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[2.2.2]propellane (1), which has a half-life of only an hour at 20 
0C.4 

We are now able to present a striking confirmation of these 
conclusions. 1,3-Dibromobicyclo [1.1.1] pentane (eq 1) was pre-

^r~~\ HgO ^h~~\ 
CO2H Br 

pared from bicyclo[l.l.l]pentane-l,3-dicarboxylic acid, described 
by Applequist and Wheeler,13 via a Hunsdiecker reaction (mp 
119.5-120.5 0C; NMR (CDCl3) <5 2.57 (s); Anal. C, H, Br). 
The product of the reaction of the dibromide with ferf-butyllithium 
in pentane-ether was examined by GC (15 ft, 20% Apiezon L, 
50 0C, 50 mL/min). Besides the peaks due to solvent and 
tert-buty\ bromide, there appeared only one component, having 
a retention time of 3.6 min. 

The 1H NMR spectrum of this material had only a singlet at 
5 2.06 (CDCl3 solution). The 13C NMR spectrum had bands at 
1.0 ppm (quaternary carbon) and 74.2 ppm (methylene carbon, 
-̂ 13C-H = 165 Hz). The mass spectrum had a peak at m/e = 66, 
suggesting that it is C5H6. It reacted with acetic acid to form 
3-methylenecyclobutyl acetate.14 In the gas phase, it rearranged 
with an approximate half-life of 5 min at 114 0C to give 3-
methylenecyclobutene15 (eq 2). 

M,—JL ** r{c"' 
Br 4 AcO^ 

These data show that the compound is [l.l.l]propellane (4). 
Addition of a proton may give either the bicyclo [1.1.1] pen tyl cation 
or the bicyclo [1.1.0] butyl-1 -carbiny 1 cation. We have previously 
shown that both ions will give the 3-methylenecyclobutyl cation.16,17 

The thermolysis product may be derived by cleavage to 3-
methylenecyclobutylidene (the reverse of adding a carbene to an 
alkene) followed by a hydrogen migration to give 3-methylene-
cyclobutene.18 

The downfield shift of the methylene protons may appear 
surprising since they are formally part of a cyclopropane ring. 
However, one of the methylene protons of bicyclobutane appears 
at relatively low field (<5 1.5),17 and this trend may easily be 
accentuated in 4. The 13C NMR spectrum is in accord with the 
observation that the bridgehead carbon of bicyclo[ 1.1.0]butane 
is shifted upfield and the methylene carbon is shifted downfield 

(12) For bicyclo[1.1.0]butane, AH1 = 51.9 kcal/mol (Wiberg, K. B.; Fe-
noglio, R. A. / . Am. Chem. Soc. 1968, 90, 3395) and with a normal methylene 
equivalent of-4.9 kcal/mol, AH1 ~ 47 kcal/mol for 1-methylbicyclobutane. 
A C-H bond dissociation energy of ~104 kcal/mol at the bridgehead and 
~96 kcal/mol at the methyl group was used. 

(13) Applequist, D. E.; Wheeler, J. W. Tetrahedron Lett. 1977, 3411. We 
thank Professor Applequist for providing the details of the preparation of the 
diacid. 

(14) Authentic 3-methylenecyclobutyl acetate was prepared from 3-
methylenecyclobutanol; NMR (270 MHz, CDCl3) 5 2.06 (s, 3 H), 2.75-2.86 
(m, 2 H), 3.00-3.11 (m, 2 H), 4.89 (quint, 2 H, J = 2 Hz), 5.02 (quint, 1 
H, J= 7 Hz). Cf.: Applequist, D. E.; Fanta, G. F. J. Am. Chem. Soc. 1960, 
82, 6393. Nishimura, A.; Kato, H.; Ohta, M. Ibid. 1967, 89, 5083. 

(15) Wu, C. C; Lenz, R. W. J. Polym. Sd., Polym. Chem. Ed. 1972, 10, 
3529. 

