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The syntheses of 2,7-di-tert-butyldimethyldihydrobenzo[e]pyrenes with thienyl (6), terthienyl (7),
and pentathienyl (14) side chains at the 4,5- positions, ter- and pentathienyl side chains at the
4-position with ter- (39) and pentathienylcarbonyl (40) side chains at the 10- and 11-positions,
2-naphthoyl-7-tert-butyldimethyldihydropyrenes with ter- (53), penta- (54), and septithienyl (55)
side chains at the 4,9-positions are described. These compounds are all photochromic and open to the
corresponding cyclophanedienes with long wavelength (> 490 nm) light, and as such, the conjugative
path could change considerably, making them suitable to investigate as potentially switchable
conducting molecules. In this paper, the syntheses and the photochemical and thermal isomerizations
are studied; in the accompanying paper, the electrochemical and conductive properties are studied.
Here, a comparison of the relative opening rates to that of the benzo[e]pyrene 4 (with no thienyl
substituents) is made, and all of the above photochromes show considerably enhanced photo-
opening of the DHPs to the CPDs. As examples, 14, 40, and 54 were cycled between the open and
closed forms, and no decomposition was observed; however, when 54 was irradiated for 40 h with
254 nm light, some radicals did form, which enhanced the thermal closing rate, and so extensive
irradiation with short wave UV is better avoided. The thermal closing reactions were also studied,
and all of the above compounds close faster than benzo-CPD 4/, though for the highly photochromic
ter- and pentathienyl benzo-CPDs 39’ and 40/, the rate was not too enhanced from that of 4 and so

are probably the best compromise between fast photochromicity and slow thermal reversion.

Introduction

The idea of using a photochromic compound to control
electrical conductivity in a conducting polymer was first
proposed by Lehn et al.' By synthesis of bispyridinium
dithienylethenes, they were able to demonstrate a prototype
of a light-triggered switchable molecular wire. Irie” attached
oligothiophenes (as the molecular wire) to the very robust
dithienylethene switch® hur found that the ring-opening
quantum yield of the switch dramatically decreased as the
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number of thiophene units increased.* In 1999, Irie reported®
a diarylethene switch directly in the main chain of a poly(9,9-
dialkylfluorene). In the polymer, the electrical conductivity
in the closed form was 2.3 times that in the open form. When
doped with iodine, the conductivity of the doped form
increased some 12 000 x but, unfortunately then, photochro-
mism was not observed. Shortly afterward, we reported® the
backbone photochromic polymer 1, as a prototype conduct-
ing main chain photochromic conjugated polymer. How-
ever, because of the rather poor efficiency’ of the ring-
opening reaction of the parent dihydropyrene 2, the observed
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FIGURE 1. Change in conjugation along the backbone when the
dihydropyrene (DHP) form is converted to the cyclophanediene
(CPD) form.

change in conductivity was rather small (1.5x). Other re-
searchers have more recently carried out work on a dithie-
nylethene quinoline polymer® and on single molecules
between gold electrodes’ or attached to nanotubes.'® How-
ever, since we have now very much improved the switching
ability of dihydropyrenes,'' in this paper, we report the
synthesis of such dihydropyrenes substituted with oligothio-
phenes, and in the accompanying paper their photochemical
and electrochemical properties.

Results and Discussion

To maximize the change in conjugation between the closed
and open forms of the dihydropyrene switch, the conductive
chain should be on opposite sides of the dihydropyrene, as
shown in Figure 1. In the dihydropyrene (DHP) form, all
m-orbitals can align; however, because of the step in the
cyclophanediene (CPD) form, there is not good through
alignment of s-orbitals from one side to the other (green-
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red-black in Figure 1). Thus the CPD form should be less
conductive than the DHP form. When substituents are
on the same side, as in 3, the alignment of orbitals will
also depend upon steric interactions between the substitu-
ents, and so it is not so obvious as to which form is
more conducive to conductivity. From a synthesis point of
view, the 4,5,9,10-positions of 2 are reactive to electrophilic
substitution, so synthesis of the molecules in Figure 1 should
not be a problem. However, as mentioned above, the parent
2 has a poor opening efficiency,” while that of the benzo-
switch 4 is much better, and so we decided to start syntheses
with 4.

For 4, only the 4,5-positions are active, and so substituents in
the 10,11-positions would need to be pre-installed.
Synthesis of 4,5-Derivatives of 4. Our original synthesis® of
1 used 4,9-diiodo-2 in a Suzuki coupling with thiophene-
boronic acid; however, unfortunately, it is not possible to
iodinate 4 (loss of the internal methyl groups occurs), and so
the more sluggish bromo derivatives have to be used in
couplings. Our original bromination of 4 with NBS in
DMF/DCM was carried out <0 °C and gave ~50% of
4,5-dibromide 5."'® Since then, we have found that better
yields (80%) can be achieved at 25 °C, with fewer purification
problems. In principle, coupling of dibromide 5 to an
appropriate thiophene could be achieved using Suzuki,
Kumada, or Stille conditions; however, because of the
electron-rich DHP ring, all are very sluggish. With commer-
cially available 2-thiopheneboronic acid, using Na,COj; as
base and Pd(PPhj), as catalyst, dibromide 5 gave 60—90% of
bisthienyl-DHP 6 but required 48 h reaction time (Scheme 1).
When bi- or terthienyl derivatives were used, the Stille
coupling was found preferable to identify the extent of the
conversions. Thus, 3 days at reflux was required to convert
(60%) 5 into 7 using stannyl terthiophene 8' with Pd,(dba)s,
dppf catalysts. Product 7 was obtained as a rusty brown
powder, with the internal methyl protons at 6 —0.87, some-
what deshielded from those of 4, 6 —1.22. To lengthen the
thiophene chains, 7 was reacted with n-BuLi to make the
dianion and then with Bu3;SnCl to generate 9, which on Stille
coupling (as above) with dibromide 10 yielded 60% of 11,
with internal methyl protons at 0 —0.86. As an alternative,
the stannyl-quinquethiophene 12, prepared'? from 13" on
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ella, G.; Faveretto, L.; Sotgiu, G.; Zambianchi, M.; Fattori, V.; Cocchi, M.;
Cacialli, F.; Gigli, G.; Cingolani, R. Adv. Mater. 1999, 11, 1375-1379.
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SCHEME 1. Typical Syntheses of Thienyl Dihydropyrenes
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SCHEME 2. Retrosynthesis of 10-Substituted Benzo-dihydropyrenes

16

coupling for 4 days with 5 gave 20% of bis(pentathienyl)-
DHP 14. It was not just the fact that there were
two bromines present in 5 that made couplings sluggish,
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even 4-bromo-4''* on reaction with 8 required 3 days to pro-
duce about 50% of terthienyl derivative 15. As anticipated, all
of these benzo-dihydropyrene derivatives (6, 7, 11, 14, 15)
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easily photo-opened with visible light. This is discussed
below.

Synthesis of 4,10- or 4,11-Derivatives of 4. A logical retro-
synthesis (Scheme 2) of 10-substituted benzo-dihydropyrenes (16)
proceeds through a Diels—Alder reaction of either aryne 17 with
an appropriately substituted furan'* or furan 18 with an appro-
priately substituted acetylene. Both of 17 and 18 are derived from
the bromide 19."° The obvious substituent R in 16 is a bromine
since that would enable easy coupling to thiophenes as described
above. However, reaction of 3-bromofuran with aryne 17 gave a
large number of non-useful products. The alternate approach
through 18 with trimethylsilylethyne was equally unsuccessful,
giving only a variety of dihydropyrene products derived from 18.
However, reaction of furan 18 with ethyl propiolate (20a) in
refluxing toluene gave 71% yield of the adducts 21a,b. Isomer 21b
was poorly soluble in hexanes, and so could be separated from 21a
for characterization purposes. The isomers could be assigned by
careful comparison (see Experimental Section) with adduct 22,
obtained from diethyl acetylene dicarboxylate (20b) (74% yield,
from refluxing toluene). The Weinreb amide'® 20c likewise gave
two isomers of 23 in 66% yield.

X
Y

20a X=COOEt, Y=H

20b X=Y=COOEt

20c X=CON(Me)OMe 213 21b

22 23a,b
In principle, deoxygenation of 21—23 should give substi-
tuted benzodihydropyrenes (16), where the substituent(s)
can then be used to couple to thiophene nuclei. Typically,
we have used Fe;(CO)y in refluxing benzene as a mild

(14) Mitchell, R. H.; Chen, Y. Tetrahedron Lett. 1996, 37, 5239-5242.

(15) Mitchell, R. H.; Ward, T. R. Tetrahedron 2001, 57, 3689-3695.
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(b) Meunier, S.; Siaugue, J. M.; Sawicki, M.; Calbour, F.; Dezard, S.; Taran,
F.; Mioskowski, C. J. Comb. Chem. 2003, 5,201-204. (c) Nahm, S.; Weinreb,
S. M. Tetrahedron Lett. 1981, 22, 3815-3818.
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deoxygenating agent.''® With adduct 21, a 72% yield of
benzo-DHP 24 was obtained, providing only a small (10%)
excess of iron carbonyl was used; otherwise, increased for-
mation of green iron adducts was formed.'” Adduct 22
similarly gave 80% of diester DHP 25, but the Weinreb
amide adducts 23 failed to deoxygenate properly to 26.

24 X=OEt; Y=H

25 X=0Et; Y=COOEt
26 X=N(Me)OMe; Y=H
27 X=0H; Y=H

28 X=Cl; Y=H

29 X=2-thienyl; Y=H

Since monoester 24 could easily be hydrolyzed with NaOH
to acid 27,'® conversion of this to the acid chloride 28 or
Weinreb amide 26 potentially could lead to the carbonyl
coupled thiophene 29.

We did not think having a carbonyl group as the coupling link
would be a bad thing, as carbonyl groups appear to enhance
dihydropyrene photochromicity.''* The effect of such a carbonyl
on the electronic coupling of the DHP to the thiophene would
need to be determined. However, before this was affected,
introduction of thienyl groups onto the DHP side needs to be
considered. Bromination of dihydropyrenes is fast, as is that of
thiophenes, so selective bromination of the DHP nucleus in 29
might be quite difficult. We thus decided that it would be prudent
to introduce the desired bromine before connecting to a thio-
phene. Thus, bromination of ester 24 with NBS in refluxing
dichloromethane gave 91% of monobrominated product but as
a 1:3 mixture of the 4-bromide 30a and the 5-bromide 30b, which
unfortunately could not be separated. However, the large ratio
of isomer amounts made assignment by their 'H NMR peaks
easy; for example, in C4Dg, H-9 appears at 6 9.90 in 30b and 6
9.88 in 30a; the #-butyl protons are at 6 1.41 and 1.30in 30a but at
0 1.35 and 1.36 in 30b. This isomer problem could be avoided by
use of excess NBS to yield the dibromide 31.

30a X=H; Y=Br
30b X=Br; Y=H
31 X=Y=Br
32a X=H, Y=R
32b X=R, Y=H
33a X=H, Y=R'
33b X=R', Y=H

34 X=Y=R

which was coupled with stannyl terthiophene 8 in THF using
Pd,(dba); and dppf catalysis at reflux for 80 h to yield 67% of

(17) Zhang, R.; Fan, W.; Twamley, B.; Berg, D. J.; Mitchell, R. H.
Organometallics 2007, 26, 1888—1894.

(18) Lee, H-W; Robinson, S. G.; Bandyopadhyay, S.; Mitchell, R. H.;
Sen, D. J. Mol. Biol. 2007, 371, 1163-1173.
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the bis-terthiophene product 34, as a single isomer, which
could thus be completely characterized, including the assign-
ment of all protons and carbons in the NMR spectra. With
this in hand, reaction of the mixed isomers of 30 with stannyl
terthiophene 8 and pentathiophene 12 gave 77 and 56%,
respectively, of the mixed isomers of 32 and 33. Most proton
and carbon signals could be assigned, and the mixtures gave
correct HRMS mi/z values and elemental analyses.

