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Abstract: Investigations on molecular variants of the 3-fold symmetric 1,3,5-tris(4-ethynylbenzonitrile)benzene
crystallized with silver triflate revealed a nearly invariant pseudohexagonal porous structure type. Modifications
involved the attachment of pendant groups to the central aromatic ring of the parent molecule. Pendant groups
include the vinyl group, stilbene, the chiral group myrtanol, and groups with different chemical functionalities
such as alcohols, ethers, and esters. Modifications also included the addition of elongated spacer units between
the central benzene ring and the peripheral nitrile groups. In these molecules the acetylene bridges of 1,3,5-
tris(4-ethynylbenzonitrile)benzene were replaced with diacetylene, ethynylbenzene, and diethynylbenzene type
units. Single-crystal refinements for pentoxy-2,4,6-tris(4-ethynylbenzonitrile)berfeg@df and 1,3,5-tris-
(4-(4-ethynylbenzonitrile)phenyl)benzeAgOTf as well as powder data on 12 crystalline phases showed the
consistent formation of pseudohexagonal channels, demonstrating that the parent porous architecture is stable
both to functional modification of the interior of the channel as well as to enlargement of the pores. Pentoxy-
2,4,6-tris(4-ethynylbenzonitrile)benzeAgOTf refined in the monoclinic space grom 1,3,5-Tris(4-(4-
ethynylbenzonitrile)phenyl)benzedegOTf was found to be triclinic with space grofd. These crystals have
pseudohexagonal channels respectively 15 and 25 A in diameter. Cell constants based on powder data are
compatible with channel diameters ranging from 10 to 30 A. The latter channel diameters are among the
largest known for organic porous solids. The introduction of the chiral myrtanol unit led to the preparation of

a chiral porous solid. The thermal and chemical stabilities of these phases were investigated. The
pseudohexagonal structure proved stable to complete solvent loss from the channel. It was found in the case
of a host with alcohol functionality that an acid anhydride guest, trifluoroacetic anhydride, reacted with the
host to form an ester with retention of the porous structure type.

Introduction attractive feature of such systems is that by careful selection of

There has recently been a renewed interest in largely organict"€ constituent molecules one can potentially modify the

_ . L oa .
systems whose crystalline structures and porous natures ardclusion cavities® However, one problem with such an
reminiscent of traditional inorganic zeolités?2 A potentially approach is th_at modification of these organic building blocks
often results in global structural changes such as unwanted
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destroy the desired host properties of the s#tid2 For example,

one of the most studied hesguest systems is that based on
Dianin’s compound. However, of sixteen derivatives of the
parentt only eight exhibit the same inclusion properties as
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in the synthesis of extended solitfs’t We report here that
variants of 1,3,5-tris(4-ethylbenzonitrile)benzepdersistently
crystallize with silver(l) trifluoromethanesulfonate (AgOTifjto
structure types based on nearly regular hexagonal channels. Such

Dianin’s compound. In another well-investigated system Bishop hexagonal channels are found even in the presence of significant
and Dance et al. have found a remarkable diol host system forchanges to the organic ligands, and thus this preparative
which stringent variants repeatedly adopt a porous morphology. methodology can be used to tune both the shape and dimensions
However, even here of thirteen studied derivatives of the host of the cavity.

compound, seven form noninclusion solid-state strucfis?® In particular we considered two types of substitution of the
Furthermore, it is often challenging to predict the substituent parent moleculd. In the first set, shown in Figure 1, we placed
effect on the final structure. A good illustration of this is the different substituents on the centered benzene ring of molecule
Bishop and Dance system for which the methyl derivative is 1 ranging from hydrocarbons to ether, alcohol, and ester
porous whereas the hydrogen and ethyl derivatives aré*not. linkages. Such alterations were used to test the stability of the
This difficulty of predicting the final structure highlights the porous system to modification of the interior of the hexagonal
need for parent systems which consistently direct the adoptionchannels. We also prepared a second set of compounds, also
of a host structure type even in the presence of substantialshown in Figure 1, in which the initial acetylene bridging units

building block alterations.

of moleculel are replaced by increasingly long linear rigid units.

One approach to this packing problem is the selection of Such modifications were used to study the stability of the

molecular geometries which naturally not only give rise to
porosity but also present sites for modification which are
spatially removed from structurally important intermolecular
network linkages. This modification at a distance, which
perforce requires fairly large organic molecules, potentially

pseudohexagonal architecture to greater cavity dimensions. In
both suites of molecules, the crystalline structure of the organic
molecule with AgOTf was found to contain nearly regular
hexagonal channels. The stability of these hexagonal channels
is further proven by an experiment in which a covalent bond

allows both expansion of the cavital dimensions as well as the forming reaction occurred between an acid anhydride guest,
ability to define the interior shape. This is especially true as it trifluoroacetic anhydride, and an alcohol host mole@isgOTf

is now well established that polytopic ligart®*® may be used
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without destroying the initial hexagonal pores.

Experimental Section

General Procedure.Unless otherwise indicated, all commercially
available reagents were purchased from Aldrich and used without further
purification. Analytical grade solvents were obtained from commercial
suppliers (Aldrich, Burdick and Jackson, EM Science, Fisher Scientific,
and Mallinckrodt).

Powder X-ray diffraction data were recorded on an Enraf-Nonius
Gunier Camera at 40 kV, 13 mA for Cuck, 1 = 1.5406 A, with an
internal standard of RbZGaS;..”% Lattice constants were fitted and
powder data were indexed by a least-squares method.

Single-crystal X-ray data were collected on a Siemens Smart
diffractometer equipped with a CCD area detector using Mo K
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1= H
2= CH3
3= CH:CH,

control of pore shape (0]

Figure 1. Parent ligand. with modifications2—10and19. Modifications2—7 and19lead to changes in the interior geometry of the pseudohexagonal
channels of their respective silver salts. Modificati@sl0 increase the diameters of the pseudohexagonal channels.

radiation. Diffraction data were collected at 293 K. All structure Hz, 1H), 5.62 (dd,J = 17.7, 1.2 Hz, 1H)*C NMR (75 MHz, CDC})
solutions were obtained by a direct method and refined using full-matrix 6 137.7, 134.6, 134.4, 123.8, 123.1, 121.0.

least squares with Shelxl 97. Tables of bond diStanceS, bond angles, Pentoxy_z’4,6_tribr0m0benzene (13)']'0 a flask equipped with a
and anisotropic thermal factors appear in the Supporting Information. magnetic stirrer and a reflux condenser were added 2,4,6-tribromophenol
H NMR and*3C NMR were performed on a Bruker AC-200, AM- (6.0 g, 18.1 mmol)n-iodopentane (10.8 g, 54.4 mmol), potassium
300, or A-360 at 25C. Apohosts were prepared on a Perkin-Elmer 7 carbonate (4.0 g, 28.9 mmol), and acetone (40 mL), and the mixture
thermal analyzer. was heated at reflux overnight. After the solution was allowed to cool

[2,4,6-Tribromo-4'-(trans-2-phenylethenyl)biphenyl (11) A heavy- to room temperature, the mixture was extracted with ether (100 mL)
walled Schlenk flask equipped with a magnetic stirrer was charged with and water (100 mL). The filtrate was washed with 5% sodium hydroxide
2,4,6-tribromoiodobenzene (13.0 g, 29.4 mmol), 4-iodostilbene (2.0 g, solution (100 mL) and water (100 mL) and dried over magnesium
6.54 mmol), and powdered copper metal (6.7 g, 0.106 mmol). The flask Sulfate. The solvent was removed under reduced pressure on a rotary
was evacuated and sealed with a Teflon screw cap under vacuum. UndegVvaporator to yield.3 as a yellow oil (6.24 g, 86%)*H NMR (300
constant stirring, the temperature of the reaction mixture was raised to MHz, CDCk) 6 7.64 (s, 2H), 3.97 () = 6.6 Hz, 2H), 1.84 (m, 2H),
200°C over a period of 6 h. The solid was then suspended in methylene 1.44 (m, 4H), 0.94 (1) = 7.1 Hz, 3H);"*C NMR (75 MHz, CDC}) 6
chloride (100 mL) and filtered through a fritted glass funnel followed 153.2, 135.0 119.2, 117.1, 73.9, 29.9, 28.2, 22.8, 14.3.
by several washings of the residue solid with methylene chloride (3 (1S,2S,59)-Myrtanoxy-2,4,6-triiodobenzene (14) A flask equipped
100 mL). The combined filtrate was evaporated to dryness under with a magnetic stirrer was charged with sodium (0.4 g, 17.4 mmol)
reduced pressure on a rotary evaporator, and the residue was purifiecand anhydrous ethanol (50 mL). After the sodium had dissolved, 2,4,6-
by column chromatography on silica gel (hexanes) to yiEldas a triiodophenol (8.20 g, 17.4 mmol) was added, and the solution was
white solid (2.1 g, 66%):*H NMR (300 MHz, CDC}) 6 7.81 (s, 2H), heated at reflux for 10 min. The solvent was removed in vacuo, and
7.61 (d,J = 7.2 Hz, 2H), 7.38 (tJ = 7.1 Hz, 2H), 7.29 (dJ) = 7.2 the residual salt was dissolved in 35 mL of THBMSO (1:1). A
Hz, 1H), 7.17 (m, 4H)3C NMR (90 MHz, CDC}) 6 142.0, 139.5, solution of myrtanol tosylate (5.3 g, 17.2 mmol) in anhydrous THF
137.6, 137.4, 134.5, 129.7, 128.9, 128.3, 128.0, 126.8, 126.6, 125.1,(15 mL) was added via syringe at room temperature and stirred at 60
122.1. °C for 3 h. After the solution was allowed to cool to room temperature,

