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Abstract: We report on the novel
chiral push-pull chromophores derived
from 6H,12H-5,11-methanodibenzo-
[b.f][1,5]diazocine (Troger’s base skele-
ton). The synthesis of symmetrical
chromophores featuring two identical
acceptors, as well as the synthesis of
unsymmetrical chromophores featuring
only one acceptor is given. Symmetri-
cal chromophores were prepared in the
enantiomerically pure form and their

chiroptical properties were investigat-
ed. Second-order nonlinear optical
(NLO) properties of new chromo-
phores were investigated with the aid
of hyper-Rayleigh scattering (HRS).
The detailed theoretical analysis of the
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second-order NLO properties of the
chromophores was also undertaken.
The joint theoretical and experimental
studies of chromophores derived from
Troger’s base skeleton, in comparison
with benchmark chromophores featur-
ing a dimethylamino group as the
donor, provided insight into the rela-
tionship between the structure of the
new chromophores and their NLO
properties.
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Introduction

Troger’s base (2,8-dimethyl-6H,12H-5,11-methanodibenzo-
[b.f][1,5]diazocine 1a, Scheme 1) is a chiral diamine with
two stereogenic bridgehead nitrogen atoms. Analogues of
Troger’s base are easily accessible through the condensation
of the corresponding anilines with formaldehyde or its syn-
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1a (= Tréger's base): R = Me
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Scheme 1. Left: the synthesis of Troger’s base analogues from anilines
(the numbering of 6H,12H-5,11-methanodibenzo[b.f][1,5]diazocine ac-
cording to TUPAC rules is shown). Right: the optimized geometry of
(8,5)-1a.
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thetic equivalent. The unique set of structural features (C,
symmetry and a rigid V-shaped geometry with the two aro-
matic rings nearly perpendicular to each other) makes deriv-
atives of Troger’s base very attractive as nanometer-sized
molecular scaffolds for supramolecular chemistry and mo-
lecular recognition. The chemistry of Troger’s base ana-
logues has been extensively reviewed;!"? additional exam-
ples of applications not covered by these reviews can be
found in further recent publications.’) Most applications of
these compounds reported to date have exploited the folded
geometry and, in some instances, the chirality of Troger’s
base. Another interesting structural feature, namely, the two
tertiary amine functionalities, has hardly been used until
now. Due to the presence of
two nitrogen atoms, Troger’s
base can be viewed as a struc-
tural analogue of the N,N-dia-
lkylanilines, which have found
extensive application in the
design of chromophores with O:N
nonlinear optical (NLO) prop-
erties.!l Recently, the use of
Troger’s base in the design of
V-shaped push—pull chromo-

In a recent preliminary account,” the synthesis and theo-
retical studies of the racemic chromophores 2 and 3, derived
from 6H,12H-5,11-methanodibenzo[b,f][1,5]diazocine and
featuring two identical acceptors, were reported. Herein, we
wish to disclose the synthesis of these chromophores in
enantiopure form, as well as the synthesis of the unsymmet-
rical chromophores 4 and 5, which feature only one accept-
or. We also report on the chiroptical properties and on the
joint theoretical and experimental studies of the quadratic
NLO properties of these compounds in comparison with the
benchmark chromophores 6 and 7, which feature the dime-
thylamino group as the donor.
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cence properties of these V-
shaped chromophores were re-
ported, but no information on
their NLO properties was disclosed.!!

In the course of our own study on chromophores with po-
tential NLO activities, we decided to explore the chiral, V-
shaped scaffold of 6H,12H-5,11-methanodibenzo[b,f]-
[1,5]diazocine, which provides the possibility to incorporate
two chromophoric units within one molecule, in addition to
their dipole moments being nonantiparallel to one another.
The introduction of chiral elements within the conjugated
system might prove beneficial in obtaining noncentrosym-
metrical crystals. The latter feature constitutes an important
prerequisite for the observation of bulk second-order NLO
phenomena. Examples of V-shaped push—pull chromophores
are known. For instance, axially chiral C,-symmetrical bi-
naphthyl derivatives have exhibited high first hyperpolariza-
bilities.”? Other V-shaped systems have been suggested as
NLO chromophores,®! as exemplified by various derivatives
of the (dicyanomethylene)pyran" in which strong electronic
interactions between the two chromophores occur, since
they share the same acceptor group. This leads to specific
relationships between the opening angle, donor/acceptor
strengths, and first hyperpolarizability of these compounds.
In the case of Troger’s base derivatives, these interactions
are expected to be small because the two chromophores
have distinct nitrogen donor atoms, though they are close to
one another.
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Results and Discussion

Synthesis: The synthesis of the racemic symmetrical chro-
mophores (+)-2 and (+)-3 was described by us earlier
(Scheme 2).1231 For the synthesis of the enantiomerically
pure chromophores, we used the same route starting from
the enantiomerically pure iodide 1d.