With the thiophene units installed on the DHP side of the
molecule, installation on the benzo side could now begin.
Hydrolysis of the esters 32 and 33 with aqueous ethanolic
NaOH gave the corresponding acids 35 and 36, which on
reaction with N,0-dimethylhydroxylamine hydrochloride
using DIC as coupling agent and a small amount of
4-(dimethylamino)pyridine (to avoid anhydride formation)
gave overall yields from the esters of 71 and 75% of the
Weinreb amides 37 and 38. The new O-methyl and N-methyl
signals of the amides were easily seen at 0 3.18 and 3.13
(major isomers, with minor isomers about 0.003 ppm
different). Again correct HRMS m/z values and elemental
analyses were obtained.
35a X=H, Y=R; Z=OH
35b X=R, Y=H; Z=OH
36a X=H, Y=R'; Z=OH
36b X=R', Y=H; Z=OH
37a X=H, Y=R; Z=N(Me)OMe
37b X=R, Y=H; Z=N(Me)OMe
38a X=H, Y=R'; Z=N(Me)OMe
38b X=R', Y=H; Z=N(Me)OMe
39a X=H, Y=R; Z=R
39b X=R, Y=H; Z=R
40a X=H, Y=R'; Z=R'
40b X=R', Y=H; Z=R'
41a X=H, Y=R; Z=R'
41b X=R, Y=H; Z=R'

\ _/ ) \_/

The Weinreb amides 37 and 38 were reacted with large
excesses of the lithium derivatives of the terthiophene 8
(where R = Li) and pentathiophene 13 (where R’ = Li) at
—78 °C to give 60% yields of the final products 39—41. The
excess of monolithio derivatives reduced disproportionation
and formation of bislithio derivative products. In the pro-
ducts 39—41, the amide OMe and NMe signals in the 'H
NMR spectra had disappeared and new thiophene signals
were observed. Correct molecular ions were obtained in their
mass spectra, as well as correct elemental analyses.

Synthesis of 4,9-Derivatives of Parent Dihydropyrene 2.

42 X=Y=H; Z= 1-naphthoyl

43 X=Br, Y=H; Z= 1-naphthoyl
44 X=Y=Br; Z= 1-naphthoyl
45 X=Y=R; Z= 1-naphthoyl

46 X=Y=Br; Z=H

During the course of this research, we discovered that
introduction of an aroyl group onto the dihydropyrene

6596 J. Org. Chem. Vol. 74, No. 17, 2009
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nucleus (e.g., as in 42) substantially improved the quantum
yield of the photo-opening reaction of the DHP to the CPD
(see Figure 1).!'° This improved photochromicity inspired us
to return to and pursue our originally perceived molecules of
the type shown in Figure 1. Thus, bromination of 42 with
NBS in DCM/DMF at room temperature first selectively
introduces a bromine at the 10-position to yield 75% of
monobromide 43. Use of 2 equiv of NBS only forms about
40% of the dibromide 44, along with a similar amount of 43.
It was anticipated that the electron-withdrawing carbonyl
group would speed up the Stille reaction, and indeed, reac-
tion of dibromide 44 with excess of the stannyl terthiophene 8
under similar conditions as above gave a 69% yield of the bis-
terthiophene product 45 in only 18 h. Startlingly, however,
no trace of photo-opening to the CPD form was observed
when 45 was irradiated with visible light!!! We surmised that
the thiophene chains were preventing co-planarity of the
carbonyl function with the DHP ring, and so enhanced
photochromicity was not observed. Fortunately, however,
we also decided to synthesize dibromide 44 by naphthoylat-
ing the parent dibromide 46. Much to our surprise, the
expected product 44 was only obtained in 10% yield, but
excitingly, 30% of the ipso-de-zert-butylated

47 Ar = 1-naphthyl
49 Ar = 1-pyrenyl
50 Ar = benzoyl

51 Ar = 9-anthranyl

product 47 was obtained,'” where the naphthoyl group had
replaced one z-butyl group and so was now spacially sepa-
rated from the bromo group, and as well in a much more
effective position to enhance photochromicity.''® Indeed, 47
rapidly bleached, forming the CPD (see below) on exposure
to visible light. This rather interesting Friedel—Crafts reac-
tion also yielded 21% of the ipso-debrominated product 48.
To test its generality, 1-pyrenoyl chloride was used and gave
34% of analogous product 49, while benzoyl chloride only
gave 5% of 50 and 9-anthranoyl chloride only gave 13% of
51 under similar conditions. Evidently, as might be expected,
the bulk of the aroylating agent affects the yield.

Stille coupling under similar conditions used above of the
naphthoyl dibromide 47 with the stannyl terthiophene 8, the
pentathiophene 12, and the septithiophene 52 gave, respec-
tively, 91, 56, and 34% of the products 53, 54, and 55.

52 X=SnBu;
R'" X=absent

In all three compounds, the carbonyl peaks could be seen
atabout 0 199 in the '>*C NMR spectra, and their IR stretches
at ~1640 cm ™' in the IR spectra. In their '"H NMR spectra,

(19) Ayub, K.; Zhang, R.; Robinson, S. G.; Twamley, B.; Williams, R. V.;
Mitchell, R. H. J. Org. Chem. 2008, 73, 451-456.
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the internal methyl protons appeared as two singlets at 0
—3.3 and —3.4. Importantly, all three compounds opened
very quickly on irradiation with visible light to form the CPD
forms (see below). For photo-opening comparison studies,
the dibromide 46 was also Stille coupled with 8 to give 68%
of 56 and the naphthoyl dibromide 47 was coupled with
phenylboronic acid to give (quantitatively) 57.

Photochemical Opening of the DHPs to the CPDs.

hyy R,
R R
1‘@ 2 NN O R,

2 Ry, R, = t-Bu 2
58 R, Ry =H 58"
DHP CcPD

Dihydropyrenes such as 58 are classified as negative-T
photochromes®® because the “closed” colored DHP isomer
58 is thermally stable and, on irradiation with longer wave-
length light, forms the colorless “open” CPD form 58', which
can be transformed back to DHP 58 either with shorter
wavelength light or thermally. The parent 58 is actually nota
very good photochrome because the quantum yield of ring
opening to give 58 is only 0.006,” and in fact, with r-butyl
groups present as in 2, it is even worse, 0.0015. Fortunately,
introduction of electron-withdrawing groups such as carbo-
nyl or nitro groups, or fusion of a benzene ring as in 4,
substantially increases the photo-opening quantum yield”-''¢
and hence make these systems more usable. All of the DHPs
synthesized above were tested for ease of photo-opening to
the CPD form [Note: the open CPD form always has the
same number as the closed DHP form, with an additional
prime (') attached, e.g., DHP 2 has CPD form 2']. Benzo-
DHPs 6, 7, 14, 15, 24, 25, 32, 33, 34, 39, 40, and 41 and
naphthoyl-DHPs 53, 54, and 55 all opened easily upon
irradiation with visible light of wavelength >490 nm. Since
the quantum yields of the CPD to DHP closing reaction are
all high (~0.4), it is necessary during the photo-opening
reaction to avoid irradiating into the tail of the CPD form. So
if the CPD has a conjugated system attached which extends
its absorption tail, light further to the red is required. For
example, for benzo-DHP 4, white light from a tungsten bulb
can be used; for the oligothiophene compounds used here,
white (tungsten) light with a 490 nm cutoff filter was
satisfactory. Interestingly, the only compounds that failed
to open when irradiated with >490 nm light were 45 and 56.
In DHP 45, the naphthoyl substituent is ortho to the terthie-
nyl substituent, and since the 4-naphthoyl-DHP 42 opens
relatively easily,''® it is suggestive that co-planarity of the
carbonyl with the z-system is desirable, and the bulky thienyl

(20) Bouas-Laurent, H.; Durr, H. Pure Appl. Chem. 2001, 73, 639-665.
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groups are preventing this. Robb?' has shown that the
photo-opening reaction for 58 occurs through a conical
intersection between a biradical excited state and the ground
state. This is inefficient because the biradical excited state is
not the lowest excited state minimum and so is not highly
populated, and there are no pathways from the more popu-
lated zwitterionic excited state. w-Acceptor groups, such as
naphthoyl, stabilize radicals and may change the energies of
the states and their relative populations. Certainly, experi-
mentally, addition of naphthoyl (or equivalent) groups
dramatically improves the photo-opening reaction,''® and
we were expecting them to do so here, especially for 53—55,
where no steric effects can come into play. For the bis-
terthienyl-DHP 56, no activating group is present, and no
photo-opening was observed even after several hours irra-
diation.

Quantum yield comparisons are the “gold standard” for
photochemical reactions; however, we have found?? that
comparison of the side-by-side relative opening rates with
a standard (e.g., benzo-DHP 4) is much faster to carry out
and is just as useful since we are really interested in “just how
fast does the photochrome open under the same ‘practical
conditions’ as one of our standards”. Practical conditions in
reality often means “with the same lamp” and not necessarily
with monochromatic radiation, as is used for quantum yield
determinations.

In principle, the photo-opening of a DHP to a CPD can be
followed using visible absorption data to estimate concen-
tration or by using '"H NMR integrals. In either case, a
reference sample is used, here benzo-DHP 4. For a simple
photochemical reaction of molecule A interacting with light,
then typically a second-order rate law is applied such
that rate = k[A][light]. However, since to an approximation
[light] is constant, this becomes a pseudo-first-order reac-
tion, where the apparent rate constant, k', can be obtained
from the slope of a graph of In[A] versus time. Use of UV—
visible spectroscopy to monitor the rate of the photochemi-
cal reaction thus yields the apparent rate constant k’. When
NMR is used to estimate changes in concentration, much
more concentrated solutions are used than for UV—vis
determinations, and then light only penetrates the outer
perimeter of the NMR tube, bleaching only those molecules,
and then can pass to the next layer bleaching those, and so
on. Essentially, the number of molecules being irradiated at
any one time is virtually a constant, and so under NMR
conditions, the rate equation becomes a pseudo-zero-order
reation, where the apparent rate constant, k”, can be ob-
tained from a plot of [A] versus time. In the actual experi-
ments, the sample and the reference are irradiated side by
side at the same time. Figure 2 shows the results for both
experiments for the benzo-DHP ester 24 (BDHPCOOE) in
comparison to benzo-DHP 4 (BDHP).

For 24 (or 4), the apparent rate constants k' and k" are of
course not the same, but the ratio of rate constants, k’4/k’4
and k" p4/k" 4 are the same, 2.4! Thus, under the same condi-
tions, the ester 24 photo-opens approximately 2.4 times
faster than the parent 4.

(21) Boggio-Pasqua, M.; Bearpark, M. J.; Robb, M. A. J. Org. Chem.
2007, 72, 4497-4503.

(22) (a) Mitchell, R. H.; Brkic, Z.; Sauro, V. A.; Berg, D. J. J. Am. Chem.
Soc.2003, 125, 7581-7585. (b) Mitchell, R. H.; Fan, W.; Lau, D. Y. K.; Berg,
D.J. J. Org. Chem. 2004, 69, 549-554.
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FIGURE 2. Comparison of the photo-opening rates of the benzo-DHP ester 24 and the benzo-DHP 4, carried out side by side at the same time,
(a) in cyclohexane using UV—vis to monitor the reaction, and (b) in C¢Dg using "H NMR spectroscopy to monitor the reaction.
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FIGURE 3. Cycling visible light opening ( > 490 nm filter) and UV (254 nm) closing in cyclohexane while monitoring the ~550 nm absorption

of the DHP for compounds 14, 40, and 54.

