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Gold(I) Styrylbenzene, Distyrylbenzene, and Distyrylnaphthalene
Complexes: High Emission Quantum Yields at Room Temperature

Lei Gao,"”! Daniel S. Niedzwiecki,””! Nihal Deligonul,””! Matthias Zeller,"
Allen D. Hunter,””! and Thomas G. Gray*!”!

Abstract: One gold(I)-substituted styr-
ylbenzene, six digold(I) distyrylben-
zenes, one tetragold distyrylbenzene,
and four digold distyrylnaphthalene
complexes were synthesized using
base-promoted auration, alkynylation,
triazolate formation, and Horner-
Wadsworth—-Emmons reactions. The
gold(I) fragments are either o-bonded
to the aromatic system, or they are at-
tached through an alkynyl or triazolate

tored using *'P{'"H} NMR spectroscopy.
Systems in which gold(I) binds to the
central benzene ring or the terminal
phenyl rings were designed. All of
these complexes have strong ultraviolet
absorptions and emit blue light. The
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position of the gold(I) attachment in-
fluences the luminescence efficiency.
Complexes with two gold(I) fragments
attached to the ends of the conjugated
system have fluorescence quantum
yields up to 0.94, when using 7-diethyl-
amino-4-methylcoumarin as the emis-
sion  standard. = Density-functional
theory calculations on three high-yield-
ing emitters suggest that luminescence
originates from the distyrylbenzene or

spacer. Product formation was moni-

Introduction

Distyrylbenzenes and -naphthalenes are widely studied for
their versatile electroluminescence and photolumines-
cence.!! They have applications in light-emitting diodes,*?!
as oxygen sensitizers,” nonlinear optical (NLO) materi-
als,>® organic field effect transistors (OFETs),”) and as
building blocks for polymers in emission sensors and solar
cells.® The electronic and luminescence properties of these
molecules can be altered by changing the conjugation length
or with electron-donating or -withdrawing substituents.’'6!
By placing substituents along oligophenylenevinylene
(OPV) or oligophenyleneethynylene (OPE) rims, chromo-
phores with large two-photon absorption cross sections have
been prepared.! OPVs bearing water-solubilizing substitu-
ents have been proposed for photodynamic therapy.!'”!
Recent work has linked hole-conducting OPVs to electron-
conducting fullerenes to generate high-efficiency photovol-
taic materials."®?’! In designing the active layers of light-
emitting diodes, triple bonds were introduced to poly(pheny-
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-naphthalene bridge.

lene vinylene)s (PPVs) to enhance their electron affinities,
thus increasing the electroluminescence efficiencies.” > A
new class of 2D, m-conjugated, skewed H-shaped, co-oligo-
mers of phenylene vinylene (PV) and phenylene ethynylene
(PE) has been synthesized.?! These co-oligomers, which
have pendant amino groups, show high fluorescence sensitiv-
ity to Brgnsted acids and transition-metal ions. Yamaguchi,
Jakle, and their respective co-workers have shown that in-
troducing boryl substituents to OPVs®?" yields emissive
materials with quantum yields up to 0.99.7%1 The emission
yields are attributed to p,—m* conjugation between the
vacant p orbital on boron and m orbitals of the conjugated
framework. It also has been shown that attaching boryl sub-
stituents at the end positions of the m-conjugated framework
or to the central core leads to different properties.

Research in this laboratory has developed the selective
auration of carbon skeletons to explore the photophysical
consequences of gold attachment.! Phosphine—gold(I)
fragments are isolobal with a proton.’® They are soft Lewis
acids that activate soft electrophiles, such as 7 systems.””)
The spin-orbit coupling constant of 5d electrons in gold is
5090 cm~.P¥ Its heavy atom effect (Z=79) influences both
ground- and excited-state properties. Gold(I) is typically
linear, with a coordination number of two.””) When bonded
to aromatic rings, the spin-orbit coupling of gold allows
access to triplet excited states. Strong triplet-state emission
can be observed at room temperature.?3!3

Two-coordinate gold(I) is a fourteen-electron fragment
with an empty 6p orbital of & symmetry. As with boryl-sub-
stituted compounds, the possibility of p—mt conjugation be-
tween gold(I) and aromatic carbon invites photophysical
study, here for metalated OPVs and OPEs. Most research
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efforts focus on modifying chromophores with conventional
substituents, such as alkyls, amino groups, and halides.[*”
Studies on the effects of metal substitution have been limit-
ed.

Here we report the synthesis and optical spectroscopy of
new gold(I)-substituted styrylbenzenes, distyrylbenzenes
(DSBs), and distyrylnaphthalenes (DSNs). Cy;PAu™ frag-
ments were attached to the DSB and DSN systems to probe
the effect of gold on the photophysical properties of the hy-
drocarbon skeleton. Some twelve new compounds, including
one mono-, ten di-, and one tetragold compound, were pre-
pared and characterized. Their optical spectra were collect-
ed, and the fluorescence quantum yields were measured.
The new compounds have blue emissions, and the most
emissive are those with two Cy;PAu* fragments attached to
the ends of the m-conjugated systems. All compounds show
strong singlet-state emissions, and no triplet emission was
observed at room temperature. Crystal structures were col-
lected for the mono- and tetragold compounds; the gold(I)
centers are linear. The electronic structures of representa-
tive compounds have been examined with density-functional
theory calculations.

Results and Discussion

Scheme 1 sets out the new organogold compounds. These in-
clude one monogold(I) complex (1), ten digold complexes
(2, 3, 5-12) and one tetragold complex (4). In complexes 1,
2,5,6,9 and 11, the Cy;PAu fragment is o-bonded to the ar-
omatic ring. In compounds 3, 4, 7, 10 and 12, a C=C bond is
installed between the aromatic ring and the Cy;PAu frag-
ment. In compound 8, the Cy;PAu fragment is attached to
the 4-carbon on a triazole ring, which is connected to the ar-
omatic ring at the 5-position.

2 R'=PCysAu, R?=tBu

AuPC
v 3 R'=PCy;AuC=C, R?= (Bu
O 4 R'=R?=PCy;AuC=C
N 5 R'=H, R?=PCysAu

6 R'=Br, R?=PCysAu
7 R'=Br, R%?=PCysAuC=C

8 R'=Br, R%=PCyAu-triazole

R'2 = PCy3Au
R'2 = PCy;AuC=C

R'2 = PCy;Au

R'2 = PCy3AuC=C

Scheme 1.
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Syntheses: Scheme 2 shows the synthetic pathway leading to
1. Five steps are involved. A phosphonium bromide precur-
sor was synthesized by refluxing a benzene solution of tri-

Ph3P.
CHO
PPh;
P - Br —
CgHg/reflux/18 h nBuULi/THF
Br (step 1) (step 2)

toluene | > (step 3)

%

E-TbsBr

Au PCya

O‘B’O
O B B
PCy3AuBr (B(pin),
052003/2 -propanol 2 [Pd(dba),}/PCys/KOAC
(step 5) L1  dioxane/80 °C/overnight
(step 4)

Scheme 2. Synthesis of 1.

phenylphosphine and 4-fert-butylbenzyl bromide (Scheme 2
step 1). The phosphonium bromide salt was then dissolved
in THF and cooled to —78°C. nBuLi was added slowly to
this solution, which took on a tan color. A solution of 4-bro-
mobenzaldehyde in THF was then added, and the resulting
mixture was stirred overnight (Scheme 2, step 2). After the
completion of the reaction, 2-propanol was used to quench
excess nBuLi. An orange residue was collected by evapora-
tion. Adding ethanol to this orange residue led to the isola-
tion of a white iridescent product. This product is a mixture
of both the E and Z isomers of 1-(4-bromostyryl)-4-tert-bu-
tylbenzene (TbsBr). Converting all the products into the E
isomer is achieved by refluxing them in toluene with an I,
crystal (Scheme 2, step 3).

The palladium-catalyzed cross coupling of bis(pinacolato)-
diboron™"! with the (E)-TbsBr was then carried out to make
L1 (Scheme 2, step 4), which was purified by vacuum subli-
mation. Subsequent base-promoted auration®*! afforded
1 (Scheme 2, step 5), which was isolated as a white powder.