Since Troger’s base and its analogues easily racemize in
acidic media, chromatography on chiral stationary phases
(CSP) appeared to be the method of choice for the enantio-
separation of the racemate on a relatively small scale."*'f
On an analytical scale, enantiomers of diiodide 1d has previ-
ously been separated with very good selectivity on commer-

(£)-1d
1. BuLi, THF, —78°C s
COOH 2. DMF @ —Me
(83%) N+
O,N )
2 9 N \O 10 Et
piperidine Ow Py
2328/? x N EtOH, reflux
% 57%
()2 (+)8 G )3

Scheme 2. The synthesis of the racemic, symmetrical chromophores (& )-
2 and (+)-3 from (+)-8. For the synthesis of enantiomerically pure 2 and
3, the same reagents and conditions were used, but starting from (S,5)-1d
or (R,R)-1d.
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cial CSP Whelk O1.'77 We successfully scaled up this
method for semipreparative separation; complete enantiose-
paration of approximately 200 mg of racemic (+)-1d was
easily achieved in a single run on a 20x250 mm column
(Figure 1, see the Experimental Section for details). The
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Figure 1. The semi-preparative HPLC enantioseparation of 1d on a
Whelk O1, 20 x250 mm column; mobile phase hexane/iPrOH 95:5.

subsequent transformation of both enantiomers of 1d into
enantiomerically pure 2 and 3 was performed in basic or
neutral conditions, hence no racemization occurred. This
rare example of synthetic transformations on the
methanodibenzo[b,f][1,5]diazocine skeleton with conserva-
tion of stereochemical integrity demonstrates the general
synthetic potential of enantiomerically pure Troger’s base
analogues.

For detailed insight into the NLO properties (see below),
we were interested in the comparison between the symmet-
rical chromophores (£)-2 and (+)-3 and the unsymmetrical
chromophores (£ )-4 and (£)-5. For the synthesis of (+)-4
and (+)-5, a similar strategy as that for (+)-2 and (+)-3
was used, starting from bromide (+)-11. The synthesis of
unsymmetrical Troger’s base analogues is less trivial than
that of symmetrical ones, which are easily accessible from
the corresponding anilines. Although several procedures
have earlier been reported for the preparation of (+)-
11,28 the recently developed electrophilic halogenation of
(£)-1b"! appears most practical. Subsequently, bromide
(£)-11 was converted into aldehyde (+)-12 and then into
chromophores (+)-4 and (+)-5 (Scheme 3).

Chiroptical properties and absolute configuration: Initially
we intended to take advantage of the presence of the heavy
iodine atom in 1d for the assignment of its absolute configu-
ration with “anomalous X-ray scattering”. Unfortunately,
we did not succeed in growing suitable crystals; solvates
were formed, which rapidly lost the solvent and therefore
did not produce satisfactory XRD results. Hence, we decid-
ed to assign the absolute configurations of the enantiomers
of 1d by comparing the circular dichroism (CD) spectra
with that of a structural analogue.

It is well known that comparing CD spectra for the as-
signment of absolute configuration has to be used with cau-
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Scheme 3. The synthesis of the racemic, unsymmetrical chromophores 2
and 3 from (%)-1b.

tion, since the donor/acceptor nature of substituents can se-
riously affect the appearance of CD spectra and render such
a comparison unreliable. In the particular case of Troger’s
base analogues, the existence of a correlation between the
sign of the lowest-energy Cotton effect and the absolute
configuration was shown by Kostyanovsky and co-work-
ers.?l Liitzen and co-workers have, however, demonstrated
that this comparison can be misleading in some cases.'’]
Hence, we have chosen a derivative with electronic proper-
ties as close as possible to diiodide 1d, namely, dibromide
1c, as a reference. Dibromide 1c¢ was resolved by the same
method used for 1d and crystals of sufficient quality for
XRD studies were obtained. A crystal of (—)-1lc gave a
value for the Flack parameter® of R=0.01(0.004) and its
configuration was unambiguously assigned as (R,R). CD
spectra of the two enantiomers of iodide 1d are shown in
Figure 2, together with the spectra of the two enantiomers
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Figure 2. Left: experimental CD spectra of (4)-(S.,S)-1¢ (grey solid line),
(4+)-(S.,S)-1d (black solid line), (—)-(R,R)-1¢ (grey dashed line), and (—)-
(R,R)-1d (black dashed line). Right: simulated CD spectra of (+)-(S.S)-
1c (grey line) and (+)-(S,5)-1d (black line).

of dibromide 1c¢. Based on the very similar shape of the CD
curves, a confident assignment of the absolute configuration
can be made from the sign of the longest-wave Cotton
effect.?” Since the stereochemistry of 1d must be retained
during its subsequent transformation into 2 and 3, the as-
signment of the absolute configuration of the chromophores
through chemical correlation becomes possible. This assign-
ment is supported by time-dependent DFT (TDDFT) calcu-
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lations of the excitation energies and rotatory strengths,
which were then used to simulate the CD spectra (Figures 2
and 3).

The CD spectra of the push—pull chromophores 2 and 3
(Figure 3) are dramatically different from those of 1e,d;
they are dominated by strong, longwave Cotton effects with
the maximum wavelength approximately coinciding with the
maxima in their absorption spectra: Ay, cp (EtOH) 390 and
450 nm and A,,,, .0s (EtOH) 382 and 433 nm for 2 and 3, re-

spectively.'")
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Figure 3. Top: experimental CD spectra of chromophores (S,5)-2 (black
line) and (R,R)-2 (grey line). Bottom: simulated CD spectrum of chro-
mophore (S,S)-2.

Linear and second-order NLO properties: The linear and
second-order NLO properties for the chromophores used in
this study are reported in Table 1. The first observation is
the longer wavelength of maximal absorption (4. as) fOr
all the benzothiazolium acceptor-based chromophores (3, 5,
and 7) compared with the corresponding analogues that
have the nitro group as an acceptor (2, 4, and 6). This is in
agreement with other studies that compare the electron-ac-
cepting strength of the benzothiazolium moiety with that of
more conventional acceptors, such as the nitro group.?
Congruent with this observation in linear optics are the ex-
perimental results in second-order nonlinear optics.

