O C‘The Journal of Organic Chemistry

pubs.acs.org/joc

Diazatetracenes Derived from the Benzannulation of Acetylenes:
Electronic Tuning via Substituent Effects and External Stimuli

Dan Lehnherr,” Joaquin M. Alzola,"* Catherine R. Mulzer,”® Samuel J. Hein, "

and William R. Dichtel*"*

TDepartment of Chemistry and Chemical Biology, Baker Laboratory, Cornell University, Ithaca, New York 14853, United States

iDepartment of Chemistry, Northwestern University, Evanston, Illinois 60208, United States

© Supporting Information

TIPS

ABSTRACT: Functionalized diazatetracenes are prepared using a new two-step sequence. The use of a dichlorobenzaldehyde in
a Cu-catalyzed benzannulation of acetylenes provides functionalized dichloronaphthalenes that afford diazatetracenes using
Buchwald—Hartwig aminations. This approach provides unique substitution patterns and rapid access to covalently linked
dimeric diazatetracenes. Their electronic properties are characterized by UV—vis absorption/emission and cyclic voltammetry,
revealing strong effects from both external stimuli by acid and internal substituent effects.

B INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHs), such as tetracene
and pentacene, and their derivatives have enabled key
discoveries and major advances in organic electronics.'
Polycyclic heteroaromatics, such as those with thiophenes or
furans fused to or replacing benzene rings, are of current
interest. Desirable optoelectronic properties emerge or are
enhanced in structures that incorporate sulfur,” oxygen,3
boron,” and nitrogen® and are potentially relevant for sensing,
lighting, charge transport, energy conversion, and energy
storage.6 Miao and Bunz reported N-heteroacenes, such as
heterovariants of pentacenes,”* ™ which behave as n-type
semiconductors and sometimes exhibit ambipolar charge
transport.*~ Nitrogen incorporation can enhance the rate of
singlet fission,” in which two triplet excited states are generated
from the absorption of a single photon, which is of interest for
third-generation photovoltaic materials.” Therefore, synthetic
methods that open new avenues to access N-heteroacenes and
tune their properties are of significant interest. We recently
reported a regioselective synthesis of polyhalogenated naph-
thalenes via the benzannulation of haloalkynes.”~"" Here, we
leverage this powerful method to access functionalized,
solution-processable diazatetracenes (formally known as benzo-
[b]phenazines). Herein, we report their expedient synthesis and
the ability to tune their electronic properties via either external
stimuli or substituent choice.
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B RESULTS AND DISCUSSION

Diazatetracenes 1—3 were synthesized using a two-step
procedure (Scheme 1): (1) assemble a dichloronaphthalene
via a Cu-catalyzed benzannulation of an alkyne using
dichlorobenzaldehyde 4 and then (2) subject the dichlor-
onaphthalene to a Buchwald—Hartwig amination with 1,2-
diaminobenzene to form the diazatetracene core with
concomitant aromatization. Cu-catalyzed benzannulation of
aryl haloalkyne S, dialkylacetylene 6, and dialkyl diyne 7
proceed to the desired functionalized dichloronaphthalene (8,
10, and 11).” The sp* C—I bonds can be functionalized
chemoselectively over the sp> C—Cl bonds via Sonogashira
cross-coupling with triisopropylsilylacetylene to afford bis-
(ethynylated)dichloronaphthalene 9. The Buchwald—Hartwig
amination of dichloronaphthalenes 9—11 with 1,2-diamino-
benzene did not afford the dihydroacene product; instead, the
fully aromatic diazatetracenes 1—3 were isolated directly.
Presumably the reaction proceeds via a dihydroaromatic
intermediate that undergoes rapid dehydrogenation to the
aromatic system via a Pd-catalyzed dehydrogenation.
Diazatetracenes 1—3 are soluble in common organic solvents
such as CH,Cl,, CHCl;, and THF and can be handled under
normal laboratory conditions (exposure to air, moisture, and
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Scheme 1. Synthesis of Diazatetracenes 1—3“
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Figure 1. (A) UV—vis absorption of diazatetracenes 1 and 2 in CH,Cl, without (solid lines) and with TFA (dashed lines) present. Note: The data
for 3 are qualitatively similar to that those of 2 and omitted for clarity (see the Supporting Information). (C) Photograph of diazatetracenes 1
(orange solid) and 2 (red solid) in the solid state. (D) UV—vis absorption and (E) emission spectra (4, = 414 nm) of 2 in CH,Cl, in the presence

of varying amounts of TFA.