(16) Wiberg, K. B.; Williams, V. Z., Jr. J. Am. Chem. Soc. 1967, 89, 3373. 
(17) Wiberg, K. B.; Lampman, G. M.; Ciula, R. P.; Connor, D. S.; 

Schertler, P.; Lavanish, J. Tetrahedron 1965, 21, 2749. 
(18) Methylenecyclobutane has AH1 = 29.1 kcal/mol (Good, W. D.; 

Moore, R. T.; Osborn, A. G.; Douslin, D. R. J. Chem. Thermodyn. 1974, 6, 
303), and this places the 3-methylenecyclobutylidene at AHt ~ 120 kcal/mol. 
For the [l.l.l]propellane, AHf ~ 89 kcal/mol, and with an activation energy 
of about 30 kcal/mol, the activated complex for the thermolysis has an energy 
close to that of the carbene. It may be possible to obtain some [ 1.1.1 ]pro-
pellane from the carbene in competition with hydrogen migration. This will 
be examined. 

in comparison to other cycloalkanes.19 The infrared spectrum 
(CS2 solution) had strong bands at 3069, 3006 (CH stretch), 1093 
(CCH bend), and 603 cm-1 (antisym CC stretch), which may be 
compared with the corresponding bands of [2.2.1]propellane (3056, 
2997, 1044, 530 cm"1),5 [2.1.1]propellane (3050, 2995, 1101, 574 
cm"1),20 and bicyclo[1.1.0]butane (3055, 2954, 1113, 735 cm"1).21 

A very intense band occurring between 500-600 cm"1 appears to 
be characteristic of the small ring propellanes.5 

Thus, despite the pessimism previously expressed concerning 
the preparation and stability of 4,22 it is the most easily prepared 
and the most stable of compounds 1-4. The properties and re
actions of 4 continue to be investigated. The nature of the central 
bond is of special interest with regard to theories of chemical 
bonding. Localized orbital calculations suggest that it has a bond 
order close to zero.1 How can this be reconciled with an apparent 
bond dissociation energy close to that of the ir bond in ethylene? 
This question is being explored. In addition, the energy changes 
on going from the propellanes to their singlet diradicals are being 
calculated by using the GVB23 formalism which permits correct 
dissociation. 
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(19) Christl, M. Chem. Ber. 1975, 108, 2781. 
(20) Wiberg, K. B.; Walker, F. H.; Michl, J., to be submitted for publi

cation. 
(21) Wiberg, K. B.; Peters, K. S. Spectrochim. Acta Part A 1977, 33A, 

261. 
(22) Liebman, J. F.; Greenberg, A. "Strained Organic Molecules"; Aca

demic Press: New York, 1978; p 344. Herr, M. L. Tetrahedron 1977, 33, 
1897. 

(23) Bobrowicz, F. W.; Goddard, W. A. In "Modern Theoretical 
Chemistry"; Schaeffer, H. F., Ill, Ed.; Vol. 3, Chapter 4. 
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Tyrosinase and hemocyanin are metalloproteins that contain 
electronically coupled binuclear copper active sites.1"4 These are 
often classified together with the binuclear sites in laccase, as-
corbate oxidase, and ceruloplasmin as type 3 copper.5 Both 
proteins are known to interact with dioxygen as part of their 
physiological function: hemocyanins1,6 function as O2 carriers in 

(1) Solomon, E. I. In "Metal Ions in Biology"; Spiro, T. G., Ed.; Wiley-
Interscience: New York, 1981; Vol. 3, pp 41-108. 

(2) Beinert, H. Coord. Chem. Rev. 1980, 33, 55-85. 
(3) Urbach, F. L. Met. Ions Biol. Syst. 1981, 13, 73-116. 
(4) Mason, H. S. In "Iron and Copper Proteins"; Yasunobu, K. T., Mower, 

H. F., Hayaishi, O., Eds.; Plenum Press: New York, 1976; pp 464-468. 
(5) (a) Malkin, R.; Malmstrom, B. G. Adv. Enzymol. 1980, 33, 177-244. 