2,4,6-Tribromostyrene (12).A heavy-walled Schlenk flask equipped ~ the mixture was extracted with 10%,&Q; in water (100 mL) and
with a magnetic stirrer was charged with 2,4,6-tribromoiodobenzene Petroleum ether (100 mL), and the organic layer was dried over sodium
(2.0 g, 4.54 mmol), tributyl(vinyl)tin (1.74 g, 5.46 mmol), copper(l)  Sulfate. The solvent was removed under reduced pressure on a rotary
iodide (43 mg, 0.226 mmol), triphenylarsine (0.276 g, 0.902 mmol), evaporator and passed through a plug of silica gel (petroleum ether),
bis(dibenzylideneacetone)palladium(0) (0.12 g, 0.209 mmol), and dry and the filtrate was concentrated under reduced pressure tolyiels
tetrahydrofuran (30 mL). The flask was capped with a septum, & White solid (5.2 g, 48%)™H NMR (360 MHz, CDC}) 6 8.04 (s,
evacuated, and back-filled with nitrogen three times. The flask was 2H), 3.80-3.69 (m, 2H), 1.84 (m, 2H), 2.712.60 (m, 1H) 2.27-2.22
sealed with a Teflon screw cap and stirred at°65for 20 h. The (m, 1H) 2.172.10 (m, 1H), 1.941.67 (m, 1H) 1.52.1.33 (m, 2H),
mixture was cooled to room temperature and evaporated to drynessl-26 (s, 3H), 0.93 (s, 3H}?C NMR (75 MHz, CDC}) 6 158.1, 147.3,
under reduced pressure on a rotary evaporator, and the residue wa$2.3, 89.1, 76.7, 42.6, 41.1, 39.4, 35.9, 27.0, 24.4, 24.2, 20.6, 18.1.
purified by column chromatography on silica gel (hexanes) to yiéld 2,4,6-Tris(trimethylsilylethynyl)toluene (15). A heavy-walled Schlenk
as a white crystalline solid (0.64 g, 4291 NMR (300 MHz, CDCH) tube equipped with a magnetic stirrer was charged with 2,4,6-
07.72 (s, 2H), 6.54 (dd] = 7.7, 4.5 Hz, 1H), 5.67 (ddl = 11.5, 1.2 tribromotoluene (2.0 g, 6.08 mmol), copper(l) iodide (0.25 g, 1.32
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mmol), bis(triphenylphosphine)palladium(ll) chloride (0.25 g, 0.356 The filtrate was evaporated to dryness under reduced pressure on a
mmol), and triethylamine (50 mL). The flask was capped with a septum, rotary evaporator and transferred to a heavy-walled Schlenk flask. To
evacuated, and back-filled with nitrogen. Trimethylsilylacetylene (3.58 this flask were added 4-bromobenzonitrile (0.862 g, 4.74 mmol),
g, 36.5 mmol) was added to the flask under nitrogen via syringe. The copper(l) iodide (33 mg, 0.174 mmol), triphenylphosphine (0.160 g,
flask was sealed with a Teflon screw cap and stirred at®D°C for 0.611 mmol), bis(triphenylphosphine)palladium(ll) chloride (33 mg,
12 h. The reaction mixture was then allowed to cool to room 0.047 mmol), and triethylamine (50 mL). The flask was capped with
temperature and filtered through a fritted glass funnel. The filtrate was a septum, evacuated, back-filled with nitrogen, sealed with a Teflon

evaporated to dryness under reduced pressure on a rotary evaporatocap, and stirred at 8890 °C for 12 h. The reaction mixture was then

on silica gel (3:1 hexaneshloroform) to yield15 as a waxy solid
(1.79 g, 77%):*H NMR (300 MHz, CDC}) 8 7.49 (s, 2H), 2.52 (s,
3H), 0.25 (s, 18H), 0.22 (s, 9H)*C NMR (90 MHz, CDC}) 6 143.5,
135.6, 123.9, 120.8, 99.4, 94.8, 88.2, 19.7, 0.1.
2,4,6-Tris(trimethylsilylethynyl)-4'-(trans-2-phenylethenyl)biphe-
nyl (16). A heavy-walled Schlenk flask was charged with (1.96 g,
3.98 mmol), copper(l) iodide (0.163 g, 0.858 mmol), triphenylphosphine
(0.652 g, 2.49 mmol), bis(triphenylphosphine)palladium(ll) chloride
(0.163 g, 0.232 mmol), and triethylamine (50 mL). The flask was

capped with a septum, evacuated, and back-filled with nitrogen.

Trimethylsilylacetylene (2.37 g, 24.2 mmol) was added to the flask
via syringe. The flask was sealed with a Teflon cap and stirred -at 80
90°C for 12 h. The reaction mixture was then allowed to cool to room

allowed to cool to room temperature and filtered through a glass funnel.
The filtrate was evaporated under reduced pressure on a rotary
evaporator and the residue purified by column chromatography on silica
gel (CHCI,) to yield 2 as a beige solid (0.2 g, 50%}H NMR (300
MHz, CDCk) 6 7.72 (s, 2H), 7.70 (d) = 7.9 Hz, 2H), 7.66 (qJ) =
6.7 Hz, 8H), 7.61 (dJ = 8.6 Hz, 2H), 2.72 (s, 3H)}3C NMR (75
MHz, CDCl) 6 143.5, 135.6, 132.3, 132.2, 127.7, 123.8, 120.6, 118.4,
112.3, 112.2, 92.9, 91.7, 91.0, 88.8, 19.6; MS (El, 70 eV} 486
(38), 467 (100), 466 (17); IR (KBr, cm) 2924, 2228, 2214, 1602,
1497, 1173, 1103, 836; HRMS (El, 70 eV) calcd 467.1422, found
467.1415.

2,4,6-Tris(4-ethynylbenzonitrile)styrene (3)A heavy-walled Schlenk
flask equipped with a magnetic stirrer was charged wW2h(50 mg,

temperature and filtered through a glass funnel. The filtrate was 0.15 mmol) 4-ethynylbenzonitrilé (65 mg, 0.51 mmol), copper(l)
evaporated under reduced pressure on a rotary evaporator and théodide (1.1 mg, 5.8imol), triphenylphosphine (3.9 mg, 18nol), bis-

residue purified by column chromatography on silica gel (3:1 cyclo-

hexane-chloroform) to yield16 as a yellow solid (1.34 g, 62%)*H

NMR (300 MHz, CDC}) 6 7.62 (s, 2H), 7.587.48 (m, 6H), 7.38 (t,

J = 7.2 Hz, 2H), 7.28 (m, 1H), 7.17 (s, 2H), 0.26 (s, 9H), 0.07 (s,

18H);13C NMR (75 MHz, CDC}) 6 146.5, 137.4, 136.0, 130.7, 128.9,

127.8, 126.7, 125.4, 123.4, 122.4, 103.3, 99.2, 95.9, 6-0814.
Pentoxy-2,4,6-tris(trimethylsilylethynyl)benzene (17)A heavy-

(triphenylphosphine)palladium(ll) chloride (33 mg, 0.047 mmol), and
triethylamine (3 mL). The flask was capped with a septum, evacuated,
back-filled with nitrogen, sealed with a Teflon cap, and stirred at 70
°C for 20 h. The reaction mixture was then allowed to cool to room
temperature and filtered through a glass funnel. The filtrate was
evaporated under reduced pressure on a rotary evaporator and the
residue purified by column chromatography on silica gel {Ch) to

walled Schlenk flask equipped with a magnetic stirrer was charged with yield 3 as a yellow solid (38 mg, 53%)*H NMR (300 MHz, CDC})

13 (1.05 g, 2.62 mmol), copper(l) iodide (0.11 g, 0.589 mmol),
triphenylphosphine (0.44 g, 1.53 mmol), bis(triphenylphosphine)-
palladium(ll) chloride (0.11 g, 0.157 mmol), and triethylamine (50 mL).