Scheme 3 shows syntheses of compounds 2 and 5-8. There
are five steps in the synthesis of each. The commercially
available 1,4-dimethylbenzene with or without two Br sub-
stituents first underwent bromination with N-bromosuccin-
imide in benzene under reflux with a chain initiator, 1,1'-
azobis(cyclohexanecarbonitrile) (ABCN; Scheme 3, step 1).
The isolated products were then combined with triethyl
phosphite and refluxed for 6 h (Scheme 3, step 2), in a Mi-
chaelis—Arbuzov reaction,* to yield phosphonates. Upon
cooling, the phosphonates precipitated out, and were col-
lected by filtration. Additional products could be recovered
upon the addition of hexanes. After the phosphonates were
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P(OEt N
(NBS) ABCN . Br (OEb)s EtO-b g OEt
|
o E
Benzene/Reflux 8 h R 120°C Reflux 6 h OEt R
(step 1) (step 2)
HC?C | NaH

o 0 R
IB_B\
L2 O 07\ (Bypin)) R

THF/reflux 3 h (step 3)

R'=PCy;Au 5, R=H
—_—

2 «——— L
PCy;AuBr
Cs,CO3/2-propanol
R=H,R =Br
(step 5)

L2: R = Bpin, R'={Bu
L3: R=H, R =Bpin

L4: R =R'=Bpin

Scheme 3. Syntheses of 2 and 5-8.

collected, Horner-Wadsworth—-Emmons reactions were then
carried out to produce the distyryl benzene skeletons, L’
(Scheme 3, step 3). Products were isolated by adding water
to the suspension in THF, and collected by filtration. Com-
pounds 5, 6, and 7 were directly synthesized in this step with
4-(Cy;PAu)benzaldehyde™ or 4-(Cy;PAuC=C)benzalde-
hyde!®! as the starting materials. Combining 7 with azidotri-
methylsilane in methanol led to the triazole,*” compound 8.
Compound 2 was synthesized by base-promoted auration
with L2, which was synthesized in a palladium-catalyzed
borylation reaction (Scheme 3, step 4).

Compounds 3 and 4 were synthesized as shown in
Scheme 4. Sonogashira coupling!®! of L1’ or L3’ with trime-
thylsilylacetylene afforded a triple bond at the positions of
the original Br substituents. These compounds were then de-

g e
[PACI,(PPha),/Cul/EtsN

THF/45 °C

L
—Si—=

Br [PACI,(PPhy),ICul/EtN
e
Br O / THF/45 °C
Br

Scheme 4. Synthesis of 3 and 4.
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6, R=Br
L

R
‘ R'= PCysAuC=C

TMSN3
-
CH,CIL/RT

(step 6)

7, R=Br
L1:R=Br, R ={Bu
L2 R=H, R'=Br

L3 R=R'=Br

silylated with K,CO; to afford the tetraethynyl distyryl ben-
zene. The products were deprotonated by a strong base,
KO1Bu, and reacted with Cy;PAuCl in methanol to yield 3
and 4.

Attempts to synthesize the triazolato complexes from
compound 3 were not successful, possibly due to steric hin-
drance.*]

The corresponding gold(I) distyryl naphthalenes were syn-
thesized in a similar way, shown in Scheme 5. Steps 1-3 are
analogous to steps 1-3 in Scheme 3, but with different start-
ing materials. The only step of concern is the iron-catalyzed
bromination (Scheme 5, step 4). Here, 2,6-dimethylnaphtha-
lene was first dissolved in CH,Cl, and cooled to —10°C. Fe
powder and a crystal of I, were added to the solution, and
the mixture was deoxygenated. A solution of Br, in methyl-

K>CO3 y PCy;AuCI
_— O
1:1 MeOH/THF MeOH/KOtBu

K,CO;3 = PCy,AuCl

1:1 MeOH/THF MeOH/KOtBu

Chem. Eur. J. 2012, 18, 6316—-6327
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T —— e
(step 1) BrpH,C (Slep 2)
CH,CI
2¥2 | Bry/Fe
-10-0 ©
(step 4)

Br
OO SO
(step 1) Br,H,C
Br

(step 2)| P(OEt),

2
o P~oEt
EtO-P OEt

FULL PAPER

gold binds directly to benzene
rings. The ¥'P resonance of tria-
OEt zolato complex 8 is shifted
e O downfield. In '"H NMR spectra,
° the coupling constants of the
doublet of doublets assigned to

Nart the alkenyl hydrogens are all
AuPCys It about 16.0 Hz, indicating
(step 3) AuPCys a trans geometry according to

. 10 the Karplus equation. The only

exception is 1. Here, the dou-
blet of doublets of the two al-
kenyl protons is distinguished
from the other peaks.

Figure 1 shows crystal struc-

EtO-P

: o
OEt L oS

Scheme 5. Syntheses of 9-12.

ene chloride was added, with bubbling of argon. The reac-
tion mixture was kept under Ar, warmed to room tempera-
ture, and stirred overnight. Upon completion, the solution
was separated from Fe metal using a magnet, and diluted
with CH,Cl,. It was then washed with saturated aqueous
Na,SO; several times. Rotary evaporation afforded a white
solid, which was carefully washed with a small amount of
hexanes. Washing with excess hexanes caused the loss of
products. Unidentified materials were produced when the
reaction mixtures were exposed to air. Further purification
can be achieved by crystallizing the product in CHCI,.*!

Ligand L1 and compound 1 were isolated as white pow-
ders. Compound 1 is soluble in benzene. Diffusing pentane
into a saturated benzene solution of compound 1 led to the
isolation of colorless crystals. Ligands L2, L3, L1'-L3’, com-
pounds 2, 3, 5-7, and 9-12 were isolated as yellow powders.
L2 and L3 are minimally soluble in dichloromethane or
chloroform; L1’ is more soluble. The digold(I) complexes
dissolve in dichloromethane and chloroform. Yellow crystals
of 2 were collected by diffusing ether into a saturated
CH,Cl, solution. Crystallization of the other compounds
only led to the precipitation of yellow powders, which were
analytically pure upon drying. The more conjugated com-
pounds 4 and 8 have darker yellow colors. Crystallization
led to the formation of orange crystals.

Gold(I) complexes with bromo substituents are less solu-
ble than those without. Direct auration using L4 to make
a tetragold complex with gold(I) fragments o-bonded to the
phenyl ring met with limited success. Product formation
could be seen in high-resolution MS, but the compound’s
sensitivity to ambient light precluded its isolation.

From *'P{'H} NMR spectroscopy, the formation of Au—
Cromatic and Au—C=C bonds could be observed. As shown in
Table 1, the *P{'H} resonances appear in the expected
ranges. Phosphorus resonances of gold(I) alkynyls are shift-
ed slightly upfield relative to those in analogues in which

Chem. Eur. J. 2012, 18, 6316-6327
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tures for compounds 1 and 4.
The Au' centers adopt a linear,
two-coordinate geometry. The
bulky tricyclohexylphosphine li-

——AuPCy; 12
(step 3)

Table 1. *'P{'H} chemical shifts of the gold(I) styryl benzene and naph-
thalene complexes in CDCl,.

Compound *'P{'H} [ppm] Compound *'P{'H} [ppm]
1@ 57.5 30! 56.8
20l 57.9 40! 56.8, 56.7
5lal 57.9 7] 56.9
6l 57.6 100! 56.9
9lal 57.8 120 56.9
11 57.8 8Ll 58.5

[a] Compounds with direct Au—C,;omaic bONds. [b] Compounds with Au—
C=C bonds. [c] The gold-triazolate compound (Au—C;y,0r)-

Figure 1. Crystal structures (100 K) of compounds 1 (top) and 4
(bottom); 50% probability ellipsoids are shown. Hydrogen atoms are
omitted for clarity. Unlabeled atoms are carbon. One PCy; group in the
asymmetric unit of 4 is disordered. Co-crystallized solvent molecules are
omitted for clarity.

— 6319
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gands preclude aurophilic interactions. One independent
molecule resides in the asymmetric unit of the crystal struc-
ture of 1. The asymmetric unit of 4 contains one half-mole-
cule; 4 resides on a crystallographic inversion center. One
PCy; group in the asymmetric unit of 4 is disordered. Two
dichloromethane molecules crystallized in the asymmetric
unit of 4. Both crystal structures show trans carbon—carbon
double bonds, consistent with the "H NMR data. The struc-
ture of 4 shows a nonplanar arrangement of the terminal
and the central phenyl rings. The dihedral angle between
the two best-fit planes along the long and short axis is
14.05°, Figure 2.