light), including column chromatography. By varying the
substituents on the diazatetracene core, we are able to tune
their electronic properties, as illustrated by comparing the UV—
vis absorption spectra of tetracenes 1 and 2 (Figure 1A—C).
The extended conjugation of the additional aryl group and
ethynyl groups in 1 provides a red-shift compared to bis-
alkylated tetracene 2. Interestingly, there is little difference in
the absorption spectra of monomeric derivative 2 and related
dimer 3, suggesting little or no #-conjugation across the biaryl
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linkage connecting the two diazatetracene chromophores
(Table 1). The density functional theory (DFT) optimized
geometry using B3LYP/6-31G(d) supports this hypothesis
with a dihedral angle for the biaryl linkage of 81.5° (see the
Supporting Information for details). The nitrogen atoms
embedded in the aromatic chromophore may be reversibly
protonated, which changes their absorption and emission
spectra dramatically. The addition of excess trifluoroacetic acid
(TFA) to a CH,Cl, solution of the diazatetracenes causes a red-
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Table 1. Summary of Absorption/Emission and Electrochemical Data for Diazatetracenes 1—3

CH,C, 0.3 M TFA in CH,Cl,
s (nm) EF (eV)  Amme (nm) B (V) E§T (V) Aaps (nm) EP (V) Eff (V)  EF (V)
1 268, 312, 320, 421, 437, 482, 514 2.19 562 ~1.16 2.13 281, 324, 494 1.55 -0.05 +0.45
2 255, 293, 392, 414, 483, S11 221 s73 —1.34 2.04 307, 450, 630 1.55 023 +0.06
3 256, 300, 392, 413, 483, 511 221 560 -1.32 1.95 313, 448, 608 1.60 -0.13 +0.47

“Solvent is either CH,Cl, or 0.3 M TFA in CH,Cl,. E;* is the optical HOMO—LUMO gap determined from the absorption edge. Egecm’ is the
electrochemical HOMO—-LUMO gap determined from the onset of reduction and oxidation. All solutions for electrochemistry experiments
contained 0.1 M tetrabutylammonium perchlorate (TBAP) as supporting electrolyte and electrochemical potentials are reported vs Ag/AgClO,.
Note: Ei%%! = half-potential associated with the first reduction process, E%% = half-potential associated with the second reduction process, E&,, =
onset associated with the first oxidation process, Edl = onset associated with the first reduction process, E, = HOMO—-LUMO gap, Ay, =
absorption maxima, A ., = longest wavelength absorption maxima, Ay, . = shortest wavelength emission maxima, 4., = excitation wavelength.