Table 1 then shows the relative rates of photo-opening for
selected compounds. Two observations quickly become
apparent: first, as one goes from thienyl to terthienyl to
pentathienyl substituents on a benzo-DHP (compare 4—6—
7—14 or 24—39—40), the rate of photo-opening dramatically
increases. Second, addition of a naphthoyl group at the 2-
position of a DHP dramatically increases its rate, which is
further amplified by additional thienyl or phenyl substitu-
ents (compare 47—56—53—54). One phenyl substituent ap-
pears to be more effective than one 2-thienyl, but not as good
as terthienyl (compare 59—60—6—7). Compound 54 is prob-
ably the fastest opening DHP photochrome known at this
time, and although we do not have a quantum yield available
yet, in comparison to other more recently obtained systems,
we estimate it will be around 0.4, which makes this system
competitive with other photochromes.
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UV Closing and Cycling. Generally, the quantum yields of
closing from CPD to DHP are high, ~0.4 for most CPDs
studied,” and when relative rate studies versus benzo-CPD 4’
are carried out, as above, no significant variation is found.
For example, compounds 14 and 40 both closed at the same
rate as benzo-CPD 4. The CPD 54’ derived from the
fastest opening DHP 54, however, did close back approxi-
mately twice as fast as benzo-CPD 4'. These three com-
pounds, 14, 40, and 54, contain the longest pentathienyl
units, and both the DHP and CPD forms have extensive
absorption in the visible region. It was thus important to
show that these cycle between open and closed forms
(Figure 3). Note that irradiation started from pure DHP
(high absorption) to CPD (low absorption) to DHP etc. For
the fastest opening 54, the DHP and CPD absorption spectra
are shown in Figure 4.
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TABLE 1. Relative Photo-opening Rates of Selected Compounds
Compared to Benzo-DHP 4 (BDHP) Determined in Cyclohexane Using
UV —Visible Spectroscopy (in Increasing Order; Np = Naphthyl; Thy =
terthienyl; Ths = pentathienyl)

59 60
Compound Relative rate to 4
4 (BDHP) 1.0
24 (EtOOC-BDHP) 2.4
6 (BDHP-(Th),) 2.5
59 (BDHP-Ph) 42"

47 (NpCO-DHP-Br,) 7.4
60 (BDHP-Ph,) 8¢

7 (BDHP-(Thj),) 12
14 (BDHP-(Thy),) 20

39 (Th,CO-BDHP-Th,) 20
56 (NpCO-DHP-Ph,) 24
40 (Th;CO-BDHP-Thy) 30
53 (NpCO-DHP-(Thy),) 50
54 (N\pCO-DHP-(Thy),) 130
“Determined by NMR in toluene. “From ref 23. “From ref 24.
Estimated relative rate (error): 2 (£0.2); 10 (£0.5); 20 (£1); 50 (£2);

130 (£5). The rate data (of the form shown in Figure 2) are presented in
the Supporting Information.

The spectra in Figure 4 were obtained by irradiation of the
film with visible light from a tungsten bulb with a >490 nm
cutoff filter. Essentially, the same result was obtained if a red
laser pointer (650 nm, <5 mW) was used. However, if a
green laser pointer (532 nm, <5 mW) was used, a photosta-
tionary state was observed, where presumably irradiation
into both forms occurs. The spectra are shown in Figure S1 in
the Supporting Information.

Extended irradiation of DHP 54 with 254 nm (but not
350 nm) light caused some decomposition; in cyclohexane-
dy»>, no new NMR peaks were observed, but after 40 h, it was
observed that a film formed on the inside of the NMR tube,
suggesting polymerization is occurring. When a thin film of
54 was irradiated for 3 h with 254 nm light, and then
dissolved in CDCls, and a "H NMR spectrum then obtained,
the peaks for the DHP protons H-5,8,10 and thiophene
protons H-27,47,48 were broadened (Figure 5) but returned
to normal after filtration through a small plug of alumina,
suggestive that some sort of reactive intermediate was pre-
sent, which strongly enhances the thermal closing of the CPD

(23) Wang, Y. Ph. D. Thesis, University of Victoria, 2003.
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FIGURE 4. Absorption spectra of a thin film cast from dichloro-
methane of the most conjugated species, compound 54 (closed,
DHP) and 54’ (open, CPD).

form 54'. If this film solution was opened with visible light to
CPD 54, thermal closing took only 3 min at 22 °C, whereas if
non-irradiated film was used, thermal closing took 140 min
(see Supporting Information Figure S2). Since the DFT
calculations of Williams'®?* suggest that the transition state
for the thermal closing reaction has biradical character, it is
not difficult to anticipate that any preformed DHP radicals
might easily enhance the observed rate, and thus the inter-
mediate may have radical character, which is removed on
filtration through alumina, and thus restores the normal
thermal rate. Broadening of DHP peaks by the presence of
biradicals has been observed before.*

Thermal Closing Reactions of CPDs to DHPs. Under-
standing the thermal electrocyclization of CPDs to DHPs,
which are Woodward—Hoffmann forbidden reactions, has
proved to be more difficult than one might imagine.'”*
Energies of activation (E,) tend to be somewhat misleading
for this reaction since there appears to be a large variation in
pre-exponential factor from system to system.'® We have
thus found that comparison of thermal conversion half-lives
(71,2) at two temperatures, 20 and 50 °C, tends to give more
useful results. Here, we studied the thermal closing reactions
using "H NMR spectroscopy integrations to obtain rate data
for the CPD to DHP thermal reaction. Table 2 gives the 7
values at 20 and 50 °C for the systems studied, while full E,,
In A, AH*, and AS¥ data (derived from Arrhenius and Eyring
plots) are given in the Supporting Information.

Consistent with Williams calculations,? introduction of
the radical stabilizing carbonyl containing naphthoyl group
at the 2-position of the DHP (the site of highest peripheral
spin density in the transition state) increases the speed of the
thermal return most (compare 2’ and 44'). This is further
increased by addition of phenyl and thienyl groups (53, 54,
57'). Interestingly, introduction of the carbonyl group onto
the benzo ring of benzo-DHP 4 as in 39’ and 40’ only has a
small effect, presumably positions of lower spin density.
Addition of two sets of thienyl groups to the DHP side of
BDHP4asin6',7, and 14', however, does give a substantial
rate increase, with the shorter thiophene units appearing to
have the greatest effect.

(24) Bandyopadhyay, S. Ph. D. Thesis, University of Victoria, 2004.

(25) Williams, R. V.; Edwards, W. D.; Mitchell, R. H.; Robinson, S. G.
J. Am. Chem. Soc. 2005, 127, 16207-16214.

(26) Mitchell, R. H.; Dingle, T. W.; West, P. R.; Williams, R. V;
Thompson, R. C. J. Org. Chem. 1982, 47, 5210-5214. Mitchell, R. H.;
Williams, R. V.; Dingle, T. W. J. Am. Chem. Soc. 1982, 104, 2560-2571.
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FIGURE 5. Part of the '"H NMR spectra of 54 before and after 254 nm and then after filtration through alumina. Note broadening of signals

for H-5.8,10,27,47.,48.

TABLE 2.  Half-Lives (7;/,) at 20 and 50 °C for the Thermal Closing
Reaction of Selected CPDs into DHPs in Either CDCl; (*) or C¢Dg (#)
Estimated from "H NMR Derived Rate Data, Arranged by DHP and
BDHP in Increasing Order of 71/, (20 °C) (Estimated Errors in 7/, are 5%)

Compound 712 (20 °C) 71,2 (50 °C)
53 (NpCO-DHP~(Ths), (*) 41 min 1.1 min
54’ (NpCO-DHP~(Ths), (*) 57 min 2.5 min
57 (NpCO-DHP-(Ph), (*) 94 min 2.6 min
44’ (NpCO-DHP-(Br)," (*)3.4h 5.7 min
2/ (DHP)” (*)54h 20h
6 BDHP-(Th), 45 h*? I.1h
7’ (BDHP-(Ths), # 359h I.lh
14’ (BDHP-(Ths), #) 69 h 1.2h
40’ (ThsCO-BDHP-Ths) (#) 4.5 days 2.5h
39’ (Th3CO-BDHP-Ths) (#) 6.6 days 32h
4 (BDHP)''>1? 7.3 days” 52h
24’ (EtOOC-BDHP) (#) 8.8 days 3.8h

“Measured in toluene. “UV determination.

In terms of compromise between photochromicity and
thermal closing, the thienyl-BDHPs 39 and 40 show much
improved photo-opening rates (20—30 times BDHP 4) but
also reasonably good thermal stability of the corresponding
CPDs 39 and 40/, not much changed from BDHP 4, and so
depending upon the intended application, look to be reason-
able switches. The naphthoyl-DHP derivatives, 53 and 54,
while showing excellent photo-opening properties, have
poorer thermal stability of the corresponding CPDs, and
would be good switches where a short “open” time is required.

Conclusions

In this paper, the synthesis and photochemical properties
of several different length oligothiophenes with either a
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photochromic DHP or BDHP switch inserted into the
thiophene chain are reported. When a 2-naphthoyl-DHP is
the inserted switch (e.g., 53 or 54), very fast photo-opening of
the DHP to CPD can be obtained, suggesting that a good
quantum yield will be obtained, but relatively fast thermal
closing (7;/» ~ 1 h at 20 °C) is also observed, limiting some
applications. When BDHPs are inserted such that the thio-
phenes are both connected to the DHP side of the BDHP,
slower thermal closing rates are observed (e.g., 1, ~ 3 days
at 20 °C for 7’ and 14'), which are only about twice that of
BDHP itself, but with reasonably good improvement of
the photo-opening reaction 10—20 times that of BDHP
itself. When the BDHPs are inserted such that one oligo-
thiophene is attached to the DHP side of BDHP and the
other oligothiophene is attached through a carbonyl group
to the benzo side of the BDHP, then excellent improvement
in photo-opening rate (20—30 times that of BDHP) coupled
with good thermal stability (7, ~ 5—7 days, not much
changed from BDHP itself) is obtained. In our opinion,
these now make DHPs quite good photochromes and cer-
tainly competitive with other systems.

The accompanying paper focuses on the electrochemical
and conductive properties of a selection of the above com-
pounds, together with a discussion of the conjugation
changes taking place on switching.