Figure 2. Crystal structure of 4 illustrating the dihedral angle between
best fit-planes along the long and short axis.

As seen from Table 2, in compound 1 Au' forms a o bond
to the aromatic skeleton; the Au—C length is 2.060(6) A.
The two Au—C,yy,y lengths measured in compound 4 are
1.983(13) and 2.001(10) A, shorter than the Au—C,omuic
bonds observed in compound 1. The X C-Au-P angles range
from 175.5(3) in one half molecule of compound 4 to
176.02(15) in compound 1, showing the coordination mode
around Au' is essentially linear.

Table 2. Selected interatomic distances [A] and angles [°]®) in crystallo-
graphically characterized gold(I) complexes 1 and 4.

1 4
Au—C 2.060(6)
Au-—P 2.3087(15) 2.261(3), 2.263(3)

Au=Cyjiyny 1.983(13), 2.001(10)
c=C 1.172(15), 1.179(13)

XC-Au-P 176.03(15) 175.5(3), 177.6(3)
X Au—C=C 174.6(10), 176.2(9)
XC=C-R 175.6(10), 178.7(13)

[a] The atom in boldface type lies at the vertex of the angle.

Optical spectra: The new gold(I) complexes absorb strongly
at wavelengths below 450 nm. They are also luminescent.
Figure 3 shows absorption and emission spectra of three rep-
resentatives: 2, 5, and 9. The normalized absorption spectra
of all organogold compounds reported here are collected in
Figure S1 in the Supporting Information, and Table 3 sum-
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Figure 3. Room-temperature absorption and emission spectra in chloro-
form of 2 (top), 5 (middle) and 9 (bottom).

marizes absorption maxima and molar absorptivities.
Table 4 compiles emission maxima at room temperature.
The 0-0 energies (E,,) are readily estimated from the cross-
ing wavelengths of the absorption and emission profiles. For
2,5, and 9, these are 408, 386, and 388 nm, respectively.

In digold compounds in which the Cy,PAu' fragments are
o-bonded to aryl carbons, a strong absorption peak occurs
around 380 nm. This peak changes little upon moving the at-
tachment points of Au from the central to the terminal
phenyl rings. The digold compound 2 with two gold(I) frag-
ments at the central phenyl ring has another higher energy
absorption peak at about 300 nm. The absorption profiles of
5 and 6 are essentially the same, with 6 emitting at longer
wavelengths with a more structured emission pattern

Chem. Eur. J. 2012, 18, 6316—-6327
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Table 3. Absorption maxima and molar absorptivities of new compounds.
All spectra were measured in CH,Cl,.

Amax € Amax €
[nm] [M'em™] [nm] [M'em™]
L1 324 4.33x10* 6 375 2.51x10*
L2 369 2.58x10* 7 279 1.92x10*
L3 368 5.01x10* 383 4.03x10*
L4 373 3.81x10* 8 255 2.41x10*
1 288 3.65x10* 260 2.02x10*
330 3.95x10* 378 3.07x10*
2 297 1.85%x10* 9 291 3.04x10*
380 3.13x10* 371 6.00 x 10*
3 324 4.53%x10* 10 279 1.92x10*
371 2.35%10* 383 4.03x10*
4 282 3.37x10* 11 245 7.40x10°
333 6.94%10* 300 6.12x10°
389 4.85%10* 12 315 3.18x10*
5 373 1.32x10* 389 4.53x10*

Table 4. Emission maxima and quantum yields (ex. 325 nm, standard: an-
thracene, ¢$=0.27 in ethanol) of gold(I) styrylbenzene and -naphthalene
complexes. Compounds 5 and 9 are highly emissive, and their quantum
yields were calculated using 7-diethylamino-4-methylcoumarin (ex.
325 nm, ¢=0.56 in ethanol) as the standard. Estimated error in quantum
yields: £10%.

Compound Aex [nm] E,, [nm] ¢
1 325 357,374 0.054
2 371 427 0.026
3 371 427 0.024
4 389 447, 468 0.124
5 373 389, 411 0.574
6 375 403, 429, 455 0.071
7 383 421, 448 0.063
8 378 462 0.010
9 371 400, 412 0.944
10 383 417, 435 0.034
11 380 430, 454 0.023
12 389 415, 440 0.151

(Table 3). Compounds 3 and 4 have similar absorption pat-
terns, with one higher energy absorption at about 330 nm,
and a lower energy peak at 400 nm. Both the absorption
and emission of compound 4 experience obvious red shifts
compared with compound 3. This red shift occurs with the
expansion of the conjugation system incorporating C=C
bonds (3, 4, 7, 10, and 12). In contrast to 6, compound 7 has
another low intensity absorption peak at about 275 nm. The
absorption at longer wavelength experiences an approxi-
mate 10 nm red shift. Their emission patterns are similar.
The triazolate compound 8 has a similar absorption profile
to compound 7, with the shorter wavelength absorption
blue-shifting to 255 nm. It emits at a comparatively long
wavelength, similar to the tetragold alkynyl compound 4.
There is no dramatic change in either the absorption or
emission profiles when substituting the central phenyl ring
with a naphthalene ring.

As seen from Figure 4, the color of the compounds varies
with structure. The monogold compound 1 is colorless in so-
lution. Compounds 5, 2, 4, and 8 are arranged in an order of
intensifying colors. Compounds 4 and 8 are dark orange in

Chem. Eur. J. 2012, 18, 6316-6327
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Figure 4. Top: Photograph of compounds 1, 5, 2, 4 and 8 arranged by the
intensity of their colors in dichloromethane. Bottom: Emission under
254 nm irradiation.

the solid state. These compounds are blue-light emitters.
The blue emission of the tetragold alkynyl compound 4 in-
terferes with the solution color, and a green emission is
seen, Figure 4. These colors can be clearly seen under UV
light in the dark. Their emission quantum yields (included in
Table 3) show structural correlations. The new compounds
tend to have higher emission quantum yields when the gold
fragments bind the ends of the conjugated system, as seen
from the high quantum yields of compounds 5 and 9 in
Table 3 and the bright blue emission of § in Figure 4. The
blue emissions of compound 2 and 8 are inconspicuous, con-
sistent with their relatively lower quantum yields. At high
concentrations, the blue emission of 8 is concealed by the
dark orange color of the solution. At lower concentrations,
a green color can be observed as seen in compound 4. When
dissolving these compounds in a mixture of dichloromethane
and methanol, the emission colors experience no change,
showing negligible solvent effects on the luminescence.
Substituting terminal hydrogen atoms with gold(I) frag-
ments red-shifts the absorption profile of the parent hydro-
carbon. We have made similar observations for related
mono- and digold(I) aryls.*! Cornil and co-workers*”! have
reported that para-distyrylbenzene, the hydrocarbon parent
of 5, shows an absorption maximum at 365 nm in a poly-
(methyl methacrylate) film. Wu and co-workers*! report the
absorption spectrum of the same hydrocarbon in chloro-
form; it has a maximum at 368 nm (estimated from the
printed spectrum). Substitution of 5 with alkyl, alkoxy, and
dialkylamino groups red-shifts the absorption profile. How-
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ever, the degree of red-shifting is not simply related to the
electron-donating power of the substituent. The absorption
maximum of 14-bis[(E)-4-methoxystyryl]benzene near

1,4-bis[(E)-4-methoxystyryllbenzene

369 nm in CHCI, is similar to that of 5 (373 nm, in CH,Cl,).
This observation need not suggest that (phosphine)gold(I)
substituents are electron-releasing. Boronated compound L3
absorbs at 385 nm in CH,Cl,. Time-dependent density-func-
tional theory calculations™® have suggested that this red-
shift results from configuration interaction involving gold-
based orbitals that moves singlet excited states to lower en-
ergies.

Spectral comparisons can be made among the new com-
pounds. For example, 6 is the dibromo analogue of 5, in
which the central benzene ring is brominated. However, the
absorption maxima in CH,Cl, change little: 373 (5) vs.
375 nm (6). Similarly, bromine substitution on the naphtha-
lene cores of 11 and 12 has little effect on their absorption
profiles. In compounds 6, 7, and 8, gold binds directly to an
aromatic ring (6), through an alkynyl spacer (7), and
through a triazolato ring (8). For further comparison, L3 is
the pinacolboronate precursor to 6. The lowest-energy ab-
sorption maxima of these compounds in CH,Cl, span
a 15 nm range and increase in order: L3 (368) <6 (325)<8
(378) <7 (383 nm). Gold(I) leads to greater red-shifting
than boronate esters, but absorption wavelengths are not
a simple function of conjugation length. Still, variations
within the series are not large.