The static first hyperpolarizability values fugsy (i-e., the
experimentally obtained dynamic values fpgrsg. corrected
for different degrees of resonance enhancement) are all ap-
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Table 1. Linear optical properties,”! NLO properties,®! and the derived
opening angle.?

Amax, abs  Emax Brrss00 Prrsos P[e] 0
[nm] [Lmol'em™] [10 esu] [107* esu] [°]
2 391 50800 178+12 6.2+1 3.0+04 76+5
3 436 56200 107+6 14+1 25+02 7745
4 389 24000 182+15 74+1 3.8+02 -
5 433 20500 110+10 14+1 42+03 -
6 443 30200 174+12 27+2 37+02 -
7 525 59000 120+4 49+2 3.7+02 -

[a] Amax. abs 1S the wavelength of maximal absorption and ¢,,,, is the extinc-
tion coefficient at A, v [D] Brrssoo 18 the dynamic first hyperpolarizabil-
ity determined at a fundamental wavelength of 800 nm, fBygs, is the static
first hyperpolarizability derived with the two-state approximation, and p
is the depolarization ratio. [c] The angle between two arms of Troger’s
base bischromophoric derivatives (6). [d] All Measurements taken in
DMF. [e] A value of 1.54+0.1 was obtained for the octopolar reference
chromophore crystal violet, in agreement with the theoretical value of
1.5.

proximately two times larger for the benzothiazolium-de-
rived compounds (3, 5, and 7) than for the corresponding 4-
nitrophenyl analogues (2, 4, and 6). This is a confirmation of
the relative acceptor strengths and is not related to the use
of Troger’s base as an alternative electron-donor moiety.
Note that the dynamic hyperpolarizability values Srsggp are
larger for all the chromophores based on the nitrophenyl ac-
ceptor, but this is only due to this resonance enhancement
when using a fundamental laser wavelength of 800 nm, for
which the second-harmonic wavelength of 400 nm is very
close to the electronic resonance.

A second observation is the blueshift of the absorption
spectra upon replacing the dimethylaminophenyl donor
moiety by the Troger’s base skeleton. In compounds derived
from both the nitrophenyl and benzothiazolium acceptors, a
substantial blueshift is observed. For the bischromophoric
compounds 2 and 3 this has been observed before.'”! This
experimental observation was rationalized by theoretical
calculations in terms of reduced conjugation between the
lone pair on the nitrogen atom and the aromatic ring in the
Troger’s base skeleton, compared with N,N-dimethylaniline.
This is due to the geometric constraints imposed by the
bridgehead nitrogen atom in Troger’s base. Nevertheless, it
has been suggested (and supported by the observation of
the reactivity of methanodibenzo[b,f][1,5]diazocine ((+)-1b)
in aromatic electrophilic substitutions) that conjugation be-
tween the lone pair of the nitrogen atom and the aromatic
ring is not negligible.

The present work now shows, in addition, the impact on
the second-order NLO properties of this “partial conjuga-
tion” due to geometric constraints. The static first hyperpo-
larizability values PBygrso (i-e., the experimentally obtained
dynamic values fSyrsgy, corrected for different degrees of
resonance enhancement) are all substantially smaller for the
Troger’s base derivatives (2-5) than for analogues with the
dimethylaminophenyl donor (6, 7). This is in agreement
with the expectations based on the observation of the blue-
shifts in linear absorption spectra. Less conjugation with the

Chem. Eur. J. 2010, 16, 8181 -8190
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nitrogen-derived donor moiety in Troger’s base will also
mean that it is a less efficient donor.

Availability of both the mono- and the bischromophoric
systems allowed a more detailed comparative study towards
the effectiveness of the Troger’s base molecular scaffold for
nonlinear optics. It had been conjectured that the mono-
chromophoric derivative 4 could be a good monomeric ref-
erence chromophore with respect to the bischromophoric
derivative 2 based on the very small splitting calculated be-
tween the two highest occupied and the two lowest unoccu-
pied molecular orbital energy levels.'”! In this study, the the-
oretical conjecture was experimentally confirmed as the
electronic spectral properties for both the mono- and the
bischromophoric structures (2 vs. 4 and 3 vs. 5) are essential-
ly identical, whereas the oscillator strength for the bischro-
mophoric compounds is roughly twice the value for the
monochromophoric reference compounds (see Table 1).
Figure 4 compares the linear optical properties (UV/Vis ab-
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&L mol
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100004, \*

0 - — :
300 400 500 600
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Figure 4. UV/Vis absorption spectra of 2 (grey line), 4 (black dashed
line), and 6 (black solid line) in DMF.

sorption spectra) of the nitrophenyl acceptor-based bench-
mark 6, the monochromophoric compound 4, and the bis-
chromophoric compound 2. These observations confirm that
the electronic coupling between the two separate arms of
the bischromophoric compound is small; there is rather a
conservation of the original confinement of the conjugation
in the two separate arms of the bischromophoric compound.