Experimental Section

The syntheses of 5, 6,9, 11, 15, 22, 23, 25, 31, 33, 34, 35, 36, 37,
38,41,43,44, 45,48, 49,50, 51, 55,56 and CPDs 15,25/, 30/, 31',
32/,33,34',36', 38,39, 41', and 55’ and the general conditions
and the numbering system used for NMR assignments are
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given in the Supporting Information. Note: Pd,(dba); = bis-
(dibenzylideneacetone)palladium(0); dppf = bis(diphenylphos-
phino)ferrocene.
2,7-Di-tert-butyl-12¢,12d-dimethyl-4,5-di-(2—5,2":5' 2" -terthienyl)-
trans-12¢,12d-dihydrobenzo[e]pyrene 7. Pd,(dba); (10 mg, 0.011
mmol) and dppf (14 mg, 0.025 mmol) were added to a solution of
2-tributylstannyl-5,2':5,2"-terthiophene 8'> (855 mg, 1.59 mmol)
and the dibromide 5 (226 mg, 0.409 mmol) in dry THF (10 mL),
and the solution was heated to reflux for 63 h. The reaction mixture
was then cooled, and aqueous KF (5 mL) was added, and the
reaction mixture stirred a further 15 min. It was filtered through
Celite washing with hexanes. The solution was then washed with
water (3x 100 mL), dried over MgSQ,, filtered through Celite, and
the solvent evaporated. The product was purified by chromatogra-
phy on silica gel (deactivated with 5% H,0) using hexanes until all
the excess terthiophene had been eluted and then 10:1 hexanes/
dichloromethane to obtain 218 mg (60%) of the product 7 as a rusty
brown powder, which on recrystallization from acetonitrile gave mp
167—169 °C: "H NMR (C¢Dy) 6 8.81—8.76 (44'XX’, 2H, H-9,12),
8.44(d,/=12Hz 2H, H-1,8),8.01 (d,/=1.2 Hz, 2H, H-3,6), 7.55—
7.51 (AAXX',2H, H-10,11), 6.98 (d, /=3.5 Hz, 2H, H-15), 6.889 (d,
J=3.5Hz 2H, H-14), 6.887 (d, J=3.6 Hz, 2H, H-24), 6.80 (d, J=
3.7Hz,2H, H-18),6.73(d, /=3.7Hz,2H, H-19), 6.67 (dd, /= 1.2 Hz,
5.1 Hz, 2H, H-22), 6.60 (dd, J=3.6, 5.1 Hz, 2H, H-23), 1.36 (s, 18H,
2,7-C(CHs)3), —0.87 (s, 6H, 12¢,d-CHj); *C NMR (C4Dy) 6 147.1
(C-2,7), 141.2 (C-13), 138.6 (C-12b,12¢), 138.5 (C-16), 137.9 (C-21),
137.2 (C-17), 136.8 (C-3a,5a), 136.6 (C-20), 130.6 (C-14), 130.3 (C-
12a,12f), 128.4 (C-23), 127.2 (C-10,11), 126.9 (C-4,5), 125.5(C-9,12),
125.1 (C-19), 124.8 (C-22), 124.7 (C-18), 124.3 (C-24), 124.0 (C-15),
119.4 (C-3,6), 118.1 (C-1,8), 37.2 (C-12c,12d), 36.2 (2,7-C(CHa)s),
30.9 (2,7-C(CH3)s), 18.9 (12¢,d-CH3); IR (film) v 3065, 2962, 2923,
2865, 1475, 1446, 1368, 1258, 872, 836, 789, 755,739,692 cm ™ '; UV—
vis (cyclohexane) Amax (Emaxs L mol ' em ™) nm, 250 (28 000), 355
(47 300), 507 (69 800), 510 (6630); LSIMS, m1/z 886.1 (M+); HRMS
caled for CssHySe 886.1924, found 886.1924. Anal. Caled: C, 73.12;
H, 5.23. Found: C, 72.27; H, 5.45.
2,7-Di-tert-butyl-4,5-di-(2—3",4"-dihexyl-5,2":5',2":5" 2"~
5"",2""""-quinquethienyl)-12¢,12d-dimethyl-trans-12¢,12d-dihy-
drobenzo[e]|pyrene 14. Pd,(dba); (35 mg, 0.038 mmol) and dppf
(40 mg, 0.077 mmol) were added to a solution of the dibromide
10'3* (210 mg, 0.38 mmol) and 2-tributylstann;/1-3”,4"-dihexyl-
5,2/:5 215" 25" 2"_quinquethiophene 12'*!3 (750 mg, 0.86
mmol) in dry THF (8 mL) and then refluxed for 4 days. The
solution was cooled; aqueous KF (10 mL) was added, and the
reaction mixture stirred a further 15 min. It was then filtered
through Celite using dichloromethane as eluant. The organic
layer was washed, dried (MgSO,), and filtered through Celite
again. After solvent evaporation, the product was purified by
chromatography on silica gel using first hexanes as eluant,
followed by hexanes/dichloromethane (20:1) to elute the excess
thiophene 13, followed by hexanes/dichloromethane (10:1) to
elute 120 mg (20%) of product 14 as a red solid, mp 98—100 °C:
"H NMR (C¢Dg) 6 8.81—8.77 (AA’XX’, 2H, H-9,12), 8.45 (s,
2H, H-1,8), 8.04—8.01 (m, 2H, H-3,6), 7.55—7.51 (AA'XX’, 2H,
H-10,11), 7.06—7.02 (m, 2H), 7.01—6.97 (m, 4H), 6.96—6.89 (m,
7H), 6.81—6.78 (m, 1H), 6.75—6.68 (m, 2H), 6.66—6.62 (m, 2H),
2.87—2.72 (m, 8H, H-39.45), 1.69—1.58 (m, 8H, H-40,46), 1.41—
1.34 (m, 8H, H-41.,47), 1.37 (s, 18H, H-13), 1.32—1.24 (m, 16H,
H-42,43,48.49), 0.95—0.85 (m, 12H, H-44,50), —0.87 (s, 6H, H-
15,16); "*C NMR (C¢Dg) & 147.13, 147.10, 141.34, 141.26,
141.23, 141.1, 140.9, 138.7, 138.6, 138.5, 138.38, 138.36, 138.0,
137.9, 137.8, 137.7, 137.4, 136.8, 136.3, 136.0, 135.5, 1354,
131.11, 131.09, 130.9, 130.8, 130.7, 130.3, 128.92, 128.90,
128.4, 127.9, 127.5, 127.35, 127.2, 126.9, 125.5, 125.3, 125.23,
125.17, 125.13, 125.01, 124.95, 124.92, 12491, 124.87, 124.8,
124.5, 124.43, 124.37, 124.05, 119.4 (C-3,6), 118.1, 37.2, 36.2,
32.17,32.15,31.4, 30.9, 30.3, 30.24, 29.0, 28.9, 23.35, 19.0, 14.7,
14.6; IR (film) v 3065, 2954, 2925, 2856, 1464, 1367, 872, 789,
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755,690 cm ™ '; UV—vis (cyclohexane) Ay (€max, L mol ' cm™")

nm, 251 (67000), 346 (50800), 412 (103000), 554 (5380);
LSIMS, m/Z 1552 (M+), calcd for C94H102510 1552.

10-Carboethoxy-2,7-di-zert-butyl-9,12-epoxy-trans-12¢,12d-
dimethyl-9,12,12¢,12d-tetrahydrobenzo[e]pyrene 21. Ethyl pro-
priolate (20a) (0.72 mL, 6.9 mmol) was added to a solution of
the furan 18'° (273 mg, 0.710 mmol) in toluene (60 mL), and the
reaction mixture was heated at 110 °C for 3 h. Over this time,
the solution turned from a reddish purple to a light green. The
reaction mixture was then cooled to room temperature and the
solvent evaporated. The product mainly consists of two isomers
of the product 21, of which 21a is much more soluble in hexane
than isomer 21b. The latter could be obtained reasonably pure
by trituration with hexane as an insoluble green powder (128
mg, 36%). The hexane extract was purified by chromatography
on silica gel (deactivated with 5% water) using hexanes/ethyl
acetate (20:1) as eluant and gave a mixture of isomers 21a and
21b (120 mg, 35%) as a brownish powder. These could be
combined with the previously obtained 21b for direct use in
the next step. For characterization purposes, recrystallization
of the mixture from hexanes several times yielded the less soluble
isomer 21b as a green powder, mp 185—188 °C (color change
at 109—112 °C). The more soluble isomer 21a was isolated
by recrystallization from hexanes of the collected mother liquors
from the previous recrystallizations as green crystals, mp
185—186 °C.

Less Soluble Isomer 21b: "H NMR (C¢Dg) 6 8.53 (d, J = 1.2
Hz, 1H, H-8), 8.18 (brs, 2H, H-3,6), 8.07 (d, / = 0.8 Hz, 2H, H-
4.5),8.05(d,J = 1.3 Hz, 1H, H-1), 7.39 (d, J = 1.9 Hz, 1H, H-
11),6.95(d,J = 0.8 Hz, 1H, H-9), 6.33 (dd, J = 1.9,0.8 Hz,1H,
H-12),3.97(dq,J = 10.9,7.1 Hz, 1H, OCH,CH3), 3.83 (dq, J =
10.9, 7.1 Hz, 1H, OCH,CH3), 1.58 (s, 9H, 2-C(CH3)3), 1.56 (s,
9H, 7-C(CH3)3),0.84(t,J = 7.1 Hz, 3H, —OCH,CH3), —2.72 (s,
2H, 12¢-CH;), —3.04 (s, 2H, 12d-CH;); *C NMR (C¢Dg) 0
163.8 (C=0), 149.7 (C-11), 148.2 (C-10), 146.4 (C-2), 146.1 (C-
7), 138.6 (C- 3a), 138.1 (C-5a), 135.8 (C-12f), 134.5 (C-12a),
129.8 (C-12e), 129.0 (C-12b), 125.7 (C-4/5), 125.5 (C-5/4), 122.5
(C-6), 122.2 (C-3), 116.9(C-8), 115.0 (C-1), 82.6 (C-12), 82.0 (C-
9), 60.7 (OCH,CH3), 36.2 (2,7-C(CH3)3), 34.2 (C-12d), 33.5 (C-
12¢), 31.9 (2,7-C(CH3)3), 17.5 (12¢-CH3), 15.0 (12d-CH3), 14.6
(OCH,CHj3;).

More Soluble Isomer 21a: '"H NMR (C¢Dg) 0 8.53(d, J = 1.3
Hz, 1H, H-8),8.22(d,J = 1.3Hz, 1H, H-6),8.19(d,J = 1.2 Hz,
1H, H-3), 8.09 (s, 2H, H-4,5),8.07 (d, J = 1.2 Hz, 1H, H-1), 7.60
(d, J = 2.0 Hz, 1H, H-11), 7.0 (dd, J = 0.9, 0.4 Hz, 1H, H-9),
6.30 (ddd, J = 2.0,0.9, 0.4 Hz, 1H, H-12), 3.91 (dqd, J = 10.9,
7.1, 0.4 Hz, 1H, OCH,CH3;), 3.78 (dqd, / = 10.9, 7.1, 0.4 Hz,
1H,O0CH,CHj3), 1.58 (s, 9H, 7-C(CH3)3), 1.57 (s, 9H, 2-C(CH3)5),
0.83 (t, / = 7.1 Hz, 3H, OCH,CHj3), —2.79 (s, 3H, 12d-CH3),
—3.16 (s, 3H, 12¢-CHj); 3*C NMR (C¢Dg) 0 163.8 (C=0), 149.8
(C-11), 147.7 (C-10), 146.4 (C-2), 146.2 (C-7), 138.33 (C-5a),
138.28 (C-3a), 135.6 (C-12f), 134.6 (C-12a), 129.61 (C-12e),
129.56 (C-12b), 125.7 (C-5), 125.3 (C-4), 122.5 (C-6), 122.2
(C-3), 116.3 (C-8), 115.4 (C-1), 83.1 (C-9), 81.8 (C-12), 60.7
(OCH,CHj3;), 36.3 (2,7-C(CHs)3), 34.5 (C-12c), 33.0 (C-12d),
31.92 and 31.89 (2,7-C(CHj3)3), 17.6 (12d-CH3), 15.52 (12c-
CH3), 14.51 (OCH,CH3); UV—vis (cyclohexane) Amax (Emaxs
L mol™ ' em™") nm, 352 (41 900), 361 (41 300), 383 (35 800), 464
(11 400), 575 (285), 643 (605); IR (KBr) v 1714, 1231, 1095, 876,
652 cm™!; EIMS, m/z 482 (M™); HRMS calcd for C33H3505
482.2821, found 482.2807. Anal. Caled: C, 82.12; H, 7.93.
Found: C, 82.57; H, 7.91.