5 7.76 (s, 2H), 7.697.60 (m, 12H), 7.19 (ddJ = 17.7, 5.6 Hz, 1H),
6.43 (dd,J = 17.7, 1.2 Hz, 1H), 5.82 (dd] = 5.6, 1.2 Hz, 1H)3C
NMR (75 MHz, CDCE) 6 140.9, 136.5, 132.8, 132.1, 132.0, 127.4,

The flask was capped with a septum, evacuated, and back-filled with 122.2, 121.8, 121.4, 118.2, 112.2, 112.1, 92.9, 91.3, 89.5; MS (EI, 70

nitrogen. Trimethylsilylacetylene (1.54 g, 15.7 mmol) was added to
the flaskvia syringe. The flask was sealed with a Teflon cap and stirred
at 80-90 °C for 12 h. The reaction mixture was then allowed to cool

to room temperature and filtered through a glass funnel. The filtrate

eV) miz 481 (12), 480 (43), 479 (100), 478 (20), 477 (16); IR (KBr,

cm™Y) 3057, 2924, 2228, 2214, 1602, 1457, 1173, 1103, 836; HRMS

(El, 70 eV) calcd 479.1422, found 479.1412.
2,4,6-Tris(4-ethynylbenzonitrile)-4-(trans)-2-phenylethenyl)bi-

was evaporated under reduced pressure on a rotary evaporator and thehenyl (4). A Schlenk flask equipped with a magnetic stirrer was

residue purified by column chromatography on silica gel (85:15
hexanes-chloroform) to yield17 as a yellow oil (0.64 g, 54%)*H
NMR (300 MHz, CDCH) 6 7.64 (s, 2H), 3.97 (tJ = 6.6 Hz, 2H),
1.84 (m, 2H), 1.44 (m, 4H), 0.94 (§ = 7.1 Hz, 3H);**C NMR (75
MHz, CDCk) 6 153.2, 135.0, 119.2, 117.1, 73.9, 29.9, 28.2, 22.8, 14.3.
(2,4,6-Tris(trimethylsilylethynyl)phenoxy)ethanol (18).A heavy-

charged with16 (0.40 g, 0.735 mmol) and tetrahydrofuran (50 mL).
The mixture was capped with a septum, evacuated, back-filled with
nitrogen, and cooled to 8C in an ice bath. A 1.0 M solution of
tetrabutylammonium fluoride in 9:1 tetrahydrofurawater (2.2 mL,

2.2 mmol) was added rapidlyia syringe. After 5 min the solution

was concentrated to near dryness under reduced pressure on a rotary

walled Schlenk flask equipped with a magnetic stirrer was charged with €vaporator, and the residue was eluted through a plug of silica gel with

(2,4,6-tribromophenoxy)ethanol (3.00 g, 8.00 mmol), copper(l) iodide
(0.168 g, 0.882 mmol), triphenylphosphine (0.64 g, 2.57 mmol), bis-
(triphenylphosphine)palladium(ll) chloride (0.168 g, 0.239 mmol), and

a 7:3 hexaneschloroform solution. The filtrate was evaporated to
dryness under reduced pressure on a rotary evaporator and transferred
to a heavy-walled Schlenk flask. To this flask were added 4-bromoben-

triethylamine (50 mL). The flask was capped with a septum, evacuated, zonitrile (0.442, 2.43 mmol), copper(l) iodide (20 mg, 0.105 mmol),

and back-filled with nitrogen. Trimethylsilylacetylene (3.92 g, 40.0
mmol) was added to the flaghka syringe. The flask was sealed with
a Teflon cap and stirred at 8®0 °C for 12 h. The reaction mixture

triphenylphosphine (0.104 g, 0.397 mmol), bis(triphenylphosphine)-
palladium(ll) chloride (26 mg, 0.037 mmol), and triethylamine (50 mL).
The flask was capped with a septum, evacuated, back-filled with

was then allowed to cool to room temperature and filtered through a hitrogen, sealed with a Teflon cap, and stirred at-80 °C for 12 h.
glass funnel. The filtrate was evaporated under reduced pressure on alhe reaction mixture was then allowed to cool to room temperature
rotary evaporator and the residue purified by column chromatography and filtered through a glass funnel. The filtrate was evaporated under

on silica gel (65:35 hexaneghloroform) to yield18 as a clear oil
(3.08 g, 91%):*H NMR (360 MHz, CDC}) 6 7.50 (s, 2H), 4.39 (tJ
= 4.2 Hz, 2H), 3.82 (tJ = 4.4 Hz, 2H), 0.23 (s, 18H), 0.22 (s, 9H);
3C NMR (75 MHz, CDC}) 6 161.2, 139.2, 119.1, 117.7, 102.8, 100.8,
100.0, 19.1, 16.2, 1.26.

2,4,6-Tris(4-ethynylbenzonitrile)toluene (2). A Schlenk flask
equipped with a magnetic stirrer was charged vitifh(0.30 g, 0.789
mmol) and tetrahydrofuran (50 mL). The mixture was capped with a
septum, evacuated, back-filled with nitrogen, and cooled%G & an
ice bath. A 1.0 M solution of tetrabutylammonium fluoride in 9:1
tetrahydrofurarwater (2.7 mL, 2.7 mmol) was added rapidija

reduced pressure on a rotary evaporator and the residue purified by
column chromatography on silica gel (chloroform) to yiélds a yellow

solid (0.32 g, 67%):*"H NMR (360 MHz, CDC}) 6 7.84 (s, 2H), 7.67

(9, 3 = 9.0 Hz, 6H), 7.60 (dJ = 8.2 Hz, 4H), 7.56 (d,]) = 6.7 Hz,

4H), 7.41 (t,J = 7.1 Hz, 2H), 7.31 (m, 5H), 7.23 (s, 2H¥C NMR

(90 MHz, CDCE) ¢ 146.7, 137.5, 136.9, 135.8, 132.2, 132.0, 131.9,
130.5, 129.6, 128.8, 128.1, 128.0, 127.4, 126.6, 123.1, 122.0, 112.1,
111.9, 92.1, 91.3, 89.4; MS (El, 70 eW)z 633 (16), 632 (56), 631
(100), 630 (19), 554 (13), 529 (21); IR (KBr, c&) 2221, 2214, 1602,
1497, 836, 688; HRMS (El, 70 eV) calcd 631.2048, found 631.2075.

(73) Takahashi, S.; Kuroyama, Y.; Sonogashi, K.; Hagihar&ythesis

syringe. After 5 min the solution was concentrated to near dryness underlggo 8 627.
reduced pressure on a rotary evaporator, and the residue was eluted (74) Lavastre, O.; Cabioch, S.; Dixneuf, P. Fetrahedron1997, 53,

through a plug of silica gel with a 9:1 hexareshloroform solution.

7595.
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Pentoxy-2,4,6-tris(4-ethynylbenzonitrile)benzene (5)A Schlenk
flask equipped with a magnetic stirrer was charged Wih0.45 g,

Kiang et al.

2.04-1.98 (m, 1H), 1.96-1.84 (m, 1H), 1.821.68 (m, 2H), 1.16 (s,
3H), 0.87 (s, 3H)33C NMR (75 MHz, CDC}) 6 161.9, 137.5, 127.2,

