkyI-S < (alkyl)2-N. However, in this non-planar conformation, the (BlkyI)2-P behaves as 

a 7r-electron withdrawing group (EWG).

In the study made by Ratovskii et al.120, the analysis of conformer A and B, was 

done when alkyl susbtituents were present on P, S, and, N. However, in the present 

study two phenyl groups are present. Shvets et al.123, studied the Ti-electron 

withdrawing and m-donating ability of diphenylphosphines. They found that the n -  

donating ability of aromatic phosphines containing methyl, halo, and methoxy- carbonyl 

in the para position of the ring is not substantial, or is absent altogether. On the 

contrary, when the aromatic phosphino group contains strong electron donating groups 

like di-methylamino and methoxy groups in the para position of the ring, there is 

evidence of ^-conjugation, with the aromatic phosphine behaving as a weak 71-electron 

acceptor group.

In 1971, Tsvetkov et al.124, published a study related with the ability of the lone 

electron pair of phosphorus and its intramolecular interactions with attached 71-electronic 

systems. In their work, it was reported that organic molecules containing phosphorus 

are blue-shifted with respect to molecules containing either nitrogen or sulfur, which is 

consistent with the results obtained in the present work. They also calculated the 

inductive (0,= 0.05) and resonance (aR= 0.14) components of Hammett’s constants for 

diphenylphosphino substituents. The positive value of these constants indicate that 

Ph2P group should behave as an electron-withdrawing group both by induction and by 

resonance, despite the presence of a lone electron pair. The inductive effect of the 

diphenylphosphino group is small, in agreement with the electronegativity of 

phosphorous (2.1).

, In 1976, Schiemenz et al.125, reported the study on nucleophilic substitution on 

triphenylphosphine as shown in Scheme 59. It was found that substitution hardly

92
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' 4 3 - '

X =  halogens

Scheme 59. Nucleophilic Aromatic Substitutions Activated by Phosphorous

occured in the corresponding meta-isomers, thus demonstrating the resonance nature of 

of phosphorous as an electron-withdrawing group, which is in agreement with the larger 

value of the Hammett constant for resonance compared to the value for the Hammett 

constant for induction for the substituent Ph2P.

Another possible way to test the ability of phosphorus to participate in 

conjugation in a benzene ring is by determination of the carbonyl IR stretching in a 

system of the type shown in Fig. 25. If the P donates its pair of electrons to extend the 

conjugation, then the positive charge on the carbonyl carbon would be weaken, lowering 

the energy of the stretching. The opposite would give an energy increase.

Figure 25. Resonance structures of p-diphenylphosphinobenzaldehyde

I
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Table 19 shows the result of the carbonyl IR stretching of various aromatic 
aldehydes. These numbers indicate that there is some electron-donating ability by the

Table 19. IR C=O stretch of aromatic aldehydes

IR stretch in cm"1

R = Ph2P 1706 (218)

R = Ph2N 1696 (96)

R = H 1718 (219)

R = NO2 1720 (220)

diphenylphosphino group when strong EWGs are in the para position of the ring, but it is 

much more smaller than it is for the diphenylamino group.

Finally, Table 20 compares the XmaxOf different stilbene derivatives. When the 

boronate complex takes the pair of electrons in 184, the Xmaxdecreases compared to the 

free phosphine 190. This can be an indication of some extent of %-electron interaction

Table 20. Xmax in Stilbene derivatives

171 R1 = R2 = H 311

184 R1 = R2 = Ph2PiBH3 314

190 R l = R2 = Ph2P 341

99 R1 = R2 = Ph2N 389

197 R1 = Ph2PiBH3, R2 = Ph2N 380

198 R1 = Ph2P1 R2 = Ph2N 387
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by the phosphorus. However, it could mean that it is behaving as an electron 

withdrawing group (EWG) because both electron withdrawing and electron donating 

groups (EDG) give red shifted spectra compared to the parent, but for different reasons. 

EWGs reduce the HOMO-LUMO energy gap by reducing the LUMO energy. On the 

contrary, EDGs reduce the HOMO-LUMO energy gap by increasing the HOMO energy. 

Entries 197 and 198 in Table XX indicate a push-pull system in which nitrogen donates 

electrons and phosphorus accepts electrons, giving a red shift compared to the all

phosphorus equivalents.

Applying all these results and data to the diphenylphosphino polyenes, it 

indicates that if the conformer A is present (see p. 91), then the Xmax will be blue shifted 

compared to both S and N, since P has a weaker ability to donate its pair of electrons to 

the system to increase the conjugation, which matches with what is observed 

experimentally. On the contrary, if the polyenes are in the B conformation, then the P 

behaves as a weak 71-electron withdrawning group, which still would give a blue-shift in 

the absorption.

In 1988, Spangler et al.121, published a work that showed that the use of EWGs in 

the para position of diphenylpolyenes reduced the stability of positively charged 

bipolarons. Thus, if R2P behaves as a 7t-electron withdrawing group, it would explain 

why the diphenylphosphinopolyenes were not able to form either stable positive polarons 

or bipolarons, since they are not able to stabilize the incipient positive charge. 

Additionally, it would explain why, when both N and P are in the molecule, it is possible 

to form polarons, but not bipolarons. The nitrogen is able to stabilize the positive charge 

and the phosphorous is able to stabilize the radical typical of a polaron, and thus the 

radical would spend more time next to the phosphorus and the positive charge would
I "
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spend more time next to the nitrogen, as evidenced by the ESR spectrum of this 

system122.

In conclusion, it was found out in this work that there is experimental evidence 

that shows that in diphenylphosphinopolyenes, the diphenylphosphino group behaves as 

an weak EWG group. The net result when sp2 molecules containing N, S, and P are 

compared, is that there is a red shift in the Xmax that increases in this direction: P < S < N. 

On the other hand, only when there is a strong electron acceptor group, like an aldehyde 

functionality in the para position of the ring (see Table XIX, p. 94), does P behave as a 

weak electron donating group (EDG).
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Figure 26. Absorption spectra for neutral 4,4’-bis-(diphenyl phosphino)-stilbene (190)
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Figure 27. Absorption spectra for neutral 4’,4”-bis-(diphenylphosphino)-1,4-diphenyl-1,3-butadiene (191)
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Figure 28. Absorption spectra for neutral 4’-4”-bis-(diphenylphosphine)-(1,6-diphenyl)-1,3,5-hexatriene (192)
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Figure 29. Absorption spectra for neutral 4’-4"-bis-(diphenyl phosphine)-1,8-diphenyl)-1,3,5,7-octatriene (193)

100



d*
 >

1.500

Air Oxidized

0 . 5 0 0

0.000
4 5 0 . 04 0 0 . 0

Wavelength (nm.)
5 0 0 . 03 5 0 . 03 0 0 . 0

Figure 30. Absorption spectra for neutral 4’-4"-bis-(diphenylphosphine)-1,10-diphenyl-1,3,5,7,9-decapentaene (194)
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Figure 31. Absorption spectra for neutral 1,4-bis-[6’-diphenylphosphino] distyryl benzene (176)
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Figure 32. Absorption spectra for neutral 4-diphenylphosphino-4’-nitro stilbene (177)
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Figure 33. Absorption spectra for neutral and doped 4-diphenylphosphino-4’-diphenylamino stilbene (198)
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Figure 35. Absorption spectra for neutral and doped tris-(4’-diphenylamino-4-stilbenyl) phosphine GO dendrimer (203)
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Figure 36. Absorption spectra for neutral and doped tris-(4’-diphenylphosphino-4-stilbenyl) amine GO dendrimer (204)
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Figure 37. Absorption spectra for neutral and doped [4’-(4”-diphenylphosphino-(3-styryl)-4-stilbenyl] amine GO
dendrimer (216)
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Figure 39. EPR spectrum of 4-diphenylphosphino-4’-diphenylamino stilbene (198)
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Figure 40. Solvatochromic behavior of 4’,4”-bis-(diphenylphosphino)-1,6-diphenyl-1,3,5-
hexatriene
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Figure 41. Solvatochromic behavior of 4’,4"-bis-(diphenylamino)-1,6-diphenyl-1,3,5-hexatriene
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Study of chromophores and dendrimers for Organic Light-Emitting Diodes (PLED).

Many different molecule types have been used as components of OLEDs since most 

materials will preferentially transport one charge carrier more efficiently than the other. 

Emitter materials function both as an emitter and as either hole or electron transporters. 

As mentioned in section MD, one of the major causes of failure of OLEDS is related to 

low thermal stability, which is mostly associated with the hole-transporting layer (HTL). 

This inferior thermal stability has been attributed to the corresponding low glass 

transitions temperatures (Tg) of these materials. For this reason, the thermal properties 

of the molecules shown in Fig. 42 were examined to determine whether they exhibit 

good HTL efficiencies. Molecules containing only nitrogen were also tested for 

comparison purposes.

Figure 42. Structures of bis(diphenylphosphino)- and bis(diphenylamino)-E-stilbene 
oligomers and model dendrimers based on these repeat units

In order to determine Tg for a molecules it is necessary to heat the sample, then 

cooling it down and then heat it again. This can be easily done via a method called 

Differential Scanning Calorimetry (DSC). This heating and cooling mimics the
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process of fabrication of an OLED device since the layer deposition normally forms a 

glass. The DSC results for the molecules studied are listed in Table 21.

Table 21. Thermal properties of chromophores used for OLED studies

Compound No. 1st Heating 2nd Heating

99 Tm = 252 °C No change

198 Tm = 173 0C Tg = 41 0C

114 Tg = 96 °C Tg= 105 0C

204 Tg= 115 0C Tg = 121 °C

During the first heating scan only the dendrimers (114, 204), showed glass 

transitions (Tg’s). After a cooling quench and a second heating scan, the oligomer 301 

did not undergo a glass transition change but the P-containing oligomer (198) did not 

show a melting endotherm and a Tg a t41 0C was observed. Dendrimers 114 and 204 

showed an increased in Tg, which was higher for dendrimer 204 indicating that a 

substitution of P for N results in improved thermal properties.

Another important characteristic that is worth examining in these molecules is the 

ability to exhibit photoluminescence (PL), since these materials could be used as both 

hole transport layer and possibly as the emitter layer. Fig. 43 shows the PL of oligomers 

99 and 198 both in solution and in solid-sated films. The effect of P-substitution results 

in a blue shift of PL emission in solution; however, in the solid-state film the PL is red-

shifted.
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198 solid line 198 solid line
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Figure 43. PL emission spectra of oligomers 99 and 198 in a) CHCI3 
and b) vapor-deposited films

The PL of the dendrimers is shown in Fig 44. In this case the difference between the 

emission in both solution and solid are not as dramatic as it was with the oligomers. In 

solution and solid state, the emission if red-shifted for dendrimer 204 compared to the 

dendrimer 114 that has only nitrogen.

114 doted line 114 doted line

204 solid line 204 solid line

Wavelength (nm) Wavelength (nm)

Figure 44. PL emission spectra of dendrimers 114 and 204 in a) CHCI3
and b) vapor-deposited films
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The model dendrimers 114 and 204 were tested as HTL materials by 

constructing a device similar to the one shown in Fig. 1 (page 45 of section HD). In this 

case aluminum tris-(8-hydroxyquinoline) (AIqS) was both the electron transport material 

and the emitter layer. The electroluminescence (EL) and voltages at a constant drive 

current of 13 mA/cm2 for the devices made with dendrimers 114 and 204 as HTL 

materials were 0.09 % (8.5 V) and 0.13 % (11.8 V) respectively. These numbers show 

that the P-containing dendrimer (204) is more efficient (0.13 %) than all N-containing 

dendrimer 114 (0.09 %). However, the turn-on voltage for dendrimer 204 was higher. 

This is shown in Fig. 45a. Fig. 45b shows the optical power/current density plot for the 

devices. The plot indicates that the device made with dendrimer 204 is brighter than the 

devices made with dendrimer 114.

Current Density (mA/Z)n

114 h'

Voltage(V)

Figure 45. a) Current density/voltage plots, and b) Optical Power/current density plots for OLEDS 
made of dendrimers 114 and 204 as HTL materials.