shift in the absorption features, corresponding to a decrease in reversible for 2 and 3 and reversible for 1. The reduction is
the optical HOMO—LUMO gap from ca. 2.2 to 1.6 eV and slightly more facile for derivative 1 (ES' = —1.16 V), which has
complete loss in the emission behavior for acenes 1—3. The extended conjugation compared to the alkylated tetracene
electronic response is due to lowering of the LUMO energy monomer 2 (E’je/%l = —1.34 V). The reduction potential of
upon protonation of the chromophore, as evidenced from the dimer 3 is located at (Ei5Y' = —1.32 V), which is essentially
electrochemistry experiments described below. Titration experi- identical to monomer 1, further consistent with the lack of
ments using UV—vis absorption and emission spectroscopy conjugation between the two diazatetracene moieties. Upon
were performed to investigate the progression in the optical addition of TFA to the diazatetracene solutions, both reduction
properties as a function of TFA content in CH,Cl, solutions of processes are observed. The first is shifted by more than 1 V to
diazatetracene 2 (Figure 1D,E). More than 1 equiv of TFA is more electropositive potentials, and the second reduction
required to effect the observed spectroscopic changes. The process shifts into the electrochemical window of the
addition of TFA attenuates the 414 nm UV—vis absorption electrolyte system. This reduction of the LUMO energy is
peak, and a new peak grows in at 450 nm. The photoemission consistent with protonation of the diazatetracene chromophore.
spectra of 2 are also affected by TFA: the emission signal at 573 We observed two coupled electron transfers from compounds 1
nm gradually decreases in intensity and is eventually quenched and 2, as evident from the two distinct redox waves in the CV
after the addition of 1000—2000 equiv of TFA. This amount of after the addition of TFA. If the two tetracenes of dimer 3 are
TFA is similar to that needed to effect complete conversion of electronically coupled, four distinct waves would be observed.
the UV—vis absorption features. This information, in Only two waves are observed, suggesting that the two
combination with a literature comparison of pK, values of diazatetracene moieties are electronically isolated.
TFA and benzophenazine,lz suggests that a monoprotonated DEFT calculations of the diazatetracene chromophore and its
TFA salt of diazatetracene 2 is formed under these TFA-protonated analog reveal the origin for their electronic
conditions. "> differences (Figure 3). The HOMO and LUMO of
Cyclic voltammetry of tetracenes 1—3 (CH,Cl, with 0.1 M diazatetracene were calculated using the B3LYP functional
Bu,NCIO, supporting electrolyte) reveals one reduction and along with the 6-31G(d) basis set. Protonation leads to a
one oxidation process (Figure 2). The oxidation process is lowering of both the HOMO and LUMO energies as well as a
irreversible (Figure S19, top), while the reduction is quasi- diminished HOMO—LUMO energy gap. These results are
consistent with the observed red shift in the absorption spectra
s and electropositive shift in the reduction potential for
@[:: O ~ compounds 1-3 in the presence of TFA. Protonation of the
_ < diazatetracene chromophore leads to a reduction in the orbital
Ez=-116V ot s fhici he ri ini he nitrogen atoms in th
B coefficient on the ring containing the nitrogen atoms the
b= HOMO with concomitant increase in the LUMO orbital
o coefficients at that location. Protonation of the diazatetracene
S chromophore along with association of a CF;COO™ counterion
O . . results in a significant increase the molecular dipole (4.16 D)
- 7 relative to 0.32 D for neutral diazatetracene. These results are
ﬁ consistent with the electrostatic potential maps shown in Figure
= 3, in which protonation provides a polarized chromophore with
g E,p=-134V 2 the pyrazine ring decreasing in electron density.
e snet S A a s
[*] ceetemmmmT
z B CONCLUSION
e e e e e ey o | In summary, a new route to diazatetracenes is demonstrated
2.0 1.0 0.0 1.0 that features the convergent assembly of chlorinated naph-
. thalenes derived from the benzannulation of acetylenes
Potential (V Vs Ag/ Agc |O4) including haloalkynes, butadiynes, or simple dialkylacetylenes.
This approach realizes several new structures and substitution
Figure 2. Cyclic voltammetry of diazatetracenes 1-3 (CH,Cl,/0.1 M patterns, including a dimer and dialkyne derivative amenable
Bu,NCIO,/scan rate = 50 mV.s™') without TFA (solid lines) and with for further functionalization or polymerization. The introduc-
0.3 M TFA (dashed lines). tion of nitrogen atoms into the tetracene core enables for both
2006 DOI: 10.1021/acs.joc.6b02840
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Figure 3. Calculated HOMO, LUMO, and electrostatic potential map of diazatetracene (top row) and its TFA monoprotonated salt (bottom row)
using B3LYP/ 6-31G(d). Isovalue = 0.032 for HOMO/LUMO surfaces and 0.002 for the electrostatic potential surface, electrostatic potential scale

shown to the right ranges from +200 (blue) to —200 kJ/mol (red).

internal and external tuning of the electronic properties. Their
electronic response to Brensted acids in solution, such as TFA,
can likely be extended to Lewis acids to detect metal ions. The
ability to modulate the electronic properties of diazatetracenes
via protonation or coordination to Lewis acids may also provide
a means to control their lowest excited singlet (S;) and triplet
state (T,) energies to facilitate singlet fission.'”" In fact,
dimeric structures such as diazatetracene 3 are exciting
candidates for intramolecular singlet fission,'® especially since
the rate of singlet fission can increase when nitrogen atoms are
incorporated into aromatic cores.” We anticipate that this
synthetic method will provide access to new heteroatom-
containing PAHs, including their respective oligomers, with
useful properties for organic electronic devices ranging from
photovoltaics to sensing and potential organic photosensitizers
with complementary properties to acridinium-based motifs.'”