(b) Fee, J. A. Struct. Bonding (Berlin) 1975, 23, 1-60. (c) Karlin, K. D.; 
Zubieta, J. Inorg. Persp. Biol. Med. 1979, 2, 127-149. 
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Figure 1. ORTEP diagram of the [Cu2(m-XYL(py))]2+ cation, showing 
the atom labeling scheme. Relevant bond lengths (A) and angles (deg) 
are as follows: Cu-Cu, 8.940 (2); CuI-Nl, 2.120 (8); Cul-N2, 1.931 
(10); Cul-N3, 1.932 (9); Cu2-N4, 2.195 (7); Cu2-N5, 1.903 (9) 
Cu2-N6, 1.917 (9); Nl-Cul-N2, 102.7 (4); Nl-Cul-N3, 104.1 (4) 
N2-Cul-N3, 151.1 (4); N4-Cu2-N5, 99.8 (3); N4-Cu2-N6, 104.3 (3) 
N5-Cu2-N6, 150.7 (3). 

the hemolymph of arthropods and molluscs, whereas tyrosinase1,7 

is a monooxygenase utilizing dioxygen in the hydroxylation of 
monophenols (monophenol -* o-diphenol) and further functions 
as a two-electron oxidase (o-diphenol —• o-quinone). A substantial 
body of chemical and spectroscopic information exists for the 
oxygenated (oxy) and oxidized (met) forms of hemocyanin and 
tyrosinase.1,8,9 Strong parallels exist between the active sites of 
these proteins1,8,10 consistent with the notion that binding and 
fixation of dioxygen are related. 

Since dioxygen interaction occurs with the reduced state of these 
proteins,11 a complete understanding of the structures and re
activity of the deoxy sites is required. From utilization of Extended 
X-ray Absorption Fine Structure (EXAFS) data combined with 
other information, two models for the copper sites in deoxy-
hemocyanin have recently been proposed. Two Cu(I) ions co
ordinated trigonally by three imidazole nitrogen ligands from 
histidine are separated by 3.4 A in one model,12 while in the other 
it is suggested that the two copper atoms are each coordinated 
to only two histidines and that the cuprous ions are separated by 
at least 4.5 A.13 In both models, substantial changes occur upon 
oxygenation, giving rise to tetragonally coordinated Cu(II) ions 
separated by ~3.6 A, bridged by an exogenous O2

2" ligand 
(derived from O2) and another oxygen-containing endogenous 
ligand.12"14 

In contrast to the prevalence of binuclear Cu(II) complexes, 
few well-characterized low-coordinate binuclear Cu(I) model 

(6) (a) Williams, R. J. P. In "Structure and Function of Hemocyanin"; 
Bannister, J. V., Ed.; Springer Verlag: Heidelberg, 1977. (b) Lontie, R.; 
Witters, R. Met. Ions Biol. Syst. 1981, 13, 229-258. 

(7) (a) Vanneste, W. H.; Zuberbuhler, A. In "Molecular Mechanisms of 
Oxygen Activation"; Hayishi, 0., Ed.; Academic Press: New York, 1974; pp 
371-404. (b) Lerch, K. Met. Ions Biol. Syst. 1981 13, 143-186. 

(8) Himmelwright, R. S.; Eickman, N. C; LuBien, C. D.; Lerch, K.; 
Solomon, E. I. J. Am. Chem. Soc. 1980, 102, 7339-7344 and references 
therein. 

(9) Freedman, T. B.; Loehr, J. S.; Loehr, T. M. J. Am. Chem. Soc. 1976, 
98, 2809-2815. 

(10) (a) Jolley, R. L.; Evans, L. H.; Mason, H. S. Biochem. Biophys. Res. 
Commun. 1972, 46, 878-884. (b) Jolley, R. L.; Evans, L. H.; Makino, N.; 
Mason, H. S. J. Biol. Chem. 1974, 249, 335-345. (c) Eickman, N. C; 
Solomon, E. I.; Larrabee, J. A.; Spiro, T. G.; Lerch, K. J. Am. Chem. Soc. 
1978, 100, 6529-6531. 

(11) Zuberbuhler, A. D. Met. Ions Biol. Syst. 1976, 5, 325-367. 
(12) Brown, J. M.; Powers, L.; Kincaid, B.; Larrabee, J. A.; Spiro, T. G. 