Non-linear Optical Studies of Diphenvlphosphinopolvenes

In order to test the effect that diphenylphosphino susbtitution has on the non-linear 

optical characteristics, the third order hyperpolarizability was determined for the 

diphenylphosphinopolyenes with one to three double bonds, utilizing a thermal harmonic
I

generation (THG) technique in collaboration with Prof. Jan Petersens’s group
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(Denmark). The values obtained are compared to the diphenylaminopolyenes with the 

same number of double bonds. The determinations were made at two different 

wavelengths: 1907 and 1312 nm. Table 22 show the y values obtained for these 

polyenes. In each series of polyenes, the y values increase as the number of double 

bonds increase. As discussed in chapter 2, this result is expected since it has been 

demonstrated that the non-linear optical characteristics increase with the addition of 

double bonds. On the other hand, when the diphenylphosphino series is compared to 

the diphenylamino series, the non-linear optical characteristics for the former do not 

improve. In all the cases the y values for the diphenylamino polyenes are around five 

times larger than the corresponding values for diphenylphosphinopolyenes. De Melo et 

al.123,124, postulated that an increase in the non-linear optical characteristics of a 

molecule is to be excepted if there is a decrease in band-gap energy of the HOMO- 

LUMO. From the absorption experiments performed on the diphenylphosphinopolyenes, 

it can be seen that there is a blue shift in the absorption with respect to the 

diphenylamino polyenes, which is due to an increase of the band-gap energy of the 

HOMO-LUMO. According to De Melo calculations this would result in a decrease in the. 

non-linear optical properties, which is what is observed for the diphenylphosphino

polyenes. The consequence of the De Melo calculations is that the Xmax of molecules 

should increase in order to have an increase of the non-linearity, which is normally 

referred to as the nonlinearity-absorptivity trade-off. This means that devices made out 

of a good organic non-linear material are less transparent, which is undesirable since 

this leads to optical loss in an electro-optic device.;
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Table 22. y values for Diphenylphosphino and Diphenylamino polyenes determined at
1907 and 1312 nm

1 (190)

1312 bd

2 (191) 1907 bd

1312 0.335

3 (192) 1907 bd

1312 0.752

*bd = below detection level

1312 0.726

2 (100) 1097 bd

1312 1.869

3 (101) 1097 bd

1312 3.108
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Optical Limiting Studies by Two-Photon and Photo Induced Absorption (PIA) of 
Dendrimers

Two-Photon Absorption Experiments

In order to provide laser protection in the region of 600 to 800 nm, molecules that 

limit based on two-photon absorption (TPA) mechanism (see Fig. 16 on p. 60) are 

attractive candidates. Diphenylphosphinopolyenes were tested for this purpose since 

diphenylaminopolyenes have previously showed TPA Optical Limiting in this region of 

the spectrum125; however, none of the molecules show TPA. Dendrimers were also 

tested for TPA and in this case it was found out that they show TPA. Figure 46 shows 

the structure of the dendrimers tested for TPA. These results were compared against 

AF-50, which is considered an Air Force Research Laboratory standard for TPA.

The optical limiting studies were done by a simple protocol that consisted in the 

determination of the intensity of a laser beam passing through the sample. Ideally, the 

reduction of the laser intensity must fall to a point where the eyes are protected from the 

radiation. The human eye damage threshold is ca. 1 p J. For this reason it is necessary

Figure 46. Structure of dendrimers used for TPA studies
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to attenuate the incoming beam to less than 1 jj J transmitted energy. The maximum 

value which may be considered as a target limiting threshold for a practical optical 

limiting (OPL) device is 0.1 p J. Up to the current time, there are no practical OPL 

devices capable of limiting to 0.1 p J for ns laser pulses over the 400-800 nm visible 

region.

The molecules were tested at three different wavelengths, 722 nm, 760 nm, and 

830 nm, since this is the preferred method to determine the wavelength for maximum 

two-photon optical power limiting. The results are shown in Figures 47 to 49. These 

figures show how the light is transmitted through the sample. The incident energy at 

which the transmission shows limiting behavior is recorded in Table 23. The lower the 

incident energy, the better the material behaves as a two-photon induced optical limiter.

Table 23. Incident Energy point where TPA is observed

Molecule 722 nm 760 nm 830 nm

201 1.0 x 1 0 ‘5J 1.5 XlO-5J 1.8x10-4 J

2Q3 IO x IO -6J 1.5 x IO-5 J 1.8 x 10-4 J

204 T O xIO -6 J 1.8 x10"5 J 1.6x10-4 J

168 1.0 x10"5 J 1.5 XlO -5J 1.0 x IQ"4 J

From these energies, it can be noted that the best wavelengths are 722 and 760 

nm, with 722 nm showing the highest TPA limiting. Dendrimer 201, which is the one 

with four P atoms shows similar OPL compared to molecule 168. On the other hand, 

dendrimers 203 and 204 show the best OPL. It has been shown that dendrimers with 

both P and N form polaron species by oxidative doping. The higher OPL of these 

molecules can be attributed to the possible formation of polarons during the excitation
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thus giving rise to excited state absorption, which enhances the limiting ability of these 

molecules following TPA.

At the current time, these dendrimers are still being investigated in collaboration 

with Laser Photonics Technology, Inc. Attempts are being made to separate the intrinsic 

two-photon event from the subsequent excited state absorption by employing 

femtosecond two-photon techniques. Hopefully, these evaluations will provide a more 

meaningful evaluation of the dendrimers compared to other OPL materials. In addition, 

since the best limiting behavior is observed at 722 nm, irradiation with shorter 

wavelength pulses may prove these materials to be more useful at wavelengths less 

than 700 nm.

Photo-Induced Absorption (PIA) Experiments

The process of PIA is explained by the absorption of one photon that generates an 

excited state that has a higher absorption cross-section compared to the ground state of 

the molecule (see Fig. 10 on p.55). The incoming laser generates these new species, 

which in turn gives rise to the PI,A. These new species could be triplets, polarons, 

bipolarons, or other transient species. Under normal condition, a laser beam may not 

efficiently generate charge states such as polaron or bipolarons. In order to do this, it is 

necessary to have an electron acceptor molecule that aids in the formation of the 

charged species. Ceo is a good electron acceptor, and it was used in the PIA 

experiments127. Fig. 50 and 51 illustrate the dendrimers that were used in this 

experiment as electron donors. The experiments were carried out by Wendi 

Sonnenberg in the Lee Spangler laboratory in the Chemistry Department at Montana
I

State University. The experiments consist of taking the absorption spectrum of the
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chromophore with white light and following laser excitation of the molecules. The 

wavelength of the laser is 532 nm and it had an average power of 100 mW (100 Hz). In 

all the experiments performed for these molecules, the solutions were first irradiated by 

a laser with a wavelength of 355 nm for 5 minutes. This irradiation forms new species, 

which are then excited with the 532 nm laser, and after that an absorption spectrum is 

taken with white light. In order to find out the structure of the new species, mass 

spectrometry experiments are being carried on the molecules that were pre-irradiated 

with the 355 nm laser. These new species are very stable even after a week, and it is 

possible that the higher energy irradiation induces some cis-trans isomerism to give 

more reactive electron donor species.

None of the diphenylphosphinopolyenes studied showed evidence of PIA. This 

is not surprising since we know that these molecules are incapable of forming either 

positive polarons or bipolarons. However, the dendrimers containing both P and N 

should exhibit PIA, since they form stable polarons, and that is what the PIA experiments 

indicate.

=  N, D2 =  P 2 0 3

Di  =  P, D2 =  N 2 0 4

Dl  = 0 2  =  N 1 1 4

Figure 50. GO stilbene dendrimers used for optical limiting experiments

i
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Di = P, D2 = N 217 

Dl = D2 = N 218

Figure 51. GO PPV dendrimers used for optical limiting experiments

Figures 52 through 57 present the results of these experiments. The figures 

were obtained by plotting the change in transmission (AT) divided by the transmission 

(T) that is given when the sample is irradiated, first with white light only and then white 

light plus the laser (532 nm) against the PIA wavelength. When the samples are 

irradiated with white light, there is no change in the transmission. When the sample is 

irradiated with the 532 nm laser followed by white light, the transmission decreases, 

which indicates possible optical limiting behavior by PIA. This PIA absorption comes 

from the formation of charge transfer species that are generated when the laser is 

present. All dendrimers containing both P and N exhibited PIA. Comparison of these 

dendrimers with the all N containing dendrimers 114 and 218, indicate that the latter are 

better optical limiters (at 532 nm) since for the mixed dendrimers it was necessary to 

irradiate at more energy in order to observe PIA from the baseline.

i|
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CONCLUSIONS

It has been shown that a compound series wherein phosphorus replaces nitrogen in 

the donor substituents of interest in various photonic applications can be synthesized. 

Three arm GO dendrimers were made, which were easily purified by column 

chromatography.

The Ph2P substituents behave as electron withdrawing groups. This causes a 

decrease in the ability to participate in the extension of conjugation of Tt-systems through 

mesomeric effects. The most striking effect of this is a blue shift in I max compared to N 

containing systems. The lack of participation of the lone pair of electrons of phosphorus 

in the 71-system decreased the effective conjugation, which gave a reduction of Xmax-

Doping studies of both diphenylphosphinodiphenylpolyenes and P containing 

dendrimers showed that they do not form either polarons or bipolarons upon chemical 

oxidation. This is thought to be a consequence of the electron withdrawing nature of the 

P substituents, since the incipient positive charge is not stabilized by the electron 

withdrawing Ph2P. However, when a molecule containing both P and N is doped with 

SbCI5, a stable polaron was formed. This is due to the ability of N to stabilize positive 

charges, and the ability of the P to stabilize a free electron. An EPR spectrum shows 

that the formed radical spends more time next to the P substituent, giving an indication 

of the electron withdrawing ability of P.

Dendrimers containing P showed an increase in the glass transition (Tg) compared to 

the N equivalents, which can be utilized in the design of temperature stable OLEDs 

devices. The OLEDs devices made with P containing dendrimers were brighter than the 

ones.made with N containing dendrimers. However, the former had a higher tum-on
I

voltage.
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The third order nonlinear optical properties of these diphenylphosphino-containing 

molecules were determined by measuring %(3> by third harmonic generation (THG). The 

%(3) for the diphenylphosphinodiphenylpblyene series is lower than the %(3) for the 

diphenylaminodiphenylpolyene series. This is a consequence of an increase of the 

HOMO-LUMO band gap, which is shown by the blue shift in Xmax. The nonlinearity- 

transparency trade-off postulate indicated that an increase in the nonlinear optical 

characteristics is always accompanied by a decrease in the HOMO-LUMO band gap. In 

the present case the opposite is observed, which could explain the observed reduction in 

%(3) for the diphenylphosphinodiphenylpolyene series.

It was found out that all the molecules containing only P substituents did not show 

reverse saturable absorption. In order to have photo-induced absorption it is necessary 

to generate a new species with enhanced absorption compared to the neutral state. 

Since these molecules did not form either polarons or bipolarons, then optical limiting 

should not be observed, as was the case here. On the other hand, when N is introduced 

in these molecules, it was shown that they formed polarons. The presence of polarons 

in these molecules could be an indication of their ability to function as optical limiters via 

reverse saturable absorption. It was shown that this was case, since dendrimers 

containing both P and N show enhanced optical limiting.

Finally, it was shown that mixed P, N dendrimers have the ability to function as 

optical limiters via two-photon absorption. The test showed that these molecules have 

better TPA compared to the Air Force standard [AF-50 (346)] at selected wavelengths.
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EXPERIMENTAL SECTION 

General

1H NMR spectra were determined in CDCI3 using a 300 MHz Bruker Advance/ 

DPX300 system and are reported in ppm downfield form the standard tetramethylsilane. 

31P NMR spectra were determined in CDCI3 as well (the 31P-NMR signal was calibrated 

with a water deuterated solution of H3PO4). The molecular mass determinations were 

carried out in the Mass Spectrometry Facilities at Montana State University by Joe Sears 

utilizing a 70E-HF double focusing magnetic mass spectrometer and a PerSeptive 

Biosystems Voyager RP MALDI/TOF mass spectrometer. The analysis performed in the 

magnetic instrument were acquired using fast atom bombardment ionization in a matrix 

of glycerol and 3-nitrobenzyl-alcohol (1:1). The elemental analysis of C, H, N, and, P 

were performed by Paulanne Rider at Northern Illinois University with a Perkin-Elmer 

Model 240 analyzer. UV-VIS-NIR spectra were obtained with a Shimadzu UV-3101 PC 

Scanning Spectrophotometer model as CH2CI2 solutions; oxidative doping was carried 

out by adding an excess of the dopant to CH2CI2 solutions of the polyenes (10*5 mol/L). 