10-Carboethoxy-2,7-di-tert-butyl-12¢,12d-dimethyl-trans-12c¢,12d-
dihydrobenzo[e]pyrene 24. Fe,(CO)y (106 mg, 0.292 mmol) was
added to a solution of the furan adducts 21 (132 mg, 0.266 mmol)
in degassed benzene (50 mL), and the solution was heated to reflux
for 4 h during which time it turned from green to red. The solution
was then filtered through a small (5 cm) silica gel column using
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benzene as eluant, and then the solvent was evaporated. The product
was purified by chromatography on silica gel (60—200 mesh,
deactivated with 5% water) using hexanes/ethyl acetate (2:1) as
eluant to give 89 mg (72%) of the product 24 as a red solid. This was
followed by a small amount of a green iron adduct. On larger scales,
an additional short alumina column using hexanes as eluant was
needed to separate the product from the green iron adduct. Recrys-
tallization from acetonitrile gave a red crystals, mp 140—141 °C: 'H
NMR (C¢Dg) 6 10.00 (s, 1H, H-9), 8.86 (d, J = 8.7 Hz, 1H, H-12),
8.67 (s, 1H, H-8), 8.53 (d, J = 1.1 Hz, 1H, H-11), 8.51 (s, IH, H-1),
7.54 (s, IH, H-3), 7.51 (s, IH, H-6), 7.24 (AB, J = 6.5 Hz, |H, H-4),
7.21 (AB, J=6.5Hz, 1H, H-5),4.31 (q, /=7.1 Hz, 2H, OCH,CH3),
1.43 (s, 9H, 2-C(CHs)5), 1.37 (s, 9H, 7-C(CHs)5), 1.16 (t, J=7.1 Hz,
3H, OCH,CHs), —1.40 (s, 6H, 12¢,d-CHs); 3C NMR (CgDg) 0
167.2 (C=0), 145.6 (C-7), 144.8 (C-2), 139.5 (C-3a), 138.7 (C-5a),
135.6 (C-12b), 134.9 (C-12¢), 133.2 (C-12a), 129.6 (C-12f), 128.7
(C-10), 127.8 (C-9), 126.4 (C-11), 125.5 (C-12), 123.0 (C-4), 122.3
(C-5), 122.0 (C-3), 121.3 (C-6), 119.8 (C-1), 118.5 (C-8), 61.4
(OCH,CH3), 36.0 (C-12d), 35.90 (C-12c), 35.85 (7-C(CH3)s),
35.83 (2-C(CHa)3), 31.2 (7-C(CH3)s), 31.0 (2-C(CH3)3), 17.98 and
17.96 (12c¢.,d- CH;) 14.84 (OCH,CH35); IR (film) v 1717, 1252 876
767, 742 cm™; UV—vis (cyclohexane) Amax (Emax> L mol ' em™)
nm, 264 (14800) 318 (21000), 377 (19200), 395 (24900), 513
(4060), 630 (650); EIMS, m/z 466 (M"); HRMS caled for
Cs3H330, 466.2867, found 466.2875. Anal. Caled: C, 84.94;
H, 8.21. Found C, 84.97; H, 7.97.
4-Bromo-10-carboethoxy-2,7-di-terz-butyl-12c,12d-dimethyl-
trans-12c,12d-dihydrobenzo[e]pyrene 30a and the 5-Bromo Iso-
mer 30b. NBS (42.4 mg, 0.238 mmol) was added to a refluxing
solution of the ester 24 (111 mg, 0.238 mmol) in dry dichloro-
methane (30 mL). The reaction mixture was refluxed for 30 min
after which it was cooled to 22 °C and stirred for a further 3 h.
Hexanes (60 mL) were added, and the solution was washed
repeatedly with water (5 times 30 mL). The organic layer was
then dried over MgSQy, and the solvent was evaporated to give a
red solid. This product was purified by chromatography on
silica gel (deactivated with 5% H>O) using 20:1 hexanes/ethyl
acetate as eluant to give 127 mg (98%) of the product 30a,b as a
red powder along with a small amount of the dibromide 31. The
product could be further purified by recrystallization from
acetonitrile to give red crystals, mp 105—107 °C, as a 3:1 mixture
of the two isomers 30b/30a, which could not be separated from
each other: "H NMR (C¢Dg) [Peaks from the major 5-bromo
isomer 30b are assigned. *Indicates where major isomer peaks
are indistinguishable from the minor isomer peaks] ¢ 9.90 (d,
J = 1.7Hz, 1H, H-9),9.88 (d,/ = 1.7Hz),8.73 (d, J = 8.7 Hz),
8.71 (d, J = 8.7 Hz, 1H, H-12), 8.58 (d, J = 1.1 Hz, 1H, H-8),
8.54 (d,J = 1.2 Hz), 8.48 (dd, J = 8.7 Hz, 1.7 Hz, 1H, H-11),
8.47(dd,J = 8.6,1.7Hz),842(d,J = 1.1 Hz),8.37(d,J = 1.2
Hz, 1H, H-1),8.13(d,J = 1.2Hz),8.10(d,J = 1.2 Hz, 1H, H-6),
7.38(d,J = 0.9Hz, 1H,H-4),7.35(d,J = 0.9 Hz), 7.26 (brs, 1H,
H-3), 7.23 (br s), 4.29 (q, /=7 Hz), 4.28 (q, / = 7 Hz, 2H,
OCH,CH3), 1.41 (s), 1.36 (s, 1H, 2-C(CHjs)3), 1.35 (s, 1H,
7-C(CHs)s), 1.30 (s), 1.142 (t, /=7 Hz, 3H, OCH,CH3), 1.140
(t, J=17 Hz), —1.35 (br s, 6H, 12¢,d-CH3)*; '3C NMR (C¢Ds,
major isomer (30b) peaks are assigned when possible) 0 166.97,
166.95 (C=0), 148.04 (C-7), 147.34, 147.32, 146.62 (C-2),
140.59, 139.83 (C-3a), 136.19 (C-12¢), 136.03, 135.54, 135.40
(C-12b), 134.46 (C-5a), 133.72, 133.06, 133.01 (C-12a), 129.56,
129.52 (C-12f), 128.95 (C-10), 128.92, 127.91 (C-9), 127.64,
126.88 (C-11), 126.75 (C-4), 126.19, 125.67, 125.41 (C-12),
120.94 (C-3), 120.85, 120.26, 120.18 (C-6), 120.03, 119.78 (C-
1), 118.80 (C-8), 118.56, 116.15, 11545 (C-5), 61.50
(OCH,CHj3), 39.48 (C-12d), 39.36, 36.36, 36.27, 36.25 (C-12c
and one of 2,7-C(CH3)s3), 35.88 (one of 2,7-C(CH3)3), 35.86,
30.95, 30.91 (2 C(CH3)3), 30.82, 30.78 (7- C(CH;);) 18.25 (12c-
CH;), 18.21, 17.56, 17.52 (12d-CH3), 14.80 (OCH,CH3), 14.69;
IR (KBr) v 1711, 1618, 1364, 1253, 1124, 1024, 869, 767 cm l;
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UV—vis (cyclohexane) Amax (€max, L mol™' cm™') nm, 254
(12900), 330 (2380), 345 (23 300), 381 (2910), 400 (39800), 516
(5670), 627 (785); EIMS m/z 546 (MT); HRMS calcd for
C33H37BrO, 544.1977, found 544.1974. Anal. Caled: C, 72.65;
H, 6.83. Found: C, 72.11; H, 6.17.
10-Carboethoxy-2,7-di-tert-butyl-12¢,12d-dimethyl-5-(2—5,-
2/:5',2"-terthienyl)-trans-12¢,12d-dihydrobenzo[e]pyrene 32b and
4-Terthienyl Isomer 32a. Pd,(dba); (33 mg, 0.036 mmol) and
dppf (32 mg, 0.058 mmol) were added to a solution of the mixed
bromides 30 (438 mg, 0.73 mmolg and an excess of 2-tributyl-
stannyl-5,2':5' 2"-terthiophene 8' (590 mg, 1.1 mmol) in THF
(20 mL), and the solution was stirred under reflux for 72 h. The
solution was cooled to 20 °C, stirred vigorously with aqueous
KF (1 M, 10 mL) for 10 min, and then filtered through Celite,
washing with THF. The product was then extracted into hex-
anes, which were washed well with water, dried (MgSO,), and
evaporated. The residue was then chromatographed on silica gel
(deactivated with 5% H,0) using first 20:1 hexanes/dichloro-
methane to elute the excess terthiophene followed by 20:1
hexanes/ethyl acetate and finally 10:1 hexanes/ethyl acetate
to elute 400 mg (77%) of the product as a reddish brown solid
which was a ~3:1 mixture of isomers 32b/32a. Recrystallization
from acetonitrile gave red crystals, mp 149—150 °C: 'H NMR
(C¢Dg) [Peaks from the major isomer 32b are assigned.
*Indicates when the major isomer peaks are indistinguishable
from the minor isomer] 6 10.00 (d, J = 1.6 Hz, I|H, H-9),9.99 (d,
J=1.7Hz),8.84(d,J = 8.7Hz),8.82(d,J = 8.7Hz, IH,H-12),
8.70(d,J = 1.1 Hz, 1H, H-8),8.66 (d,J = 1.1 Hz), 8.54 (dd, J =
8.7, 1.6 Hz, 1H, H-11), 8.52—8.51 (m), 8.49 (d, J = 1.2 Hz, 1H,
H-1),8.47(d,J = 1.2 Hz, 1H, H-6), 7.56 (d, J = 0.9 Hz, 1H, H-
4),7.54(d,J = 0.9 Hz), 7.52 (s, 1H, H-3), 7.50 (t, J = 1.0 Hz),
7.25(d,J = 3.7Hz),7.24(d,J = 3.7Hz, |H,H-14),7.14(d, J =
3.5Hz),7.13(d, J = 3.6 Hz, IH, H-15), 7.01—6.98 (m, 2H, H-
18,24)*, 6.89 (d, J = 3.7 Hz), 6.88 (d, J = 6.7 Hz, 1H, H-19),
6.73(dd,J = 5.1,1.1 Hz), 6.72(dd, J = 5.1, 1.1 Hz, 1H, H-22),
6.660 (dd, J=5.2,3.6 Hz), 6.658 (dd, J = 5.1, 3.5Hz, 1H, H-23),
4.35—4.26 (m, 2H, OCH,CH,)*, 1.44 (s, 9H, 2-C(CHj3)3), 1.42
(s), 1.38 (s), 1.35 (s, 9H, 7-C(CHs)3), 1.16 (t, J = 7.2 Hz, 3H,
OCH,CH3)*, —1.22 (s), —1.23 (s, 3H, 12d-CHj3), —1.25 (s),
—1.26 (s, 3H, 12¢- CH3); 'C NMR (C6D6) [peaks from the
major isomer 32b are assigned where identifiable] 6 167.1
(C=0), 147.3 (C-2), 146.54, 146.48, 145.8 (C-7), 143.6 (C-13),
139.3,138.5(C-3a), 137.9 (C-21), 137.8, 137.7 (C-16), 137.20 (C-
17), 137.18, 137.0, 136.9 (C-20), 136.5 (C-12¢), 136.1 (C-5a),
135.81, 135.76, 135.3, 135.1 (C-12b), 133.3, 133.1 (C-12a), 129.8
(C-12f), 128.5—128.3 (C-14,23), 128.0 (C-9), 127.9, 127.7, 126.7
(C-11), 126.6, 125.99 (C-5), 125.97 (C-4), 125.7,125.4, 125.3 (C-
12), 125.0 (C-22), 124.94, 124.91 (C-24/ 18), 124.7 (C-15), 124.5
(C-18/24), 121.9 (C-3), 121.2, 120.0 (C-1), 119.8, 119.1 (C-6),