The fluorescence quenching effect of the heavy atom (Br)
rationalizes the lower quantum yield of 11 compared to 9.
The quenching effect of gold appears to be more effective in
the alkynyl 7 than in a triazolate system 8. Comparing 9 and
10, or 11 and 12, shows a drastic decrease in fluorescence
quantum yield when adding an alkynyl spacer between gold
and the two terminal aryl carbons of the conjugated bridge.
However, the fluorescence quantum yields are insensitive to
similar changes on the central aromatic ring, as seen from
comparing 2 and 3, as well as 6 and 7. Compound 4 has
a higher emission quantum yield than 7, indicating stronger
quenching by Br than by the gold alkynyl fragment.

Calculations: Compounds 2, 5, and 9 were selected for theo-
retical investigation. For computational feasibility, PMe; li-
gands replace PCy; on gold. Model compounds are denoted
with primes: 2, 5§, and 9'.

Geometries were optimized free of imposed symmetry.
Harmonic frequency calculations show the converged struc-
tures to be minima of the potential energy hypersurface. All
calculations, including geometry optimizations, incorporate
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chloroform solvation, modeled with the IEFPCM formalism
of Tomasi and co-workers.[*=%

Figure 5 (top) shows a frontier-orbital energy level dia-
gram of §'. Images of the highest occupied and lowest unoc-
cupied Kohn-Sham orbitals (HOMO and LUMO, respec-

(MezPAu),%*
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Figure 5. Top: Partial Kohn—Sham orbital energy level diagram of model
5 in continuum (IEFPCM) chloroform solvation. Percentage composi-
tions of selected orbitals, in terms of fragment orbitals, are indicated.

Bottom: Plots of the highest occupied and lowest unoccupied orbitals of
5. The contour level is 0.03 a.u.

tively) appear in Figure 5 (bottom). The corresponding dia-
grams for 9’ are given in Figure 6; a diagram for 2’ appears
in Figure S2 in the Supporting Information. Percentage com-
positions in terms of fragment orbitals are indicated; these
derive from a Mulliken population analysis."*

In §', the highest occupied orbital with significant gold
character is the HOMO-2, which, along with the
HOMO-3, accounts for the carbon-gold o bonds. For 9,
the HOMO-3 and the HOMO-—4 are the highest-lying
filled orbitals with large gold character. Other orbitals near
the frontier are mainly s orbitals of the conjugated bridge.
Similar conclusions pertain to the electronic structure of 2'.

Time-dependent DFT calculations for 2', §, and 9’ find
that the first excited singlet states result from clean LU-
MO —HOMO promotions. This transition is optically al-
lowed for both molecules. The corresponding absorption is
intense, and the calculations predict it to have the highest
oscillator strength of any transition up to 300 nm. We note
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Figure 6. Top: Partial Kohn—Sham orbital energy level diagram of model
9" in continuum (IEFPCM) chloroform solvation. Percentage composi-
tions of selected orbitals, in terms of fragment orbitals, are indicated.
Bottom: Plots of the highest occupied and lowest unoccupied orbitals of
9. The contour level is 0.03 a.u.

that the emission spectra of § and 9 show the structured lu-
minescence typical of aryl-ligand-centered emission.?*3>%!
Table 5 collects the calculated vertical excitation energies
and compositions of singlet excited states up to 300 nm for
2, 5, and 9'. Excitation energies calculated for the first sin-
glet excited states agree well with observed 0-0 energies
(within 8 %). Higher-energy singlets, and all triplets within
this energy range, mix through configuration interaction,
and are not described by simple one-electron transitions.

Conclusion

Gold(I) styrylbenzene, distyrylbenzene and distyrylnaphtha-
lene complexes were synthesized and characterized. In the
synthesis of these compounds, base-promoted auration, alky-
nylation and [3+2] cycloaddition methods, as well as
Horner—-Wadsworth—-Emmons reactions, were used. Differ-
ent distyryl benzene and naphthalene bridges were designed.
Gold(I) is attached to different places along the conjugated
backbones, either directly or with alkynyl or triazolate
spacers. In some systems, bromo substituents are also pres-
ent. All these compounds are air and water stable.
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Table 5. Compositions and energies of singlet excited states calculated by
TDDFT, with estimated 0-0 energies, E;, for comparison.

No. E F Orbital origin
[nm] (percentage contribution)

compound 2’ singlet states

1 4129 1.5954 HOMO —-LUMO (498 %)

2 347.6 0.0100 HOMO—-1—LUMO (+96 %)

3 3221 0.0515 HOMO-3—LUMO (+72%)
HOMO —LUMO+2 (22%)

4 3181 0.0002 HOMO —-LUMO+1 (+96%)

5 307.6 0.0003 HOMO-2—LUMO (+93%)

6 301.1 0.8817 HOMO —-LUMO+2 (+75%)
HOMO-3—LUMO (+21%)

compound 5’ singlet states

1 418.4 2.6363 HOMO —-LUMO (4+98%)

2 3215 0.0001 HOMO—-1—=LUMO (+90%)
HOMO —LUMO+1 (8%)

3 306.5 0.0003 HOMO —-LUMO+1 (+89%)
HOMO-1—-LUMO (+8%)

compound 9’ singlet states

1 412.8 3.0594 HOMO —-LUMO (497 %)

2 3432 0.0056 HOMO —-LUMO+2 (+76%)
HOMO-2—LUMO (21%)

3 330.1 0 HOMO—-1—LUMO (+96 %)

4 316.1 0 HOMO —-LUMO+1 (+95%)

The syntheses of these compounds were verified by
NMR, HR-MS and X-ray crystallography. The *'P{'H} NMR
data indicate the formation of gold—carbon bonds. When the
gold fragments are directly o-bonded to the aromatic car-
bons, *'P{'H} chemical shifts are near 58 ppm. When an al-
kynyl spacer intervenes between gold and an aromatic ring,
the *'P{'H} peaks appear near 56 ppm. In '"H NMR spectra,
the coupling constants of about 16.0 Hz for the doublet of
doublets assigned to the protons of the ethylene spacers
show that all these compounds are trans isomers. Crystal
structures show a linear geometry of the gold(I) centers. No
short Au—Au interactions were observed.

As the conjugation length increases, the color of the solid
compounds intensifies. The monogold(I) compound is color-
less, and the digold(I) complexes change from yellow to
orange. The tetragold(I) compound is dark orange. With
more bromo substituents, the solubility of the compounds
decreases. All these complexes absorb UV light strongly,
and emit from 350-460 nm. These emissions are not quench-
able by oxygen, and no triplet state emission was observed
at room temperature. Fluorescence quantum yields vary
with structure. The highest quantum yields occur when at-
taching two gold fragments directly to the two ends of the
conjugated system. When there is an alkynyl spacer between
gold and the conjugated bridge, the quantum yield decreas-
es. The heavy atom effects of gold(I) and bromo substituents
quench fluorescence, as expected for intersystem crossing to
triplet excited states. Quenching is less efficient in the tria-
zolate system than in the alkynyl system. Time-dependent
density-functional theory calculations indicate that the emis-
sion of these compounds derives from the conjugated aro-
matic moiety.

The emissive compounds herein can be used as blue emit-
ters, and potentially as two-photon absorbers.
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Experimental Section

Reagents: Commercially available reagents were used as received with-
out further purification. [(Cy;P)Au(4-formylphenyl)] was synthesized
based on a base-promoted auration procedure as reported.*”! Cy;PAuBr
and [(Cy;P)Au(4-ethynyllphenyl)] were synthesized following literature
procedures.”>

NMR spectroscopy: NMR spectra (‘H, *C{'H}, and *'P{'H}) were record-
ed on a Varian AS-400 spectrometer. Chemical shifts are reported in
ppm relative to Si(CH;), ("H, C{'H}) or 85% aqueous H;PO, (*'P{'H}).

Elemental analysis and mass spectrometry: Microanalyses (C, H, and N)
were performed by Robertson Microlit Laboratories. Mass spectrometry
was performed at the University of Cincinnati Mass Spectrometry facility.
We have not obtained satisfactory elemental analyses for compounds 6,
10, and 11; these substances have been characterized by high-resolution
mass spectrometry.