"Melting points were determined from recrystalized materials, they are uncorrected and 

given as one point, and they were determined in a DSC 2920 Differential Scanning 

Calorimeter from TA Instruments. The samples were scanned at 10 0CZmin. Solutions 

in pentane of the organometallic reagent t-Butyl Lithium (1.5 M) were purchased from 

Acros; solutions of 1M BH3=THF complex were purchased from Aldrich; p-bromo- 

benzaldehyde, diphenylphosphino-chloride, phosphorous trichloride, and 

terephthaldehyde mono-(diethylacetal) (205) were purchased from Acros.
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Synthetic Procedures

p-Dioxalanephenyldiphenylphosphino-Borane 179

A solution of t-butyllithium (1.5 M in hexane, 87.34 mmol, 91.70 ml_) was added 

dropwise over ca. 2 h to a solution of freshly distilled (109-111 °C, 0.1 mmHg) p- 

bromophenyl-oxalane86 (20 g, 87.34 mmol) in freshly distilled THF (550 ml_) at -78°C. 

Immediately, a solution of freshly distilled diphenylphosphino chloride(139-141 0C1 0.1 

mmHg) (19.27 g, 87.34 mmol) in THF (100 m l) was added. After the addition was 

complete the temperature was allowed to rise slowly to O0C and a solution of 

BoraneTHF complex was added (1.0 M solution in THF, 91.70 mmol, 91.70 ml). 

Immediately after the cooling bath was removed, the resulting solution was allowed to 

stir for 24 h at room temperature. Distilled water (100 ml), acidified with 10 mL of 3 M 

HCI was then added dropwise. The mixture was extracted with benzene (3 x 100 mL), 

the combined extracts washed with brine, and the product dried (MgSO4). The crude 

product was purified by recrystalization with a mixture of hexane-methanol to yield the 

pure product in 96 % (26 g), mp=125.4 0C; 1H NMR: 0.60-1.90 (m, 3H, BH3), 4.06 (m, 

4H, H-10), 5.82 (s, 1H, H-9), 7.43-7.61 (m, 14H, H-6, H-3, H-2, H-1); 13C NMR: 65.85 (s, 

2 C, C-10), 103.37 (s, 1 C, C-9), 127.22 (d, 2 C, 2Jp̂ = 10.6 Hz, C-7), 129.03 (I C, C-5), 

129.23 (d, 4 C, 3Jp-C= 10.1 Hz, C-2), 130.99 (s, 2 C, C-4), 131.75 (s, 2 C, C-1), 133.60 (d, 

4 C, 2Jpc=IO O Hz, C-3), 133.93 (d, 2 C1 2Jpe= 10.2 Hz, C-6), 141.71 (s, 1 C, C-8);

3̂ P NMR: 20.98 (m, P:BH3). HRMS (EI) C2IH22BO2P: calc, for M-BH3 = 334.1123, found 

334.1117.
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4-Formylphenyldiphenylphosphine-Borane 180 

A solution of 179 (15 g, 43.13 mmol) in THF (250 ml_) and 3M HCI (150 mL) were 

combined in a flask at O0C. After stirring for 2 h., the mixture was added to 200 mL of 

saturated brine and extracted with benzene (3 x 1 0 0  mL). The combined extracts were 

washed with saturated brine, dried (MgS04) and the solvent removed by vacuum 

filtration. The compound was purified by column chromatography over silica gel, eluting 

with dichloromethane to yield a yellow amorphous solid (14.3 g, 95.3%), mp=122.0 0C 

(recrys. from hexane/methanol), 1H NMR: 0.6-1.9(m, 3H, BHa), 7.5-7.6 (m, 10 H, H-3, H- 

2, H-1), 7.65 (d, 2 H, J=8.3 Hz, H-6), 7.85 (d, 2 H1 J=8.3 Hz, H-7), 10.1 (s, 1 H, H-9);

13C NMR: 128.82 (s, 1 C, C-5), 129.14 (2 C, C-4), 129.46 (d, 4 C, 3JP.c=10.3 Hz, C-2), 

129.90 (d, 2 C, 3Jp-C= 10.2 Hz, C-7), 132.15 (s, 2 C, C-1), 133.63 (d, 4 C12JP.c=9.7 Hz, C- 

3), 134.12 (d, 2 C, 2JP.c=9.8 Hz, C-6), 146.56 (s, 1 C, C-8), 192.02 (s, 1 C, C-9);

31P NMR: 22.21 (b, P:BH3). HRMS (EI) Ci9H18BOP: calc, for M-BH3 = 290.0861, found: 

290.0849.

4-(Hydroxymethyl)phenyldiphenylphosphine-Borane 181

'i
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A solution of NaBH4 (0.65 g, 17.3 mmol) in methanol (4.0 ml_) and aqueous sodium 

hydroxide (20 %, 7 ml_) was added to a solution of 180 (10.48 g, 34.50 mmol) in THF 

(150 ml_) at 0 0C. The mixture was stirred at 0 0C for 2 h after which 100 ml_ of distilled 

water acidified with 10 mL of 3M HCI was added dropwise. The reaction product was 

poured into saturated brine (100 mL) and the resulting mixture was extracted with 

benzene (3 x 1 0 0  mL). The combined extracts were washed with saturated brine and 

dried (MgSO4). After solvent evaporation, the solid product was purified by column 

chromatography over silica gel, eluting with 10% EtOAc-90%dichloromethane to yield a 

white solid (10.36 g, 98.6%), mp=87.5 0C (recrys. from hexane/methanol), 1H NMR: 0.6- 

1.9(3H, m, BH3), 1.89 (s, 1 H, OH), 4.72(s,2H, H-9), 7.41-7.58 (m,14 H, H-7, H-6, H-3, H- 

2, H-1); 13C NMR: 64.93 (s, 1 C, C-9), 127.44 (d, 2 C, 2JP.c=10.1 Hz, C-7), 128.94 (1 C, 

C-5), 129.23 (d, 4 C, 3Jp̂ = 10.1 Hz, C-2), 129.94 (s, 2 C, C-4), 131.72 (s, 2 C, C-1), 

133.56 (d, 4 C, 2JP.C=9.8 Hz, C-3), 133.83 (d, 2 C, 2JP.C=9.9 Hz, C-6), 144.82 (s, 1 C, C- 

8); 31P NMR: 20.73 (b, P:BH3). HRMS (EI) C i9H20BOP: calc, for M-BH3 = 292.1017, 

found 292.1012.

4-lodomethylphenyldiphenylphosphine-Borane 182

A solution of triphenylphosphine (10.29 g, 39.24 mmol) in acetonitrile/ether (1:3, 

95 ml) was prepared. Iodine (9.97 g, 39.24 mmol) was added in small portions with 

vigorous stirring, yielding a yellow slurry. After 1 h, 181 (4.01 g, 13.08 mmol) dissolved
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in a solution of acetonitrinile/ether (1:3, 80 m l) was added dropwise, and the mixture 

was stirred for 1 additional hour. The crude product was obtained after vacuum filtration 

followed by evaporation of the solvent. The mixture was passed through a short column 

(ca. 5 cm) of silica gel, eluting with 5 % ethyl acetate in hexane yielding the crude 

product (3.83 g, 74.0 %), which was used without further purification in the preparation of 

183: 1H NMR: 0.6-1.9 (3H, m, BH3), 4.42 (s, 2H, H-9), 7.42-7.59 (m, 14 H, H-7, H-6, H-3, 

H-2, H-1); 13C NMR: 45.32 (s, 1 C, C-9), 127.45 (d, 2 C, 2JP.c=10.1 Hz, C-7), 128.96 (1 

C, C-5), 129.22 (d, 4 C, 3Jp.c=10.1 Hz, C-2), 129.93 (s, 2 C, C-4), 131.74 (s, 2 C, C-1), 

133.55 (d, 4 C, 2JP.c=9.8 Hz, C-3), 133.84 (d, 2 C, 2Jp.c=9.9 Hz, C-6), 144.81 (s, 1 C1 C- 

8); 31P NMR: 21.21 (b, P:BH3).

4-(methyl-phenyl-tributylphosphonium) Diphenyl phosphine-Borane Iodide 183

182 was dissolved in acetonitrile/ether (1:3, 300 mL), and followed by the 

addition of tributyl phosphine (3.73 g, 18.42 mmol) the reaction was heated at 35 0C 

under N2. After 72 h the precipitated product 359 was obtained after cooling the mixture 

to room temperature and filtering. The crude product (4.2 g, 74.0 %) was used without 

further purification. 1H NMR: 0.6-1.9 (m, 3H, BH3), 0.89 (m, 9H, H-13), 1.43 (m, 12H,

H-12, H-3), 2.38 (m, 6H, H-10), 4.38 (d, 2 H, Jp.H=15.32 Hz, H-9), 7.40-7.58(m, 14 H1 H- 

7, H-6, H-3, H-2, H-1); 13C NMR: 13.85 (s, 3 C, C-13), 19.37 (d, 3 C, 3Jpc=46.3 Hz, C-
'p
10), 24.15 (d, 3 C, 2Jp.c=5.9 Hz, C-12), 24.30 (d, 3 C1 1Jp̂ = I6.2 Hz, C-11), 27.15 (d, 1
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C1 1Jp_c=45.4 Hz, C-9), 128.36 (s, 2 C1 C-4), 129.30 (s, 1 C, C-8), 129.37 (d, 4 C1 3Jp. 

c=10.3 Hz, C-2), 130.34 (1 C, C-5), 130.19 (d, 2 C 1 2Jp.c=10.3 Hz1 C-7), 132.03 (s, 2 C1 

C-1), 133.52 (d, 4 C12Jp.c=9.8 Hz, C-3), 134.49 (d, 2 C1 2JP.C=9.8 Hz, C-6); 31P NMR: 

21.04 (P:BH3, broad), 32.30 (PBu3, broad).

4"-(diphenylphosphino-Borane)cinnamaldehyde 185

The starting material 180 (4.00 g, 13.17 mmol) was dissolved in THF (100 ml). 

The reaction was cool down to 0 °C with an ice bath, and tributyl (1,3-dioxalan-2- 

ylmethyl)phosphonium bromide50 (68) (26.33 m l, 26.33 mmol, 1 M in THF) was added 

to the reaction followed by dropwise addition of potassium t-butoxide (26.33 m l, 11VI in 

THF1 26.33 mmol). The ice bath was removed after 1 h and the reaction mixture allowed 

to warm to room temperature. An aqueous solution of HCI (100 mL, 1 M) was added to 

the reaction mixture and stirred for 1 h. The product was extracted with benzene (3x50 

mL), dried (MgSO4)1 and the solvent was evaporated. The oil product was purified by 

column chromatography over silica gel, eluting with 10% EtOAc-dichloro methane to 

yield a yellow product in 69.0 % yield (3.0 g). mp: 108.20 0C (recrys. from 

hexane/methanol); 1H NMR: 0.6-1.9 (3 H1 m, BH3), 6.73 (dd, 1 H1 J= 6.01, 7.58 Hz1 H- 

10). 7.24-7.65 (m, 15 H1 H-9, H-7, H-6, H-3, H-2, H-1), 9.71 (d, 1 H1 J=7.56 Hz1 H-11); 

13C NMR: 128.48 (2 C 1 C-4), 128.87 (d, 2 C1 3Jp̂ = I0.3 Hz1 C-7), 129.39 (d, 4 C1 3Jp. 

c=10.3 Hz1 C-2), 130.64 (s, 1 C1 C-10), 132.02 (s, 2 C1 C-1), 132.88 (s, 1 C1 C-5), 133.60
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(d, 4 C 1 2Jp.c=9.6 Hz1 C-3), 134.21 (d, 2 C1 2JP̂ =9.8 Hz1 C-6), 137.07 (s, 1 C1 C-8), 

151.30 (s, 1 C1 C-9), 193.74 (s, 1 C1 C-11);31P NMR: 21.61 (m, P:BH3). HRMS (EI) 

C21H20BOP: calc, for M-BH3 = 316.1017, found 316.1027.

4,4’-Bis-(diphenylphosphinoborane)-E-stilbene 184

Product 184 was synthesized by two different procedures:

Procedure A: TiCI4 (0.91 ml, 8.28 mmol) was added by syringe to THF (100 m l) at 0 0C1 

after which Zn metal (1.08 g, 16.52 mmol) was added in small portions and the mixture 

was stirred for 10 min under N2. Aldehyde 180 (2g, 6.90 mmol) dissolved in THF (50 

m l) was added dropwise and the mixture refluxed for 2 h, after cooling the reaction 

mixture, and distilled water (80 m l) was added, followed by extraction with 

dichloromethane (3x50 m l), drying (MgSO4) and the solvent removed under reduced 

pressure. The crude oil product was purified by column chromatography over silica gel, 

eluting with dichloromethane to yield a yellow solid (1.26 g, 63.6%).