J. Am. Chem. Soc. 1980, 102, 4210-4216. 
(13) (a) Co, M. S.; Hodgson, K. O.; Eccles, T. K.; Lontie, R. / . Am. Chem. 

Soc. 1981, 103, 984-986. (b) Co, M. S.; Hodgson, K. O. Ibid. 1981, 103, 
3201-3203. 

(14) See discussions about the endogenous O ligand in the following: (a) 
McKee, V.; Dagdigian, J. V.; Bau, R.; Reed, C. A. J. Am. Chem. Soc. 1981, 
103, 7001-7003. (b) Coughlin, P. K.; Lippard, S. J. Ibid. 1981, 103, 
3228-3229. 

compounds exist.15 In this communication, we report the synthesis 
and X-ray structural determination of a novel binuclear Cu(I) 
complex, I, containing well-separated trigonally coordinated Cu(I) 
centers that possess structural features common to both models 
proposed for deoxy hemocyanin. Its reactivity with dioxygen also 
makes it an excellent model system for the study of Cu(I)-O2 

interactions and O2 activation. 
As part of extensive investigations into the chemistry of binu

clear copper complexes,16"19 we are utilizing a new series of bi-
nucleating ligands, -XYL(D), D = nitrogen- or sulfur-donor group, 

XYL(D) 
D = py = 2-pyridyl (ref 17, 18) 
D = SEt = ethylthio (ref 19) 

where two tridentate ligand donor groups are separated by an o-, 
m-, or p-xylyl bridge.20 Recently we reported the first example 
of a w-xylyl-containing copper complex showing that when a Cu(I) 
derivative of w-XYLpy (I) reacts with O2 in methanol, hy
droxylation of the xylyl ligand occurs, forming a phenolate bridged 
binuclear Cu(II) complex, II (R = methyl).18 Because of this 

py-;—Cu Lo—I-Py 

py I py 

R 

II 
interesting reactivity of I with dioxygen, we sought to isolate and 
characterize it. To a suspension of 3.12 g (8.38 mmol) of Cu-
(CH3CN)4PF6

22 in 75 mL of freshly distilled tetrahydrofuran 
(THF) under argon was added, dropwise while stirring, 2.77 g 
(4.98 mmol) of the ligand18 in 50 mL THF. The initially colorless 
suspension slowly dissolved, and a yellow-brown precipitate de
veloped. The mixture was stirred overnight, filtered, and washed 
with a 1:2 acetone/ether mixture and then with ether. Drying 
in vacuo produced 3.29 g (80% yield) of light yellow-brown 
microcrystals of Cu2(w-XYLpy)(PF6)2, I. Crystals suitable for 
X-ray diffraction were obtained by recrystallization from ace
tone/ether. 

(15) (a) Gagne, R. R.; Kreh, R. P.; Dodge, J. A. J. Am. Chem. Soc. 1979, 
101, 6917-6927. (b) Birker, J. J. M. W. L.; Hendriks, H. M. J.; Reedijk, J. 
Inorg. Chim. Acta 1981, 55, L17-L18. (c) Sorrell, T. N.; Jameson, D. L. / . 
Am. Chem. Soc. 1982,104, 2053-2054. (d) Brown, I. D.; Dunitz, J. D. Ada 
Crystallogr. 1961,14, 480-485. (e) Since submission of this manuscript, an 
analogous binuclear three-coordinate Cu(I) complex with pyrazolyl donors 
has been reported: Sorrell, T. N., personal communication. 

(16) Karlin, K. D.; Feller, D. M.; DiPierro, L. T.; Simon, R. A. "Abstracts 
of Papers", 180th National Meeting, of the American Chemical Society, Las 
Vegas, NV, Aug 1980 American Chemical Society: Washington, D.C., 1980; 
INOR 105. 

(17) Karlin, K. D.; Dahlstrom, P. L.; DiPierro, L. T.; Simon, R. A.; Zu-
bieta, J. J. Coord. Chem. 1981, 11, 61-63. 

(18) Karlin, K. D.; Dahlstrom, P. L.; Cozzette, S. N.; Scensny, P. M.; 
Zubieta, J. / . Chem. Soc, Chem. Commun. 1981, 881-882. 