B EXPERIMENTAL SECTION

Reagents were purchased in reagent grade from commercial suppliers
and used without further purification. Compounds 4, S, and 8 were
synthesized using a literature procedure,” and compound 6 was
commercially available and used as received. All reactions were
performed in standard, dry glassware fitted with a rubber septum
under an inert atmosphere of nitrogen, unless otherwise described.
Stainless steel syringes or cannulae were used to transfer air- and
moisture-sensitive liquids. Anhydrous solvents (CH,CL,, toluene,
THF, DMF) were obtained from a solvent purification system.
Evaporation and concentration in vacuo were performed using variable
vacuum-controlled pumps (ca. 400—40 mmHg). Column chromatog-
raphy was done using a standard flash chromatography technique
using SiliaFlash P60 silica gel (40—63 pum, 230—400 mesh) from
Silicycle and pressurized (ca. 30—50 psi) using compressed air. Thin-
layer chromatography (TLC) was used for reaction monitoring and
product detection using precoated glass plates covered with 0.20 mm
silica gel with fluorescent indicator UV 254 nm and visualization by
UV light or KMnO, stain. Proton nuclear magnetic resonance ("H
NMR) spectra and carbon nuclear magnetic resonance (*C NMR)
spectra were recorded at 25 °C (unless stated otherwise). Chemical
shifts for protons are reported in parts per million downfield from
tetramethylsilane and are referenced to residual protium in the NMR
solvent according to values reported in the literature."® Chemical shifts
for carbon are reported in parts per million downfield from
tetramethylsilane and are referenced to the carbon resonances of the
solvent. The solvent peak was referenced to 7.26 ppm for 'H and 77.0
ppm for C for CDCly. Data are represented as follows: chemical
shift, integration, multiplicity (br = broad, s = singlet, d = doublet, t =
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triplet, q = quartet, m = multiplet), coupling constants in hertz (Hz).
In the case of compounds containing one or more fluorine atom(s), it
should be noted that *C NMR experiments were obtained in which
only the 'H nuclei was decoupled, (ie, *C {'H}). Infrared spectra
were recorded using an FT-IR spectrometer equipped with a diamond
ATR. Data are represented as follows: frequency of absorption (cm™),
intensity of absorption (s = strong, m = medium, w = weak, vw = very
weak, br = broad). High-resolution mass spectrometry was measured
using a direct analysis in real time (DART) mass spectrometer
equipped with an orbitrap mass analyzer, sample introduction was
carried out by coating the outer walls of a capillary melting point tube
with the sample solution (typically in CDCly or CH,Cl,) and exposing
such tubes to the sample inlet port. All absorption and emission
spectra were recorded at rt in the presence of air. Electrochemistry
experiments were performed with the analyte dissolved in dichloro-
methane with recrystallized tetrabutylammonium perchlorate (TBAP)
as the supporting electrolyte (0.1 M). A three-electrode cell was used
with a glassy carbon working electrode and a platinum wire counter
electrode. Silver/silver ion (Ag in 0.05 M AgClO,, 0.1 M TBAP
solution in MeCN) was used as a reference electrode. The potential
values (E) were calculated using the equation (except where otherwise
noted) EY? = (Epe + E,)/2, where E,. and E,, correspond to the
cathodic and anodic peak potentials, respectively. Solution cyclic
voltammetry was performed in ca. 1—5 mM solutions of diazatetracene
derivatives in CH,Cl, containing 0.1 M TBAP as supporting
electrolyte. All solutions were deoxygenated with argon before each
experiment, and a blanket of argon was used over the solution during
the experiment. Density function theory calculations were performed
using either Gaussian 09'? or Spartan’14.*