118.7 (C-8), 61.5 (OCH,CH3), 37.3 (C-12d), 37.2, 36.31, 36.30
(7-C(CH3)3), 36.1, 35.92 (2-C(CH3)3), 35.88 (C-12¢), 35.87,35.3,
31.09, 31.07 (2-C(CHs)3), 30.96 (7-C(CH3)3), 30.93, 18.52 (12¢/
d-CHs3), 18.49, 18.41, 18.39 (12¢/d-CHj3), 14.8 (OCH,CH3),
14.7; IR (film) v 3066, 1715, 1251, 795, 767, 740, 694 cm ™ ';
UV—vis (cyclohexane) Apax (€max, L mol ™! cm_l) nm, 251
(2100), 319 sh (22600), 420 (49 300), 524 (7800), 645 (1000);
EIMS m/z 712 (M"); HRMS caled for CysH,40,S5 712.2503,
found 712.2527. Anal. Calcd: C, 75.80; H, 6.33. Found: C, 75.51;
H, 6.54.
2,7-Di-tert-butyl-12¢,12d-dimethyl-5-(2—5,2':5',2"-terthienyl)-
10-[(2—5,2":5',2"-terthienyl)carbonyl]-trans-12¢,12d-dihydro-
benzo[e]pyrene 39b and the 4-Terthienyl Isomer 39a. n-Butyl
lithium (0.34 uL, 2.5 M) was added to a solution of the
terthiophene 8 (R = H) (21.2 mg, 0.085 mmol) in dry THF
(5 mL) at =78 °C. The solution was warmed to —30 °C over
30 min and then was recooled to —78 °C, and the Weinreb amide
37a,b (42.4 mg, 0.058 mmol) was added in dry THF (2 mL). The
solution warmed to ~22 °C while stirring for 2 h. It was then
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quenched with 1 M HCI and extracted with hexanes and water.
The organic layer was washed, dried (MgSO,), and evaporated
to give a dark red-brown solid. The product was purified by
chromatography on silica gel (deactivated with 5% H,O) using
10:1 hexanes/dichloromethane to elute any excess terthiophene
and then 2:1 hexanes/dichloromethane to elute 55 mg (59%) of
product 39 as a ~7:3 mixture of isomers 39b/39a as a dark
reddish brown powder. Recrystallization from acetonitrile gave
mp 164—166°C: "H NMR (C¢Dg) [Peaks from the major isomer
are assigned. *Indicates where major isomer peaks are indis-
tinguishable from the minor isomer peaks] 6 9.77 (d,J = 1.9 Hz,
1H, H-9)*,8.82(d, J = 8.8 Hz), 8.81 (d, J = 8.8 Hz, 1H, H-12),
8.68 (d,J = 1.0Hz, 1H, H-8),8.63 (d,J = 1.2 Hz), 8.59 (s), 8.545
(d,J = 1.2Hz),8.540(d,J = 1.1 Hz, 1H, H-1),8.50 (d, J = 1.1
Hz, 1H, H-6), 8.21 (dd, J = 8.5, 1.8 Hz), 8.22 (dd, J = 8.5, 1.8
Hz, 1H, H-11), 7.59 (d, J/ = 0.9 Hz, 1H, H-4), 7.58 (s), 7.57 (d,
J = 3.8 Hz, 1H, H-27),7.56 (d, J = 1.1 Hz, 1H, H-3)*, 7.52 (s),
7.27(d,J = 3.7Hz),7.26 (d,J = 3.7Hz, |H,H-14),7.15(d, J =
3.7Hz, 1H, H-15), 7.01—6.98 (m, 3H, H-22,35 and one of 19,18,
31,32)*,6.90—6.87 (m, 3H, H-28, and two of 19,18,31,31)*, 6.80
(d,J = 3.7Hz, 1H, one of H- 19,18,31,32), 6.78 (d, / = 3.8 Hz),
6.74—6.72 (m, 2H, H-24,37)*, 6.68—6.64 (m, 2H, H-36,23)*,
1.48 (s, 9H, 2-C(CHj;)53), 1.46 (s), 1.39 (s), 1.37 (s, 9H, 7-C(CH3)3),
—1.189 (s), —1.192 and —1.21(2s, 3H each, 12c,d-CHj),
—1.22 (s); 3C NMR (C¢Ds, major isomer peaks are assigned
where possible) 6 187.0 (C=0), 147.3 (C-7), 146.6, 146.5, 146.1,
145.9 (C-2), 143.6 (C-13), 143.12, 143.11, 139.3, 139.1, 138.6,
137.88,137.85,137.8,137.4,137.19, 137.17,137.03, 136.99, 136.5,
136.20 (C-3a), 136.17, 136.1 (C-5a), 135.9 (C-27), 135.8, 135.7,
135.4, 135.2 (C-12b), 132.8, 132.6 (C-12a), 129.9 (C-12f), 129.6,
128.59, 128.56, 128.5, 127.4 (C-9), 127.2, 127.0, 126.7, 126.6
(C-11), 126.1 (C-5), 126.0 (C-4), 125.7, 125.6 (C-24 or 37),
125.5, 125.43, 125.38 (C-12), 125.3, 125.04 (C-37 or 24), 124.97,
124.9 (C-22 or 35), 124.8 (C-15), 124.6, 124.5 (C-35 or 22), 122.0
(C-3),121.4,120.0 (C-1), 119.9, 119.2 (C-6), 118.9 (C-8), 37.4 (C-
12d), 37.3,36.37,36.35 (7-C(CH3)3), 36.1, 36.0, and 35.94 (C-12c,
2-C(CHs)s), 35.91, 31.12, 31.10, and 31.02 (2,7-C(CH3)5), 31.00,
18.62, and 18.48 (12¢,d-CH3), 18.59, 18.52; IR (film) v 3066, 1621,
1456, 1435, 1362, 1341, 1271, 1258, 873, 836, 793, 736, 692 cm ™ ;
UV—vis (cyclohexane) Amax (émaxe L mol ' cm™!) nm, 246
(30700), 321 (27 500), 426 (69 300), 526 (8400), 647 (1700); EIMS
m/z 914 (M™"); HRMS calcd for CssHysOSg 914.1872, found
914.1828. Anal. Caled: C, 72.17; H, 5.06. Found: C, 71.56; H,
5.72.
2,7-Di-tert-butyl-5-(2—3",4"'-dihexyl-5,2":5',2":5",2"":5"" -
2""""-quinquethienyl)-10-[2-(3",4"-dihexyl-5,2":5',2"":5",2""":5"" .-
2"""-quinquethienyl)carbonyl]-12¢,12d-dimethyl-trans-12¢,12d-
dihydrobenzo[e]pyrene 40b and the 4-Quinquethienyl Isomer 40a.
n-Butyl lithium (1.0 mL, 2.5M) was added to a bright yellow
solution of the quinquethiophene 13 (1.484 g, 2.55 mmol) in dry
THF (60 mL) at —78 °C. The solution changed from yellow to a
reddish orange. After warming to —30 °C over 30 min, it was
recooled to —78 °C, and then the Weinreb amide 38a.b (337 mg,
0.318 mmol) was added in dry THF (5 mL), giving a dark red
solution. The solution was warmed to ~22 °C while stirring for
2 h. It was quenched with 1 M HCI and extracted with hexanes
and water. The hexane extract was dried (MgSO,) and evapo-
rated to give a dark red-brown solid, which was chromato-
graphed on silica gel (deactivated with 5% H,0) using 10:1
hexanes/dichloromethane to elute the excess quinquethiophene
13 and then 10:1 hexanes/ethyl acetate to elute 301 mg (60%) of
the product 40 as a dark red-black powder. Recrystallization by
adding methanol to a diethyl ether solution gave mp 91—94 °C,
which was a ~3:1 mixture of isomers 40b/40a: 'H NMR (C¢Ds)
[Peaks from the major isomer are assigned. *Indicates where
major isomer peaks are indistinguishable from the minor isomer
peaks] 09.77 (d, J = 1.9 Hz, 1H, H-9)*, 8.84—8.82 (m), 8.81 (d,
J = 8.9 Hz, 1H, H-12), 8.69 (s, 1H, H-8), 8.64 (s), 8.59 (s), 8.55
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(s), 8.54 (s, IH, H-1), 8.51 (s, 1H, H-6), 8.23—8.20 (m, 1H, H-
11)*,7.59—7.51 (m,3H, H-3,4,42)*,7.29 (d,J = 3.7Hz),7.27 (d,
J =3.7Hz 1H),7.22(d,J = 3.6 Hz), 7.21 (d, J = 3.7 Hz, 1H),
7.14(d,J = 3.8 Hz),7.13(d, J = 3.7Hz, IH), 7.10(d, J = 3.3
Hz), 7.09 (d, J = 3.7 Hz, 1H), 7.04—6.98 (m, 6H)*, 6.97—6.94
(m, 3H)*,6.72(d, J = 5.1 Hz, 2H)*, 6.652 (dd, J = 5.1,3.5 Hz),
6.65(dd, J = 5.1, 3.6 Hz, 2H, H-59,38), 2.88—2.80 (m, 8H, H-
61,67,73,79)*, 1.76—1.63 (m, 8H, H-62,68,74,80)*, 1.48 (s, 9H,
2-C(CHs)3), 1.47 (s), 1.44—1.40 (m, 8H, H-63,69,75,81)*, 1.40
(s), 1.39 (s), 1.38 (s, 9H, 7-C(CH3)3), 1.32—1.26 (m, 16H, H-
64,65,70,71,76,77,82,83)*,0.92—0.88 (m, 12H, H-66,72,78,84)*,
—1.19 (s, 3H, 12d-CH3)*, —1.21 (s, 3H, 12¢-CH3), —1.22 (s); *C
NMR (C¢D, the major '°C isomer peaks are assigned where
possible) 0 187.0 (C=0), 147.3 (C-7), 146.6, 146.5 (C-2), 146.1,
146.0, 145.9, 143.7, 143.4, 143.2, 141.8, 141.6, 141.3, 141.2,
141.1, 139.3, 138.6, 138.34, 138.30, 138.12, 138.11, 137.82,
137.78, 137.72, 137.67, 137.0, 136.7, 136.5, 136.19, 136.16,
136.10, 135.93, 135.89, 135.8, 135.6, 135.4, 135.2, 132.8, 132.6,
131.5, 131.01, 130.97, 130.5, 129.9, 129.6, 128.9, 128.7, 128.6,
128.50, 128.49, 128.4, 128.3, 128.2, 127.9, 127.8, 127.62, 127.60,
127.57, 127.5, 127.4 (C-9), 127.0, 126.9 (C-11), 126.7, 126.6,
126.1, 126.0 (C-12), 125.7, 125.5, 125.4, 125.3, 125.2, 125.1,
124.9,124.8, 124.71, 124.69, 124.62, 124.57,124.5, 122.0, 121 4,
120.0 (C-1), 119.9, 119.2 (C-6), 118.9 (C-8), 37.4 (C-12d),
37.3, 36.38, 36.36 (7-C(CHs3);), 36.1, 36.0 (C-12c), 35.94
(2-C(CH3)3), 35.92, 32.23, and 32.19 and 23.38 and 23.36
(C-64,65,70,71,76,77,82,83), 31.49 and 31.46 and 31.44 and
31.37 (C-62,68,74,81), 31.14, 31.11 (2-C(CHs3)3), 31.05 (7-C-
(CHs3);), 31.02, 30.4, and 30.3 (C-63,69,75,81), 29.1 and
29.0 (C-61,67,73,79), 18.63 (12c-CHj3), 18.60, 18.52, 18.48
(12d-CH3), 14.7 and 14.6 (C-66,72,78,84); IR (film) v 3066, 1622,
1436, 1273, 1054, 792, 737, 691 cm ™ '; UV—vis (cyclohexane) A.x
(Emaxs L mol ™! cm™") nm, 248 (43900), 337 sh (44200), 433
(99 500), 655 (1850); LSIMS m/z, 1580 (M™). Anal. Calcd for
CysH 10,080 C, 72.19; H, 6.50. Found: C, 71.80; H, 6.71.
7-tert-Butyl-10b,10c-dimethyl-4,9-di-(2—5,2':5',2"' -terthienyl)-
2-naphthoyl-trans-10b,10c-dihydropyrene 53. Pd,(dba); (5 mg,