This negligible coupling then allows for a simple structural
analysis of the second-order NLO properties for both the
mono- and the bischromophoric compounds in terms of the
opening angle between the two chromophores.” If the
monochromophoric compound can be used as the “mono-
mer” model (as supported by the absorption properties, see
above) for the bischromophoric compound (the “dimer”),
the vector addition model results in a relationship between
the first hyperpolarizability of the dimer S, and the first
hyperpolarizability of the monomer f,,,.,, and the opening
angle 6 between the two “monomers” can be estimated
as fB,,(dimer)=2p,,(monomer) [cos(6/2)]’, in which the
diagonal tensor components are obtained using

B=((35/6)"")Byixs:

Chem. Eur. J. 2010, 16, 8181 -8190
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When applying this relationship to the dynamic hyperpo-
larizability values, f,,, 50, the values for the opening angles
reported in Table 1 result. These data suggest that the open-
ing angles between the two chromophoric moieties for Tro-
ger’s base analogues 2 and 3 would be (76 +£5) and (77 +5)°,
respectively. From the XRD studies it is known that the
angles between the planes of aromatic rings of Troger’s base
analogues featuring the methanodiazocine moiety fused
with various (hetero)aromatic rings typically fall within 85—
105° range, although “extreme” values as small as 80.2%"
or as large as 113.9°™! have been encountered. This spread
is largely due to crystal-packing effects; semi-empirical ge-
ometry optimization predicts an approximately 100° angle
between the plane of the aromatic rings for 6H,12H-5,11-
methanodibenzo[b,f][1,5]diazocine derivatives.”*! The values
obtained from DFT geometry optimization are 103 and 108°
for 2 and 3, respectively. Since the angle between the planes
of the aromatic rings and the opening angle between the
dipole moment vectors of the two chromophores do not ex-
actly coincide, the estimation obtained from the analysis of
dynamic hyperpolarizability values is quite reasonable. Fur-
ther limitations of the model are: 1) the assumption that the
Purs value of the dimeric chromophore is dominated by f3,,,,
which leads to an underestimation of 6 because f3,,, is over-
estimated and the f,,, component is underestimated and
2) the neglect of cross-polarization interactions between the
chromophore units, which usually decreases the global re-
sponse. Note that when the same relationship is applied to
the static hyperpolarizability values, f,,,, essentially the
same values result, since the degree of resonance enhance-
ment is also essentially identical; this is due to the similar
value for A, ., for both the “monomer” and the “dimer”.

Additional experiments in the form of the measurement
of the depolarization ratio p for the nonlinear scattering
confirm that the monomeric chromophores 4 and 5 are good
“monomeric” model compounds. A good monomeric model
compound should have a f3,,, along the molecular dipolar z
axis. This then justifies relating the experimental result Sygs,
to just one tensor component by using f3,,, = fBurs (35/6)". A
single major hyperpolarizability tensor component f3,,, along
the dipolar molecular z axis shows up experimentally as a
relatively large depolarization ratio. In theory, for a purely
dipolar contribution without any off-axis contribution, and
for a depolarization measurement with infinitely small nu-
merical aperture and with the entire signal coming from the
solute chromophore, this ratio should be equal to five. For
real molecules and in actual practice, this value is, however,
lowered by non-zero off-diagonal contributions, by a finite
aperture, and by solvent contribution to the signal. A value
of 3.4 has been reported for dipolar benchmark compounds
such as Disperse Red 1.7*?”) The experimental observation
that the depolarization ratio is relatively large for both the
Troger’s base monochromophoric analogues 4 and 5 and
also for our benchmark compounds 6 and 7 indicates that
the second-order NLO response of these chromophores is
dominated by the single major hyperpolarizability tensor
component f3,,,. The lower values observed for the depolari-

— 8185
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zation ratio of the bischromophoric compounds 2 and 3 is
completely in line with our model.

Theoretical analysis of NLO data: Hyper-Rayleigh scatter-
ing (HRS) data (Burs and p) of compounds 2-7 calculated
at the MP2/6-31G* level of approximation and taking into
account the solvent effects within the polarizable continuum
model (PCM) scheme show that the dipolar character of the
compounds decreases when going from compounds 4 and 6
to 2 (or from 5 and 7 to 3) (Table 2). This is evidenced by

Table 2. Theoretical NLO properties'” and opening angle.™!

Bz Brxz0r Brrso» P[e] Burse» (full), o 0
[10* esu] [10*esu] [107 esu] [10 esu]  (full) [°]
2 30 60 41 3.73 42 3.72 100
3 30 97 64 318 63 2.88 104
4 76 - 31 5.00 33 490 -
5 162 - 67 5.00 68 475 -
6 171 - 71 500 71 489 -
7 336 - 139 5.00 138 496 -

[a] B,..0 and By, are the dominant components of the static first hyper-
polarizability tensor, Bygso is the HRS first hyperpolarizability, and p is
the depolarization ratio for nonlinear scattering calculated at the
IEFPCM/MP2/6-31G* level of approximation. [b] Angle between the
two arms of Troger’s base derivatives (0) determined from B3LYP/6-
311G* geometry optimizations. [c] The full Sygsy and p values (columns 6
and 7) are also given as well as approximates (columns 4 and 5), calculat-
ed from only one or two dominant tensor components to address the di-
mensionality of the NLO-phore. [d] For the V-shaped molecules 2 and 3
Burso=PBuzo [(18+16R+38R?)/105]"?; for the linear molecules 4-7,
Burso=Buzo [(6/35]". [e] For the V-shaped molecules p=(15+18R+
27R*)/(3—2R+11R%), with R=,y,0/Bus.0; for the linear molecules p=S5.

the depolarization ratios, which change from the almost
ideal dipolar value (o =>5) to 3.72 and 2.88, respectively. This
is further confirmed by the approximate Syrs and p values
that can be calculated by using either only one dominant
tensor component for the dipolar molecules 4-7, or two
dominant § tensor components for V-shaped molecules 2
and 3, and which closely match the full values. Thus, the
Purs values of 4-7 are fully determined by one tensor com-
ponent, whereas two are necessary to obtain the values for 2
and 3. Note that, when using compound 2 as the example,
only the f,,, value cannot reproduce the fygs value (12 vs.
42 for the full Bygs, value).