1.00 mmol) and tetrahydrofuran (50 mL). The mixture was capped with 118.5, 118.4, 117.9, 117.3, 112.2, 112.0, 93.0, 91.5, 88.8, 88.6, 78.5,
a septum, evacuated, back-filled with nitrogen, and cooledt© & 42.8, 41.1, 39.5, 36.3, 26.9, 24.3, 23.9, 20.5, 18.4; IR (KBr,'gm
an ice bath. A 1.0 M solution of tetrabutylammonium fluoride in 9:1 2923, 2806, 2227, 2213, 1603, 1499, 1440, 1405, 1374, 1234, 1175,
tetrahydrofurarrwater (3.2 mL, 3.2 mmol) was added rapidiya 1116, 1103, 989, 836, 756, 552.
syringe. After 5 min the solution was concentrated to near dryness under  1,3,5-Tris(4-butadiynylbenzonitrile)benzene (8)A Schlenk flask
reduced pressure on a rotary evaporator, and the residue was elute@quipped with a magnetic stirrer was charged with 4-bromoethynyl-
through a plug of silica gel with a 7:3 hexarezhloroform solution. benzonitrile (0.77 g, 3.73 mmol) and ethanol (40 mL). To this rapidly
The filtrate was evaporated to dryness under reduced pressure on astirring mixture were dropwise added a solution of JXHH-HCI (62
rotary evaporator and transferred to a heavy-walled Schlenk flask. To mg, 0.90 mmol)n-butylamine (1.68 g, 23.0 mmol), copper(l) chloride
this flask were added 4-bromobenzonitrile (1.09, 5.99 mmol), copper- (1.0 g, 0.01 mmol), and 1,3,5-triethynylbenzene (186 mg, 1.24 mmol)
(I) iodide (42 mg, 0.221 mmol), triphenylphosphine (0.210 g, 0.802 in ethanol (5 mL) at room temperature. This flask was then evacuated,
mmol), bis(triphenylphosphine)palladium(ll) chloride (42 mg, 0.060 back-filled with nitrogen, capped with a Teflon cap, and stirred at room
mmol), and triethylamine (50 mL). The flask was capped with a septum, temperature. After 2 h, the precipitate was filtered and chromatographed
evacuated, back-filled with nitrogen, sealed with a Teflon cap, and on silica gel (CHCI) to yield 8 as a yellow solid (128 mg, 20%):H
stirred at 86-90 °C for 12 h. The reaction mixture was then allowed NMR (300 MHz, CDC}) 6 7.67 (s, 3H), 7.64 (m, 12H}3C NMR (90
to cool to room temperature and filtered through a glass funnel. The MHz, CDCk) 6 136.9, 133.2, 132.3, 126.4, 123.1, 118.3, 113.1, 81.0,
filtrate was evaporated under reduced pressure on a rotary evaporatog0.8, 75.5; IR (KBr, cm?) 3057, 2924, 2228, 2214, 1602, 1457, 1173,
and the residue purified by column chromatography on silica gel 1103, 836; HRMS (El, 70 eV) calcd 525.1266, found 525.1260.
(chloroform) to yieldS as a white solid (0.34 g, 63%):H NMR (360 1,3,5-Tris(4-(4-ethynylbenzonitrile)phenyl)benzene (9A heavy-
MHz, CDCk) 6 7.70 (s, 2H), 7.68 (dJ = 8.6 Hz, 4H), 7.66 (d) = walled Schlenk flask equipped with a magnetic stirrer was charged with
8.5 Hz, 2H), 7.61 (dJ = 8.6 Hz, 4H), 7.59 (dJ = 8.7 Hz, 2H), 4.38 1,3,5-tris(4-bromophenyl)benzene (700 mg, 1.3 mmol) 4-ethynylben-
(t, J= 6.3 Hz, 2H), 1.84 (m, 3H), 1.36 (m, 4H), 0.87 {t= 7.3 Hz, zonitrile (10.6 g, 4.7 mmol), copper(l) iodide (2.5 mg, 0.15 mmol),
3H); **C NMR (75 MHz, CDC}) 6 161.8, 137.4, 132.2, 132.1, 132.0,  triphenylphosphine (34 mg, 0.13 mmol), bis(dibenzylideneacetone)-
127.7,118.4, 117.9, 117.4, 112.2, 112.0, 92.9, 91.4, 88.8, 88.5, 75.2,palladium(0) (14 mg, 2@mol), and triethylamine (30 mL). The flask
30.4, 28.5, 22.7, 14.2; MS (El, 70 ez 540 (10), 470 (42), 469  was capped with a septum, evacuated, back-filled with nitrogen, sealed
(100), 440 (10); IR (KBr, cmt) 2931, 2227, 1602, 1499, 1442, 1236, with a Teflon cap, and stirred at 7@ for 16 h. The reaction mixture
1175, 1113, 837; HRMS (El, 70 eV) calcd 539.1998, found 539.1990. was then allowed to cool to room temperature and filtered through a
(2,4,6-Tris(4-ethynylbenzonitrile)phenoxy)ethanol (6)A Schlenk glass funnel. The filtrate was evaporated under reduced pressure on a
flask equipped with a magnetic stirrer was charged wWi(1.00 g, rotary evaporator and the residue purified by column chromatography
2.35 mmol) and tetrahydrofuran (50 mL). The mixture was capped with on silica gel (CHCI,) to yield 9 as a yellow solid (0.33 g, 37%)‘H
a septum, evacuated, back-filled with nitrogen, and cooled 16 NMR (300 MHz, CDC}) 6 7.85 (s, 3H), 7.767.74 (m, 24H);1%C
an ice bath. A 1.0 M solution of tetrabutylammonium fluoride in 9:1 NMR (90 MHz, CDC}) 6 141.7, 141.3, 132.1, 127.4, 125.4, 121.7,
tetrahydrofurar-water (8.3 mL, 8.3 mmol) was added rapidija 118.5, 111.6, 93.5; IR (KBr, cm) 3039, 2224, 2217, 1599, 1515, 1017,
syringe. After 5 min the solution was concentrated to near dryness under832; HRMS (El, 70 eV) calcd 681.2205, found 681.2177.
reduced pressure on a rotary evaporator, and the residue was eluted 1,3,5-Tris(4-(4-ethynylbenzonitrile)benzoethylnyl)benzene (104
through a plug of silica gel with chloroform. The filtrate was evaporated heavy-walled Schlenk flask equipped with a magnetic stirrer was
to dryness under reduced pressure on a rotary evaporator and transferrecharged with 1-trimethylsilylethynyl-4-((4-cyanophenyl)-ethynyl)ben-
to a heavy-walled Schlenk flask. To this flask were added 4-bromoben- zene (500 mg, 1.7 mmol), potassium carbonate (0.12 g, 0.80 mmol),
zonitrile (1.71, 9.40 mmol), copper(l) iodide (49 mg, 0.257 mmol), and a methanetdichloromethane (1:3) solution (20 mL) and then the
triphenylphosphine (0.200 g, 0.763 mmol), bis(triphenylphosphine)- mixture was stirred under nitrogen for 3 h. This mixture was transferred
palladium(ll) chloride (49 mg, 0.070 mmol), and triethylamine (50 mL). to another heavy-walled Schlenk flask equipped with a magnetic stirrer
The flask was capped with a septum, evacuated, back-filled with which was then charged with 1,3,5-tribromobenzene (153 mg, 0.48
nitrogen, sealed with a Teflon cap, and stirred at80 °C for 12 h. mmol), copper(l) iodide (1.0 mg, 5/8mol), triphenylphosphine (12.6
The reaction mixture was then allowed to cool to room temperature mg, 48 umol), bis(dibenzylideneacetone)palladium(0) (5.2 mg, 9.7
and filtered through a glass funnel. The filtrate was evaporated under umol), and triethylamine (10 mL). The flask was capped with a septum,
reduced pressure on a rotary evaporator and the residue purified byevacuated, back-filled with nitrogen, sealed with a Teflon cap, and
column chromatography on silica gel (chloroform) to yiBlds a white stirred at 70°C for 16 h. The reaction mixture was then allowed to
solid (0.30 g, 25%):*H NMR (360 MHz, CDC}) 6 7.73 (s, 2H), 7.7% cool to room temperature and filtered through a glass funnel. The filtrate
7.61 (m, 12H), 4.50 (&) = 4.2 Hz, 2H), 3.99 () = 4.2 Hz, 2H);'H was evaporated under reduced pressure on a rotary evaporator and the
NMR (300 MHz, acetonelk) 6 7.89-7.77 (m, 14H), 4.55 (t) = 4.8 residue purified by column chromatography on silica gel {Ch) to
Hz, 2H), 4.02 (tJ = 4.8 Hz, 2H);}*C NMR (90 MHz, CDC}) 6 160.9, yield 10 as a yellow solid (148 mg, 41%}H NMR (300 MHz, CDC})
137.4, 132.4, 132.3, 132.2, 127.5, 127.2, 118.8, 118.5, 118.4, 117.7,0 7.66 (s, 3H), 7.627.56 (m, 12H), 7.53 (s, 12H}*C NMR (90 MHz,

112.5,112.2,93.6,91.1, 88.9, 88.1, 76.4, 62.1; IR (KBr, 93428,

CDCl) 6 134.2,132.0, 131.7, 131.6, 127.8, 123.8, 123.3, 122.4, 118.3,

3066, 2228, 1603, 1501, 1460, 1443, 1406, 1242, 1117, 1106, 1071,111.7, 93.1, 90.2, 89.9, 89.6; IR (KBr, cA) 2226, 2217, 1658, 1600,

883, 837; HRMS (El, 70 eV) calcd 513.1477, found 513.1460.
(1S,2S,59)-Myrtanoxy-2,4,6-tris(4-ethynylbenzonitrile)benzene (7).
A Schlenk flask equipped with a magnetic stirrer was charged ith

1579, 1103, 835; HRMS (El, 70 eV) calcd 753.2205, found 753.2184.
Preparation of Microcrystalline Powders 1-, 2, 3, 4+, 5, 7-, 8,
9-, and 10AgOTf. The organic ligand (40 mg, 0.1 mmol) was

(1.00 g, 2.35 mmol), 4-ethynylbenzonitrile (1.3 g, 10.20 mmol), copper- dissolved in benzene (10 mL) and added to a solution of silver(l)
(1) iodide (30 mg, 0.15 mmol), triphenylphosphine (170 mg, 0.65 trifluoromethanesulfonate (25 mg, 0.1 mmol) in benzene (10 mL) in a
mmol), bis(dibenzylideneacetone)palladium(0) (90 mg, 0.17 mmol), and vial sealed with a Teflon-lined screw cap. The vial was heated in a
triethylamine (30 mL). The flask was capped with a septum, evacuated, programmable furnace equipped with a Eurotherm temperature control-

back-filled with nitrogen, sealed with a Teflon cap, and stirred at 50
°C for 12 h. The reaction mixture was then allowed to cool to room
temperature and filtered through a glass funnel. The filtrate was

ler from 1 to 100°C, held at 100°C for 60 min, and then cooled to
room temperature at 0.0Z/min. The resultant crystalline powder was
composed of particles typically 26n x 10um x 10um as determined

evaporated under reduced pressure on a rotary evaporator and théy optical microscopy.

residue purified by column chromatography on silica gel (chloroform)
to yield 7 as a yellow solid (1.2 g, 53%):0]%% = —7.22 (c = 0.024
in CHCLy); *H NMR (360 MHz, CDC}) 6 7.71 (s, 2H), 7.697.69 (m,
12H), 4.2+4.12 (m, 2H), 2.59 (m, 1H), 2.19 (@ = 5.2 Hz, 1H),

Preparation of Microcrystalline Powders 6 and 19AgOTf. The
organic ligand (40 mg, 0.1 mmol) was dissolved in benzene (10 mL)
and acetone (1 mL), and then the solution was added to a solution of
silver(l) trifluoromethanesulfonate (25 mg, 0.1 mmol) in benzene (10
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mL). The vial was left undisturbed and exposed to the atmosphere to a
allow escape of solvent. Crystalline precipitate typically formed after
24 h.