0.005 mmol) and dppf (10 mg, 0.018 mmol) were added to a
solution of the dibromide 47 (28 mg, 0.047 mmol) and 2-
tributylstannyl- 5,2":5,2"-terthiophene 8'% (0.126 mg, 0.234
mmol) in dry THF (10 mL), which was then refluxed for 18 h.
After cooling to 21 °C, aqueous KF (10 mL) was added, and
stirring was continued for a further 20 min. Hexanes/diethyl
ether (1:1) and water were then added, and the organic extract
was washed, dried (MgSQO,), filtered through Celite, and con-
centrated. The residue was chromatographed on silica gel
(deactivated with 5% H,O) using first 20:1 hexanes/ethyl acetate
to elute excess terthiophene and then 10:1 hexanes/ethyl acetate
to elute 40 mg (91%) of the product 53, which on recrystalliza-
tion from acetonitrile gave a dark green brown powder, mp 218—
220 °C: 'H NMR CDCl3) 6 9.53 (d, J = 0.8 Hz, 1H, H-3), 9.15
(d, J = 1.1 Hz, 1H, H-8), 9.05 (s, |H, H-1), 8.78 (s, |H, H-10),
8.62 (s, 1H, H-5),8.57 (s, IH, H-6),8.16 (dd, J = 8.6,0.8 Hz, 1H,
H-20), 8.10 (d, J = 8.3 Hz, 1H, H-15),8.01 (d, J/ = 8.4 Hz, 1H,
H-17), 7.87 (dd, J = 7.0, 1.2 Hz, 1H, H-13), 7.66 (dd, J = 8.3,
7.0, 1H, H-14), 7.56 (m, 1H, H-18), 7.49 (d, J = 3.8 Hz, 1H, H-
39), 7.47 (m, H, H-19), 7.39 (d, J = 3.8 Hz, 1H, H-40), 7.36 (d,
J = 3.8 Hz, 1H, H-27), 7.27—7.21 (m, 6H), 7.16—7.15 (m, 3H),
7.08—7.05 (m, 2H), 1.68 (s, 9H, 7-C(CH3)3), —3.30 (s, 3H, 10b-
CH;), —3.37 (s, 3H, 10d-CH3); '*C NMR (CDCls) ¢ 198.7
(C=0), 152.2 (C-7), 143.0 (C-38), 142.8 (C-26), 142.3 (C-5a),
138.7 (C-29), 138.6 (C-10d), 138.32 (C-12), 138.25 (C-41),
137.40, 137.37, 136.71, 136.61, 136.5 (C-42), 136.4, 135.1 (C-
10a), 134.1 (C-16), 132.8 (C-4), 131.54 (C-21), 131.49 (C-3a),
131.1 (C-10), 130.9 (C-15), 130.6 (C-2), 129.1 (C-27), 128.7 (C-
17), 128.5(C-39), 128.18, 128.16, 127.7 (C-13), 127.4 (C-1), 127.3
(C-9),127.2(C-19), 126.5(C-18), 126.4 (C-20), 125.9 (C-3), 125.5
(C-5), 125.0 (C-14), 124.8, 124.74, 124.68, 124.65, 124.6, 124.5
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(C-40),124.03,124.01, 122.8 (C-6), 121.5(C-8), 36.9 (7-C(CH3)3),
32.2 (C-10c), 32.1 (C-10b), 31.1 (7-C(CH3)3), 17.1 (10c-CH3),
15.90 (10d-CH3); IR (film) v 3065, 1636, 1548, 1282, 1236, 1183,
1134, 1074, 792, 692 cm™'; UV—vis (cyclohexane/dichloro-
methane (1:1)) Apax (Emaxs L mol™' em™") nm, 248 sh (59 800),
371 (47200), 456 (78 200), 568 (16200), 703 (1600); LSIMS m/z
935.1 (M™"); HRMS calced for Cs;H430Ss (M + H) 935.1638,
found 935.1636.
7-tert-Butyl-4,9-di-(2—3",4"-dihexyl-5,2:5',2":5",2""":5"" -
2""""-quinquethienyl)-10b,10c-dimethyl-2-naphthoyl-trans-10b,-
10c-dihydropyrene 54. Pd,(dba); (9 mg, 0.01 mmol) and dppf
(10 mg, 0.02 mmol) were added to a solution of the dibromide 47
(115 mg, 0.19 mmol) and the quinquethiophene 12'%!3 (384 mg,
0.44 mmol) in dry THF (5mL), and the solution was refluxed for
18 h. Additional Pd,(dba); (9 mg, 0.01 mmol) was then added
and reflux continued for 12 more hous. After cooling, aqueous
KF (10 mL) was added and the reaction mixture was stirred for
15 min. It was then extracted with ether and water, and the
extract was washed, dried (MgSOQ,), filtered through Celite, and
evaporated to give a dark brown-black solid. This was chroma-
tographed on silica gel (deactivated with 5% H,O) using 20:1
hexanes/ethyl acetate as eluant to elute first excess quinquethio-
phene 13, second a mixture of mono addition products (28 mg),
and third 171 mg (56%) of the desired product 54, which on
recrystallization from cyclohexane gave a dark brown-black
powder, mp 98—100 °C: "H NMR (CDCl;) 6 9.54 (s, 1H, H-3),
9.16 (s, 1H, H-8), 9.05 (s, 1H, H-1), 8.79 (s, 1H, H-10), 8.63 (s,
1H, H-5), 8.58 (s, 1H, H-6), 8.17 (d, J = 8.3 Hz, 1H, H-20), 8.09
(d,J = 8.3Hz, 1H, H-15),8.01 (d, J = 8.5Hz, 1H, H-17), 7.86
(dd, J = 7.0, 1.0 Hz, 1H, H-13), 7.67 (dd, J = 8.2, 7.0 Hz, 1H,
H-14),7.59—-7.55 (m, 1H, H-18), 7.50 (d, / = 3.7 Hz, 1H, H-47),
7.49—7.45 (m, 1H, H-19), 7.40 (d, J = 3.7 Hz, 1H, H-48), 7.37
(d,J = 3.7Hz, 1H,H-27),7.27(d,J = 3.7Hz, IH),7.24(d,J =
3.7 Hz, 1H, H-28) 7.24—7.23 (m, 1H), 7.23—7.19 (m, 4H), 7.15
(t,J = 3.6Hz,2H),7.12(dd, J = 3.7, 3.1 Hz,2H), 7.07 (dd, J =
5.5, 3.7 Hz, 2H), 7.06—7.03 (m, 2H), 2.81-2.73 (m, 8H, H-
65,71,77,83), 1.68 (s, 9H, 7-C(CH3)3), 1.66—1.59 (m, 8H, H-
66,72,78,84), 1.51—1.47 (m, 8H, H-67,73,79,85), 1.41—1.34 (m,
16H, H-68,69,74,75,80,81,86,87), 0.96—0.91 (m, 12H, H-
70,76,82,88), —3.29 (s, 3H, 10b-CH3), —3.36 (s, 3H, 10c-CHj);
13C NMR (CDClsy) 6 198.7 (C=0), 152.1 (C-7), 142.9 (C-46),
142.7 (C-26), 142.3 (C-5a), 140.6, 138.7, 138.6, 138.3 (C-10d),
137.4,137.32, 137.27, 137.2, 135.6, 135.5, 135.29, 135.27, 135.0
(10a), 134.0, 132.8 (C-4), 131.52, 131.49 (C-3a), 131.1 (C-10),
130.9 (C-15), 130.6, 130.1, 130.01, 129.99, 129.1 (C-27), 128.7
(C-17), 128.5 (C-47), 128.1, 127.7 (C-13), 127.5 (C-1), 127.3 (C-
9), 127.2 (C-19), 126.7, 126.64, 126.59, 126.55 (C-18), 126.3 (C-
20), 125.9 (C-3), 125.5 (C-5), 124.9 (C-14), 124.7, 124.5, 124.4
(C-43), 124.3,124.2, 124.1, 123.9, 122.8 (C-6), 121.5 (C-8), 36.9
(7-C(CH3)3), 32.2 (C-10b), 32.0 (C-10c), 31.8 (7-C(CHs)s),
31.75, 31.71, 30.9 (C-66), 29.85 and 29.81 (C-67,73,79.85),
28.51 and 28.47 (C-65,71,77,83), 22.89 and 22.88, 22.85 (C-
68,69), 17.1 (10c-CH3), 15.9 (10b-CHj3), 14.36 and 14.33 and
14.32 (C-70,76,82,88); IR (film) v 3065, 1640, 1548, 1462, 1282,
1236, 1183, 1134, 1073, 791, 690 cm™'; UV—vis (cyclohexane)
Amax (Emax, L mol ' em™ 1) nm, 221 (82 100), 249 sh (35 600), 382
(57800), 459 (81 800), 566 (18 900), 703 (1600); LSIMS m/z 1600
(M™*); HRMS calcd for Co;HgoOS 9 (M + H) 1599.4903, found
1599.4935. Anal. Caled for Co;HogOSyo: C, 72.79; H, 6.17.
Found: C, 72.82; H, 6.25.
7-tert-Butyl-10b,10c-dimethyl-4,9-diphenyl-2-naphthoyl-trans-
10b,10c-dihydropyrene 57. Palladium tetrakis(triphenylphos-
phine) (11 mg, 0.01 mmol) was added to a solution of the
bromide 47 (111 mg, 0.19 mmol) and phenylboronic acid
(68 mg, 0.56 mmol) in dimethoxyethane (5 mL) and saturated
aqueous Na,COj3 (4 mL). The solution was then refluxed for 24 h
with vigorous stirring. The product was then poured into hex-
anes, washed well with water, dried (MgSQO,), and concentrated.
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The residue was chromatographed on silica gel (deactivated with
5% H,0) using 10:1 hexanes/ethyl acetate to elute 115 mg
(100%) of product 57 as a purple solid, which on recrystallization
from methanol gave mp 203—204 °C: '"H NMR (C¢Dg) 0 9.11 (s,
1H, H-3),9.01 (s, 1H, H-1), 8.69 (s, 1H, H-8), 8.66 (s, |H, H-10),
8.56 (s, 1H, H-6), 851 (s, 1H, H-5), 8.12 (d,
J = 8.6 Hz, 1H, H-20), 8.03 (d, / = 8.2 Hz, IH, H-15), 7.98 (d,
J = 8.2 Hz, 1H, H-17), 7.79 (brd, J = 7.2 Hz, 3H, H-13,33.,37),
7.70(d, J=6.7Hz,2H, H-31,27), 7.63—7.57 (m, 3H, H-34,35,36),
7.56—7.48 (m, 2H, H-14,18), 7.48—7.40 (m, 4H, H-19,28,29,30),
1.60 (s, 9H, 7-C(CHs3)3), —3.40 (s, 3H, 10c-CH3), —3.47 (s, 3H,
10b-CH;); '*C NMR (C¢Dg) 6 198.9 (C-11), 151.4 (C-7), 142.1
(C-5a), 141.9 (C-32), 141.7 (C-26), 141.5 (C-4), 138.7 (C-10d),
138.5, 135.7 (C-9), 134.8 (C-10a), 134.0 (C-16), 131.7 (C-3a),
131.6, 131.2 (C-33,37), 131.1 (C-10), 131.0 (C-27,31), 130.7
(C-15), 1230.0, 128.62 (C-17), 128.56 (C-34,36), 128.48
(C-28,30), 127.7, 127.6 (C-29), 127.5 (C-13), 127.0 (C-19),
126.7 (C-1), 126.43, 126.38 (C-20), 125.8 (C-3), 125.7 (C-5),
124.8 (C-35), 122.1 (C-6), 121.1 (C-8), 36.7 (7-C(CHs);), 31.8
(7-C(CHj3)3), 31.7 (C-10b), 31.5 (C-10c), 16.8 (10b-CH3), 15.5
(10c-CH3); IR (film) v 3055, 1640, 1547, 1284, 1234, 1137, 783,
701 cm™!; UV—vis (cyclohexane) Amax (€maxs L mol ' em™") nm,
222 (67500), 273 (16900), 363 (67400), 396 (25200), 419
(49 800), 537 (13700), 676 (640); EI MS m/z 594 (M™); HRMS
caled for C45H350 594.292, found 594.293.