It is comforting to observe that these theoretical predic-
tions for the depolarization ratio are in good agreement
with the experimental observations, taking into account the
above-mentioned practical considerations. For the mono-
chromophoric Troger’s base derivatives 4 and 5 and for the
benchmark chromophores 6 and 7, the calculated values are
identical to or almost equal to the limiting value of five, but
for the V-shaped bischromophoric “dimers” 2 and 3, these
values are substantially lower. Within these two lower
values, we can further differentiate between the nitro-ac-
ceptor-based compound 2 (intermediate value) and the ben-
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zothiazolium acceptor-based compound 3 (the lowest value
for the calculated depolarization ratio). The observation
that the experimental values for these depolarization ratios
also reflect this differentiation beyond the estimated statisti-
cal uncertainty, strengthens our assumption for the analysis
of the solution-phase structure of the bischromophoric Tro-
ger’s bases 2 and 3.

To further compare the experimental and theoretical
values, a pre-treatment of the experimental data was neces-
sary. Indeed, the experimental data are impacted by reso-
nance conditions since the measurements are carried out at
a frequency within the absorption band, slightly above or
below the maximum, whereas this effect is absent in the cal-
culations. Evaluating the magnitude of this effect is, howev-
er, difficult.”® The simplest way to estimate the impact of
frequency dispersion in pseudo-dipolar chromophores is to
consider the two-state approximation,”” which assumes that
only one excited state contributes to the second-order NLO
response. Considering a homogeneous damping y and ne-
glecting the nonresonant terms,*” the frequency-dispersion
factor for any of the diagonal components of the first hyper-
polarizability tensor F(w,w,.,y) is as shown in Equation (1):

ﬁzzz (_2(”; , (U)
ﬁzzz (07 07 0)
_ Oy (05 = iy)’
 ([0g — iy ~402) ([0, — iy]"~0?)

F(w7 wgm V) =

in which g and e are the two electronic, ground and excited,
states contributing to the 8 value, and w,, is the correspond-
ing excitation energy. Assuming that the same treatment can
be applied to the off-diagonal .., component, which is a
good approximation because the splitting of the excitation
energies is small, the extrapolated static § values obtained
by setting y to zero as well as by choosing y values matching
the half width at half maximum (HWHM) of the corre-
sponding absorption spectra (i.e., y~1.2 HWHM of the ¢~
[(@-w)"F Gaussian function) are shown in Table 3. These esti-
mates of the dispersion factors have then been improved by
incorporating an inhomogeneous broadening based on the
absorption spectrum, which implicitly contains information
on the distribution of the transition frequencies as well as
taking into account the vibronic structure of the excited

Table 3. Comparison between extrapolated and calculated first hyperpo-
larizabilities values Bygso !

Extrapolated Extrapolated Extrapolated Calculated
from Equa- from Equa- from Equa- (MP2/
tion (1), y=0 tion (1), y #0 tions (2) and (3) IEFPCM)

2 62 40 11 42

3 14 29 9.1 63

4 74 34 10 33

5 14 29 9.1 68

6 27 51 16 71

7 49 55 39 138

[a] All values are given in 10~ esu.
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states. According to Campo et al.,” for an incoherent pro-
cess such as HRS, the dispersion factor reads as for Equa-
tion (2):

§ . On RTEICAIGCERY
(2)

in which the N(w'y) value, the normalized distribution of
the transition frequencies, is approximated by a Gaussian
function reproducing the experimental HWHM of the corre-
sponding main absorption band. Moreover, the distribution
of the transition frequencies can further be improved by
considering the single-mode vibronic model and replacing
N(w'y.), as shown in Equation (3):

N <w, ) B vib.zlefels [Snne;s} o [(hemn) ra]’ (3)

n

in which w,=w,+nw, corresponds to the transition from
the ground state to the n™ vibrational level of the excited
state. The Huang-Rhys factors (§) were chosen to repro-
duce the shape of the absorption band. The w.;, and p,
values were also chosen to best reproduce the absorption
spectra. This corresponds to the same approach as the one
adopted in our recent work.®!! The parameters for com-
pounds 2-7 are listed in Table 4; the corresponding simulat-
ed absorption spectra are given in the Supporting Informa-

Table 4. Parameters best fitting the UV/Vis absorption spectra.

hawy [eV]; % Vi N Wyip Yvib
Aeg [nm] [eV] [em™] [em™]  [em™]
2 3.17; 391 0.458 480 0.0 - -
3 2.84; 436 0.418 480 0.5 1600 1600
4 3.19; 389 0.375 480 0.0 - -
5 2.86; 433 0.427 480 0.5 1600 1600
6 2.80; 443 0.444 480 0.0 - -
7 2.36; 525 0.266 480 0.5 1600 1600

tion and show a very good correlation with experimentally
obtained data. The differences between the experimental
and theoretical excitation energies (e.g., 390 and 438 nm, re-
spectively, for 2) are typical of these TDDFT methods, also
considering the fact that no vibronic structure is considered
in the theoretical simulations.

Good qualitative agreement for chromophores 2-7 is ob-
tained between theory and experiment. Therefore, by em-
ploying the values extrapolated by using Equation (1) (y=
0), the change from one chromophore branch to two in the
Troger’s base derivatives almost does not change the first
hyperpolarizabilities. The § value then increases by a factor
of 3-4 when going from chromophore 4 to 6 or from chro-
mophore 5 to 7 as a result of the planarity of the nitrogen
and therefore of better conjugation. These relationships are
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confirmed when using the other extrapolated data, although
the increase of the 8 value due to planarity is somehow re-
duced. Together with the calculated MP2 values, the ex-
trapolated data obtained from Equation (1) (y=0) also
demonstrate the stronger acceptor character of the benzo-
thiazolium units and the associated larger /5 values. The rela-
tive magnitude of the static S values is, however, not repro-
duced when using Equation (1) (y#0), whereas by using
Equations (2) and (3), the relative magnitude is only repro-
duced for 6 versus 7. These differences should be associated
with the limitation of the models of extrapolation.

