
3126 Journal of the American Chemical Society / 101:11 / May 23, 1979 

(200); and mass spectrum m/e 286, 258, and 243. 
The final step, pyrolytic conversion of 9 to 10, is remarkable 

in that four bridges are formed in one operation in an overall 
yield of 57%. The efficiency of the benzocyclobutene dimeri-
zation makes possible the total synthesis of [2.2.2.2.2]-
(l,2,3,4,5)cyclophane in six steps from readily available 
starting materials. Thus, there is no difficulty in obtaining 
[2.2.2.2.2](l,2,3,4,5)cyclophane in sufficient quantity for a 
full-scale investigation of its physical and chemical properties 
and this is underway. 
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[2.2.2.2.2.2](l,2,3,4,5,6)Cyclophane: Superphane 

Sir: 

In a review on cyclophanes in 1972, Vogtle stated "the 
ultimate achievement of work in the cyclophane field would 
be the synthesis of the fully bridged [2.2.2.2.2.2]-
(l,2,3,4,5,6)cyclophane and its hexaene".1 We now describe 
a synthesis of [2.2.2.2.2.2](l,2,3,4,5,6)cyclophane (12), for 
which we propose the trivial name superphane.2 

The dimerization of benzocyclobutenes, as discussed in an 
accompanying communication,3 is a powerful method for 
preparing multibridged cyclophanes. To take advantage of this 
we designed a synthesis of superphane as an extension of our 
recent, simple synthesis of [2.2.2.2](l,2,4,5)cyclophane.4 The 
overall plan is outlined in Scheme I. 

Gas-phase pyrolysis of 2,4,5-trimethylbenzyl chloride (I)5 

at 710 0C and 10 -2 Torr, following the procedure previously 
described,6 gave 2 as white crystals: mp 66-68 0C, NMR 8 
6.87 (2 H, s, Ar H), 3.17 (4 H, s, -CH2), and 2.29 (6 H, s, 
-CH3).7 The dimerization of 2, by heating it in diethyl 
phthalate at 300 0C,8 yielded 3: white crystals, mp 238-248 
0C; NMR 8 6.83 (4 H, s, Ar H), 2.93 (8 H, s, -CH2), and 2.15 
(12 H, s, -CH3). Formylation of 3, by the Rieche procedure,9 

led to a mixture of two aldehydes which, after separation and 

Scheme I 
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purification by chromatography over silica gel, gave 4 in 49% 
yield as white crystals, mp 195-196 0C, and 7 in 29% yield as 
white crystals, mp 235-239 0C. Spectral data did not allow a 
clear decision regarding the correct structural assignments and 
so each was carried independently through the next three-step 
sequence. 

Sodium borohydride reduction of 4 gave 5, mp 257-259 0C, 
and this with thionyl chloride yielded 6, mp 238-240 0C. Py
rolysis of 6 at 700 0C and 10-2 Torr produced the desired te-
trabridged cyclophane 8 in 40% yield.10 Purification of 8 by 
chromatography over silica gel followed by sublimation gave 
white crystals: mp 219-220 0C; NMR 5 6.17 (2 H, s, Ar H), 
3.01 and 2.88 (4 H each, s, -CH2), 3.25-2.40 (8 H, m, -CH2), 
and 2.06 (6 H, s, -CH3); UV (CH2Cl2) Amax 287 nm (e 384), 
295 (sh, 354), and 301 (sh, 319). Formation of 8 not only es
tablishes the correct structure of 4 but also provides an example 
of the previously unknown class of [2.2.2.2](l,2,3,4)cyclo-
phanes." 

Formylation of 8 gave the dialdehyde 9, mp 305-309 0C 
dec,12 and this, on reduction with lithium aluminum hydride, 
yielded the diol 10: white crystals, mp 273-275 0C dec. The 
dichloro derivative 11, mp 215-217 0C, was then obtained by 
treatment of 10 with thionyl chloride. Pyrolysis of 11 at 650 
0C and 1O-2 Torr led to a white solid which, after sublimation 
followed by recrystallization from dichloromethane, gave 12 
in 40% yield as hard, white crystals; mp 325-327 0C; 1H 
NMR, singlet at 5 2.98, and 13C NMR (proton decoupled), 
singlets at 5 144.2 and 32.3; UV (CH2Cl2) broad maximum 
at 296 nm (e 421), 306 (sh, 394), and 311 (sh, 324); and mass 
spectrum, m/e 312,284,256, 156, 141, and 128. 

The simplicity of the ' H and 13CNMR leave no doubt about 
the structure of 12. In the mass spectrum of 12, the parent 
molecular ion is by far the strongest signal with apparent 
fragmentation by successive loss of the ethylene bridges. The 
envelope of signals at 156, 141, and 128 also suggest that 
fragmentation is occurring to some extent to give hexaradi-
alene. 

The outstanding characteristic of the cyclophanes previously 
prepared has been the "bent and battered" nature of their 
benzene rings. In contrast, superphane cannot relieve strain 
to any appreciable extent by distorting its benzene rings. Thus, 
studies of the physical and chemical properties of superphane 
should give an interesting insight on the effects of severe strain 
with planar benzene rings. One of the real advantages of the 
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benzocyclobutene dimerization method is that it is highly ef
ficient and relatively short so that adequate quantities of su-
perphane are readily available for such studies. 