Visible Light Opening Experiments To Form the CPDs. These
were performed using a 500 W household tungsten—halogen
lamp (8500 Im) as the light source with a 490 nm cut off filter
unless otherwise stated. Samples were irradiated while in an ice
cooled water bath (~5 °C) unless otherwise stated.

For NMR samples, 5—20 mg of sample was dissolved in the
NMR solvent. Argon was bubbled through the solution for
about 1 min, and then the NMR tube was capped and wrapped
with film. The tube was placed in a 5 °C bath and was irradiated
until the color faded (~5—10 min). The NMR spectrum was
then quickly recorded.

For UV samples, ~1 mg of sample was dissolved in solvent,
and 5x and 10x dilutions were made. The three sets of solutions
were placed in quartz UV—vis cells, and argon was bubbled
through for 2 min. The samples were cooled to ~5 °C and
irradiated as above until the color faded (~1—5 min). The UV—
vis spectra of the three sets of solution was not then immediately
measured.

CPD 7': "HNMR (C¢Dg) 6 7.73—7.71 (AA’XX’,1H), 7.29 (d,
J = 2.1 Hz, 2H), 7.26—7.24 (AA'XX’, 2H), 7.04 (d, J = 2.1 Hz,
2H), 6.97(d,J = 3.8 Hz,2H), 6.90 (d, J = 3.8 Hz, 2H), 6.88 (dd,
J =3.6,1.1 Hz, 2H), 6.78 (d, J = 3.8 Hz, 2H), 6.72 (d, J = 3.8
Hz,2H), 6.67 (dd, J = 5.0, 1.0 Hz, 2H), 6.60 (dd, J = 5.0, 3.6 Hz,
2H), 1.68 (s, 6H), 1.15 (s, 18H); '*C NMR (C¢Dg) 6 150.7, 145.2,
145.1, 141.0, 140.8, 140.3, 138.7, 137.8, 136.94, 136.93, 136.5,
131.4, 130.7, 129.2, 129.1, 128.9, 126.5, 125.2, 125.1, 124.9,
124.4, 124.0, 34.6, 31.6, 30.6, 19.8; UV—vis (cyclohexane) A,,.x
(€max, L mol ™' em ™) nm, 250 (49 800), 380 (53 900).

CPD 14: "H NMR (360 MHz, C¢Dg) 6 7.7—6.6 (m, 2H), 7.23
(d,J = 2.1Hz,2H),7.22—7.19 (m, 2H), 6.99 (d, J = 2.1 Hz, 2H),
6.96—6.91 (m, 8H), 6.88—6.86 (m, 6H), 6.69 (dd, J = 5.1, 1.1 Hz,
2H), 6.60 (dd, J = 5.1, 3.5 Hz, 2H), 2.76—2.70 (m, 8H), 1.61 (s,
6H), 1.62—1.56 (m, 8H), 1.38—1.29 (m, 8H), 1.24—1.17 (m,
16H), 1.12 (s, 18H), 0.85—0.79 (m, 12H); UV —vis (cyclohexane)
Amax (Emax, L mol ™! cm™1) nm, 249 (83 900), 408 (83 800).

CPD 24": '"H NMR (C¢Dg) 6 8.75 (d, J = 1.9 Hz, 1H), 8.21
(dd,J = 8.1, 1.9 Hz, 1H), 7.65(d, J = 8.1 Hz, 1H), 7.06 (d, J =
2.2Hz,1H),6.94(d,J = 2.2 Hz, 1H), 6.86 (d, J = 2.2, 1H), 6.85
(d,J = 2.1Hz, 1H), 6.35(s,2H),4.22 (dq,J = 10.8,7.1 Hz),4.14
(dq,J = 10.8,7.1 Hz), 1.47 (s, 3H), 1.44 (s, 3H), 1.24 (s,9H), 1.17
(s, 9H), 1.05 (t, J = 7.1 Hz, 3H); >*C NMR (C¢Dg) 6 166.5,
151.7, 151.3, 149.3, 145.1, 140.8, 140.4, 140.0, 137.9, 137.8,
133.1, 132.9, 131.6, 130.6, 130.3, 129.6, 129.0, 123.9, 123.6,
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61.3,35.4,35.3,34.53, 34.48, 31.8,31.7, 19.7, 19.5, 14.71; UV —
vis (cyclohexane) Amax (€max, L mol™' cm™ ") nm, 213 (29 200),
226 (29200), 251 (30 600).

CPD 40": "H NMR (C¢Dg) 6 8.53 (br s, IH)*, 7.91—7.89 (m,
1H)*,7.72(d,J = 7.9Hz, 1H), 7.43(d,J = 3.9 Hz, IH)*,7.35(s,
1H), 7.21—=7.19 (m, 1H)*, 7.18—7.17 (m, 1H)*, 7.11—=7.10 (m,
1H)*, 7.06—6.94 (m, 13H)*, 6.87 (d, J = 4.0 Hz, 1H), 6.72 (d,
J = 5.0 Hz, 2H)*, 6.66—6.64 (m, 2H)*, 2.86—2.80 (m, 8H)*,
1.76—1.61 (m, 8H)*, 1.56 (s, 3H)*, 1.46 (s, 3H), 1.45—1.38 (m,
8H)*, 1.30 (s, 9H), 1.29—1.26 (m, 16H)*, 1.16 (s, 9H), 0.94—0.86
(s, 12H)*. Minor isomer where distinguishable from the major
isomer: "H NMR (C¢D¢) 8 7.69 (d, J = 7.8 Hz, 1H), 7.39 (s, 1H),
6.88 (d, /=4.0 Hz, 1H),1.47 (s, 3H), 1.24 (s, 9H), 1.22 (s, 9H);
UV—vis (cyclohexane) Amax (émax» L mol™' cm™ ') nm, 245
(56700), 431 (89200).

CPD 53': '"H NMR (CDCl3) 6 8.06 (dd, J = 7.0, 2.1 Hz, 1H),
7.97 (d, J = 8.0, 1H), 7.91-7.89 (m, 1H), 7.63 (d, / = 1.6 Hz,
1H), 7.56 (dd, J = 7.0, 1.1 Hz, 1H), 7.54—7.49 (m, 3H), 7.37 (d,
J = 1.6 Hz, 1H), 7.24—7.22 (m, 2H), 7.20—7.18 (m, 2H), 7.14—
7.07 (m, 5H), 7.07 (d, J = 2.0 Hz, IH), 7.06 (d, J = 2.0 Hz, 1H),
7.05—7.01 (m, 2H), 7.00 (d, J = 3.7Hz, 1H), 6.98 (d, / = 2.0 Hz,
1H), 6.91 (d, J = 2.0 Hz, 1H), 6.75 (s, 1H), 6.65 (s, 1H), 1.64 (s,
3H), 1.60 (s, 3H), 1.26 (s, 9H); UV—vis (1:1 cyclohexane/
dichloromethane) Amay (€maxs L mol™' em™") nm, 252 (41 000),
310 (23 100), 388 (56 800), 446 (43 100).

CPD 54': "H NMR (CDCl;) 6 8.10—8.09 (m, 1H), 7.98 (d,
J = 8.3 Hz, 1H), 7.92—7.90 (m, 1H), 7.66 (d, /= 1.5 Hz, 1H),
7.58(d, J = 7Hz, 1H), 7.55—7.50 (m, 3H), 7.41 (d, J = 1.2 Hz,
1H),7.24(d,J = 49 Hz,2H), 7.21—7.20 (m, 2H), 7.15—7.14 (m,
SH), 7.10—7.0 (m, 10H), 6.94 (d, J = 1.9 Hz, 1H), 6.78 (s, 1H),
6.68 (s, 1H),2.77—2.73 (m, 8H), 1.67 (s, 3H), 1.64 (s, 3H), 1.62—
1.59 (m, 8H), 1.48—1.41 (m, 8H), 1.39—1.36 (m, 16H), 1.29 (s,
9H), 1.0—0.92 (m, 12H); >*C NMR (CDCls) 6 196.5, 152.5,
152.2, 144.7, 144.5, 140.64, 140.61, 139.8, 139.5, 139.2, 139.0,
138.6, 137.6, 137.34, 137.32, 137.25, 137.1, 136.8, 136.6, 136.2,
135.7, 135.6, 135.3, 135.2, 133.9, 131.3, 131.1, 130.3, 130.08,
130.06, 129.94, 129.91, 129.2, 128.6, 128.1, 127.7, 127.5, 127.3,
127.2, 126.64, 126.58, 126.0, 125.8, 125.1, 124.7, 124.6, 1244,
124.3, 124.2, 124.0, 123.9, 34.5, 31.8, 31.7, 31.5, 30.9, 29.8, 28.5,
27.1, 22.9, 20.7, 20.0, 14.34, 14.32; UV—vis (cyclohexane) 4.«
(€maxs L mol " ecm ™) nm, 218 (86 900), 398 (60 700), 434 (63 300).
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CPD57: "HNMR (C¢Dg) 6 8.02(d, J = 7.6 Hz, 1H), 7.91 (d,
J = 8.1 Hz, 1H), 7.87—7.85 (br d, J = 7.3 Hz, 1H), 7.56—7.51
(m, 4H), 7.49—7.42 (m, 4H), 7.36—7.29 (m, 7H), 7.17 (d, J =
1.4 Hz, 1H), 6.83 (d, J = 2.0 Hz, IH), 6.67 (s, 1H), 6.58 (d, J=
2.0 Hz, 1H), 6.52 (s, 1H), 1.76 (s, 3H), 1.73 (s, 3H), 1.17 (s, 9H);
UV—vis (cyclohexane) Apax (€max, L mol™! em™!) nm, 222
(82800), 272 (47 800), 307 (27 800).

UV Closing Experiments. The “visible light opened samples”
from above were irradiated with a 3 W low pressure Hg(Ar)
pencil light (Oriel 6035, mainly 254 nm) while being cooled with
an electric fan.

Thermal Closing Experiments. The “visible light opened
samples” from above were placed in the NMR probe at the
appropriate temperature, and integrations of like signals (e.g.,
internal methyl protons) were obtained for several sets of
signals. The logarithmic plot of the molar fraction of the closed
form against time at each temperature then gave the rate
constant at that temperature. Arrhenius and Eyring plots were
then used to obtain E,., In A, AH*, and AS® data, which are
reported in the Supporting Information.

Acknowledgment. We thank the Natural Sciences and
Engineering Research Council of Canada and the University
of Victoria for financial support.

Supporting Information Available: Syntheses of compounds
5,6,9,11, 15, 22, 23, 25, 31, 33, 34, 35, 36, 37, 38, 41, 43, 44, 45,
48, 49,50, 51,55, and 56 and CPDs 15/, 25, 30’, 31/, 32/, 33, 34/,
36/, 38, 39, 41’, and 55/, general synthetic experimental condi-
tions, numbering systems used for NMR assignments, 'H and '
C NMR spectra for all new DHP and CPD compounds, the
UV-—visible absorption comparison of green and red laser
pointer opening of a thin film of 54, a comparison of the visible
light opening rates vs BDHP 4 for the compounds in Table 1
(relative rate data), a comparison of UV closing rates vs BDHP
4’ for 14, 40" and 54, thermal closing rate data for the
compounds of Table 2, including thermodynamic parameters.
This material is available free of charge via the Internet at http://
pubs.acs.org.

J. Org. Chem. Vol. 74, No. 17, 2009 6605