Conclusion

We have investigated the NLO properties of novel chiral
push—pull chromophores derived from the V-shaped skele-
ton of 6H,12H-5,11-methanodibenzo[b,f][1,5]diazocine, a
parent heterocyclic system of Troger’s base. Detailed analy-
sis of the data led to the conclusion that molecules possess-
ing one or two chromophoric “arms” show approximately
equal HRS second-order NLO properties. This observation
is very useful for future studies, since the structure of future
chromophores can be chosen to be C, symmetric or asym-
metric, based on considerations such as solubility and syn-
thetic feasibility, without compromising their NLO proper-
ties. Between the two families of molecules studied, the sys-
tems featuring a cationic benzothiazolium acceptor have
proven to be the most efficient. It was, however, demon-
strated that the molecular first hyperpolarizabilities of the
two families of chromophores are three to four times lower
than those of analogues with a “classical” dimethylamino
donor group. Notwithstanding, 6H12H-511-
methanodibenzo[b,f][1,5]diazocine holds considerable prom-
ise as a scaffold for NLO chromophores. Chromophores
with a chiral element constituting a part of the conjugated
system appear to be promising for materials with bulk NLO
activity, since the introduction of chirality is an effective ap-
proach towards bulk noncentrosymmetric crystals. Such
crystals have a higher number density than amorphous thin
films or chromophores dispersed in a polymer matrix, a
common approach that requires additional poling to orient
the chromophores. Furthermore, the lower depolarization
ratio and large off-diagonal tensor component for the bis-
chromophoric V-shaped derivatives will translate into a
lower polarization sensitivity for NLO applications.*
Lower molecular hyperpolarizabilities can be increased by
the extension of the m system and/or the incorporation of
“auxiliary donors”, for example, electron-rich heterocycles
such as thiophene. The efficiency of this general approach
was demonstrated by many previous examples.”> We have
also recently shown the efficiency of a particular combina-
tion consisting of a benzothiazolium acceptor and thiophene
auxiliary donor."
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Experimental Section

General: All chemicals were purchased from Aldrich, Acros, or TCI
Europe and used without further purification unless stated otherwise. N-
Bromosuccinimide (NBS) was crystallized from water before use. THF
was dried over benzophenone ketyl under Ar until a blue or violet color
persisted. Column chromatography: SiO, Kieselgel 60 (Macherey—Nagel,
particle size 0.04-0.063 mm). TLC: precoated SiO, plates Kieselgel 60F s,
(Merck). Electron impact mass spectra (EIMS) were recorded on a
Waters AutoSpec 6F instrument and electrospray ionization mass spectra
(ESIMS) on a Waters QToF 2 instrument; m/z with the lowest isotopic
mass are reported. "H (300 MHz) and *C NMR (75 MHz) spectra were
recorded on a Brucker Avance 300 spectrometer: chemical shifts (9) are
given in ppm relative to Me,Si (internal standard). The following deriva-
tives were synthesized according to previously published procedures:
(£)-1b-d,M" (£)-2,1% (£)-3,1 6,5 710 (£).8 5] (£)-11,") and (+)-
12."¥ Enantiomerically pure (S,5)-8, (S,5)-2, and (S.,S)-3 were prepared
from (S,5)-1d, and (R,R)-8, (R,R)-2, and (R,R)-3 from (R,R)-1d analo-
gous to published procedures for the corresponding racemic compounds;
NMR and MS data in all cases were essentially identical to those of the
corresponding racemates. The analytical data obtained for (S,5)-8 and
(R,R)-8 were identical to that previously published.' Data for enantio-
mers of 2: (S,5)-2: [a]p=1350 (¢=0.01 in CH,Cl,); m.p.=237-238°C;
(R,R)-2: [a]p=—-1440 (c=0.13 in CH,Cl,); m.p.=237-238°C. Data for
enantiomers of 3: (S,5)-3: [a]p=1930 (¢=0.04 in MeOH); m.p.=174-
175°C; (R,R)-3: [a]p =—2050 (¢=0.057 in MeOH); m.p.=174-175°C.
The HPLC separations of the enantiomers of 1¢,d were performed at
ambient temperature on an Agilent 1100 instrument equipped with the
Rheodyne 7725 manual loop injector. Solvents were of HPLC grade. The
column, (R,R)-Whelk-O1 (250 x 20 mm), was purchased from Regis Tech-
nologies (USA). Injection: 0.5-1.0 mL of analyte solution in CH,Cl,, ap-
proximately 200 mgmL'; mobile phase: hexane/iPrOH 95:5 (v/v), nomi-
nal flow rate 20 mLmin~!; detection: UV at fixed wavelength 254 nm.
Separation parameters were calculated as follows: k;=(t,—ty)/ty, k,=
(t,—to)/ty, a=kylk;, Ri=2(t,—t,)/(w,+w,), in which ¢, and #, are the reten-
tion times of the first and the second eluted enantiomers, #,=3.40 min is
the void time (retention time of 1,3,5-tri-tert-butylbenzene), k, and k, are
the retention factors of the two enantiomers, o is the separation factor,
w, and w, are the widths of peaks at the base line, and R; is the resolu-
tion at the base line. Separation parameters for 1c: ;=894 min, t,=
12.27 min, k,=1.63, k,=2.61, a=1.60, R;=3.4. Separation parameters
for 1d: ¢t;=9.90 min, ,=14.08 min, k,=1.91, k,=3.13, a=1.64, R,=3.3.
Data for enantiomers of 1¢, in the order of elution: (+)-(S,5)-1¢: [a]p=
393 (¢=0.19 in CH,Cl); m.p.=160-162°C; (—)-(R,R)-1c: [a]p,=—39%4
(¢=0.27 in CH,CL,); m.p.=160-162°C. Data for enantiomers of 1d, in
the order of elution: (+)-(S,5)-1d: [a], =445 (¢=0.32 in CH,Cl,); m.p.=
198-200°C; (—)-(R,R)-1d: [a]p=—454 (¢=0.32 in CH,Cl,); m.p.=198-
200°C.