Procedure B: Aldehyde 180 (3.06 g, 10.55 mmol) was dissolved in THF1 and the solid 

phosphonium salt 183 (8.15 g, 10.55 mmol) was added to the reaction mixture in small 

portions, followed by the addition of potassium t-butoxide (16 mL, 1M in THF115.83
'i
mmol) dropwise. After 2 h, water (100 m l) with several drops of concentrated HCI was
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added to the solution, and the solution was stirred for 0.5 h. The product was extracted 

with benzene (3x50 mL), dried (MgSO4), and the solvent was evaporated. The crude oil 

product was purified by column chromatography over silica gel, eluting with 

dichloromethane and a yellow solid was obtained in 73.3 % (2.17 g). decomp: > 168.01 

0C (recrys. from ethanol/benzene), 1H NMR: 0.6-1.9(m, 6 H1 BH3), 6.65 (s, 2 H, H-9), 

7.32-7.45 (m, 16 H1 H-2, H-2, H-7), 7.41-7.58 (m, 12 H, H-3, H-6); 13C NMR: 128.99 (d, 

4 C, 3Jp-C=H-I Hz, C-7), 129.23 (d, 8 C1 3Jp.c=10.0 Hz, C-2), 129.45 (4 C, C-4), 130.99 

(2 C1 C-5), 136.23 (2 C1 C-8), 131.35 (2 C, C-9), 131.75 (4 C1 C-1), 132.48 (d, 4 C, 2Jp. 

c=9.32 Hz, C-6), 133.56 (d, 8 C1 3Jp.c=9.6 Hz, C-3), 31P NMR: 20.86(m,2 P:BH3). Xmax= 

313.80 nm; a=20,512 Ucm mol. HRMS (EI) C38H36B2P2: calc, for M-2BH3 = 548.1823, 

found 548.1817.

4',4"-Bis-(diphenylphosphine-borane)-1,4-diphenyl-1,3-butadiene 186

The procedure of this reaction is similar to the one used for the synthesis of compound 

184 procedure B. Compound 185 (0.88 g, 2.653 mmol) was dissolved in THF (100) mL, 

and phosphonium salt 183 (1.64 g, 2.653 mmol) was added to the reaction mixture, 

followed by the addition of potassium t-butoxide (3.45 mL, 1M in THF1 3.45 mmol) 

dropwise. The product was extracted with benzene (3x50 mL), dried (MgSO4), and the 

solvent was evaporated. The crude oil product was purified by column chromatography
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(0.91 g). decomp: >169.14 0C, 1H NMR: 0.6-1.9 (6H, m, BH3), 6.70 (m, 2 H1 H-10), 6.95 

(d, 2 H1 J= 16.2 Hz, H-9), 7.40-7.65 (m, 28 H, H-1, H-2, H-3, H-6, H-7); 13C NMR: 126.64 

(d, 4 C1 3Jp.c=10.6 Hz1 C-7), 128.79 (d, 8 C1 3Jp-C= 10.1 Hz1 C-7), 128.93 (2 C1 C-9), 

129.80 (4 C1 C-4), 130.99 (2 C1 C-5), 131.28 (4 C1 C-1), 131.48 (2 C1 C-8), 132.91 (2 C1 

C-10), 133.14 (d, 8 C1 2Jp-c=9.4 Hz1 C-3), 133.57 (d, 4 C1 2JP-c=9.2 Hz1 C-6); 31P NMR: 

21.95 (broad, 2 P:BH3). Xmax=353.4 nm; 0=36,879 L/cm mol. HRMS (EI) C4QH38B2P2: 

calc, for M-2BH3 = 576.2136, found 576.2148.
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4,4’-Bis-(diphenyl phosphino)-stilbene 190

The phosphine deprotection was carried out in diethylamine that had been 

deoxygenated by bubbling nitrogen into the solution for 30 min. After this process, 184 

(1.14 g, 1.98 mmol) was added, and the reaction mixture was heated at 50 0C under N2 

for 8 h. The excess diethyl amine was removed under vacuum. The residual oil was 

passed through a short column of basic alumina, eluting with dichloromethane. After 

solvent evaporation the product the yellow solid (0.97 g, 89%) was obtained, mp: 166.26 

0C (recryst. from ethanol/benzene), 1H NMR: 7.17 (2 H1 H-9), 7.35-7.41 (24 H1 H-1, H-2 

H-3, H-6), 7.53 (d, 4 H, J=8.2 Hz, H-7); 13C NMR: 126.63 (d, 4 C1 3JC-p=7.3 Hz , C-7), 

128.57 (d, 8 C1 3Jc-p=7.1 Hz1 C-2), 128.89 (4 C1 C-1), 128.94 (2 C, C-9), 133.70 (d, 8 C1 

2Jc-P=I8.9 Hz, C-3), 134.05 (d, 4 C, 2Jc-P=I8.9 Hz1 C-6), 136.85 (d, 2 C, 1Jc-P=11.6 Hz,
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C-5), 137.15 (d, 4 C, 1Jc-P=H.1 Hz, C-4), 137.57 (2 C 1 C-8); 31PNMR: -5.63 (m, 2 P). 

^max=341 nm; a=42,067 L/cm mol. Anal. Calc, for CsgHaoPz: C, 83.20; H, 5.51. Found: 

C, 83.15; H1 5.60.

4 ’,4”-Bis-(diphenylphosphino)-1,4-diphenyl-1,3-butadiene 191 

The procedure for the phosphine deprotection is the same as the one described 

for compound 190. After column chromatography purification 191 was obtained as a 

yellow solid (2.47 g, 90 %). mp (recrys. from ethanol/benzene): 181.25 0C11H NMR: 6.65 

(dd, 1 H, J= 12.0 Hz, 2.4 Hz, H-10), 6.96 (dd, 1 H, J= 12.0 Hz, 2.6 Hz, H-9), 7.33-7.41 (m, 

24 H, H-1, H-2, H-3, H-6), 7.68 (d, 7 H, J=8.0 Hz, H-7); 13C NMR: 126.42 (d, 4 C, 3Jp. 

c=6.9 Hz, C-7), 128.52 (d, 8 C, 3Jp_c=6.3 Hz, C-2), 128.76 (4 C, C-1), 129.88 (2 C, C-9), 

132.70 (2 C, C-10), 133.70 (d, 8 C, 2Jp.c=19.6 Hz, C-3), 133.97 (d, 4 C, 2Jp.c=19.4 Hz, C- 

6), 136.65 (d, 2 C, 1JP.c=10.9 Hz, C-5), 137.14 (d, 4 C, 1Jp-C=H-O Hz, C-4), 137.66 (2 C, 

C-8); 13P NMR: -5.13 (s, 2 P). Xmax=362.0 nm; a=44,727 LJcm mol. Anal. Calc, for 

C40H32P2: C, 83.02; H, 5.58. Found: C, 82.50; H, 5.49.

2



4’-4”-Bis-(diphenyl phosphine-borane)-1,6-diphenyl)-1,3,5-hexatriene 187
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The procedure for this reaction is identical to that described for compound 184 

procedure B. Reaction of aldehyde 180 (2.00 g, 6.90 mmol) and KtOBu (7.97 mL, 7.97 

mmol, 1 M in THF) with (E)-but-2-ene-1,4-diylbis (tributylphosphonium)dichloride53 (3.45 

mL, 3.45 mmol, 1 M in EtOH) gave crude product 187. The crude oil was purified by 

column chromatography over silica gel eluting with dichloromethane to yield 2.98 g. of a 

yellow product (72.0 %). mp: d197.29 0C (recrys. from ethanol/benzene), 1H NMR: 0.6- 

1.9(6 H, m, BH3), 6.45-6.63 (m, 4 H1 H-10, H-11), 6.96 (b, 2 H, H-9), 7.44-7.50 (m 16 H, 

H-1, H-2, H-7), 7.56-7.58 (m, 12 H, H-3, H-6); 13C NMR: 127.02 (d, 4 C, 3JP.c=10.0 Hz, 

C-7), 129.24 (d, 8 C, 3JP.c=10.0 Hz, C-2), 130.00 (4 C, C-4), 131.56 (2 C, C-9), 131.72 (4 

C, C-1), 132.16 (2 C, C-5), 132.46 (2 C1 C-10), 132.56 (2 C, C-11), 133.57 (d, 8 C, 2Jp. 

c=9.1 Hz, C-3), 133.97 (d, 4 C, 3JP.C=9.6 Hz, C-6), 134.91 (2 C, C-8); 31P NMR: 20.78 (b, 

2 P:BH3); Xma,=376.4 nm; 0=48,242 L/cm mol. HRMS (EI) C42H40B2P2: calc, for M-2BH3 

= 600.6781, found 600.6791.

4’-4”-Bis-(diphenylphosphine-borane)-1,8-diphenyl)-1,3,5,7-octatriene 188 

The procedure for this reaction is identical to that described for 184 procedure B. 

Reaction of aldehyde 180 (3.0 g, 10.35 mmol) and KtOBu (12.41 m l, 12.41 mmol, 1 M 

in THF) with (E,E)-hexa-2,4-diene-1,6diyl (tributyl phosphonium)di-bromide53 (10.35 mL, 

5.17 mmol, 0.5 M in DMF) gave crude oil product 188. The crude oil was purified by
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column chromatography over silica gel eluting with dichloromethane to yield 2.3 g of an 

orange solid (71 %). decomp: >143.39 °C (recrys. from ethanol/benzene), 1H NMR: 0.6- 

1.9(m, 6 H1 BH3), 6.44-6.64 (m, 6 H, H-10, H-11, H-12), 6.93 (b, 2 H1 H-9), 7.45-7.55 (m 

16 H1 H-1, H-2, H-7), 7.55-7.59 (m, 12 H1 H-3, H-6); 13C NMR: 127.32 (d, 4 C1 3Jp^=IO-O 

Hz, C-7), 128.85 (d, 8 C, 3Jp.c=10.0 Hz, C-2), 130.12 (4 C1 C-4), 131.60 (2 C1 C-9), 

131.17 (4 C, C-1), 132.18 (2 C1 C-5), 132.50 (2 C1 C-10), 132.57 (2 C1 C-11), 132.89 (2 

C1 C-12), 133.13(d, 8 C1 2JP.c=9.1 Hz1 C-3), 133.94 (d, 4 C1 3JP.C=9.6 Hz1 C-6), 134.95 (2 

C 1 C-8); 31P NMR: 20.89(m,2 P:BH3). A.max=397.8 nm; a =13.185 L/cm mol. HRMS (EI) 

C44H42B2P2̂ aIc. for M-2BH3 = 626.7159, found 626.7164.