With the syntheses of [2.2.2.2]( 1,2,3,4)-, [2.2.2.2.2]-
(1,2,3,4,5)-, and [2.2.2.2.2.2](l,2,3,4,5,6)cyclophanes de
scribed in these two communications, all of the possible isomers 
of the [2"] series of cyclophanes are now known.13 However, 
the benzocyclobutene dimerization method should have broad 
application for the syntheses of known cyclophanes,14 as well 
as for multibridged cyclophanes containing polycyclic and 
heterocyclic moieties. This potential is being explored. 

Acknowledgment. We thank the National Science Foun
dation for their support of this investigation. 
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Heterogeneous Photosynthetic Production of 
Amino Acids from Methane-Ammonia-Water at 
Pt/Ti02. Implications in Chemical Evolution 

Sir: 

Previous studies from this laboratory have demonstrated 
that irradiation of platinized n-type Ti02 suspensions with a 
xenon lamp or sunlight can promote several solution reactions, 
such as the photo-Kolbe reaction, in which acetic acid is de
composed to methane and CO2.1'2 Recent experiments 
employing spin trapping methods and electron spin resonance 
detection during illumination of aqueous solutions containing 
such suspensions3 have demonstrated the intermediacy of 
hydroxyl radicals under these conditions.4 The presence of such 
a reactive intermediate suggested the possibility of synthesis 
of amino acids by irradiation of methane-ammonia-water 
mixtures in the presence of semiconductor powder suspensions; 
electrical discharges through similar gaseous mixtures are 
known to produce amino acids.5'6 

Irradiation of 20 mL of aqueous 2 M NH4Cl or NH3 
(~28%) solutions, deaerated first with nitrogen or argon, under 
slow continuous bubbling of methane in the presence of 100 
mg of Pt/TiC»27 with a 2.5-kW xenon lamp operated at 1.6 kW 
for 64-66 h produced a mixture of amino acids. The total yield 
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Table I. Effect of Solution, Light, and Catalyst on Photosynthesis 
of Amino Acids 

solution 
composition" 

NH3, H2O, CH4 

2 IVf NH4CI, 

2MNH4Cl, 
2 M NH4Cl, 
2MNH4Cl, 
2MNH4Cl 

CH4 

CH4 

CH4 
CH4 

catalyst* 

Pt/Ti02 

Pt/Ti02 

illumination1-

Xe lamp, 
Xe lamp, 

Control Experiments 
Pt/Ti02 

none 
Ti02(a,u) 
none 

66 h 
64 h 

none, 66 h 
Xe lamp, 
Xe lamp, 
none 

66 h 
66 h 

amino acids 
yield, /umol 

~0.2 
~0.5 

nonerf 

none^ 
nonerf 

nonerf 

"20 mL of deaerated solution under continuous addition of CH4. 
* 100 mg of Pt/Ti02

7 or unreduced anatase(a.u). C 2.5-kW xenon 
lamp operated at 1.6 kW. d Less than 1 nmol. 

of amino acids was ~0.5 /umol for the NH4Cl and ~0.2 jumol 
for the aqueous NH3, with the mixture consisting of glycine, 
alanine, serine, aspartic acid, and glutamic acid. Analysis was 
carried out with a Beckman Model 120C amino acid analyzer 
and the identity and amount of acid was estimated by com
parison with a standard mixture.8 An additional, as yet un
identified, peak was found in the irradiated mixture sample 
which was not present in the standard. Several control exper
iments were also carried out to eliminate the possibility of 
sample contamination or other paths as the source of the amino 
acids (Table I). 

The results demonstrate the heterogeneous photosynthesis 
of amino acids under irradiation with visible and near-UV 
light. The action spectrum for this reaction probably corre
sponds to that found for the photo-Kolbe reaction with Pt/ 
TiC>2, with a threshold at 420 nm.9 The mechanism of the 
process, which is currently under investigation, begins with 
production of holes and electrons upon light absorption by the 
TiC>2. Oxidation leading to the amino acids then could proceed 
upon production of OH radicals, and probably other inter
mediates (e.g., -NH2). Reaction of OH radicals with methane 
leading to CH3 radicals is well documented.10 Reduction oc
curs at the Pt sites, leading to H atoms4 and, ultimately, under 
these reducing conditions, to H2. The absence of reaction with 
unplatinized Ti02 can be ascribed to inefficient reductive sites 
for hydrogen production in this case, as has been previously 
found for other photocatalytic processes.1 Photocatalytic ox
idation at Ti02 alone could probably take place in the presence 
of easily reducible substances, such as oxygen or ferric iron. 
The overall reaction as described here at Pt/Ti02, however, 
is photosynthetic, involving a net storage of light energy. For 
example for the overall reaction 

2CH4 + NH3 + 2H2O — H2NCH2COOH + 5H2 

AG0 = 55.4kcal/mol.n 

The results reported here may also be relevant to the initial 
stages of chemical evolution and the prebiological synthesis 
of organic compounds from components of the reducing Pre-
cambrian atmosphere.12'13 While previous experiments have 
shown similar synthesis using rather energetic sources, e.g., 
electric discharges or UV light,5,6 these results demonstrate 
this synthesis in solution with radiation characteristic of the 
terrestrial solar spectrum.14 The continuous production of such 
species by inorganic systems such as TiO2 under solar irra
diation could have been a source of nutrients for the initially 
evolved heterotrophic organisms and served as an abiotic form 
of photosynthesis until biological photosynthetic systems based 
on chlorophyll evolved; other aspects of the chemical evolution 
of photosynthesis have been discussed recently.16 Heteroge
neous photoprocesses such as those described could also have 
contributed to the nonbiological production of early Precam-
brian oxygen; arguments against total biological sources for 
atmospheric oxygen have appeared.17 While Pt/Ti02 itself 
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