(£)-2-[(E)-2-(4-Nitrophenyl)ethenyl]-6 H,12H-5,11-methanodibenzo|[ b.f]-
[1,5]diazocine ((+)-4): A mixture of aldehyde (+)-12 (0.220¢g,
0.879 mmol), 4-nitrobenzeneacetic acid 9 (0.479 g, 2,64 mmol), and piper-
idine (0.361 mL, 3.65 mmol) was heated for 20 h at 120°C (bath tempera-
ture). The resulting mixture was cooled to RT, dissolved in CH,Cl,, and
purified by column chromatography (SiO,, CH,Cl,/AcOEt 10:1) to
afford pure (+)-4 (123 mg, 38 %). The analytically pure product was ob-
tained by crystallization from EtOH as a crystalline yellow solid. M.p.
166-168°C; 'H NMR(300 MHz, CDCl;, 25°C): 6=4.20 (d, Y(HH)=
16.5 Hz, 1H), 4.22 (d, (H,H)=16.5Hz, 1H), 4.34 (s, 2H), 4.73 (d,
2J(H,H)=16.5 Hz, 2H), 6.88-7.04 (m, 3H), 7.04-7.20 (m, SH), 7.38 (dd,
3J(HH)=83, “J(HH)=18Hz, 1H), 7.56 (d, J(H,H)=8.9 Hz, 2H),
8.18 ppm (d, *J(H,H)=8.9 Hz, 2H); *C NMR (75 MHz, CDCl,, 25°C):
0=587, 66.9, 124.11, 124.14, 125.1, 125.2, 125.5, 125.8, 126.0, 126.6, 127.0,
127.5, 127.8, 128.3, 132.0, 132.8, 144.0, 146.6, 147.8, 149.1; HRMS (EI):
m/z: caled for C3H sN;O,: 369.1477 [M]*; found: 369.1470.
(+)-(E)-3-Ethyl-2-[2-(6H,12H-5,11-methanodibenzo[ bf][1,5]diazocin-2-
yl)ethenyl]benzothiazol-3-ium iodide ((£)-5): A mixture of aldehyde
(£)-12 (0.170 g, 0.679 mmol), 3-ethyl-2-methylbenzothiazol-3-ium iodide
10 (0.190 g, 0.622 mmol), pyridine (0.080 mL), and EtOH (8 mL) was
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heated at reflux for 18 h. The mixture was cooled to RT before hexane
was added and the resulting solid was filtered. Crystallization from
EtOH afforded pure (£)-5 as a crystalline red solid (0.191 g, 57 %). M.p.
178-180°C; 'H NMR (300 MHz, (CD;),SO, 25°C): 6 =1.44 (t, *J(H,H)=
7.5 Hz, 3H), 421 (d, 2/(H,H)=16.8 Hz, 1H), 4.26 (d, 2/(H,H)=16.2 Hz,
1H), 4.31 (s, 2H), 472 (d, J(H,H)=16.8 Hz, 1H), 4.74 (d, J(H,H)=
16.2 Hz, 1H), 4.92 (q, J(H,H)=7.5 Hz, 2H), 6.94-7.00 (m, 2H), 7.12—
7.20 (m, 2H), 7.31 (d, *J(H,H)=8.4 Hz, 1H), 7.71-7.92 (m, 5H), 8.11 (d,
3J(HH)=15.6 Hz, 1H), 826 (d, *J(H,H)=9.3 Hz, 1H), 8.40 ppm (d,
3J(HH)=9.0 Hz, 1H); "CNMR (75 MHz,(CD;),SO, 25°C): 6=14.7,
45.0, 58.6, 66.6, 112.1, 117.1, 124.2, 124.9, 125.3, 125.9, 127.5, 127.8, 128.6,
128.7, 128.9, 129.48, 129.52, 129.6, 129.7, 130.0, 141.5, 148.1, 149.6, 153.6,
172.1 ppm; HRMS (ESI): m/z: caled for C,H,,N,S: 410.1961 [M—I]*;
found: 410.1703.