Optical properties characterization: UV/Vis spectra were collected on
a Cary 500 spectrophotometer in degassed HPLC-grade solvents. Fluo-
rescence measurements were done with a Cary Eclipse Spectrophotome-
ter at room temperature. All the luminescence spectra were collected
both in the air and after being purged with argon.

X-ray structure determinations: Single-crystal X-ray data were collected
on a Bruker AXS SMART APEX CCD diffractometer using monochro-
matic Moy, radiation with the omega scan technique. The unit cells were
determined using SMART®! and SAINT 4. Data collection for all crys-
tals was conducted at 100 K (—173.5°C). All structures were solved by
direct methods and refined by full matrix least squares refinement
against F° with all reflections using SHELXTL. Refinement of extinction
coefficients was found to be insignificant. All non-hydrogen atoms were
refined anisotropically. All hydrogen atoms were placed in standard cal-
culated positions and all hydrogen atoms were refined with an isotropic
displacement parameter 1.2 times that of the adjacent carbon. CCDC-
871911 (4) and CCDC-871912 (1), contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.a-
c.uk/data_request/cif.

Synthesis of ligands and gold(I) complexes
1,4-Dibromo-2,5-bis(4-tert-butylstyryl)benzene (L1’): Tetraethyl[(2,5-di-
bromo-1,4-phenylene)bis(methylene)]bis(phosphonate) (3.0 g, 5.6 mmol)
and 4-tert-butylbenzaldehyde (2.0 g, 12.3 mmol) were combined in THF
(30 mL). NaH (0.54 g, 13.4 mmol) was added, and the resulting suspen-
sion was refluxed for 3 h. After cooling to RT, ice was added to the reac-
tion mixture and stirred vigorously to generate a fine yellow suspension.
Vacuum filtration led to the isolation of a yellow powder, which was
washed several times with THF and water, and dried under vacuum.
Yield: 1.90g, 61%; 'HNMR (CDCl): 6=7.87 (s, 2H), 7.50 (d, J=
8.4 Hz, 4H), 7.42 (d, J=8.4 Hz, 4H), 7.33 (d, J=16.0 Hz, 2H), 7.04 (d,
J=16.4Hz, 2H), 1.34 ppm (s, 18H).
1,4-Dibromo-2,5-bis(4-bromostyryl)benzene (L3'): Tetraethyl[(2,5-dibro-
mo-1,4-phenylene)bis(methylene)]bis(phosphonate) (3.0 g, 5.6 mmol) and
4-bromo-benzaldehyde (2.3 g, 12.3 mmol) were combined in THF
(30 mL); NaH (0.54 g, 13.4 mmol) was added. The resulting suspension
was refluxed for 3 h. After cooling to RT, ice was added to the reaction
mixture and stirred vigorously to generate a fine yellow suspension.
Vacuum filtration led to the isolation of a yellow powder, which was
washed several times with THF and water, and dried under vacuum. This
material is minimally soluble in chloroform. Yield: 1.0 g, 57 %; '"H NMR
(CDCL): 6=7.68 (s, 2H), 7.28 (d, J=15.6 Hz, 4H), 7.23 (d, /=84 Hz,
4H), 6.89 (d, J=8.4 Hz, 2H), 6.42 ppm (d, /=16.0 Hz, 2H).

These materials were pure by an NMR criterion and were used without
further purification.
(E)-2-{4-[4-(tert-Butyl)styryl]phenyl}-4,4,5,5-tetramethyl-1,3,2-dioxaboro-
lane (L1): [Pd(dba),] (3mol%, 0.0096g, 0.017 mmol) and PCys
(7.2 mol %, 0.0112 g, 0.040 mmol) were combined in degassed 1,4-dioxane
(S5mL), and stirred for 30 min. 1-Bromo-4-(4-tert-butylstyryl)benzene
(0.1750 g,  0.555 mmol), bis(pinacolato)diboron (B,pin,, 0.1551 g,
0.610 mmol) and KOAc (0.0081 g, 0.834 mmol) were added to this solu-
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tion. The resulting mixture was transferred out of the box and heated
under Ar in an 80°C oil bath overnight. Solvent was removed under
rotary evaporation. Vacuum sublimation led to the isolation of white
crystals as the pure product. Yield: 0.1277 g, 63 %; 'H NMR (CDCl,): 6=
7.79 (d, J=8.0 Hz, 2H), 7.51 (d, J=8.0 Hz, 2H), 7.47 (d, J=8.4 Hz, 2H),
7.39 (d, J=8.4Hz, 2H), 7.17 (d, J=16.4 Hz, 1H), 7.08 (d, /=16.4 Hz,
1H), 1.34 ppm (d, /=8 Hz, 21H); m.p. 183-184°C; elemental analysis
caled (%) for C;3H3BO,: C 79.09, H 8.66; found: C 79.33, H 8.39; UV/
Vis (CH,CL): 4 (¢)=324 nm (4.33x10*M'cm™); emission (CH,Cl,, ex.
324 nm): A=373 nm.

2,2'-{2,5-Bis[ (E)-4-(tert-butyl)styryl]-1,4-phenylene}bis(4,4,5,5-tetrameth-
yl-1,3,2-dioxaborolane) (L2): [Pd(dba),] (6 mol %, 0.0173 g, 0.030 mmol)
and PCy; (14 mol %, 0.0202 g, 0.072 mmol) were combined in 1,4-dioxane
(5mL) in a nitrogen glove box, and stirred for 30 min. 1,4-Dibromo-2,5-
bis(4-tert-butylstyryl)benzene (0.2706 g, 0.490 mmol), bis(pinacolato)di-
boron (B,pin,, 0.1912 g, 0.753 mmol) and KOAc (0.1428 g, 1.47 mmol)
were added to this solution. The resulting mixture was heated under Ar
in an 80°C oil bath overnight. Solvent was removed under rotary evapo-
ration. The resulting residue was dissolved in CH,Cl, and washed with
water twice. The CH,Cl, layer was collected and dried over MgSO,. Sol-
vent was then removed under rotary evaporation, leaving a yellow
powder. The powder was then dissolved in a minimum amount of
CH,Cl,, and methanol was added until turbidity was seen. The suspen-
sion was allowed to stand for further precipitation. Vacuum filtration led
to the isolation of the product as a yellow powder. Yield: 0.1678 g, 53 %;
'"HNMR (CDCly): 6=38.16 (s, 2H), 7.99 (d, J=16.4 Hz, 2H), 7.50 (d, J=
8.0 Hz, 2H), 7.39 (d, /=8.0 Hz, 2H), 7.12 (d, /J=16.4 Hz, 2H), 1.43 (s,
24H), 135ppm (s, 18H); m.p. 294°C (decomp); UV/Vis (CH,CL):
2 (e)=369nm (2.58x10*mM'cm™); emission (CH,Cl,, ex. 369 nm): A=
410, 430 nm.