Compound 1. A suspension of 9 (0.160 g, 0.252 mmol), 1,2-
diaminobenzene (0.028 g, 0.254 mmol), SPhos (0.010 g, 0.025 mmol,
SPhos 2-dicyclohexylphosphino-2’,6'-dimethoxybiphenyl), Pd-
(OAc), (0.006 g, 0.025 mmol), and Cs,CO; (0.271 g, 0.833 mmol)
in toluene (2.5 mL) was deoxygenated via sparging with N, for S min
followed by heating in an oil bath to 110 °C for 12 h. The mixture was
cooled to rt and diluted with CH,Cl,, the organic phase was washed
with 5% aq NH,CI (2X), dried over Na,SO,, and filtered, and the
solvent was removed in vacuo. Column chromatography (silica gel,
2:10:88 Et;N/CH,Cl,/hexanes) afforded 1 (0.117 g, 70%) as a red
solid. R;=0.5 (2:10:88 Et;N/CH,Cl,/hexanes). IR (CDCl, cast film):
2942 (s), 2891 (m), 2865 (s), 2153 (m), 1484 (w), 1464 (m), 1377
(w), 1365 (w), 1222 (w), 1130 (w), 1112 (w), 1073 (w), 1017 (w),
996 (m), 906 (m), 883 (m), 834 (m), 789 (m), 754 (m), 705 (w), 677
(m), 661 (m) cm™. 'H NMR (300 MHz, CDCL): & 8.88 (s, 2H),
8.42 (s, 1H), 8.26—8.19 (m, 2H), 8.05 (s, 1H), 7.83 (dd, J = 6.9, 3.3
Hz, 1H), 7.66 (d, ] = 8.0 Hz, 1H), 7.56 (d, ] = 8.2 Hz, 1H), 1.19—1.14
(m, 21H), 1.08—1.03 (m, 21H). *C NMR (125 MHz, CDCL,): §
1447, 140.8, 140.6, 140.6, 139.7, 134.3, 133.6, 133.1, 131.6, 131.0,
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131.0, 129.9, 129.3, 128.1, 127.8, 127.3, 123.0, 122.1, 107.1, 10S.8,
98.0, 91.3, 77.3, 77.0, 76.7, 18.7, 18.6, 11.3, 11.3. DART HRMS: m/z
caled for C,HggN,Si, ([M + H]*") 667.3898, found 667.3866.

Compound 2. A suspension of 10 (0.336 g, 1.09 mmol), 1,2-
diaminobenzene (0.118 g, 1.09 mmol), SPhos (0.045 g, 0.11 mmol),
Pd(OAc), (0.024 g, 0.11 mmol), and Cs,CO; (1.17 g, 3.59 mmol) in
toluene (4.3 mL) was deoxygenated via sparging with N, for S min
followed by heating in an oil bath to 110 °C for 12 h. The mixture was
cooled to rt and diluted with CH,Cl,, the organic phase was washed
with §% aq NH,Cl (2X), dried over Na,SO,, filtered, and the solvent
was removed in vacuo. Column chromatography (silica gel, 2:20:78
Et;N/CH,Cl,/hexanes) followed by recrystallization (sample was
dissolved in minimal amount of CH,CI, followed by addition of
hexanes at rt, and then the mixture was cooled to —78 °C, filtered, and
washed with hexanes) afforded 2 (0.101 g, 27%) as a dark red solid. Ry
= 0.2 (2:20:78 Et;N/CH,Cl,/hexanes). IR (CDCl; cast film): 3408
(w), 3059 (w), 2953 (s), 2928 (s), 2869 (m), 1637 (w), 1586 (w),
1491 (w), 1456 (s), 1382 (m), 1297 (w), 1261 (w), 1113 (m), 937
(w), 890 (m), 814 (w), 750 (s) cm™". '"H NMR (500 MHz, CDCL,): §
8.75 (s, 2H), 8.24—8.16 (m, 2H), 7.85 (s, 2H), 7.80—7.73 (s, 2H),
2.83 (t, ] = 7.3 Hz, 4H), 1.80—1.69 (m, 4H), 1.52 (sextet, ] = 7.0 Hz,
4H), 1.02 (t, ] = 7.0 Hz, 6H). *C NMR (125 MHz, CDCL,): § 144.2,
141.9, 140.1, 134.2, 130.2, 129.8, 126.5, 125.9, 32.8, 22.9, 14.0. DART
HRMS: m/z caled for C,,H,,N, ([M + HJ*) 343.2169, found
343.2160.