Preparation of X-ray-Quality Single Crystals of 5-AgOTf. A
solution of silver(l) trifluoromethanesulfonate (0.9 mg, 2&0l) in
benzene (1.5 mL) was added to a solutionsg2 mg, 3.5umol) in
benzene (1.5 mL) in a clean vial. A white precipitate formed
immediately, which was then dissolved by adding acetonitrile (0.3 mL).
Slow evaporation of the solvents yielded six single crystals suitable p
for X-ray data collection after seven days.

Preparation of X-ray-Quality Single Crystals of 9-AgOTf. A
solution of silver(l) trifluoromethanesulfonate (0.05 mg, @raol) in
benzene (1.5 mL) was added to a solutio®@0.13 mg, 0.2¢mol) in
benzene (1.5 mL) in a clean vial. Slow evaporation of the solvent
yielded three single crystals suitable for X-ray data collection after 10
days.

Preparation and Vapor Exchange of Apohosts 4 5, and
7-AgOTf. The crystals grown in benzene were first filtered until the
supporting filter paper was slightly damp. The sample was then
immediately placed in a thermogravimetric analyzer (TGA) and heated
from room temperature to 20@ at 10°C/min under nitrogen to void
the solid of initially included solvent4AgOTf was heated only to
120°C). The apohost was then suspended above benzene, taking care
to maintain spatial separation between host and guest, and then sealed
in a vial. The vial was heated to £4C for 20 h. Powder patterns of d
these materials were obtained from special glass capillary tubes.

Solid-State Esterfication of 6AgOTf. 6-AgOTf crystals grown in
benzene were gravity filtered until the supporting filter paper was
slightly damp. A Schlenk tube was prepared with trifluoroacetic
anhydride at its bottom and a loose glass wool plug in its neck. The
sample was immediately transferred onto this glass wool. The tube was
then exposed to vacuum for 10 s before being sealedr Afte the
tube was pumped down to an ultimate pressure of 15 mTorr to remove _ . .
excess anhydride. Following this same procedure, the sample wasFigure 2. View down thea axis of (a) 1-AgOTf and (b)S-AgOTf
further allowed to react, this time though in a Schlenk tube charged _showmg the pseudohexagonal phannels._SoIvent moIecuIe§ and triflate
with benzyl alcohol. In this latter procedure the tube was initially 1ONS have been removed for clarity. () A single nel gfgOTf oriented
exposed to vacuum for 15 min rather than 10 s. The final sample was © Show its three-dimensional character. (d) Two eclipsed nefs of
analyzed by XRD, IR, antH NMR: H NMR (300 MHz, acetone) AgOTH.

0 7.89-7.77 (m, 14H), 4.93 (s, 4H); IR (KBr, cm) 3444, 2232, 1788,
1604, 1501, 1409, 1222, 1165, 1037.

Trifluoroacetic ((2,4,6-Tris(4-ethynylbenzonitrile)phenoxy))ethyl SiMes
Ester (19). 6(5.8 mg, 0.01 mmol) in CECl, (3 mL) was added to ||
trifluoroacetic anhydride (1.05 g, 5 mmol). This solution was stirred Br
at room temperature for 10 min and then evacuated to dryness to yield trimethylsilylacetylene
19 as a white solid (100% by thin layer chromatographift NMR
(300 MHz, CDC}) 8 7.73 (s, 2H), 7.7687.60 (m, 12H), 4.76 (dd] = Br Br Pd(PPhs);Cla, 7
3.3, 2.2 Hz, 2H), 4.69 (dd] = 3.3, 2.2 Hz, 2H)H NMR (300 MHz, R Cul, EtsN Me;Si R SiMes
acetoneds) 0 7.89-7.75 (m, 14H), 4.90 (s, 4H); IR (KBr, cm) 3431,

2228, 1788, 1603, 1501, 1402, 1221, 1155, 837; MS (FAB)(M™) CN

609 (14). 0

Results and Discussion 1) TBAF, THF

Functionalized Structures 2-7- and 19AgOTf. In Scheme
1 we show the general synthetic route to molecules’.” NCOBr
Preparation of powder crystalline samples Iof7- and 19 2) O
AgOTf and single crystals d&-AgOTf and9-AgOTf is further Pd,(dba)s O 7z ) A O
NC CN

Scheme 1

Vi

described in the previous section. We begin our discussion of Cul, EtsN

these systems with the crystal structuré&gigOTf, illustrated

in Figure 2b. A summary of parameters for the X-ray data

collection and subsequent refinement is given in Table 1. We nitrogen distances range from 2.26 to 2.12 AfehgOTf and
compare this structure to the previously repoHetructure of from 2.24 to 2.21 A foi5-AgOTHf. The triflate ions remain near
1-AgOTf illustrated in Figure 2a. In both structures each silver the silver cation. In the compouridAgOTf, oxygen atoms of
ion is coordinated to three nitrogen atoms in a trigonal planar one of the triflate anions form relatively weak bonds with a
environment while each organic molecule is in turn coordinated Ag—O bond distance of 2.4 A while the other triflate anion

to three silver ions again in a trigonal planar manner. Sitver ~ forms no oxygersilver bonds. Irb-AgOTH, due to crystalline
disorder, it proved impossible to locate the oxygen atoms of

(75) For7, the starting material was the triiodideS25,55)-Myrtanoxy- the triflate anion. However, the more heavy sulfur ion could be
2,4,6-triiodobenzene, and f@and7, the trihalides were directly reacted ! A . -
with the 4-ethynylbenzonitrile to make the desired final products. See the l0cated. One sulfur atom lies 3.32 A from a Ag ion while the

Experimental Section for specific reactions. other sulfur atoms are 5.20 A away from silver ions. By
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Table 1. Crystal Data and Structure Refinement 8AgOTf

formula G_,gszA\glF3N3O4Sg_

formula weight 748.55

T, K 173(2)

wavelength, A 0.71073

crystal system monoclinic

space group Am

a A 3.7528(8)

b, A 22.259(5)

c, A 32.295(7)

o=y, deg 90

B, deg 92.65(3)

Vv, A3 2694.8(10)

z 2

Pcalcd g/cm’* 0.923

absorption coefficient, mnt 0.445

6 range for data collection, deg 1.820.30

limiting indices —4<h=<4,-9<k= 24,

—20=<1=33

no. of data/restraints/parameters 2575/11/152

no. of reflections collected/unique 2873/2757
reflections

absorption correction SADABS

goodness-of-fit orir? 1.765

R12 0.117 ( > 20(1))

wR22 0.2887 ( > 20(1))

*RL= 3 [|Fel — [Foll/3|Fol, WR2 = [T [W(Fo* — F&)]7 3 [W(Fe)T] V2

comparison, irl-AgOTf-benzene Ag S distances are 3.55 and
5.00 A. The similarity of the shorter of the two sulfusilver
distances suggests that one of the oxygen atoms on some triflat
ions is coordinated to a silver atom.

The probable proximate cause for the crystalline disorder in
5-AgOTTf is that the moleculé itself has lower point group
symmetry than th®s, symmetry of moleculd. In particular
the pentoxy group is covalently attached to only one of the three
possible sites on the central benzene ring. In the solved single-
crystal structure model this pentoxy group is found to be
disordered with an equal distribution of three possible orienta-
tions of this molecule. Due to this disorder only the oxygen
atom of the pentoxy group could be located as may be seen by
inspection of Figure 2a.

The overall crystal structures shown in Figure 2a,b are related
to one another. Passing through the center of the unit cell in
both figures are slightly irregular hexagonal channels. In both
structures, there are two such hexagonal channels per unit cel
running along thea axis. Despite the similar coordination
environments of the two structures and the similarity of their
pseudohexagonal channels, the structures represented in Figur
2a,b are quite different. This is most clearly seen in Figure 2c,d.
In these two illustrations we have emphasized the overall
topology of the network connectivity itr AgOTf and5-AgOTH.

In Figure 2d one sees that the trigonal planar coordination leads,
to planar honeycomb sheets which stack one on top of each
other in a nearly eclipsing fashion along #exis. By contrast,

the crystal structure df-AgOTf is three-dimensional with half
the trigonal planes oriented one way and half another way.