(19) Karlin, K. D.; Hyde, J. R.; Zubieta, J. Inorg. Chim. Acta 1982, 66, 
L23-L24. 

(20) Xylyl ligands were first reported by Martell;21 others containing 
copper include ref 15c,e and the following: (a) Bulkowski, J. E.; Burk, P. L.; 
Ludmann, M. F.; Osborn, J. A. J. Chem. Soc, Chem. Commun. 1977, 
498-499. (b) Burk, P. L.; Osborn, J. A.; Youinou, M.-T. J. Am. Chem. Soc. 
1981,103, 1273-1274. (c) Nishida, Y.; Takahashi, K.; Kuramoto, H.; Kida, 
S. Inorg. Chim. Acta 1981, 54, L103-L104. 

(21) Taqui-Khan, M. M.; Martell, A. E. Inorg. Chem. 1975, 14, 676-680. 
(22) Kubas, G. J. Inorg. Synth. 1979, 19, 90-92. 
(23) Anal. Calcd for Cu2(C36H40N6)2(PF6)2: C, 44.48; H, 4.14; N, 8.63. 

Found: C, 45.28; H, 4.17; N, 8.76. The complex is diamagnetic as indicated 
by its 1H NMR spectrum, which is identical with that of the uncomplexed 
ligand. 
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The structure of the (Cu2(m-XYLpy))2+ cation is shown in 
Figure 1.24'25 It consists of two crystallographically independent 
cuprous ion coordination environments. Each Cu(I) is three-
coordinate with ligation from two pyridine and one tertiary amino 
donor groups. The chelating tridentate ligands cause considerable 
distortions from idealized trigonal planar coordination. The 
/V-amino-Cu-7V-py angles are acute (99-105°), resulting in large 
/V-py-Cu-JV-py angles of 151.1 (4) and 150.7 (3°) for CuI and 
Cu2, respectively. Some distortion from planarity occurs with 
CuI 0.131 A out of the N1,N2,N3 plane and Cu2 0.224 A out 
of the N4,N5,N6 plane. The bonding distances are typical for 
three-coordinate Cu(I) with nitrogen donors'53'26 while the Cu-
/V-py distances are shorter by ~0.08 A than the bond lengths 
found in the monomeric tetracoordinate Cu(I) complex containing 
the same tridentate ligand.27 The cuprous ion polyhedra extend 
away from each other (Cul—Cu2 = 8.940 A) as is found in 
Cu2Cl4(p-XYLpy).17 

Cu2(m-XYLpy)(PF6)2,1, is the first example of a discrete Cu(I) 
binuclear complex containing three-coordinate copper ions with 
neutral nitrogenous ligands.15e It possesses a number of features 
postulated to occur in deoxyhemocyanin. There are two distorted 
trigonal planar Cu(I) moieties and unsaturated pyridine nitrogen 
donors to model imidazole coordination in the proteins. It also 
has well-separated copper ion groups which could move together 
upon oxygenation. This latter aspect has been suggested and is 
an attractive proposal, considering the abundance of evidence 
pointing to conformation changes upon oxygen binding in he-
mocyanins.''6'13b Cu2(w-XYLpy)2+ is very reactive, and intro
duction of O2 to its dichloromethane solution results in the high 
yield O2 incorporation via hydroxylation of the benzene ring of 
w-XYLpy and formation of a phenoxy and hydroxy doubly 
bridged Cu(II) binuclear complex (II, R = H) where the Cu(I-
I)-Cu(II) separation is reduced to ~3.1 A.28 

Thus, I appears to be a good functional model compound for 
the deoxy state of the copper monooxygenases in that hydroxy
lation of an aromatic ring is effected. Studies of Cu(I)-O2 in
teractions, mechanistic investigations of O2 "activation", and 
reactivity with 02/substrate (e.g., phenols) systems are presently 
in progress. 