Compound 3. A suspension of 11 (0.423 g, 0.686 mmol), 1,2-
diaminobenzene (0.163 g, 1.51 mmol), SPhos (0.048 g, 0.117 mmol),
Pd(OAc), (0.026 g, 0.117 mmol), and Cs,CO; (1.48 g, 4.53 mmol) in
toluene (4.6 mL) was deoxygenated via sparging with N, for S min
followed by heating in an oil bath to 110 °C for 12 h. The mixture was
cooled to rt and diluted with CH,Cl,, the organic phase was washed
with 5% aq NH,Cl (2 X ), dried over Na,SO,, filtered, and the solvent
was removed in vacuo. The crude was diluted in CH,Cl,, and the
solution was partitioned into two equal portions:

The first portion was concentrated in vacuo and purified by column
chromatography (silica gel, 3:20:77 Et;N/CH,Cl,/hexanes) to afford
3 (0.074 g, 32%) as a bright orange solid. The second portion was
concentrated in vacuo, the residue was suspended in 10:1 v/v AcOH/
H,0 (20 mL), K,Cr,0, (0.404 g, 1.37 mmol) was added, and the
mixture was stirred for 4 h at rt. The mixture was diluted with CH,Cl,,
the organic phase was washed with 5% aq Na,CO; (2x), dried over
Na,SO,, and filtered, and the solvent was removed in vacuo. Column
chromatography (silica gel, 2:20:78 Et;N/CH,Cl,/hexanes) afforded 3
(0.039 g, 17%) as a bright orange solid. Material obtained via this
oxidation step had spectral characterization consistent with material
obtained without this oxidation step (ie., material from the first
portion, as described above).

Characterization of 3. R, = 0.5 (20% CH,Cl, in hexanes). IR
(DCM cast film): 3418 (vw), 3050 (w), 2953 (w), 2922 (m), 2851
(w), 1526 (w), 1491 (w), 1455 (w), 1408 (w), 1381 (m), 1108 (m),
972 (w), 918 (w), 897 (s), 833 (w), 773 (w), 750 (s), 727 (w), 668
(w) em™. '"H NMR (500 MHz, CDCl,): § 8.93 (s, 2H), 8.92 (s, 2H),
8.28—8.21 (m, 4H), 8.08 (s, 2H), 8.06 (s, 2H), 7.84—7.78 (m, 4H),
2.73-2.50 (m, 4H), 1.66—1.58 (m, 4H), 1.25—0.98 (m, 20H), 0.69 (t,
J=7.0 Hz, 6H). 3*C NMR (500 MHz): § 144.6, 144.4, 141.25, 141.15,
140.5, 140.3, 134.6, 133.5, 130.7, 130.6, 129.92, 129.89, 128.8, 127.3,
126.6, 126.5, 33.9, 31.7, 30.3, 294, 29.2, 29.0, 22.5, 14.0. DART
HRMS: m/z caled for C,Hg N, ([M + HJ") 683.4108, found
683.4114.

Compound 7.%" To a round-bottom flask containing CuCl (0.730
g, 0.738 mmol) were added n-BuNH, (7.29 mL, 5.40 g, 73.8 mmol),
H,0 (11.1 mL, 11.1 g, 615 mmol), and CH,Cl, (40 mL) in that order,
and the solution was cooled to 0 °C accompanied by vigorous stirring.
The mixture was deoxygenated via sparging with nitrogen for 3 min
followed by addition of small amounts of NH,OH-HCI until complete
decolorization of the initial blue mixture was achieved. At that time, a
deoxygenated solution of 1-bromodec-1-yne (1.47 g, 6.76 mmol) in
CH,Cl, (20 mL) was added dropwise. The reaction mixture was
stirred for 3 h at 0 °C, followed by removal of the cooling bath and
aging of the mixture at rt for another 6 h before it was poured into 5%
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aq NH,Cl. H,O was added, and the mixture was extracted with
CH,CIl, (100 mL). The organic phase was washed with 5% aq NH,Cl
and satd aqg NaHCO, and dried (N2,SO,), and the solvent was
removed in vacuo. Column chromatography (silica gel, hexanes)
afforded 7 (1.12 g, 66%) as a pale yellow liquid. Spectral data were
consistent with previously reported data.”!