Both network types illustrated in Figure 2c,d correspond to
well-known inorganic crystal structure types. In Figure 3 we
illustrate the known network formed by the boron atoms in/AIB
and by the silicon atoms in ThSilt may be seen that, just as
in 5-AgOTf, the boron atoms of AIB form into planar
honeycomb sheets which lie eclipsed to each other. By contrast
the silicon atoms of Thgiform a three-dimensional array like

Kiang et al.

Figure 3. (a) Three-dimensional silicon network in Th®riented to
show its pseudohexagonal channels. (b) Two-dimensional boron net
in Ale.

In both crystal structures shown in Figure 2, the hexagonal
channels do not have perfect hexagonal symmetry. This can be
seen by examining the ratio of tlreandb axes. In the case of
a perfect hexagonal channel placed into an orthorhombic cell
c/b=+/3=1.71761In 1-AgOTf this ratio is elongated while in

%-AgOTf it is shortened tac/b values of, respectively, 2.029

and 1.491. The structural cause for these deviations may be
understood by examining Figure 2a,b. In Figure 2a one of the
three arms of molecultlies directly along the cell axis while
the other two arms are rotated in such a way as to shorten the
b axis from its maximal possible value, hence shifting tfe
ratio to larger values. Similarly in Figure 2b the honeycomb
sheets are rotated out of the plane. The axis of rotation can
be taken to be the axis itself. Hence, théb axis length
corresponds to the ideal hexagonal cell axis length whilethe
axis is shortened with respect to the ideal value51AgOTf
the c/b ratio therefore is smaller than the idezb ratio.

Of particular importance are theaxis length of the ThSi
type structure and thie axis length of the AIB structure. This

Iis so these lengths can be directly compared to distances

calculated from known bond distances. Assuming standard
tabulated bond length5and a Ag to N distance of 2.21 A, one
finds a distance of 13.02 A between the center of the molecules
£-7 and the adjacent silver ions. For the ThSiructure, we
find that thec axis is invariant and should be 3 times this
distance or 39.06 A while for AlBthe b axis is also invariant
and should bey/3 times this distance or 22.55 A. These
theoretical values compare well with the single-crystal lattice
parameters of, respectively, 38.75 and 22.26 A fokgOTf
and5-AgOTf. Such comparisons will be used in this paper for
systems for which there are only powder data and for which
one wishes to distinguish between the Alhd ThS; structural
alternatives.

We now turn to the other substituted versionsloAgOTf-
benzene, to2—7- and 19-AgOTf. As Figure 1 shows this
includes a range of substituents ranging from both saturated
and unsaturated hydrocarbon moieties to ether, alcohol, and ester
groups. Of particular interest ig a chiral substituent, which

the one found irl-AgOTf. Following standard practice where

(76) In this paper tha cell axis is pointed consistently in the direction

network types are named after original members of the structural of the channels. Were the structure truly hexagonalathgis would then

families, it seems appropriate to term the structureB A§OTf
and5-AgOTf as, respectively, the ThSand AlB; types.

be (unconventionally) the unique axis.
(77) March, JAdvanced Organic Chemistryith ed.; Wiley: New York,
1992; p 21.



Porous Phenylacetylene &#r Salts J. Am. Chem. Soc., Vol. 121, No. 36, 198211

will perforce lead to a chiral crystal structure. As we were unable a
to prepare crystals suitable for single-crystal X-ray diffraction,

we consider instead X-ray powder data. We find in these systems

that the powder data give strong insight into the actual crystal

structures. An illustration of these powder data is given in Figure

4 for 1-AgOTf-toluene 1-AgOTf-benzyl alcohol5-AgOTf, and

6-AgOTf. Also shown in Figure 4 is the calculated powder

pattern based on the single-crystal datafgkgOTf-benzene.

As may be seen, not only do the various powder patterns all

look rather similar to one another, there is also excellent

agreement between the observed powder patterns and those

calculated from the single-crystal models. b

The refined cell constants f@—7- and19-AgOTf are given
in Table 2. In Table 2, we report only values farb, anda.
This is due to the high DebyéWValler factors in these systems.
Due to these high values the decay in intensity as a function of
6 is significant, as may be seen in Figure 4. Recalling that for c
5-AgOTTf the a cell axis is only 3.75 A, this decay means that
while we generally have a reasonable number of reflections
(10—20 reflections) to index the largerandb axes, there are
only two to three reflections useful for determiniag/, and d

y. Hence, only values for the former lattice parameters are L_/
reliable. MN/AWLAA—\‘

It may be seen that the cell axes in Table 2 separate into
three somewhat distinct families. In the first famityand c 5 10 15 29
axes are, respectively, 20 and 38-39 A while for the second Cu Ka1
and third familyb is 22.2-22.7 A. The distinction between the
second and third families is in thet axes. In the former e
compoundsc axes are 3334 A while for the latter systems
they are 35-36 A. Thus, while the division between the type
one compounds and the others is quite sharp, that between types
two and three is somewhat diffuse.

Given the agreement of both the intensities of the observed
reflections and the near equivalence of the cell parameters, it is & 10 15
reasonable to expect that all type one compounds are isotypic
with the ThS} structure reported fot-AgOTf-benzene. Simi-
larly, agreement in both reflection intensities and cell parameters f
suggests that all type two systems are isotypic with the,AIB
structure reported fos-AgOTf. For type three compounds it
would appear the structure is also of Al§pe, but where the
rotation of the honeycomb sheets out of Huplane is reduced
with respect to those found for type two. g

One curious point is the strong similarity between the powder
patterns of the AlB and ThSj structures. For example, there
is a marked similarity between the ThPattern shown in Figure
4d and the AIB patterns shown in Figure 4a&. The source of T 10
this similarity may be traced to the similarities in their actual
crystal structures. In particular, the data observed in the various
powder patterns arekDreflections. The Kl data set corresponds
in real space to the projected electronic density ontdtpdane.

Jw
_—T T T
5 10 15

As may be seen in Figure 2a,b, it is exactly under this projection
that the two crystal types most resemble one another. The
observed powder pattern can be taken to be the characteristic

h
l ‘l l l IIA L} Jo
5 10 15 20
26 CuKal

pattern for pseudohexagonal channels.

It may also be observed that in one respect the AdBd Figure 4. X-ray powder patterns for (- AgOTf-benzyl alcohol, (b)

: . - . 6-AgOTf-benzene, (cp-AgOTf-benzene, (d1-AgOTf-toluene, (eB-
TPtShlz ngucltur:’es dlfferlfrorlrll one aEOther' B?lth ?re dlsi]qrtﬁ]ons AgOTf-benzene, (f9-AgOTf-benzene, and (d)0-AgOTf-benzene and
of the ideal nexagonal Cell axes. Hence, refiections which are (h) the calculated powder pattern for thil @eflections of1-AgOTf-
degenerate ifd value for a hexagonal cell split into two distinct  panzene based on the single-crystal model.

powder pattern peaks. As noted above, the distortion is an

elongation ofc/b for ThSk but a diminution for AIB. However, observed at@ = 5° in Figure 4 correspond to the 002 and 011
as both this elongation and this diminution are roughly equal reflections. In the ThSisystem the 002 reflection is at the lower
displacements from the ideal value, the pairs of reflections 26 value while for the AIB type it is the higher & reflection.
appear roughly equally spaced but in reversed order in the two One final point of interest is that one can preparAgOTf
different structural families. For example, the pair of reflections in both the ThSi and AIB; structure types. If crystals df-
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Table 2. Cell Constants for PhenylacetyleAgOTf Crystal$

compound b (A) c(A) S (deg) c/b structure type ref
1-AgOTf*-benzene 19.110(7) 38.856(15) 90 2.03 ThSi 14
1-AgOTf-toluene 19.29(2) 39.91(15) 90 2.07 ThSi 14
1-AgOTf-mxylene 19.58(3) 38.50(5) 90 1.97 ThSi 14
7-AgOTf-apohost 20.08(2) 37.9(4) 90 1.89 h
1-AgOTf-benzyl alcohol 22.43(1) 33.98(2) 90 1.51 AlB 14
1-AgOTf¢-benzene 22.385(2) 33.828(7) 90 151 AB h
1-AgOTf-phenol 22.48(2) 34.08(6) 90 1.52 AlB 14
2-AgOTf-benzene 22.58(3) 33.42(5) 90 1.48 AIB h
3-AgOTf-benzene 22.70(2) 33.37(3) 90 1.47 AlB h
5-AgOTf-benzene 22.64(2) 33.43(2) 90 1.47 AlB h
5-AgOTf-benzene 22.259(5) 32.295(7) 90 1.45 AIB h
6-AgOTf-benzene 22.63(1) 33.23(3) 90 1.46 AlB h
7-AgOTf-benzene 22.23(2) 33.82(6) 90 1.52 AlB h
19-AgOTf-benzene 22.57(2) 33.58(3) 90 1.49 AlB h
19-AgOTfd-benzene 22.37(1) 33.91(3) 90 151 AlB h
19-AgOTfe-benzene 22.47(2) 33.95(3) 90 1.51 AlB h
1-AgOTf-apohost 22.77(2) 36.39(4) 90 1.60 AlB h
4-AgOTf-benzene 22.17(6) 35.22(8) 90 1.58 AlB h
5-AgOTf-apohost 22.98(8) 35.42(5) 90 154 AIB h
8:-AgOTf-benzene 24.128(5) 46.441(1) 85.75(2) 1.92 h
8-AgOTf-benzene 26.94(5) 41.53(8) 86.87(2) 1.54 h
9-AgOTf-benzene 29.106(3) 48.515(7) 90 1.67 AlB h
9-AgOTf9-benzene 30.327(6) 46.214(7) 90.0(3) 1.52 AlB h
10-AgOTf-benzene 34.103(4) 52.751(6) 90 1.55 AlB h