I is electrochemically active, and cyclic voltammetric mea
surements in dimethylformamide show a quasi-reversible one-
electron (per copper) oxidation wave at E = +0.16 V vs. NHE. 
Compound I also reacts with "typical" Cu(I) ligands; thus it forms 
adducts with CO, olefins, phosphines, and phosphites to give 
compounds formulated as Cu2(w-XYLpy)L2(PF6)2. These 
chemical investigations will be reported separately. 
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(24) The complex crystallizes in the space group Pl with two molecules 
in a unit cell: a = 11.251 (3) A, b = 11.444 (3) A, c = 15.721 (4) A; a = 
95.71 (2)°, /3 = 102.06 (2), y = 94.74 (2); Palci = 1.640 g/cm3. The positional 
parameters of the copper atoms were determined by the Patterson method, 
and the other atoms were located on difference Fourier maps. With 2761 
unique observed reflections (3° < 2$ < 40°, F0 > 6<r(F0)) taken at 22 °C on 
a Nicolet R3m diffractometer using Mo Ka radiation, the structure was 
refined to a current value of 0.072 for the discrepancy index R1 = O^ol ~ 
\Fc\UZ\F,\-

(25) Supplementary material. 
(26) Lewin, A. H.; Michl, R. J.; Ganis, P.; Lepore, U. J. Chem. Soc, 

Chem. Commun. 1972, 661-662. 
(27) Karlin, K. D.; Hayes, J. C; Hutchinson, J. P.; Hyde, J. R.; Zubieta, 

J. Inorg. Chim. Acta 1982, 64, L219-L220. 
(28) Karlin, K. D.; Hayes, J. C; Cruse, R. W.; Hyde, J. R.; Zubieta, J„ 

to be submitted; experiments using isotopically labeled O2 confirm incorpo
ration of both atoms of dioxygen into II (R = H). 
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The conduction of electricity in vivo involves chemical com
munication between a presynaptic nerve cell and a postsynaptic 
nerve cell. The presynaptic terminal usually acts by liberating 
a transmitter substance in response to a change in its cell potential. 
We report that a solid electrode, modified with a thin layer of 
a suitable polymer, will similarly respond to a change in potential 
to release a neurotransmitter. 

The experimental design is based upon recent work in which 
electrode surfaces have been modified to provide tailor-made 
molecular surface structures. It has been shown that polymers 
can be adsorbed or insolubilized onto electrodes.1 If these 
polymers have suitable reducible or oxidizable groups, they are 
electroactive as expected. Our approach in this project was to 
synthesize a polymer that held a neurotransmitter via a cathod-
ically cleavable bond. When adsorbed, this polymer could then 
be used to release the neurotransmitter. The controlled release 
of bound molecules from an electrode surface has not been pre
viously reported. A device based upon this concept could have 
practical utility for the delivery of small amounts of material to 
specific locations at specific times. 

The polymer 1 was chosen as a delivery agent for the neuro-
—f- C H 2 - C H -

CHnCHoNH, 

dopamine 
transmitter, dopamine. The polymer structure includes (a) a 
polystyrene backbone, which provides strong adsorption to the 
surface, (b) an isonicotinate unit, which allows reduction at rather 
positive potentials, and (c) the neurotransmitter, attached via a 
cathodically cleavable amide bond. 

It was previously demonstrated that the amide linkage of iso-
nicotinamides would cleave upon reduction in DMF.2 We have 
used aqueous solution, pH 7, to survey the reduction of several 
model pyridines and pyridinium salts. With use of a glassy carbon 
electrode, cyclic voltammetry (CV) showed that cationic /V-al-
kylisonicotinamides, like compound 2, reduced at potentials more 

CONHR 

CHoPh 

(1) For references to polymer ,modified electrodes, see, for example: (a) 
Fukui, M.; Kitani, A.; Degrand, C; Miller, L. L. J. Am. Chem. Soc. 1982, 
104, 28. (b) Shigehara, K.; Anson, F. C. J. Electroanal. Chem. 1982, 132, 
107. (c) Bard, A. J.; Abruna, H. D. /. Am. Chem. Soc. 1981, 103, 6898. (d) 
Denisevich, P.; Willman, K. W.; Murray, R. W. Ibid. 1981, 103, 4727. 

(2) Lund, H. Acta Chem. Scand. 1963, 17, 2325. 
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