1,4-Bis[ (E)-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)styryl|benzene
(L3): [Pd(dba),] (6 mol%, 0.0120 g, 0.021 mmol) and PCy; (14 mol %,
0.0143 g, 0.051 mmol) were combined in 1,4-dioxane (5 mL) in a nitrogen
glove box, and stirred for 30 min. 1,4-Bis(4-bromostyryl)benzene
(0.1536 g, 0.350 mmol), bis(pinacolato)diboron (B,pin,, 0.1950 g,
0.768 mmol) and KOAc (0.1017 g, 1.05 mmol) were added to this solu-
tion. The resulting mixture was transferred out of the box and heated
under Ar in an 80°C oil bath overnight. Solvent was removed under
rotary evaporation. The resulting residue was dissolved in CH,Cl, and
washed with water twice. The CH,Cl, layer was collected and dried over
MgSO,. Solvent was then removed under rotary evaporation, leaving
a yellow powder. The powder was then dissolved in a minimum amount
of CH,Cl,, and methanol was added until turbidity was seen. The suspen-
sion was allowed to stand for further precipitation. Vacuum filtration led
to the isolation of the product as a yellow powder. Yield: 0.1237 g, 53 %;
'"HNMR (CDCL): 6=7.80 (d, 4H, J=8 Hz), 7.51-7.54 (m, 8H), 7.19 (d,
2H, J=16.0Hz), 7.13 (d, 2H, J=16.0 Hz), 1.36 ppm (s, 24H); m.p.
306°C (decomp); UV/Vis (CH,CL,): 1 (¢)=368 nm (5.01x10*m 'cm™);
emission (CH,Cl,, ex. 369 nm): 1=403, 427 nm.
2,2'-{2,5-Bis[(E)-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)styryl]-1,4-
phenylene}bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) (L4): [Pd(dba),]
(12mol%, 0.0143 ¢, 0.0249 mmol) and PCy; (28mol%, 0.0167 g,
0.060 mmol) were combined in 1,4-dioxane (5 mL) in the glove box, and
stirred for 30 min. 1,4-Dibromo-2,5-bis(4-bromostyryl)benzene (0.1240 g,
0.207 mmol), bis(pinacolato)diboron (B,pin,, 0.2317 g, 0.912 mmol) and
KOAc (0.1209 g, 1.24 mmol) were added to this solution. The resulting
mixture was heated under Ar in an 80°C oil bath overnight. Solvent was
removed under rotary evaporation. The resulting residue was dissolved
in CH,Cl, and washed with water twice. The CH,CI, layer was collected
and dried over MgSO,. Solvent was then removed under rotary evapora-
tion, leaving an orange powder. The powder was then dissolved in a mini-
mum amount of CH,Cl,, and methanol was added until turbidity was
seen. The suspension was allowed to stand for further precipitation.
Vacuum filtration led to the isolation of the product as an orange crystal-
line material. Yield: 0.060 g, 36%; '"H NMR (CDCl;): 6=8.17 (s, 2H),
8.11 (d, /J=16.0Hz, 2H), 7.81 (d, /=8.0 Hz, 4H), 7.56 (d, J=8.0 Hz,
4H), 7.15 (d, J=16.4Hz, 2H), 1.41 (s, 24H), 1.36 ppm (s, 24H); m.p.
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294-296°C (decomp); UV/Vis (CH,CL): 4 (¢&)=373nm (3.81x
10*m~'ecm™); emission (CH,Cl,, ex. 373 nm): 1 =414, 437, 463 nm.

These materials were pure by an NMR criterion and used without further
purification.

(E)-1-[(Cy;P) Au]-4-(4-tert-butylstyryl)benzene 1): [(Cy;P)AuBr]
(0.0923 g, 0.166 mmol), L1 (0.0900 g, 0.25mmol), Cs,CO; (0.1619 g,
0.50 mmol) were suspended in isopropyl alcohol (10 mL) and charged
into a round bottom flask. After degassing, the reaction vessel was im-
mersed in a 50°C oil bath, and stirred under Ar for 24 h. After cooling,
isopropyl alcohol was removed under rotary evaporation, and the re-
maining solid was extracted into benzene (50 mL) and filtered through
Celite. The solution was put under a rotary evaporator and benzene was
removed. The residue was triturated with pentane. Vacuum filtration
gave the product as a white powder. The white powder was then dis-
solved in a minimum amount of benzene and filtered through Celite. Dif-
fusing pentane into the concentrated benzene solution afforded the prod-
uct as colorless crystals. Yield: 0.1000 g, 85%; "H NMR (C¢Dg): 0 =8.13—
8.17 (m, 2H), 7.69 (d, /J=7.6 Hz, 2H), 7.40 (d, /=8 Hz, 2H), 7.20-7.27
(m, 4H); 1.34-1.85 (m, 24H, (C¢Hy))s), 1.24 (s, 9H, tert-butyl), 1.00-
1.05 ppm (m, 9H, (C¢H}y)s); *'P{'H} NMR (C¢Dy): 6=>57.5 ppm; HR-MS
(ES™): m/z caled: 713.3550 [M +H]*; found: 713.3632; elemental analysis
caled (%) for CyHs,AuP: C 60.67, H 7.35; found: C 60.41, H 7.31; UV/
Vis (2-MeTHF): 1 (&)=288 (3.65x10%, 330nm (3.95x10*m 'cm™);
emission (2-MeTHF, ex. 325 nm): A =357, 374 nm.
1,4-Bis[(Cy;P)Au]-2,5-bis(4-tert-butylstyryl)benzene (2): [(Cy;P)AuBr]
(0.0794 g, 0.142 mmol), L2 (0.0506 g, 0.076 mmol), Cs,CO; (0.1022 g,
0.31 mmol) were suspended in isopropyl alcohol (10 mL) and charged
into a round bottom flask. Benzene (5 mL) was then added to promote
dissolution of the starting materials. After degassing, the reaction vessel
was immersed in a 45°C oil bath, and stirred under Ar for 24 h. After
cooling, the solvents were removed under rotary evaporation, and the re-
maining solid was extracted into dichloromethane (100 mL) and filtered
through Celite. The solution was evaporated to dryness. The residue was
triturated with pentane. Vacuum filtration gave the product as a yellow
powder. The yellow powder was then dissolved in a minimum amount of
dichloromethane and filtered through Celite. Diffusing ether into the
concentrated dichloromethane solution afforded the product as yellow
crystals. Yield: 0.0640 g, 67%; '"HNMR (CDCl;): 6=7.89-7.91 (m, 2H),
7.78 (d, J=16.0Hz, 2H), 7.44 (d, /=84 Hz, 4H), 729 (d, /J=8.4Hz,
4H), 7.14 (d, /=16.0 Hz, 2H), 1.55-2.08 (m, 66 H; 2(C¢H,,)s), 1.32 ppm
(s, 18H, tert-butyl); *'P{'"H} NMR (CDCl;): 6 =57.9 ppm; HR-MS (ES*):
mlz caled: 1348.6587 [M+H]*; found: 1348.6978; elemental analysis
caled (%) for CiHogAu,P,: C 58.83, H 7.33; found: C 58.72, H 7.19; UV/
Vis (CH,CL): 4 (¢)=297 (1.85x10%), 380 nm (3.13x10*mM 'cm™); emis-
sion (CH,Cl, ex. 380 nm): A =425 nm.

2,5-Bis(4-tert-butylstyryl)-1,4-bis ([ (Cy;P) Au]ethynyl)benzene 3):
[(CysP)AuCl] (85.2 mg, 0.166 mmol) was suspended in methanol (5 mL).
KOrBu (17.1 mg, 0.153 mmol) and 1,4-diethynyl-2,5-bis(4-tert-butylstyr-
yl)benzene (36.4 mg, 0.082 mmol) were combined in methanol (5 mL),
and the mixture was then added to the suspension of Cy;PAuCl. The re-
sulting suspension was stirred at room temperature overnight. The sol-
vent was removed by rotary evaporation. The residue was extracted with
CH,(Cl, and filtered through a layer of Celite. CH,Cl, was then removed
by rotary evaporation, and the resulting solid was triturated with pen-
tane. Diffusing pentane into a saturated CHCI; solution yielded a yellow
powder, which was washed with pentane and dried under vacuum. Yield:
0.0681 g, 60%; 'H NMR (CDCly): 6=7.83 (s, 2H), 7.78 (d, J=16.4 Hz,
2H), 751 (d, /=84 Hz, 4H), 734 (d, J=88Hz, 4H), 7.14 (d, J=
16.4 Hz, 2H), 1.43-2.05 ppm (m, 66 H); *'P{H} NMR (400 MHz, CDCls)
0=56.8 ppm (s); MS (ES+): m/z caled: 1395.6475 [M+Na]*; found,
1395.7225; elemental analysis calcd (%) for C;HgAu,P,: C 60.25, H
7.08; found: C 59.97, H 6.80; UV/Vis (CH,CL): 4 (¢)=324 (4.53x10%),
371 nm (2.35x10*m 'ecm™'); emission (CH,Cl, ex. 371 nm): A =427 nm.
2,5-Bis(4-[(Cy;P)Au]ethynylstyryl)-1,4-bis([ (Cy;P) Au]ethynyl)benzene
(4): [(Cy;P)AuCl] (113.4 mg, 0.221 mmol) was suspended in methanol
(5mL). 1,4-Diethynyl-2,5-bis(4-ethynylstyryl)benzene (20.4 mg,
0.054 mmol) and KOrBu (24.2 mg, 0.216 mmol) were also combined in
MeOH (5mL), and the mixture was then added to the suspension of
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Cy;PAuCl. The resulting suspension was stirred at room temperature
overnight. The solvent was removed by rotary evaporation. The residue
was extracted with CH,Cl, and filtered through a layer of Celite. The sol-
vent was then removed by rotary evaporation, and the resulting solid was
triturated with pentane. Diffusion of pentane into a saturated CHCl; so-
lution yielded orange crystals. The crystals were washed with pentane
and dried under vacuum as the pure product. Yield: 0.1193 g, 96 %;
'"HNMR (CDCly): 6=7.81 (s, 2H), 7.76 (d, J=16.4 Hz, 2H), 7.41-7.45
(m, 4H), 7.11 (d, /J=16.0Hz, 2H), 7.14 (d, J=16.4Hz, 2H), 1.50-
2.02 ppm (m, 132H); *P{H} NMR (400 MHz, CDCl;): 6=56.852 (s),
56.742 ppm (s); MS (MALDI): m/z caled: 2284.03 [M]*; found: 2284.7,
elemental analysis caled (%) for Cy,H,AuP,: C 53.64, H 6.44; found:
C 53.38, H 6.19; UV/Vis (CH,CL): 4 (£)=282 (3.37x10%), 333 (6.94x
10%), 389 nm (4.85x10*m'cm™") ; emission (CH,Cl, ex. 389 nm): 1 =447,
468 nm.