1-Bromodec-1-yne.”? To a solution of 1-decyne (2.00 g 2.61 mL,
14.5 mmol) in acetone (50 mL) at rt was added N-bromosuccinimide
(2.96 g, 16.6 mmol) followed by AgNO; (0.246 g, 1.45 mmol). The
mixture was stirred at rt for 2 h in the dark (via wrapping the reaction
flask in aluminum foil). The mixture was then filtered through a pad of
silica gel using hexanes. The filtrate was collected, and the solvent was
removed in vacuo. Column chromatography (silica gel, hexanes)
afforded 1-bromodec-1-yne (1.47 g, 47%) as a clear colorless liquid. R
= 0.7 (hexanes). IR (CDCl, cast film): 2955 (m), 2926 (s), 2855 (s),
2218 (vw), 1466 (m), 1430 (w), 1328 (w), 1053 (w), 909 (m), 736
(m) cm™. '"H NMR (300 MHz, CDCL,): § 2.19 (t, ] = 7.0 Hz, 2H),
1.51 (quintet, J = 7.0 Hz, 2H), 1.42—1.22 (m, 10H), 0.88 (t, ] = 6.7
Hz, 3H). 3C NMR (100 MHz, CDCL,): § 80.2, 37.4, 31.9, 29.2, 29.1,
28.8, 28.4, 22.7, 19.7, 14.0. DART HRMS: m/z calcd for C,0H,,’Br
([M — Br]*) 137.1325, found 137.1328.

Compound 9. To a flask containing Pd(PPh;), (0.053 g, 0.046
mmol) and Cul (0.012 g 0.061 mmol) under an atmosphere of
nitrogen was added via cannula a solution of 8” (0.400 g, 0.762 mmol)
in THF (10 mL) and diisopropylamine (1.6 mL, 1.2 g 12 mmol)
which had been deoxygenated via sparging with N, for 10 min. To the
combined mixture was added triisopropylsilylacetylene (0.46 mL, 0.38
g, 2.1 mmol) while the mixture was sparged with N, for another 2 min.
The mixture was stirred for 12 h at rt before being diluted with
CH,Cl,. The organic phase was washed with H,O and satd aqg NH,Cl],
dried over anhyd Na,SO,, and filtered through a short pad of silica gel
(using CH,Cl, as eluent), and the solvent was removed in vacuo.
Column chromatography (silica gel, hexanes) gave 9 (0.699 g, 92%) as
a white solid. Ry = 0.5 (hexanes). IR (CDCl, cast film): 2941 (m),
2890 (w), 2864 (m), 2154 (w), 1510 (w), 1469 (m), 1383 (w), 1345
(w), 1226 (w), 1182 (w), 1120 (m), 1019 (w), 996 (w), 970 (m), 907
(m), 882 (m), 834 (m), 779 (m), 738 (w), 716 (m), 665 (s) cm™*. 'H
NMR (400 MHz, CDCL,): & 8.00 (s, 1H), 7.89 (s, 2H), 7.65 (s, 1H),
7.59-7.52 (m, 4H), 1.18 (s, 21H), 1.06 (s, 21H). *C NMR (100
MHz, CDCL,): § 141.6, 139.7, 1324, 131.64, 131.57, 131.3, 130.94,
130.89, 129.3, 128.7, 128.1, 126.8, 123.0, 121.7, 107.1, 105.4, 96.5,
91.2, 18.7, 18.5, 11.4, 11.3. DART HRMS: m/z caled for
CysHs,Si,Cl, ([M + HJ*) 633.2901, found 633.2890.