4’-4”-Bis-(diphenylphosphine)-(1,6-diphenyl)-1,3,5-hexatriene 192 

The deprotection was carried out as described for compound 190. Product 187 

(2.24 g, 3.57 mmol) was dissolved in diethylamine. After purification by column 

chromatography compound 192 was obtained as a yellow solid in 91 % (1.95 g) was 

obtained, mp: 197.29 0C (recrys. from ethanol/benzene), 1H NMR: 6.61-6.50 (m, 4 H1 H- 

10, H-11). 6.90 (b, 2 H1 H-9), 7.41-7.39 (m, 28 H1 H-1, H-2, H-3, H-6, H-7); 13C NMR: 

126.40 (d, 4 C1 3Jp-C=S.9 Hz1 C-7), 128.43 (d, 8 C1 3JP.C=6.9 Hz1 C-2), 128.75 (4 C1 C-1), 

129.84 (2 C 1 C-9), 132.37 (2 C1 C-10), 133.70 (d, 8 C1 2JP.C=19.6Hz, C-3), 133.91 (2 C1 

C-11), 134.00 (d, 4 C 1 2Jp-C= 19-6 Hz1 C-6), 136.55 (d, 2 C11JP.c=10.9 Hz1 C-5), 137.15 

(d, 4 C11Jp-c= 10.9 Hz1 C-4), 137.75 (2 C1 C-8); 31P NMR: -5.19 (s, 2 P). Xmax=383.5 nm;

0=78,323 Ucm mol. Anal. Calc, for C44H42P2: C1 83.36; H1 5.74. Found: C1 83.27; H1
I

5.55.
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4’-4”-Bis-(diphenyl phosphine)-1,8-diphenyl)-1,3,5,7-octatriene 193

The reaction of 188 (1.2 g, 1.836 mmol) in diethylamine and subsequent 

purification by column chromatography with basic alumina, eluting with dichloromethane 

yielded 0.75 g. of the orange product 193 (65 %). mp: 159.410C (recrys. from ethanol/ 

benzene), 1H NMR: 6.01-6.56 (m, 6 H, H-10, H-11, H-12), 6.92 (b, 2 H, H-9), 7.40-7.42 

(m, 28 H, H-1, H-2, H-3, H-6, H-7); 13C NMR: 126.41 (d, 4 C, 3Jp.c=6.9 Hz, C-7), 128.38 

(d, 8 C, 3Jp-C=S.9 Hz, C-2), 128.81 (4 C, C-1), 129.89 (2 C, C-9), 132.41 (2 C1 C-10),

133.75 (d, 8 C, 2Jp-C= 19.6Hz, H-3), 134.00 (2 C, C-11), 134.12 (d, 4 C, 2Jp-C= 19.6 Hz, C- 

6), 134.85 (2 C, C-12), 136.56 (d, 2 C, 1Jp.c= 10.9 Hz, H-5), 137.23 (d, 4 C, 1Jp.c=10.9 

Hz, C-4), 137.78 (2 C, C-8); 31P NMR: -4.98 (s, 2 P). Xmax=402 nm; a =109,092 Ucm 

mol. HRMS (EI) calc, for C44H36P2: 626.2292, found 626.2316.

4 ’-4”-Bis-(diphenyl phosphine-borane)-1,10-diphenyl-1,3,5,7,9-decapentaene 189 

The procedure for this reaction is identical to that described for 184 procedure B. 

Extended aldehyde 185 (1.91 g, 6.04 mmol) was dissolved in THF (100 mL), and 

phosphonium salt (E)-but-2-ene-1,4-diylbis (tributylphosphonium)dichloride53 (3.02 mL, 

3.02 mmol, 1M in EtOH) was added to the reaction mixture, followed by the addition of 

potassium t-butoxide (10 mL, 10 mmol, 1 M in THF) dropwise. The product was
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extracted with benzene (3x50 mL), dried (MgSO4), and the solvent was evaporated 

under vacuum. The product was purified by column chromatography over silica gel, 

eluting with dichloromethane to yield 0.85 g. of an orange product (41.4 %). 

decomp: > 147.11°C (recrys. from ethanol/benzene), 1H NMR: 0.6-1.9(m, 6 H, BH3), 

6.44-6.64 (m, 8 H, H-10, H-11, H-12, H-13), 6.93 (b, 2 H1 H-9), 7.45-7.55 (m 16 H1 H-1, 

H-2, H-7), 7.55-7.59 (m, 12 H, H-3, H-6); 13C NMR: 127.29 (d, 4 C, 3Jp.c=10.0 Hz, C-7),

128.75 (d, 8 C, 3Jp-C=I0.0 Hz, C-2), 130.11 (4 C1 C-4), 131.75 (2 C, C-9), 132.03 (4 C, 

C-1), 132.23 (2 C, C-5), 132.76 (2 C1 C-10), 132.78 (2 C1 C-11), 132.92 (2 C, C-12), 

133.12 (2 C, C-13), 133.14 (d, 8 C12 Jp_c=9.1 Hz, C-3), 133.89 (d, 4 C1 3 Jp-c=9.6 Hz1 C- 

6), 134.89 (2 C1 C-8); 31P NMR: 20.85(b, 2 P:BH3). Xmax=415.2 nm; a =28,037 Ucm mol. 

HRMS (EI) C46H44B2P2: calc, for M-2BH3 = 652.7537, found 652.7542.

4’-4”-Bis-(diphenylphosphine)-1l10-diphenyl-1l3 l5l7,9-decapentaene 194 

After both deprotection of 189 (1.05 g, 1.545 mmol) and subsequent purification of crude 

194 as described for compound 190, the product 194 was obtained in 64.0 % yield as an 

orange solid (0.64 g). mp: 163.15°C (recrys. from ethano/benzene), 1H NMR: 6.02-6.57 

(m, 8 H1 H-10, H-11, H-12, H-13), 6.93 (b, 2 H1 H-9), 7.41-7.43 (m, 28 H1 H-1, H-2, H-3, 

H-6, H-7); 13C NMR: 126.60 (d, 4 C, 3 Jp.c=6.9 Hz, C-7), 128.41 (d, 8 C, 3 J P.C=6.9 Hz, 

C-2), 128.79 (4 C, C-1), 129.89 (2 C, C-9), 132.45(2 C, C-10), 133.80 (d, S C i 2 J p. 

c= 19.6Hz, C-3), 134.10 (2 C, C-11), 134.17(d, 4C , 2 Jp_c=19.6 Hz, C-6), 134.91 (2 C, C-

13 12 11 10 9
C H = C H — C H = C H — C H = C H — C H = C H — C H = C H
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12), 135.42 (2 C, C-13), 136.32 (d, 2 C, 1 Jp.c=10.9 Hz1 C-5), 137.32 (d, 4 C, 1 Jp.c=10.9 

Hz, C-4), 137.80 (2 C, C-8); 31P NMR: -5.11 (s, 2 P). Xrnax=418.0 nm; a =56,003 Ucm 

mol. HRMS (EI) calc, for C46H44P2 652.2449, found 652.2429.

1,4-Bis-[6’-diphenyl phosphino-borane] distyryl benzene 176 

The procedure for this preparation is the same as described for 186 procedure B. 

Reaction of aldehyde 180 (1.17 g, 3.85 mmol) and KtOBu (4.0 ml_, 4.0 mmol, 1 M in 

THF) with p-xylylene bis (tributyl phosphonium chloride)67 (1.28g, 1.93 mmol) gave 

crude product 195. The product was purified by column chromatography over silica gel 

eluting with dichloromethane yielding 0.76 g of a yellow solid (63%). decomp: >172.37 

°C, 1H NMR: 0.6-1.9 (6H, m, BH3), 7.03 (m, 4 H, H-9, H-10), 7.30 (m 8 H, H-6, H-7), 7.50 

(m, 24 H, H-1, H-2, H-3, H-12); 13C NMR: 126.69 (d, 4 C, 3 Jp_c=10.8 Hz, C-7), 127.19 (4 

C, C-12), 126.64 (2 C, C-10), 128.79 (d, 8 C, 3 Jp.c=9.5 Hz, C-2), 129.48 (4 C, C-4), 

130.51 (2 C, C-9), 131,25 (4 C, C-1), 131.68 (2 C, C-5), 133.16 (d, 8 C, 2 J P.c=9.4 Hz, C- 

3), 133.60 (d, 4 C ,2 Jp_c=9.8 Hz, C-7), 136.65 (2 C, C-11), 127.19 (4 C, C-12); 31P NMR: 

20.74 (broad, 2 P:BH3). Xmax=355.2 nm; a=24,601 Ucm mol. HRMS (EI) C46H42B2P2: 

HRMS (EI) C46H44B2P2: calc, for M-2BH3 = 650.2292, found 650.2308.
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1,4-Bis-[6’-diphenylphosphino] distyryl benzene 176

This reaction was done as described for compund 190. The reaction of 195 (1.00 

g, 1.476 mmol) in diethylamine and subsequent purification by column chromatography 

with basic alumina and eluting with dichloromethane gave the product 176 in 92.0 % 

yield as a yellow solid (0.88 g). mp: 153.16 0C (recrys. from ethanol/benzene), 1H NMR: 

7.14 (m, 4 H, H-9, H-10), 7.34-7.38 (m, 28 H, H-1, H-2, H-3, H-6, H-7), 7.51 (s, 4 C1 C- 

12); 13C NMR: 126.60 (d, 4 C1 3JP.c=6.9 Hz1 C-7), 127.02 (4 C1 C-12), 128.16 (2 C1 C- 

10), 128.59 (d, 8 C12 Jp.c=19.9 Hz1 C-2), 134.12 (d, 4 C1 2 Jp.c=19.3 Hz1 C-6), 136.58 (d, 

2 C1 3 Jp.c=10.9 Hz1 C-5), 136.74 (2 C1 C-11), 137.21 (d, 4 C1 3 Jp-c=10.9 Hz1 C-4),

137.76 (2 C1 C-8); 13C NMR: -5.19 (s, 2 P). Xmax=380.2 nm; a =52,084 L/cm mol. Anal. 

Calc, for C46H36P2: C 1 84.90; H1 5.58. Found: C 1 85.08; H1 5.51.

4-Diphenylphosphino-4’-nitro stilbene 177

This molecule was made as described for product 184 procedure B. Aldehyde 

180 (2.00 g, 6.583 mmol) was dissolved in THF (100 m l), and phosphonium salt p- 

nitrophenyl-tributyl phosphonium bromide67 (3.65 g, 6.583 mmol) was added to the
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reaction mixture, followed by the addition of potassium t-butoxide (8.56 ml_, 8.56 mmol, 

1 M in THF) dropwise. The crude oil was extracted with benzene (3x50 m l), dried 

(MgSO4), and the solvent was evaporated. The deprotection was performed without 

further purification as described for 190. The crude oil was purified by column 

chromatography over silica gel, eluting with dichloromethane to yield 2.83 g. of a yellow 

solid (85.0 %).

mp: 127.95 0C (recrys. from ethanol/benzene), 1H NMR: 7.14 (d, 1 H, J =16.3 Hz, H-10), 

7.23 (d, 1 H, J =16.3 Hz, H-9), 7.30-7.35 (m, 12 H, H-1, H-2, H-3, H-7), 7.50 (d, 2 H1 J 

=7.8 Hz, H-6),7.61 (d, 2 H1 J =8.5 Hz, H-12), 8.20 (d, 2 H1 J =8.5 Hz, H-13); 13C NMR: 

124.15 (1 C, C-9), 126.95 (I C, C-10), 126.98 (d, 2 C1 3 JP.c=7.1 Hz, C-7), 129.19 (d, 4 

C, 3 Jp.c=6.98 Hz, C-2), 128.92 (2 C, C-1), 132.73 (2 C1 C-13), 133.80 (d, 4 C, 2 J P. 

c=19.2 Hz, C-3), 134.06 (d, 2 C, 2 JP.c=19.0 Hz, C-6), 136.46 (1 C, C-8), 136.83 (d, 2 C, 

1 JP-C= 10.8 Hz, C-4), 138.50 (d, 1 C ,1 Jp.c=12.5 Hz1 C-5), 143.64 (1 C1 C-11), 146.87 (1 

C, C-14); Xmax=349.8 nm; 0=26,841 L/cm mol. Anal. calc, for CzeH2ONO2P: C1 75.90; H, 

4.90, N, 3.41. Found: C, 76.09; H, 4.80, N1 3.29.

4-Diphenylphosphino-borane-4’-diphenylamino stilbene 197 

The procedure for this reaction is the same as described for 184 procedure B. 

Reaction of aldehyde 180 (2.0 g, 6.58 mmol) and KOtBu (8.56 mL, 8.56 mmol, 1 M) with 

4-(diphenyl amino) benzyl phosphonium bromide63 (3.65 g, 6.58 mmol) gave crude 

product 197 as an oil. The product was purified by column chromatography over silica
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gel eluting with dichloromethane to yield 2.98 g of a fluorescence yellow solid (83 %). 

decomp: >158.09 0C (recrys. from ethano/ benzene), 1H NMR: 0.6-1.9 (broad, 3 H, BH3), 

6.96 (d, 1 H, J =16.3 Hz, H-9), 7.03-7.04 (m 3 H1 H-1, H-10), 7.10-7.13 (m, 4 H1 H-2, H- 

8), 7.26-7.27 (m, 6 H1 H-3, H-6), 7.37 (d, 2 H, J =8.6 Hz, C-12), 7.41-7.45 (m, 4 H, H-12, 

H-13), 7.45-7.58 (m, 10 H, H-16, H-17, H-18); 13C NMR: 123.16 (2 C, C-1), 123.28 (4 C1 

C-3), 124.70 (4 C, C-2), 127.66 (1 C, C-10), 126.42 (d, 2 C, 3 J p̂ = 10.7 Hz, C-12), 

127.66 (2 C1 C-6), 128.76 (d, 4 C1 3 Jp.c=10.2 Hz, C-17), 129.33 (2 C, C-7), 129.45 (2 C, 

C-15), 130.61 (1 C, C-9), 131.21 (2 C, C-18), 132.49 (1 C, C-14), 133.16 (d, 2 C, 2 J P. 

c=9.4 Hz, C-16), 133.56 (d, 2 C, 2 J P.c=9.8 Hz, C-13), 136.23 (1 C1 C-11), 140.68 (1 C, 

C-8), 147.38 (2 C, C-4); 147.96 (1 C, C-5), 13C NMR= 20.67 (broad, 1 P:BH3). 