1,4-Bis(4-[(Cy;P)Au]styryl)benzene  (5): [(CysP)AuBr] (0.0743 g,
0.133 mmol), L3 (0.0392¢g, 0.071 mmol), and Cs,CO; (0.0956 g,
0.29 mmol) were suspended in isopropyl alcohol (10 mL) and charged
into a round bottom flask. Benzene (5 mL) was then added to promote
dissolution of the starting materials. After degassing, the reaction vessel
was immersed in a 45°C oil bath, and stirred under Ar for 24 h. After
cooling, the solvents were removed under rotary evaporation, and the re-
maining solid was extracted into dichloromethane (100 mL) and filtered
through Celite. Solvent was removed by rotary evaporation. The residue
was triturated with pentane. Vacuum filtration gave the product as
a yellow powder. The yellow powder was then dissolved in a minimum
amount of dichloromethane and filtered through Celite. Diffusing ether
into the concentrated dichloromethane solution afforded the product as
yellow crystals. Yield: 0.050 g, 61%; '"H NMR (CDCl;): 6 =7.49-7.53 (m,
4H), 7.46 (s, 3H), 7.42 (d, J=6.8 Hz, 4H), 7.37 (d, J=0.8 Hz, 1H), 7.06
(dd, J=24.4, 16.8 Hz, 2H), 1.52-2.06 ppm (m, 66 H; 2(C¢H},);); *'P{'H}
NMR (CDCl;): 6=57.9 ppm; HR-MS (ES™): m/z caled: 1235.5439 [M +
H]*; found: 1235.5647; elemental analysis calcd (%) for CsgHg,Au,P,: C
56.40, H 6.69; found: C 56.66, H 6.59; UV/Vis (CH,CL): 1 (¢)=373 nm
(1.32x10*m~'ecm™); emission (CH,Cl, ex. 373 nm): 1 =389, 411 nm.
2,5-Bis(4-[(Cy;P) Au]styryl)-1,4-dibromobenzene (6): 4-
[(Cy;P)Au]benzaldehyde (0.0890 g, 0.133 mmol) and tetraethyl[(2,5-di-
bromo-1,4-phenylene)bis(methylene)]bis(phosphonate) (0.0410 g,
0.076 mmol) were dissolved in THF (20 mL). The solution was degassed,
and NaH (0.0040 g, 0.17 mmol) was added. The mixture was then re-
fluxed for 4 h. After cooling to RT, ice was added to the reaction mixture
under vigorous stirring. The yellow precipitate generated was collected
by vacuum filtration, washed with THF and water several times, and
dried in the air. The resulting yellow powder was then redissolved in
methylene chloride and washed with water three times. The methylene
chloride layer was collected and dried over MgSO,. The solvent was then
removed under rotary evaporation. A yellow powder was collected after
trituration with pentane. Yield: 0.050 g, 61 %; '"H NMR (CDCl,): 6 =7.85
(s, 2H), 7.51-7.54 (m, 4H), 7.44 (d, J=6.8 Hz, 4H), 7.29 (d, J=16.0 Hz,
2H), 7.01 (d, J=16.0Hz, 2H), 1.52-2.07 ppm (m, 66H; 2(CsH,)););
P{'H} NMR (CDCL): 8=57.6ppm; HR-MS (ES*): m/z calcd:
1393.3512 [M+H]*; found: 1393.4550; UV/Vis (CH,CL): 1 (¢)=375 nm
(2.51x10*m'em™); emission (CH,Cl, ex. 375 nm): A=403, 429, 455 nm.
2,5-Bis(4-[ (Cy;P) Au]ethynylstyryl)-1,4-dibromobenzene 7): 1-
[(Cy;P)Au]-4-ethynylbenzene (0.1288 g, 0.212 mmol) and tetraethyl[(2,5-
dibromo-1,4-phenylene)bis(methylene)]bis(phosphonate) (0.0683 g,
0.127 mmol) were dissolved in THF (20 mL). The solution was degassed,
and NaH (0.0061 g, 0.255 mmol) was added. The mixture was then re-
fluxed for 4 h. After cooling to RT, ice was added to the reaction mixture
under vigorous stirring. The yellow precipitate generated was collected
by vacuum filtration, washed with THF and water several times, and
dried in the air. The dried powder was then redissolved in methylene
chloride, and washed with water twice. The methylene chloride layer was
collected and dried over MgSO,. The solvent was then removed under
rotary evaporation. A yellow powder was collected after trituration with
pentane. Yield: 0.0837 g, 55%; '"H NMR (CDCl,): =7.84 (s, 2H), 7.50
(d, J=8.4 Hz, 4H), 7.42(d, J=8.4 Hz, 4H), 7.32 (d, /=16.0 Hz, 2H), 7.00
(d, J=16.4 Hz, 2H), 1.52-2.07 ppm (m, 66H; 2(C4H,,);); *'P{'H} NMR
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(CDCly): 6=56.9 ppm; HR-MS (ES*): m/z caled: 1441.3512 [M+H]*;
found: 1441.3093; elemental analysis calcd (%) for Cg,HgyAu,P,Br,: C
51.68, H 5.60; found: C 51.41, H 5.50; UV/Vis (CH,ClL): 1 (¢)=279
(1.92x10%, 383 nm (4.03x 10°mM'cm™); emission (CH,Cl, ex. 383 nm):
A=421, 448 nm.
2,5-Bis(4-[(Cy;P)Aul]triazolatostyryl)-1,4-dibromobenzene (8): 2,5-Bis(4-
[(CysP)Au]ethynylstyryl)-1,4-dibromobenzene (7) (0.0456 g, 0.032 mmol)
was dissolved in dichloromethane (10mL). Azidotrimethylsilane
(0.0157 g, 0.13 mmol) and methanol (5 mL) were added to this solution.
The resulting solution was degassed and stirred under Ar at RT vigorous-
ly. After stirring for about 10 min, the solution became turbid. This tur-
bidity disappeared upon further stirring. After 48 h, solvents were re-
moved under rotary evaporation, yielding a yellow residue, which was tri-
turated to yield a yellow powder. Vapor diffusion of pentane into a satu-
rated CHCI, solution gave an orange crystalline solid, which was collect-
ed, washed with pentane and dried under vacuum. Yield: 0.0341 g, 50 %;
'"H NMR (CDClLy): 6 =11.54 (brs, 2H), 8.37 (d, J=8.4 Hz, 2H), 7.83-7.92
(m, 2H), 7.52-7.60 (m, 6H), 7.37 (d, /J=16.0Hz, 8H), 7.10 (d, /=
16.0 Hz, 2H), 1.56-2.20 (m, 66 H; 2(CsH1;);); *'P{'"H} NMR (CDCly): 6=
58.5. MS (MALDI): m/z caled: 1527.06 [M]*; found: 1527; elemental
analysis calcd (%) for Co,Hg, Au,P,Br,Ng: C 48.77, H 5.41, N 5.50; found:
C 49.03, H 5.15, N 5.24; UV/Vis (CH,CL): 1 (£)=255 (2.41x10%), 260
(2.02x10%, 378 nm (3.07x10*mM'cm™); emission (CH,Cl, ex. 378 nm):
A=462 nm.