aUnless otherwise specified, cell constants are from powder Bi&iagle-crystal data® From the solid-state exchange of benzene for benzyl
alcohol by placingl-AgOTf-benzyl alcohol in liquid benzené From the solid-state reaction of crystalliGeAgOTf-benzene with trifluoroacetic
anhydride vapor From the solid-state reaction of crystalli6eAgOTf-benzene with trifluoroacetic anhydride vapor, followed by introduction of
benzyl alcohol vapor. Two differentA-centered pseudorectangular cells corresponding to the same oblique Bravaishatties.362(4) A,c =
24.128(5) A,a. = 114.07(23). ¢ Pseudorectangular supercell of the repo@dBravais lattice (from single-crystal dat&)This work.

Scheme 2

n-BuNH, NH,OH*HC|

CuCl, EtOH, 25°C, 75%
NC—< >—: Br 8

/é\ '
FZ
O Pd,(dba)s, Cul, PPhy
Et3N, 70°C, 37%
O + NC@ = : 9
Br O O Br

X
Br
K,CO3, MeOH/CH,Cl,
Br
/—\ 70°C, 41%
NC /_\ = )= SMe; + /@\ 10
Br Br

Pd,(dba)g, Cul, PPhg, EtsN
AgOTf—ThShk type are placed at room temperature in a benzyl AgOTf. The above data demonstrate the stability of the
alcohol solution, the crystal cell parameters evolve into the;,AIB  hexagonal channel structure subject to modifications which
type. Further, if these then altered benzyl alcohol crystals are change the functional groups in the interior of these channels.
now placed at room temperature back into benzene solution, We have also studied a series of molecules in which the original
the unit cell parameters remain in the honeycomb type. 3-fold symmetry of the molecul& has been maintained but
However,'H NMR studies show that there is a quantitative where the distance between the centered benzene ring and the
replacement of the benzyl alcohol molecules by benzene. Thus,peripheral nitrile groups has increased from 13.02 to 19.96 A.
one can preparel-:AgOTf-benzene in two different near The molecules prepared include-10. The overall synthetic
hexagonal channel structure types. The observed unit cells areoute to these compounds is shown in Scheme 2. In each case
given in the first and sixth lines of Table 2. As the cell constants we could prepare microcrystalline samples of the organic
differ by 3—5 A, it is clear that we have prepared two different molecule together with silver triflate. F&rit proved possible
forms of the same compound. These results indicate that Ag to find a crystal suitable for a single-crystal X-ray data
nitrile bonds both break and re-form at room temperature in collection. Parameters relevant to the single-crystal data col-
the presence of solvent. It is interesting that optical microscope lection and structure refinement are given in Table 3.
pictures of crystals o1-AgOTf show no change in crystalline As in the earlier discussed crystal structures, the trigonal
morphology, other than a loss of crystal transparéficy. organic molecul® is coordinated to three silver ions through
Structures with Enlarged Channel Diameters, 8-10- linear nitrile to silver bonds. There are two crystallographically




Porous Phenylacetylene &#r Salts J. Am. Chem. Soc., Vol. 121, No. 36, 198213

Table 3. Crystal Data and Structure Refinement for
9-AgOTf-4.5benzene

formula GroHs4AQ1F3N303S;

formula weight 1290.18

T,K 173(2)

wavelength, A 0.71073

crystal system triclinic

space group P1

a A 14.3765(11)

b, A 27.628(2)

c, A 27.648(2)

o, deg 66.549(2)

B, deg 84.674(3)

y, deg 79.620(3)

Vv, A3 9906.9(13)

z 4

Pcalct g/cm" 0.865

absorption coefficient, mnt 0.264

6 range for data collection, deg 0-87.23

limiting indices —-11<h=<11,-23<k=<16,
—23=<1=<23

no. of data/restraints/parameters 11525/12/724

no. of reflections collected/unique 21609/11525
reflections

absorption correction SADABS

goodness-of-fit o2 1.212

R12 0.157 ( > 20(l))

wR2a 0.4005 ( > 20(1))

*RL= 3 [|Fel — [Foll/X|Fol, WR2 = [T [W(Fo* — F&) 73 [W(Fe)T] V2

inequivalent silver atoms in the structure. Both silver atoms are
bonded to three nitrogen atoms; in both cases-Ngbond
distances range from 2.08 to 2.23 A with Al coordination
environments that are nearly trigonal planar. The Ag—N
bond angles for Agl are 105,1113.8, and 129.1 while for
Ag2 they are 1129 120.T, and 124.8. The net sum of each
set of three angles are 34&r Agl and 358 for Ag2. These
net sums approach the 36@ngles expected for perfectly planar  Figure 5. Crystal structure 08-AgOTf. (a) Molecule9 is shown in
coordination. Also as in the earlier structures the silver ions green, silver in blue, and triflate ions and solvent molecules in yellow.
form a single weak bond to an oxygen atom of a triflate anion. Channel diameters are roughly 25 A. (b) A view down thexis
For Agl this bond is 2.39 A long while for Ag2 it is 2.46 A showing the nearly eclipsed hexagonal layers. The layer on top is red,
long. the middle layer yellow, and the bottom layer green. Silver ions are

An illustration of the crystal structure is given in Figure 5. represented as small spheres.
As may be seen we are able to locate the first layer of solvent A distance between the Ag atom and the center of molecule
atoms which are directly adjacent to the rigid phenylacetylene 9's central benzene ring. For an AlBtructure thé axis length
host. More interior to the channel, benzene molecules provedwould be roughly 30.0 A3 x 17.3) while for the ThSi
too solvent-like to locate by diffraction methods. structure we would expect@axis length of 51.9 A (3« 17.3).

As may be inferred from Figure 5b the overall topology of The actual cell axes ate= 30.3 A andc = 46.2 A. The cell
this crystal is of the AIB type. As in the previous AlB constants clearly suggest th&tAgOTf forms in the AlB
structures the planar honeycomb sheets do not lie exactly instructure type. Furthermore, tleéb ratio of 1.52 suggests a tilt
thebc planes but instead are rotated out of this plane using the angle of the honeycomb layers very similar to the tilt angle
b axis as the axis of rotation. For this crystal ttfe ratio is found for 5-:AgOTf. An examination of the full single-crystal
1.52, similar to those for the other previously discussed,AIB structure shows that both surmises are correct. However, we
structures. There is however one notable difference between thewere not able to deduce the different stacking sequences actually
AlB type structures reported f6rAgOTf and9-AgOTf. While observed iMQ-AgOTH.
both these two structures are comprised of stacks of tilted We now turn to powder samples &-10. Their powder
honeycomb sheets, iBrAgOTTf the silver atoms of one layer  patterns are shown in Figure 4. In each case the resultant powder
lie nearly directly above the silver atoms of the adjacent layer; pattern can be indexed to a cell similar in shape to those found
by contrast ir0-AgOTf the silver atoms lie half the time above for 1—7. The refined cell constants are reported in Table 2. Of
silver atoms and half the time above the central benzene ringthe three powder patterns the one IfAgOTf is most similar
of molecule 9. One therefore needs four layers to form a to the previous powder patterns. Indeed, as Figure 4 shows,

translational repeat unit f®®-AgOTf but only a single layer
for 5-AgOTf. This is reflected in tha axis lengths for the two
crystals of, respectively, 14.38 and 3.75 A.

We may use the solved crystal structur®@gigOTf to assess

except for the scale change in thangles caused by the larger
size of moleculelQ, the similarity between this powder pattern
and the ones fot—7-AgOTf is striking. The cell axis lengths
for 10-AgOTf confirm this similarity. If we use standard

the prediction of structure type from cell constants. As before, carbon-carbon and carbomnitrogen bond distancés and
using literature reference values for organic bond distances andsilver—nitrogen bond distances of 2.21 A, we can calculate a

a Ag—N bond distance of 2.21 A, we find f&AgOTfa 17.3

Ag to centered benzene ring distance of 19.9 A. In the,AIB
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structure type this corresponds tobaaxis length of 34.4 A
compared to the observed distance of 34.1 A. fweratio is
1.55, well within the range of/b of 1.47—1.59 found for the
other AIB, structures. We therefore have good evidence
suggesting thafl0-AgOTf forms in the AIB structure type.
Channel dimensions have however increased from1BA

for 1-AgOTf to 25-30 A for 10-AgOTH.