Compound 10. A solution of S-decyne (0.168 g, 1.22 mmol) and
4 (0.449 g, 1.63 mmol) in 1,2-dichloroethane (23.8 mL) which had
been deoxygenated via sparging with N, for 5 min was transferred via
cannula into a round-bottom flask equipped with a water-cooled
condenser containing Cu(OTf), (0.044 g 0.122 mmol) under
nitrogen atmosphere, and additional 1,2-dichloroethane (0.5 mL)
was used to complete the solution transfer. TFA (0.47 mL, 0.69 g, 6.1
mmol) was immediately added. The mixture was heated in an oil bath
to 100 °C for 2 h. The mixture cooled to rt, NaHCO; (ca. 2 g) was
added, and the mixture was filtered through a short pad of silica gel
using 1:1 hexanes/CH,Cl, The solvent from the filtrate was removed
in vacuo. Column chromatography (silica gel, hexanes) afforded 10
(0.358 g, 95%) as a white solid. Ry=08 (hexanes). IR (CDCl, cast
film): 2953 (s), 2930 (s), 2870 (m), 1582 (w), 1485 (m), 1464 (m),
1439 (m), 1379 (m), 1356 (m), 1221 (w), 1188 (w), 1175 (w), 1118
(s), 971 (s), 938 (m), 90S (s), 890 (s), 759 (w), 736 (w), 658 (m)
cm ™. '"H NMR (500 MHz, CDCL,): 5 7.81 (s, 2H), 7.47 (s, 2H), 2.79
(t,J =79 Hz, 4H), 1.71 (quintet, ] = 7.6 Hz, 4H), 1.54 (sextet, ] = 7.3
Hz, 4H), 1.09 (t, ] = 7.3 Hz, 6H). *C NMR (125 MHz, CDCL,): §
140.9, 131.0, 128.8, 127.8, 125.6, 32.9, 32.4, 22.8, 14.0. DART HRMS:
m/z caled for CgH,,>Cl, (M*) 308.1093, found 308.1086.

Compound 11. A solution of 7 (0.287 g, 1.05 mmol) and 4 (0.777
g 2.82 mmol) in 1,2-dichloroethane (16.9 mL) which had been
deoxygenated via sparging with N, for 5 min was transferred via
cannula into a round-bottom flask equipped with a water-cooled
condenser containing Cu(OTf), (0.038 g 0.105 mmol) under
nitrogen atmosphere, and additional 1,2-dichloroethane (0.5 mL)
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was used to complete the solution transfer. TFA (0.40 mL, 0.60 g, 5.2
mmol) was immediately added. The mixture was heated in an oil bath
to 100 °C for 2 h. The mixture was cooled to rt, NaHCO; (ca. 2 g)
was added, and the mixture was filtered through a short pad of silica
gel using 1:1 hexanes/CH,Cl,. The solvent from the filtrate was
removed in vacuo. Column chromatography (silica gel, hexanes)
afforded 11 (0.451 g, 70%) as a white solid. Re =07 (hexanes). IR
(DCM cast film): 2953 (m), 2925 (s), 2854 (m), 1579 (w), 1473 (m),
1433 (w), 1391 (w), 1378 (w), 1346 (w), 1184 (w), 1119 (s), 972
(m), 961 (w), 906 (s), 738 (m), 662 (m) cm™". "H NMR (500 MHz,
CDClLy): 6 7.94 (s, 2H), 7.88 (s, 2H), (s, 2H), 7.69 (s, 2H), 7.57 (s,
2H), 2.61-2.39 (m, 4H), 1.57—-1.47 (m, 4H), 1.26—1.06 (m, 20H),
0.86 (t, ] = 7.2 Hz, 3H). '*C NMR (500 MHz, CDCL,): § 140.7, 140.4,
132.0, 130.4, 130.1, 129.6, 128.3, 128.1, 127.4, 125.8, 33.3, 31.8, 304,
29.3,29.2, 29.1, 22.6, 14.1. DART HRMS: m/z calcd for CiH,,**Cl,
(M") 614.2035, found 614.2061.
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