Xmax=SSO1O nm; a=47,300 Ucm mol. HRMS (EI) C38H33BNP: calc, for M-BH3 531.2116, 

found 531.2103.

4-Diphenylphosphino-4’-diphenylamino stilbene 198

This reaction is similar to the procedure described for synthesis of product 190. 

The reaction of 197 (2.98 g, 5.47 mmol) in diethylamine and subsequent purification by 

column chromatography with basic alumina and eluting with dichloromethane gave the 

product 198 as a yellow product in 86.0 % yield (2.49 g). Tg=41 0C1 mp: 173.0 0C 

(recrys. from ethanol/ benzene), 1H NMR: 6.97 (d, 1 H, J=16.3 Hz, H-9), 7.04-7.14 (m, 7 

,H1 H-1, H-2, H-10), 7.24-7.31 (m, 6 H, H-3, H-18), 7.32-7.39 (m, 12 H, H-6, H-13, H-16, 

H-17), 7.45 (d, 2 H1J =8.6 Hz, H-12); 13C NMR: 123.45 (2 C, C-1), 123.13 (2 C1 C-7),
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124.58 (4 C, C-3), 126.33 (1 C1 0-10), 126.38 (d, 2 C1 3 J P̂ =7.8 Hz, C-12), 127.48 (2 C, 

C-6), 128.53 (d, 4 C, 3 Jp.c=6.8 Hz, C-17), 128.74 (2 C, C-18), 129.03 (1 C1 C-9), 129.32 

(4 0, 0-2), 132.09 (1 0, 0-8), 133.70 (d, 2 0 , 2 J P.c=19.9 Hz, 0-16), 134.07 (d, 2 0 , 2 J P. 

c=19.9 Hz, 0-13), 135.99 (d, 2 0, 1 J P_c=10.9 Hz, 0-14), 137.25 (d, 2 0, 1 J P.C=10.8 Hz, 

0-15), 138.24 (1 0, 0-11), 147.51 (2 0, 0-4); 147.57 (1 0, 0-5), 13C NMR= 20.67 

(broad, 1 P:BH3). 31P NMR= -5.25 (s,1 P). Arnax=SSe^ nm; 0=37,721 LVcm mol. Anal. 

Calc, for C38H30NP: 0 , 85.53; H, 5.67, N1 2.63. Found: 0, 85,51; H1 5.81, N, 2.49.

4,4’, 4”-Tris [2"'-(T", 3”’-dioxanyl)]triphenylphosphine 199 

A solution of t-butyllithium (1.7 M in hexane; 198.332 mmol, 116.67 m l) was 

added dropwise to a solution of freshly distilled (109-111 0C, 0.1 mm Hg) 

2(bromophenyl)-1,3-dioxalane86 (22.48 g, 87.336 mmol) in freshly distilled THF (550 m l) 

at -7 8  0C over a period of ca. 2 h. Immediately after addition was complete, a solution of 

freshly distilled PCI3 (4.09 g, 29.75 mmol) in THF (100 m l) was added. When addition 

was complete, the temperature was allowed to rise slowly. After that the cooling bath 

was removed the resulting solution was allowed to mix for 24 h at room temperature, 

after which 100 ml_ of distilled water acidified with 10 mL of 3 M HCI was added 

dropwise. The mixture was extracted with benzene (3 x 100 mL), and the combined 

extracts were washed with brine, dried (MgSOj) and evaporated. The crude product
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was purified by recrystalization from a mixture of hexane-methanol (6.04 g, 41.3%). mp: 

157.08 0C (recrys. from methanol/benzene), 1H NMR: 4.058 (4H, m, H-1), 5.78 (1H, s, H- 

2), 7.29 (d, 6H, 7.8 Hz, H-5), 7.41 (6 H1 d, H-4, 7.9 Hz). 13C NMR: 64.53 (s, 6 C, C-1), 

102.35 (s, 3 C, C-2), 128.32 (d, 6 C1 3JP.c=7.0 Hz, C-4), 134.12 (d, 3 C, 2J P.c=19.8 Hz, 

C-5), 138.25 (d, 3 C, 1Jp.c=10.8 Hz, C-6), 140.18 (s, 3 C, C-3); 31P NMR: -5.73 (s, 1 P). 

Anal. Calc, for C27H27O6P: C1 67.49; H, 5.67. Found: C, 67.29; H, 5.67.

4,4’,4”-T riformylphenylphosphine 132

HCI (3M, 150 mL) was added to a solution of 199 (5.98 g, 12.57 mmol) in THF 

(200 mL) at 0 0C. After stirring for 4 h, the mixture was added to 200 mL of saturated 

brine and extracted with benzene (3x10 0  mL). The combined extracts were washed 

with brine, dried (MgSO4) and the solvent evaporated. The compound was purified by 

column chromatography over silica gel eluting with dichloromethane to yield 4.05 g of a 

yellow solid (93.0%). mp: 113.47 °C (recys. from ethanol/benzene), 1H NMR: 7.45 (6H, 

d, H-4, 7.6 Hz), 7.86 (6H, d, H-3, 7.6 Hz), 10.018 (1H, s, H-1). 13C NMR: 130.14 (d, 6 C 1 

3 Jp.c=6.9 Hz, C-3), 134.35 (d, 6 C1 2 Jp_c=19.8 Hz1 C-4), 137.22 (s, 3 C1 C-2), 143.53 (d, 

3 C1 1J p-C=IS-O Hz1 C-5), 192.04 (s, 3 C1 C-1); 31P NMR: -3.467 (m, 1 P). Anal. Calc for 

C21H15O3P: C1 72.41; H1 4.34. Found: C1 72.09; H1 4.39.

o

H
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O

4,4’,4”-Tri-formyl phenyl amine 113

T-butyllithium (1.5 M in hexane; 101.58 mmol, 67.72 m l) was added dropwise to 

a solution p-tribromo-triphenylamine (6.80 g, 14.11 mmol) purified on a column of basic 

alumina eluting with dichloromethane and of freshly distilled HMPA (3.02 g, 16.92 mmol) 

in freshly distilled THF (350 m l) at -7 8  0C over a period of ca. 2 h. During the addition 

of t-butyllithium there was solid formation but it was still possible to stir the mixture and it 

did not affect the reaction between the tri-anion and DMF. After a 5 min., freshly distilled 

DMF (6.19 g, 84.648 mmol) was added by syringe. When addition was complete, the 

temperature was allowed to rise slowly to 0 0C1 followed by the addition 100-mL of 3 M 

HCI. 100 m l of brine were added and the mixture was extracted with benzene (3 x 1 0 0  

ml_), and the combined extracts were washed with brine, dried (MgSQt) and the solvent 

evaporated. The crude product was purified by recrystalization from a mixture of 

methanol-benzene and obtained as a yellow solid in 67.6 % yield (3.11 g). mp: 246.74 

0C1 1H NMR: 7.25 (6H, d, H-4, 7.9 Hz), 7.83 (6H, d, H-3, 7.9 Hz), 9.93 (1H, s, H-1).

13C NMR: 124.94 (s, 6 C 1 C-4), 131.89 (s, 6 C, C-3), 132.99 (s, 3 C, C-5), 151.59 (s, 3 C, 

C-2), 190.86 (s, 3 C, C-1); Anal. Calc, for C2IH 15O3P: C1 76.58; H1 4.59, N, 4.25. Found: 

C, 76.11; H, 4.53, N1 4.17.
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3

2

Tris- (4’-diphenylphosphino-borane-4-stilbenyl) phosphine G-O Dendrimer 200

Dendrimer 200 was obtained by mixing trialdehyde 132 (0.98 g, 2.83 mmol) with 

359 (6.29 g, 10.18 mmol) in THF (150 m l) and adding potassium t-butoxide (13.23 mL, 

1M in THF1 13.23 mmol) dropwise. The mixture was stirred for 24 h at room 

temperature, after which 100 mL of 3M HCI was added to the mixture and the reaction 

stirred for 1 h. The product was extracted with benzene (3x100 mL), dried (MgSO4), and 

the solvent was evaporated. The crude oil product was purified by column 

chromatography over silica gel, eluting with dichloromethane and a yellow solid was 

obtained in 65.0 % yield) (2.13 g), Tg=79.0 0C1 decomp: >176.94 0C 11H NMR: 0.6-1.9 (9 

H1 BH3), 7.27-7.35 (m, 6H, H-9, H-10), 7.38-7.49 (m, 42 H, H-1, H-2, H-3, H-7, H-12, H- 

13), 7.50-7.61 (m, 12 H, H-6, H-7). 13C NMR: 126.94 (6 C, C-12), 126.48 (d, 6 C, 3 J P. 

c=9.2 Hz, C-7), 128.67 (3 C, C-10), 128.82 (d, 6 C, 3 Jp.c=8.7 Hz, C-2), 132.49 (3 C, C- 

5), 131.12 (3 C1 C-9), 131.31 (6 C1 C-1), 133.13 (d, 12 C, 2 Jp.c=9.0 Hz, C-3), 133.64 (d, 

6 C ,2 J P.c=8.9 Hz, C-6), 134.06 (d, 6 C, 2Jp̂ = I9.6 Hz, C-13), 137.02 (d, 3 C ,1 J P. 

c=10.1 Hz, C-14); 31P NMR: 20.77 (m,1 P). Xmax=SSS nm. M/Z (EI) C78H69B3P4: calc, for 

M-SBH3, 1121.3, found 1121.6.
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Tris-(4’-diphenylphosphino-4-stilbenyl) phosphine G-O Dendrimer 201

Phosphine deprotection of product 200 (2.77 g, 2.397 mmol) was carried in 

morpholine at 60 0C for 24 h under a nitrogen atmosphere. The solvent was evaporated 

and the crude product was purified by column chromatography over basic alumina, 

eluting with dichloromethane. After solvent evaporation 2.38 g of a yellow solid was 

obtained (89%). Tg=60.65 0C1 mp: 177.69 0C (recrys. from ethanol/benzene), 1H NMR: 

7.13-7.24 (12 H1 H-7, H-9, H-10), 7.32-7.36 (36 H1 H-1, H-2, H-3, H-6), 7.46-7.49 (12 H1 

H-12, h-13); 13C NMR: 126.66 (d, 6 C1 3 Jp_c=9.1 Hz1 C-7), 126.68 (6 C1 C-12), 128.57 

(d, 12 C1 3 J P.c=9.0 Hz1 C-2), 128.80 (6 C1 C-1), 129.03 (3 C 1 C-10), 129.41 (3 C1 C-9), 

133.53 (d, 6 C1 2 Jp.c=l.5 Hz1 C-13), 133.70 (d, 12 C 1 2 Jp.c=19.7 Hz1 C-3), 134.06 (d, 6 

C12 Jp.c=19.5 Hz1 C-6), 136.58 (3 C1 C-5), 136.8 (3 C 1 C-11), 137.01 (d, 6 C11 J p̂ = I0.8 

Hz1 C-4), 137. 54 (3 C1 C-8), 137.70 (d. 3 C1 3 Jpc=11.4 Hz1 C-14), 5P-5.731 (m,1 P); 31P 

NMR: -5.82 (1 central P), -5.18 (3 P). Xmax = 346 nm; a=84,535 Ucm mol. Anal. Calcd 

for C78H60P4: C1 82.96; H1 5.36. Found: C1 82.82; H1 5.50.