For 9-AgOTf we find two unit cells, one from the powder
sample and the other from a single-crystal data set where the
crystal was grown from slow evaporation from benzene. The
cell parameters are considerably different from one another. In
the single-crystal sample, theaxis is 1.2 A longer than that
found by the powder pattern while theeaxis is 2.3 A shorter
than that of the powder pattern. These differences are signifi-
cantly larger than those typically expected between powder and
single-crystal X-ray data. As in our earlier example whetre
AgOTf-benzene formed in two different structures depending
on the route of synthetic growth, it is quite plausible that the
differences in solvent and crystal growth conditions change the
exact unit cell dimensions while leaving the fundamental powder
patterns quite similar.

Kiang et al.

T
26 CuKa1
Figure 6. X-ray powder patterns f&:-AgOTf-benzene (a) before and

(b) after exposure to trifluoroacetic anhydride and benzyl alcohol vapor.

20

these data and the other powder pattern data reported in this

paper suggests that their crystal structures are still of the same
overall family. As may be seen in Table 2, apohbsAgOTf

and apohost-AgOTf haveb cell axes of 22-23 A andc axes

of 35—36 A. The fairly close agreement of theaxes with the

b axes ofl—7-AgOTf-benzene suggests, just as in those crystals
and just as in the single-crystal structureseAgOTf-benzene,

Among all the powder patterns shown in Figure 4, the powder that hexagonal sheets have formed which lie in a plane which

patterns fo8- and9-AgOTf are the most different. F& AgOTf

includes theb axis. Thec axis is however roughly23 A longer

the different appearance in the powder profile can be attributed than what is found fo5-AgOTf-benzene. This suggests that

to a difference in the/b ratio. The observed/b ratio is 1.67.
This is very near the ideal hexagorab ratio of 1.71, and

the structures in these systems are of the Alpe but with a

smaller rotation of the honeycomb sheets out of ogplane

therefore the resolution of the densitometer trace of our Gunier than that found in the single-crystal structure ®AgOTf:

film data; many nearly equivalent reflections overlap.
The powder pattern fo8-AgOTf is the most different from

benzene. For one of the unit cells, that7otell parameters are
closer to those of the ThStype.

the other reported powder patterns. Whereas in the other powder \We and others have shown that such apohosts can reincor-

patterns reflections appear in doublets, reflection8fgOTf

are in triplets. This can be understood in the following way. In
a two-dimensional hexagonal cell the three reflections 10, 01,
and—11 have exactly equalspacing. In rectangular distortions
of a two-dimensional hexagonal cell 10 and 01 can have exactly
equald spacing, but-11 has a differend spacing. Hence, a

porate a number of guests’8-80 Rather than just repeat earlier
experiments, we investigated more stringent conditions on the
porosity of the channel structurésWe chose to study the
reactivity of the channel structure itself. In particuAgOTf
contains an alcohol unit inside the channel. We therefore
combined a sample 06-AgOTf with a strong electrophile,

rectangular cell leads to a doubling of the original hexagonal trifluoroacetic anhydride. While the reaction in solution between

reflections. If we further lower the symmetry to an oblique one,
10, 01, and—11 each have differerd spacings. We therefore
tried to index the8-AgOTf pattern to such an oblique cell. This
proves possible with concomitant good standard deviations in

an alcohol and an acid anhydride is straightforward and leads

to the estef9, we need to demonstrate that such a reaction can

also take place in the solid state in good yield and with retention
of the initial crystal structure.

the cell parameters. Two equivalent cells are presented in Table The design of our experiment is as follows. We first placed

2. By the previously described method of estimating cell
constants for an AlBstructure, we find a putativie axis of 27
A while for the ThS} structure we find a potentia axis of
46.7 A. In Table 2 we see that in one oblique cell thaxis is
26.95 A and in another oblique cell tiieaxis is 46.4 A. It is
therefore difficult to ascribe to which structure type 88gOTf
corresponds. Nevertheless, the high agreement betdigen
and dohsg as well as the overall powder pattern intensities,

a sample of crystalliné-AgOTf in the vapor of trifluoroacetic
anhydride (bp 39.540 °C). After some time we quenched the
reactions with benzyl alcohol vapor to remove excess trifluo-
roacetic anhydride. X-ray powder patterns were taken before
reaction, before addition of the benzyl alcohol vapor, and after
addition of the benzyl alcohol vapor. The cell constants after
each of these steps are shown in Table 2. As may be seen there
is little evolution of cell parameters, indicating little change in

suggests that some sort of pseudohexagonal channels are presefife overall crystal structure. In Figure 6 we show the actual

in this structure.

Chemical Reactions between Host and Guesthe previous
results show that channels of-480 A are present in compounds
such adl-AgOTf-benzene throughO-AgOTf-benzene. We now
turn to a few illustrative examples of the chemical transforma-
tions possible in this general family of compounds. We consider

powder patterns before and after reaction. Again, little change
in the diffraction pattern can be seen.

Solid-state IR studies reveal however clear changes. The
original crystalline sample shows no bands between 2100 and
1650 cntl. After addition of the anhydride but before the

two types of transformations. The first is that of preparing an
apohost, i.e., a material in which all the solvent has been
removed. As described in the Experimental Section, if we take
5-AgOTf-benzene oi7-AgOTf-benzene and quickly heat the
samples to 200C, we can show byH NMR that all the solvent

has been removed. The X-ray diffraction data for these systems
are given in the Supporting Information. The similarity between

(78) Kondo, M.; Okubo, T.; Asami, A.; Noro, S.; Yoshitomi, T.;
Kitagawa, S.; Ishii, T.; Matsuzaka, H.; Seki, Kkngew. Chem., Int. Ed.
1999 38, 140.

(79) Li, H.; Davis, C. E.; Groy, T. L.; Kelly, D. G.; Yaghi, O. M. Am.
Chem. Soc1998 120, 2186.

(80) Li, H.; Eddaoudi, M.; Groy, T. L.; Yaghi, O. Ml. Am. Chem. Soc.
1998 120, 8571.

(81) Chui, S,; Lo, S.; Charmant, J.; Orpen, A. G.; Williams, |.92ience
(Washington, D.C.1999 283 1148.
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a These results suggest that the porous crystalline framework is
itself intact throughout these transformations.

Conclusion

We have examined 20 crystals in this paper. All of the 20
compounds have similar powder patterns, indicating a common
crystalline motif. The three solved single-crystal structures
f clearly demonstrate that this motif is pseudohexagonal channels
which are regularly packed and parallel to one another. The
c channel structure type exhibits a somewhat unexpected stability.
* It is stable to modification of the chemical functional groups,

to alteration of the size of the channel, to removal of all guest
molecules within the channel, and to a covalent bond forming
SRV e bt reaction between guest and host. Modifications allowable
N include the inclusion of ether, alcohol, unsaturated hydrocarbons,
6 5 H 3 ppm and esters. With inclusion of chiral guests, chiral porous hosts
Figure 7. Portion of the 300 MHZ'H NMR spectra of6-AgOTf- could be prepared with diameters ranging from 10 to 30 A.
benzene in acetorey(a) before exposure to trifluoroacetic anhydride We may compare this family of structures to the very
vapor, (b) after exposure to trifluoroacetic anhydride vapor, and (c) important inorganic porous solid MCM-41. In this latter system

after exposure to trifluoroacetic anhydride and benzyl alcohol vapor. one is able to prepare rather stable hexagonal channel crystal
Resonances correspond to the methylene protons of the pendant 9rouRs  tures with variable pore sizes ranging up to 168 iA

In (c) the resonance marked with an asterisk is due to the benzyl alcohol ™", .
© 4 which the channel walls are entirely composed of strong

molecule.

covalent bonds. The chemical stability of the MCM-41 structure
is far superior to the stability of the structures reported in this
paper. However, the MCM-41 structure is nearly amorphous at

prepared the esta® by regular solution methods. The carbonyl &tomic length scales. In this paper we have seen that if we

peak for this sample was also at 1788 ¢pin good agreement sacrlfl'ce t.he strength of covalent bonds and replaqe them with

with our solid-state results. coordination bonds, we can prepare porous solids of some
Further confirmation of the solid-state reaction was found chemical stability in a well-crystallized form which allows

by a solution’H NMR study. Here again, we took solid-state structL{raI resolution gt atomic distances. A clear goal for t'he

samples before reaction, after the addition of the anhydride but fUture is the preparation of covalently bonded structures which

before addition of benzyl alcohol, and after addition of benzyl Tétain the structural resolution of the compounds reported in

alcohol. We then dissolved these solid-state samples in acetonehiS paper but also the chemical stability of materials such as

ds. The NMR data show that addition of the trifluoroacetic MCM-41.

anhydride results in the near quantitative conversiof wito

a single new compound. Théd NMR pattern of this latter Acknowledgment. This work was supported by the National
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molecule without destroying the overall crystalline topology.
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addition of the benzyl alcohol, a new peak appears at 1788.cm
Such a peak is compatible with the est®r To verify this, we