Single crystal X-ray structure determination of (—)-(R.R)-1c: Crystals
suitable for analysis were obtained by slow evaporation of a solution in
CH,Cl,, crystal dimensions 0.52x0.43x0.25 mm; triclinic; space group
P1; a=9.9052(8), b=10.2322(8), c=15.8064(12) A; a=73.6190(10), f
=83.5210(10), y =62.4250(10)°; V=1362.09(18) A%, Z=4; p=
1852 kgm™3;  60,,,,=30.09°; graphite-monochromated Mog,-radiation
(0.71073 A); w-scans; T=140K; 15723 measured reflections; 13936
unique reflections; 12719 reflections >20(I); data reduction with SAINT
(Bruker, 2008); multiscan absorption correction (SADABS 2008/1,
Bruker, 2008); Tpin 0.458; Thax 0.746; u =5.94 mm™'; structure solution
and refinement SHELX97 suite of programs (Sheldrick, 2008); 685 pa-
rameters; 3 (origin fixing) restraints, hydrogen atoms placed in calculated
positions and refined as riding; R=0.0255 (I>20(I)), wR=0.0589 (all re-
flections); refinement against R>; Apyi,=—0.50 e A7, Ap,..=0.87 A,
Flack parameter 0.011(4). CCDC-762694 contains the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.

Optical and chiroptical experiments: UV/Vis absorption spectra were
measured on a Perkin—-Elmer Lambda 900 spectrometer in a 1 cm cell at
ambient temperature. Circular dichroism (CD) spectra were measured on
a Jasco J810 spectropolarimeter. Specific optical rotations were measured
on a Perkin-Elmer 141 polarimeter in a 10 cm cell at ambient tempera-
ture. Values of specific optical rotation [a]p are given in 10" cm®g™'; the
concentrations ¢ are in gdL'. All NLO experiments were performed at
room temperature in DMF as the solvent. First hyperpolarizabilities were
determined on a femtosecond hyper-Rayleigh scattering setup with a fun-
damental wavelength of 800 nm, with crystal violet in methanol (S, g0 =
338x 107 esu) as the octopolar reference molecule. The octopolar sym-
metry of the reference compound was taken into account by proper
weighing of its tensor component contribution to the HRS signal. The
difference in solvent (methanol for the reference, DMF for the un-
knowns) was taken into account by solvent correction factors for the op-
tical frequency field. The setup and the procedure have been published
in more detail previously.*® The correction for the different degrees of
resonance enhancement are based on the two-state approximation and
are only dependent on the closeness of the fundamental and second-har-
monic wavelength to the electronic resonance wavelength (Anuy abs)->"

Computational details: The geometries of the Troger’s base derivatives
were optimized at the DFT level using the B3LYP exchange-correlation
functional and the 6-311G* basis set. The calculated optimized geometry
structures are provided in the Supporting Information.

The time-dependent Hartree-Fock (TDHF)®” and the coupled-perturbed
Hartree-Fock (CPHF) schemes were employed for obtaining dynamic
(A=1064 nm) and static first hyperpolarizabilities, respectively. These
methods consist of expanding the matrices of the TDHF/CPHF equations
in Taylor series of the external (static or dynamic) electric field and in
solving these analytically order by order. Taking advantage of the 2n+1
rule, only the first-order derivatives of the LCAO coefficients are needed
to evaluate the 8 value. Solvent effects were included by using the polar-
izable continuum model within the integral equation formalism
(IEFPCM),*® by taking &,=36.640 (e, =1.806) for acetonitrile. The
solute cavities were built using atomic radii from the UFF force field by
putting individual spheres around each heavy and hydrogen atom. To ac-
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count for correlation effects, the second-order Mgller—Plesset (MP2)
method was employed in combination with a finite field (FF) proce-
dure,™ implying a Romberg Scheme to attain an accuracy on the numer-
ical derivatives of about 1.0a.u. (8.641x10 P esu=1a.u. of f=3.62x
1072 m*V1=3.2063x107 C*m>J2).! In many cases, the MP2 method
recovers the largest part of the electron correlation effects, as estimated
from higher-order methods.*!! To account for frequency dispersion at the
MP?2 level, the multiplicative correction scheme was applied.?! It consists
of multiplying the static MP2 value by the TDHF/CPHF ratio as shown
in Equation (4):

Brur (=205 0, @) = Brpy (0;0,0) x Brour(—20; w, )

~ Bernr(0:0,0) )

Moreover, the solvent effects on the first hyperpolarizabilities are deter-
mined by inserting the Srpur(—2w;w,0) or fyp(0:0,0) quantities evaluat-
ed within the IEFPCM scheme into Equation (4). The reported quanti-
ties are related to the HRS experiments with plane-polarized incident
light and observation made perpendicular to the propagation plane. The
full intensity then reads as shown in Equation (5):

20 2
I vV < 7727 >

{<ﬁ2777> + <ﬁz7xx>} P =1, =
Iy

Brrs(—20; 0,0) =

in which (8},,) and (B,) correspond to orientational averages of the

B tensor values and are calculated without assuming Kleinman’s condi-
tions (full expressions of these terms can be found in ref. [43]). The p
value gives information on the geometry of the part of the molecule re-
sponsible for the NLO response, sometimes referred to as the NLO-
phore. All reported S values are given in 10* esu within the B conven-
tion. Additional hyperpolarizability values are provided in the Support-
ing Information.

TDDFT calculations were carried out to determine the vertical excitation
energies [4E,, = ho,, = h(a)(, — w,)] and the rotatory strengths necessary
to simulate the CD spectra. Following a recent investigation,*! a modi-
fied B3LYP exchange-correlation functional containing 35% of HF ex-
change was employed. In the case of related m-conjugated systems with
donor and acceptor groups, this TDDFT approach has been found to pro-
vide excited-state properties in, at least, a good qualitative agreement
with respect to experimental data.*’! Solvent effects were accounted for
by using the IEFPCM scheme and the 6-311+4+G* basis set was em-
ployed.

The calculations were performed by using Gaussian 031 as well as with
homemade codes to apply the Romberg differentiation scheme and to es-
timate the static § values from the HRS responses measured at 800 nm.
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