2,6-Bis(4-[(Cy;P)Aul]styryl)naphthalene (9): 4-[(Cys;P)Au]benzaldehyde
(0.1235 g, 0.212 mmol) and tetraethyl[naphthalene-2,6-diylbis(methyle-
ne)]bis(phosphonate) (0.0540 g, 0.126 mmol) were dissolved in THF
(20 mL). The solution was degassed, and NaH (0.0060 g, 0.252 mmol) was
added. The mixture was then refluxed for 4 h. After cooling to RT, ice
was added to the reaction mixture under vigorous stirring. The yellow
precipitate generated was collected by vacuum filtration, washed with
THF and water several times, and dried in the air. The resulting yellow
powder was then redissolved in methylene chloride and washed with
water three times. The methylene chloride layer was collected and dried
over MgSO,. The solvent was then removed under rotary evaporation. A
yellow powder was collected after trituration with pentane. Diffusing
pentane into a concentrated CHCI,; solution yielded a powder, which was
collected, washed with pentane and dried under vacuum. Yield: 0.040 g,
29%; '"HNMR (CDCl,): =7.76 (d, J=10.4 Hz, 4H), 7.71 (d, J=9.6 Hz,
2H), 7.52-7.55 (m, 4H), 747 (d, J=8.0Hz, 4H), 7.19 (s, 4H), 1.56-
2.07 ppm (m, 66 H; 2(C4H,,);); *'P{'"H} NMR (CDCl;): 6 =57.8 ppm; HR-
MS (ES*): m/z caled: 1285.5457 [M +H]™; found: 1285.6199; elemental
analysis caled (%) for Ce,Hg,Au,P,: C 57.94, H 6.59; found: C 58.21, H
6.62; UV/Vis (CH,ClL): 4 (¢)=291nm (3.04x10%, 371nm (6.00x
10*m'em™); emission (CH,Cl, ex. 371 nm): A=400, 412 nm.

2,6-Bis(4-[ (Cys;P)Au]ethynylstyryl)naphthalene  (10): 1-[(Cy;P)Au]-4-
ethynylbenzene (0.2030 g, 0.335 mmol) and tetraethyl[naphthalene-2,6-
diylbis(methylene)]bis(phosphonate) (0.0792 g, 0.185 mmol) were dis-
solved in THF (20 mL). The solution was degassed, and NaH (0.0089 g,
0.370 mmol) was added. The mixture was then refluxed for 4 h. After
cooling to RT, ice was added to the reaction mixture under vigorous stir-
ring. The yellow precipitate generated was collected by vacuum filtration,
washed with THF and water several times, and dried in the air. The dried
powder was then redissolved in methylene chloride, and washed with
water twice. The methylene chloride layer was collected and dried over
MgSO,. The solvent was then removed under rotary evaporation. A
yellow powder was collected after trituration with pentane. Diffusing
pentane into a concentrated CHCI,; solution yielded a powder, which was
collected, washed with pentane and dried under vacuum. Yield: 0.1032 g,
46%. '"H NMR (CDCly): 6=7.77-7.80 (m, 4H), 7.70 (d, J=8.8 Hz, 2H),
7.49-7.52 (m, 4H), 7.43 (d, J=8.4 Hz, 2H), 7.20 (d, J=6.8 Hz, 2H), 1.50-
2.03 ppm (m, 66 H; 2(C4H,,)5); *'P{'"H} NMR (CDCl;): 6 =56.9 ppm; HR-
MS (FT-ICR): m/z caled:1333.54521 [M +H]*; found: 1333.54638; UV/
Vis (CH,CL): 4 (£)=279 (1.92x10%), 383 nm (4.03x10*m 'cm™'); emis-
sion (CH,Cl, ex. 383 nm): A =421, 448 nm.

2,6-Bis(4-[ (Cy;P) Au]styryl)-1,5-dibromonaphthalene a1: 4-
[(Cy;P)Au]benzaldehyde (0.1879 g, 0.323 mmol) and tetraethyl[(4,8-di-
bromonaphthalene-2,6-diyl)bis(methylene)]bis(phosphonate)  (0.1135 g,
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0.194 mmol) were dissolved in THF (20 mL). The solution was degassed,
and NaH (0.0093 g, 0.387 mmol) was added. The mixture was then re-
fluxed for 4 h. After cooling to RT, ice was added to the reaction mixture
under vigorous stirring. The yellow precipitate generated was collected
by vacuum filtration, washed with THF and water several times, and
dried in the air. The dried powder was then redissolved in methylene
chloride, and washed with water twice. The methylene chloride layer was
collected and dried over MgSO,. The solvent was then removed under
rotary evaporation. A yellow powder was collected after trituration with
pentane. Diffusing pentane into a concentrated CHCI; solution yielded
a powder, which was collected, washed with pentane and dried under
vacuum. Yield: 0.1688 g, 72%; "H NMR (CDCl;): 6=8.30 (d, J=8.8 Hz,
2H), 7.87 (d, J=9.6 Hz, 2H), 7.71 (d, J=16.0 Hz, 2H), 7.51-7.55 (m,
8H), 7.18 (d, /J=16.0Hz, 2H), 1.58-2.17 ppm (m, 66H; 2(C.H,););
SP{'H} NMR (CDCly): 6=57.8 ppm; HR-MS (FT-ICR): m/z calcd:
1443.36421 [M+H]*; found: 1443.36617;, UV/Vis (CH,CL): 1 (¢)=245
(7.40x10%, 300 (6.12x10°), 380nm (6.02x10°M 'ecm™'); emission
(CH,Cl, ex. 380 nm): 1 =430, 454 nm.

2,6-Bis(4-[(Cy;P) Au]ethynylstyryl)-1,5-dibromonaphthalene ~ (12):  1-
[(Cy;P)Au]-4-cthynylbenzene (0.1538 g, 0.254 mmol) and tetraethyl[(4,8-
dibromonaphthalene-2,6-diyl)bis(methylene)]bis(phosphonate) (0.0935 g,
0.159 mmol) were dissolved in THF (20 mL). The solution was degassed,
and NaH (0.0077 g, 0.318 mmol) was added. The mixture was then re-
fluxed for 4 h. After cooling to RT, ice was added to the reaction mixture
while stirring. The yellow precipitate generated was collected by vacuum
filtration, washed with THF and water several times, and dried in the air.
The dried powder was then redissolved in methylene chloride, and
washed with water twice. The methylene chloride layer was collected and
dried over MgSO,. The solvent was then removed under rotary evapora-
tion. A yellow powder was collected after trituration with pentane. Dif-
fusing pentane into a concentrated CHCI; solution yielded a powder,
which was collected, washed with pentane and dried under vacuum.
Yield: 0.0860 g, 47 %; '"H NMR (CDCl,): 6=8.33 (d, /=9.2 Hz, 2H), 7.85
(d, /J=92Hz, 2H), 7.74 (d, J=16.0Hz, 2H), 7.51 (dd, J=15.2Hz,
8.8Hz, 8H), 7.15 (d, J=16.0Hz, 2H), 1.50-2.02 ppm (m, 66H; 2-
(CeHy1)3); *'P{'"H} NMR (CDCly): 6=>56.9 ppm; HR-MS (FT-ICR): m/z
caled: 1491.36522 [M +H]™; found: 1491.36621; elemental analysis calcd
(%) for C4Hg,Au,P,Br,: C 53.16, H 5.54; found: C 52.92, H 5.42; UV/Vis
(CH,CL): A (¢)=315nm (3.18x10%), 389 nm (4.53x10*M'cm™); emis-
sion (CH,Cl, ex. 389 nm): 1 =415, 440 nm.

Calculations: Density-functional theory calculations were performed
within Gaussian 09.°°) Model compounds were chosen where cyclohexyl
groups on phosphorus are replaced with methyls. Geometries were opti-
mized in the gas phase without imposed symmetry, and harmonic fre-
quency calculations indicated that converged structures were energy
minima. Calculations employed the exchange and correlation functionals
of Perdew, Burke, and Ernzerhof,"”! and the TZVP basis set of Godbelt,
Andzelm, and co-workers for carbon, hydrogen, and phosphorus.”® For
gold, the Stuttgart 97 effective core potential and basis set were used;™
hence, scalar relativistic effects are included implicitly. The calculations
(including geometry optimizations) impose continuum solvation in
chloroform, using the integral equation formalism of Tomasi’s polarizable
continuum model.*~? Population analyses were performed with the
AOMix software of Gorelsky.**¢!!
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