Tris- (4’-diphenylphosphino-borane-4-stilbenyl) amine G-O Dendrimer 202

This dendrimer was prepared as described for product 184 procedure B: tris (p- 

formylphenyl) amine 113 (0.49 g, 1.42 mmol) were mixed with phosphonium salt 183



(3.15 g, 5.10 mmol) in THF (150 m l). After purification the product 202 was obtained as 

a yellow solid in 71.0 % yield (1.14 g); Tg=78.71 °C, decomp: >172.25 0C1 1H NMR: 

6.95-7.05 (m, 12 H1 H-7, H-9, H-10), 7.45-7.55 (24 H1 H-6, H-7, H-13, H-13), 7.58-7.65 

(30 H, H-1, H-2, H-3); 13C NMR: 124.31 (6 C1 C-13), 126.51 (6 C1 C-7), 127.84 (3 C1 C- 

9), 128.79 (d, 12 C1 3 J P.c=9.3 Hz1 C-2), 129.55 (3 C1 C-10), 129.63 (3 C 1 C-4), 130.37 (6 

C1 C-5), 131.13 (6 C1 C-12), 131. 24 (6 C1 C-1), 133.16 (d, 12 C1 2 Jp_c=10.3 Hz1 C-3), 

133.60 (d, 6 C12 J P.c=10.5 Hz1 C-6), 140.49 (3 C1 C-11), 147.00 (4 C1 C-14); 31P NMR: 

20.64 (m, 3 P:BH3). MZZforC78H69B3NP3l calc, for M-SBH3: 1104.3, found 1104.6.
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Tris- (4’-diphenylphosphino-4-stilbenyl) amine G-O Dendrimer 203

Phosphine deprotection of product 202 (1.1 g, 0.966 mmol) was done as 

described in the procedure for 190. After purification the product 203 was obtained as a 

yellow product in 90.0 % yield (0.99 g) ; Tg=70 0C1 mp: 183.24 °C (recrys. from 

ethanol/benzene), 1H NMR: 7.10 (d, 3 H1 J =16,4 Hz1 H-9), 7.05-7.14(m, 15 H1 H-S1 H- 

11, H-12), 7.31-7.40 (m, 42 H1 H-1, H-2, H-3, H-6, H-12), 7.45 (d, 6 H1 J =8.1 Hz1 H-7); 

13C NMR: 123.16 (6 C1 C-13), 126.43 (3 C1 C-9), 126.52 (d, 6 C1 3 J P.c=6.7 Hz1 C-7), 

127.48 (6 C1 C-12), 128.60 (d, 12 C1 3Jp.c=6.8 Hz, C-2), 128.79 (6 C1 C-1), 129.05 (3 C 1 

C-10), 132.90 (3 C1 C-11), 133.71 (d, 6 C 1 2 J P.c=18.8 Hz1 C-3), 134.06 (d, 6 C 1 3 J P.
I

c=19.9 Hz1 C-6), 136.02 (d, 6 C11JP-c=10.9 Hz1 C-5), 137.98 (3 C1 C-8), 147.53 (3 C1 C-
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14); 31P NMR: -5.20 (3 P). Xmax =404.5 nm; a=85,781 LVcm mol. Anal. Calcd for 

C78H60NP3: C, 84.84; H, 5.48; 1.27. Found: C, 84.97; H, 5.45; N, 1.30.

2

Tris- (4’-diphenylamino-4-stilbenyl) phosphine GO Dendrimer 204 

This dendrimer was prepared as described for product 184 procedure B: 

compound 132 (1.91 g, 5.520 mmol) was mixed with 4-diphenylaminal benzyl tributyl 

phosphonium bromide63 97 (7.19 g, 18.21 mmol) in THF (225 mL). After purification the 

product 204 was obtained as a yellow solid in 77.0 % yield (4.3 g); Tg=115.0 °C, it does 

not have a defined mp, 1H NMR: 6.99-7.05 (m, 9 H1 H-1, H-9), 7.08-7.11 (m, 21 H, H-2, 

H-7, H-10), 7.22 (m 18 H, H-3, H-6), 7.35-7.47 (m, 12 H, H-12, H-13); 13C NMR: 123.14 

(6 C, C-7), 123.46 (6 C, C-1), 124.58 (12 C1 C-3), 126.38 (3 C1 C-10), 126.42 (6 C, C- 

12). 127.50 (6 C, C-6), 129.03 (3 c, C-9), 129.58 (12 C, C-2), 131.27 (3 C, C-8), 134.00 

(d, 6 C, 2 J P.c=19.9 Hz, C-13), 136.00 (d, 3 C, 2 J P.c=10.8 Hz, C-14), 138.14 (3 C, C-11), 

147.51 (3 C, C-5), 147.57 (6 C, C-4); 13C NMR: -5.88 (1 P). Xmax =386.5 nm; a= 118,154 

LVcm mol. Anal. Calcd for C78H60N3P: C, 87.37; H, 5.64; N, 3.92. Found: C, 86.89; H,

5.59; N, 3.83.
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4-Diphenylphosphino-borane-4’-formyl stilbene 206

205 (from Acros) (3.74 g, 17.97 mmol) was dissolved in THF (200 ml), and 

phosphonium salt 183 (8.98 g, 14.53 mmol) was added to the reaction mixture, followed 

by the addition of potassium t-butoxide (17.5 m l, 1M in THF1 17.5 mmol) dropwise.

After 4 h 3M HCI (100 m l) was added to the flask to generate the aldehyde. Then 1 h 

later the product was extracted with benzene (3x50 mL), dried (MgSO4), and the solvent 

was evaporated under vacuum. The product 206 was purified by column 

chromatography over silica gel, eluting with dichloromethane to yield 4.09 g of a yellow 

solid (69.2%). decomp: >159.84 0C (recryst. from ethanol/benzene), 1H NMR: 0.6-1.9 

(3H, m, BH3), 7.21-7.24 (m, 2H, H-9, H-10), 7.44 (d, 2 H1 J =7.2 Hz, H-6), 7.47 (d, 2 H, J 

=7.4 Hz, H-7), 7.59-7.56 (m, 10 H, H-1, H-2, H-3), 7.65 (d, 2 H, J =8.1 Hz, H-12), 7.86 

(d, 2 H, J =8.0 Hz, H-13), 9.99 (s, 1 H, CHO); 31P NMR: 21.04 (m, P:BH3); 13C NMR: 

127.48 (d, 2 C, 3 Jp.c=10.4 Hz, C-7), 127.65 (2 C 1 C-12), 129.07 (1 C, C-4), 129.29 (d, 4 

C ,3 Jp.c=10.2 Hz, C-2), 129.68 (1 C, C-5), 130.11 (1 C, C-9), 130.67 (2 C, C-13), 131.24 

(1 C1 C-10), 131.80 (2 c, C-1), 133.59 (d, 4 C, 2 J p-C=9.7 Hz , C-3), 134.00 (d, 2 C, 2 J P. 

c=9.8 Hz, C-6), 136.14 (1 C, C-11), 139.90 (1 C, C-8), 143.11 (1 C1 C-14), 191.96 (1 C, 

C-15). HRMS (EI) C27H24BOP: calc, for M-BH3, 392.1330, found 393.1318.
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io ir

4-Diphenylphosphino-borane-4’-hydroxymethyl stilbene 207

A solution of NaBH4 (0.70 g, 18.48 mmol) in methanol (3.8 m l) and aqueous 

sodium hydroxide (20 %, 7.2 mL) was added to a solution of 381 (15.00 g, 36.96 mmol) 

in THF (150 mL) at 0 0C. The mixture was stirred at 0 °C for 2 h after which 100 mL of 

distilled water acidified with 10 ml of 3M HCI was added dropwise. The reaction product 

was poured into saturated brine (100 mL) and the resulting mixture was extracted with 

benzene (3 x 100 mL). The combined extracts were washed with saturated brine and 

dried (MgSO4). After solvent evaporation, the product was purified by recrystalization 

with a mixture of hexane-ethyl acetate to yield 15.06 g of a yellow solid (99.2%), 

decomp: >131.75 0C1 1H NMR: 0.6-1.9(3H, m, BH3), 1.31 (s, 1 H, OH); 4.69 (s, 2 H, 

CH2OH1 H-15), 7.17 (d, 1H, J=16.3, H-9), 7.08 (d, 1H, J =16.4, H-10), 7.47-7.36 (m, 4 H, 

H-12, H-13), 7.43-7.61 (m, 14 H, H-1, H-2, H-3, H-6, H-7); 13C NMR: 65.33 (1 c, C-15), 

127.11 (d, 2 C, 3 Jp.c=10.6 Hz, C-7), 127.37 (2 C, C-12), 127.81 (2 C, C-13), 129.25 (d, 

4 C, 3 J pc= 10.2 Hz, C-2), 130.04 (1 C, C-4), 131.18 (1 C, C-10), 131.74 (2 C, C-1), 

133.59 (d, 4 C, 2 Jp.c=9.6 Hz, C-3), 134.01 (d, 2 C, 2 J Pc=9.8 Hz, C-6), 136.48 (1 C, C- 

11), 140.72 (1 C, C-8), 141.47 (1 C, C-14); 31P NMR: 20.80 (m,1 P:BH3). HRMS (EI) 

C27H27BOP: calc, for M-BH3-OH1 378.1537, found 378.1537.

I
I
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J4 15

4-Diphenylphosphino-borane-4’-bromomethyl stilbene 208

A solution of triphenylphosphine (2.57, 9.91 mmol) in acetonitrile/ether (1:3, 150 

m l) was prepared. Bromine (1.57 g, 9.81 mmol) was added in small portions with 

vigorous stirring, yielding a yellow slurry. After 1 h, 207 (2.00 g, 4.90 mmol) dissolved in 

a solution of acetonitrile/ether (1:3, 90 m l) was added dropwise, and the mixture was 

stirred for 1 additional hour. The crude product was obtained after vacuum filtration 

followed by evaporation of the solvent. The mixture was passed through a short column 

(ca. 5 cm) of silica gel eluting with dichloromethane, yielding the crude product as a 

yellow solid (2.23 g, 96.5 %). 208 was used without further purification in the preparation 

of 209: 1H NMR: 0.6-1.9(3H, m, BH3), 1.31 (s, 1 H, OH); 4.48 (s, 2 H, CH2Br1 H-15), 7.17 

(d, 1H, J =16.3, H-9), 7.08 (d, 1H, J=16.4, H-10), 7.47-7.36 (m, 4 H, H-12, H-13), 7.43- 

7.61 (m, 14 H, H-1, H-2, H-3, H-6, H-7); 13C NMR: 45.36 (1 c, C-15), 127.12 (d, 2 C, 3 J 

P-C= 10.6 Hz, C-7), 127.35 (2 C, C-12), 127.83 (2 C, C-13), 129.24 (d, 4 C, 3 J p-c=10.2 

Hz, C-2), 130.03 (1 C, C-4), 131.21 (1 C, C-10), 131.76 (2 C, C-1), 133.60 (d, 4 C, 2 J P. 

c=9.6 Hz, C-3), 134.02 (d, 2 C, 2 J P.C=9.8 Hz, C-6), 136.49 (1 C, C-11), 140.71 (1 C1 C- 

8), 141.48 (1 C, C-14); 31P NMR: 20.81 (m, 1 P:BH3).

I
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P+Bu3Br"

4-Diphenylphosphino-borane-4’-Stilbenyl methyl tributylphosphonium Bromide 209

208 was dissolved in acetonitrile/ether (1:3, 200 ml_), and followed by the 

addition of tributyl phosphine (2.23 g, 4.74 mmol) the reaction was heated at 35 0C under 

N2. After 72 h the precipitated product 209 was obtained after cooling the mixture to 

room temperature and filtering. The product was obtained as a solid in 83.7 % and it 

was used without further purification (2.67 g). 1H NMR: 0.6-1.9(m, 3 H, BH3), 0.89 (m, 

9H, CH3), 1.44 (m, 12 H, -CH2CH2-), 2.39 (m, 6H, -CH2-), 4.30 (d, 2 H, Jp.H=15.3 Hz, - 

CH2-P), 7.38-7.52(20 H, m, CH). 31P NMR: 21.04 (1 P:BH3, broad), 32.30 (1 PBu3, 

broad).

4-Diphenylamino-4’-formyl stilbene 210

205 (from Acros) (6.56 g, 31.52 mmol) was dissolved in THF1 and phosphonium 

salt 97 (15.00 g, 26.26 mmol) was added to the reaction mixture, followed by the 

addition of potassium t-butoxide (31.5 ml_, 1M in THF, 31.52 mmol) dropwise. The 

product was extracted with benzene (3x50 ml_), dried (MgSO^, and the solvent was
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evaporated. The product was purified by recrystalization with hexane-methanol and is 

was obtained as a yellow solid in 64.2 % yiled (6.32 g). mp: 148.18 °C (recrys. from 

hexane/methanol), 1H NMR: 7.02-7.04 (m, 8 H1 H-6, H-7, H-9, H-14, H-15), 7.11(d, 1 H1 

J =8.4 Hz1 H-7), 7.24-7.29(171, 6 H1 H-IO1 H-13), 7.39 (d, 1 H1 J =8.4 Hz1 H-10), 7.60 (d, 2 

H1 J =8.0 Hz1 H-4), 7.83 (d, 2 H1 J =7.9 Hz1 H-3). 13C NMR: 123.37 (2 C1 C-1), 123.86 (2 

C1 C-7), 125.27 (4 C1 C-3), 125.77 (2 C1 C-12), 127.04 (1 C1 C-9), 128.27 (1 C1 C-10), 

129.81 (4 C1 C-2), 130.68 (2 C1 C-6), 132.17 (2 C1 C-13), 132.10 (1 C1 C-11), 135.41 (1 

C1 C-8), 144.27 (1 C1 C-14), 147.74 (2 C 1 C-4), 148.66 (1 C1 C-5), 191.97 (1 C1 C-15). 

Anal. Calcd ^ r C 27H21NO: C1 86.37; H1 5.64; N1 3.73. Found: C 1 86.57; H1 5.52; N1 3.48.

.14 15

12 13

4-Diphenylamine-4’-hydroxymethyl stilbene 211

210 (6.32 g, 16.85 mmol) was added to a suspension of LiAIH4 (0.34 g, 8.43 

mmol) in dry THF (150 m l). The mixture was reacted for2 h after which it was cooled to 

0 0C in an ice bath and carefully neutralized with HCI SM (100 mL). The mixture was 

extracted with benzene (3 x 1 0 0  mL). The combined extracts were washed with 

saturated brine and dried (MgSO4). After solvent evaporation, the product was purified 

by column chromatography over silica gel, eluting with 20% EtOAc-Benzene to yield 

4.57 g of a yellow solid (72.0 %), mp: 167.63 °C (recrys. from ethanol/benzene, 1H NMR: 

4.68 (s. 2 H1 H-1), 7.00-7.05 (m. 8 H1 H - I1 H-9), 7.08-7.11 (m, 2 H1 H-2, H-6), 7.22-7.27 

(Ijri1 4 H1 H-3, H-10), 7.33 (d, 2 H1 J=8.6 Hz1 H-12), 7.37 (d, 2 H1 J=8.7 Hz1 H-7), 7.33 (d, 

2 H1 J=8.6 Hz1 H-12), 7.47 (d, 4 H1 J=8.6 Hz1 H-13); 13C NMR: 65.58 (1 C1 C-15), 123.49
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(2 C, C-1), 123.99 (2 C, C-7), 124.94 (4 C1 C-3), 126.91 (1 C, C-13), 127.02 (2 C, C-9), 

127.80 (1 C, C-12), 127. 85 (2 C, C-6), 128.68 (2 C, C-10), 129.72 (4 C, C-2), 131.84 (1 

C1 C-11), 137.55 (1 C1 C-8), 140.32 (1 C, C-14), 147.84 (1 C, C-5), 147.96 (1 c, C-4)l. 

Anal. Calc, for C i9H20BOP: C1 85.91; H, 6.14, N, 3.71. Found: C, 85.98; H, 6.10, N, 3.53.

4-Diphenylamino-4'-bromomethyl stilbene 213

A solution of triphenylphosphine (2.50 g, 9.55 mmol) in acetonitrile/ether (1:3, 95 

mL) was prepared. Bromine (0.49 ml_, 9.55 mmol) was added in small portions with 

vigorous stirring, yielding a yellow slurry. After 1 h, 212 (3.0 g, 7.96 mmol) dissolved in 

a solution of acetonitrinile/ether (1:3, 200 mL) was added dropwise, and the mixture was 

stirred for 1 additional hour. The crude product was obtained after vacuum filtration. 

Triphenyl phosphine oxide was precipitated with ether. The mixture was filtered and the 

solvent was evaporated under vacuum yielding the crude product as a yellow solid in 

76.0 % (2.66 g), which was used immediately in the preparation of 2 1 4 :1H NMR: 4.42 (s, 

2 H, H-1), 7.00-7.05 (m, 8 H, H-6, H-7, H-14, H-15), 7.08-7.11 (m, 2 H, H-9), 7.22-7.27 

(m, 4 H, H-10, H-13), 7.32-7.38 (m, 4 H); 13C NMR: 65.58 (1 C, C-1), 123.49 (2 C, C-1), 

123.99 (2 C, C-7), 124.94 (4 C1 C-3), 126.91 (1 C, C-13), 127.02 (2 C, C-9), 127.80 (1 C 1 

C-12), 128.68 (2 C, C-10), 129.72 (4 C, C-2), 131.84 (1 C, C-11), 137.55 (1 C, C-8), 

140.32 (1 C, C-14), 147.84 ( I C, C-5), 147.96 (1 C, C-4)
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BuBr3"

4’-Diphenylamino-4-stilbenyl methyl tributylphosphonium bromide 214

213 was dissolved in acetonitrile/ether (1:3, 300 mL), and followed by the 

addition of tributyl phosphine (3.73 g, 18.42 mmol) the reaction was heated at 35 0C 

under N2. After 72 h the precipitated product 214 was obtained after cooling the mixture 

to room temperature. The product was obtained after filtration as a yellow solid in 74.0 

% (4.2 g) and it was used without further purification. 1H NMR: 0.91 (m, 9H, CH3), 1.45 

(m, 12 H, -CH2CH2-), 2.34 (m, 6H, -CH2-), 4.40 (2H, d, 14.92 Hz, -CH2-), 7.40-7.58 (m, 

14H, CH).

19 18 13 12

[4’-(4”-diphenylphosphino-borane-p-styryl)-4-stilbenyl] amine GO Dendrimer 215 

Trialdehyde 113 (0.57 g, 1.75 mmol) was dissolved in THF (80 mL), and 

phosphonium salt 209 (3.72 g, 5.53 mmol) was added to the reaction mixture, followed 

by the addition of potassium t-butoxide (7.2 mL, 11VI in THF, 7.19 mmol) dropwise. The 

product was extracted with benzene (3x50 ml), dried (IVIgSOj), and the solvent was 

evaporated. The product 215 was purified by column chromatography over silica gel, 

eluting with dichloromethane to yield 2.15 g of a yellow solid in 84.6 % yield. Tg=119.32 

0C1 decomp: >246.62 0C (recrys. from ethano/benzene), 1H NMR: 0.6-1.9(m, 9H, BH3), 

7.01-7.2 (m, 24H, H-9, H-10, H-12, H-13, H-15, H-16), 7.32-7.70 (m, 42 H, H-1, H-2, H-
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3, H-6, H-7), 7.53-7.65 (m, 12 H1 H-18, H-19); 13C NMR: 124.72 (6 C 1 C-12), 127.08 (d, 6 

C1 3Jc-H=I0.8 Hz1 C-7), 127.15 (6 C1 C-18), 127.98 (6 C1 C-13), 128.55 (3 C1 C-10), 

128.55 (3 C1 C-15), 129.23 (d, 12 C1 3Jc-H=I0.1 Hz1 C-2), 129.45 (6 C1 C-4), 129.59 (6 C1 

C-19), 130.09 (3 C1 C-9), 131.13 (3 C1 C-16), 131.68 (6 C1 C-1), 132.49 (3 C1 c-5), 

133.59 (d, 12 C 1 2JC-h=9.7 Hz 1 C-3), 134.01 (d, 6 C 1 2Jc.h=9.9 Hz 1 C-7), 134.62 (3 C 1 C- 

14), 136.23 (3 C1 C-8), 137.97 (3 C1 C-11), 140.78 (3 C1 C-17), 147.15 (3 C 1 C-20); 31P 

NMR: 20.70(m, 1 P:BH3). Xmax 425 nm; a=114,150 L cm"1 mol"1. M/Z (EI) C i02H87B3P3N: 

calc, for M-SBH3 1411.7, found 1411.8.

19 18
13 12

[4’-(4”-cliphenylphosphino-p-styryl)-4-stilbenyl] amine GO Dendrimer 216

The phosphine deprotection was carried in diethyl amine (150 mL) that had been 

deoxygenated by bubbling nitrogen for 30 min, plus 50 mL of dry THF since the 

dendrimer was not soluble in diethyl amine. After this process, 215 (1.10 g, 1.98 mmol) 

was added, and the reaction mixture was heated at 50 0C under Ngfor 8 h, the excess 

diethyl amine was removed in vacuum. The residual oil was passed through a short 

column of basic alumina, eluting with dichloromethane. After solvent evaporation the 

product 216 was obtained in 89.0 % yield (0.97 g). Tg= 67.61 0C1 mp: 213.06 0C11H 

NMR: 7.04-7.18 (m, 12 H1 H-9, H-10, H-15, H-16), 7.32-7.45 (m, 42 H1 H-1, H-2, H-3, H- 

6, H-7), 7.45-7.49 (m, 24 H1 H-12, H-13, H-18, H-19); 13C NMR: 124.72 (6 C1 C-13), 

126.96 (3 C1 C-15), 127.10 (d, 6 C 1 3JP.c=7.0 Hz1 C-7), 127.41 (6 C1 C-19), 127.96 (6 C1 

C-12), 129.53 (3 C1 C-10), 128.50 (6 C1 C-18), 129.00 (d, 12 C1 3JP.c=6.9 Hz1 C-2),



129.20 (6 C 1 C-1), 128.03 (3 C 1 C-16), 129.87 (3 C1 C-9), 132.65 (3 C 1 C-11), 134.19 (d
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12 C 1 2Jp-C= 19.5 Hz1 C-3), 134.50 (d, 6 C1 2JP-c=20.3 Hz1 C-6), 136.70 (3 C1 C-14), 

136.90 (d, 3 C1 1Jp.c=10.9 Hz1 C-5), 137.55 (3 C1 C-17), 137.60 (d, 6 C1 1Jp.c=9.2 Hz1 C- 

4), 138.21 (3 C1 C-8), 147.11 (3 C 1 C-20); 31P NMR: -5.21 (s, 3 P). Xmax= 426.5 nm; 

3=129,851 L cm"1 mol"1. Anal. Calc, for CasH30Pa: C1 86.48; H1 5.55; N1 0.99. Found C1 

86.57; H1 5.67; N1 0.69.

[4,-(4”-diphenylamino -p-styryl)-4-stilbenyl] phosphine GO Dendrimer 217

Trialdehyde 132 (0.5 g, 1.50 mmol) was dissolved in THF (100 m l) and 

phosphonium salt 214 (2.88 g, 4.49 mmol) was added to the reaction mixture, followed 

by the addition of potassium t-butoxide (5.84 m l, 11VI in THF1 5.84 mmol) dropwise. The 

product was extracted with benzene (3x50 m l), dried (MgSCXt)1 and the solvent was 

evaporated. The product 217 was purified by column chromatography over silica gel, 

eluting with dichloromethane to yield 0.8 g of a yellow product in 61 % yield. Tg=68.07 

0C1 mp: 168.63 0C11H NMR: 6.96-7.17 (m, 36 H), 7.21-7.30 (m, 18 H), 7.32-7.43 (m, 14

H) , 7.45-7.53 (m, 10 H); 13C NMR: 123.43 (d, 6 C1 3Jp.c=9.9 Hz1 C-18), 123.94 (6 C1 C-

I )  , 124.16 (6 C1 C-7), 124.67 (12 C 1 C-3), 124.90 (d, 6 C1 2Jp.c=9.6 Hz1 C-19), 126.66 (3 

C1 C-15), 126.96 (6 C1 C-13), 127.07 (3 C1 C-16), 127.48 (6 C1 C-6), 127.66 (6 C1 C-12),

127.81 (3 C1 C-10), 129.71 (12 C1 C-2), 129.80 (3 C1 C-9), 135.27 (3 C 1 C-14), 137.08 (3

2



C 1 C-11), 137.64 (d, 3 C11Jp.c=9.6 Hz, C-20), 138.33 (3 C1 C-17), 147.58 (3 C1 C-8), 

147.95 (6 C 1 C-4), 148.02 (3 C1 C-5); 31P NMR: -5.89 (s, 1 P). Xmax 383 nm; 0=108,913 

L/cm mol. Anal. Calc for C3SH36B2P2: C1 88.86; H1 5.70; N1 3.05. Found: C1 87.87; H1

168

6.00; N1 3.04.
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