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known as dimerization products of phosphaalkenes.[' 'I The 
intermediacy of 4 was confirmed by trapping experiments 
with 2,3-dimethylbutadiene; the product 6,  formed by 
[2 + 41 cycloaddition to the P = C  bond, was obtained in 
nearly quantitative Similarly, the reaction of 7 a, b 
with BF,.OEt, in the presence of 2,3-dimethylbutadiene in 
excess leads to the heterocycles 8a and 8b. However, the 
reaction of 7b is not uniform. Loss of F,BPh, instead of 
F,BNiPr,, results in the formation of 2b as a side product. 
Compounds 6 , 8  a, and 8 b (' 3J are formed as racemates with 
no observed formation of diastereomers. This finding sup- 
ports a concerted 12 + 41 cycloaddition. Compounds 2a and 
2b do not react with 2,3-dimethylbutadiene under the condi- 
tions described here. Moreover, products of a [l + 41 cyclo- 
addition were not observed.[l4] 

The bonding parameters obtained from a structure inves- 
tigation and the data derived from the UVjVIS spectra of 2a 
and 2 b, as well as the reactivity of compounds 4,7 a, and 7 b, 
are similar to those of previously reported phosphaalkenes. 
The syntheses described here offer attractive variants for the 
synthesis of phosphaalkenes, since the phosphinomethylene- 
triphenylphosphoranes required as starting materials are 
readily accessible and widely variable. 

Received: January 24, 1989 [Z 3139 IE] 
German version: Angew. Chem. 101 (1989) 768 

[l]  H. H. Karsch, H.-U. Reisacher, G. Muller, Angew. Chem. 98 (1986) 467; 
Angew. Chem. Int .  Ed. Engl. 25 (1986) 454. 

[2] G. Becker. W. Becker, R. Knebl, H. Schmidt, U. Hildenbrandt, M. Wester- 
hausen, Phosphorus Sulfur 30 (1987) 349. 

131 Theoretical analysis of the bonding in phosphorus ylides and phospha- 
alkenes: M. M. Francl, R. C. Pellow. L. C. Allen. J Am. Chem. Soc. 1 f O  
(1988) 3723. 

[4] K. Issleib, R. Lindner, Justus Liebigs Ann. Chem. 699 (1966) 40; H. 
Schmidbauer, Adv. Organomet. Chem. 9 (1970) 259. 

[5]  J. G. Verkade, L. D. Quin (Eds.): Methods in Stereochemical AnaIysis, 
Vol. 8, VCH Verlagsgesellschaft. Weinheim 1987. 

[6] 2a:  Pbn2,; a = 9.225(5), b = 15.097(9), c = 19.419(12) A, V = 2704 A3, 
Z = 4. 1035 observed reflections with I > 2 0 0  (four-circle diffractome- 
ter, Mo,, radiation, w scan). R = 0.089, R ,  = 0.048 (P refined anisotrop- 
ically, F, N. C, B isotropically; the disordered anion refined with two rigid 
BF, tetrahedrons, the methyl groups and phenyl rings as rigid groups with 
a common temperature factor for the H atoms). Further details of the 
crystal structure investigation may be obtained from the Fachinforma- 
tionszentrum Karlsruhe, Gesellschaft fur wissenschaftlich-technische I n  
formation, D-7514 Eggenstein-Leopoldshafen 2 (FRG), on quoting tht: 
depository number CSD-53721, the names of the authors, and the journal 
citation. 

[7] R. Appel, F. Knoll, I. Ruppert, Angew. Chem. 93 (1981) 771 ; Angew. 
Chem. int .  Ed. Engl. 20 (1981) 771. 

[S] A. H. Cowley, R. A. Jones, J. G. Lasch, N. C. Norman, C. A. Stewart, 
A. L. Stuart. J. L. Atwood, W. E. Hunter, H.-M. Zhang, J Am. Chem. SOL. 
106 (1984) 7015. 

[Y] D. Gudat, Disserrution, Universitat Bielefeld 1987; D. Gudat, E. Niecke, 
Phosphorus Sulfur 30 (1987) 796. 

[lo] L. Zsolnai, G. Huttner, unpublished. 
[ I l l  G. Becker, W. Uhl, Z .  Anorg. ANg. Chem. 475 (1981) 35; R. Appel, 1'. 

Winkhaus, F. Knoch, Chem. Ber. 119 (1986) 2466, and references cited 
therein. 

[12] R. Appel, F. Knoch, R. Zimmermann, Chem. Ber. 118 (1985) 814; R .  
Appel, J. Menzel, F. Knoch, ibid 118 (1985) 4068. 

[13] General experimental procedure: The respective phosphinomethylenetri- 
phenylphosphorane (1 a,b, 3,7a,b; S mmol), was dissolved in 30 m L  of dry 
CH,CI, and treated at -78°C with 1.13 mL of freshlydistilled BF,.OEt, 
(10 mmol) in ether. In the cycloaddition reactions, 2,3-dimethylbutadiene 
(2.1 g, 25 mrnol) was then added. The reaction solution was warmed to 
room temperature, thevolatiles were removed at 0.01 torr, and the residue 
was washed with ether and recrystallized from CH,Cl,/ether. 2a:  m.p. 
146°C. "P('H) NMR (36.19 MHz, CDCI,, 27°C): 6 = 19.5 (d, PPh,); 
303.5 (d, PN, ' J =  124.6Hz). 'H NMR (89.99 MHz, CDCI,, 27°C): 
6 = 1.25 (d, 12H, CH,. ' J  = 6.6 Hz); 3.75-4.46 (m, 2H, CH); 6.41 (d3, 
1 H,CH, 2J(P"'H) = 10.7, 'J(PVH) = 1.7 Hz);7.49-7.60(m, lSH, arene- 

25.87 (s, CH,); 51.25 (s, CH); 52.76 (s, CH); 88.40 (dd, 
CH). "C('H) NMR (22.49 MHz, CDCI,, 25°C): 6 = 20.96 ( s ,  CH,); 

CH, 'J(P"'C) = 92.5, 'J(PvC) = 34.3 Hz); 121.58 (d. ipso-C, 
'J(PVC) = 89.4 Hz); 129.72 (d,m-C, 3J(PvC) = 12.5 Hz); 133.2 (d.0-C, 
'J(PVC) = iO.1 Hz), 134.2 (sp-C). 2b: m.p. 143°C. "P('H) NMR 
(36.19 MHz, CDCI,, 27°C): 6 = 28.5 (d, PPh,), 302.5 (d, PN. 
'J= 168.6Hz).'H NMR(89.Y9MHz,CDCI3,27"C):6= 1.11 (d. 12H. 
CH,, 'J= 6.9Hz); 2.15 (dd, 3H, CHI, 'J(PVH) = 17. 
'J(P'"H) = 7.2 Hz); 4.03 (sept., 2H, CH, ' J  = 6.9 Hz); 7.46-7.55 (m. 
15H, arene-CH). '3C('H} NMR (22.49 MHz, CDCI,. 27°C: 6 = 19.02 
(dd, CH,, 'J(PVC) = 8.8, 2J(P1"C) = 3.0 Ha); 24.16 (d, CH, 'J(P"'C) = 
7.4 Hz); 51.37 (d, CH, 'J(P"'C) = 6.1 Hz); 104.29 (dd, CCH,, 
'J(P"'C) = 76.2, 'J(PvC) = 68.9 Hz) 119.79 (dd. ipso-C, 'J(PvC) = 89.4. 
3J(P"'C) = 7.3 Hz); 129.45 (d, m-C, 'J(PVC) = 13.2 Hz); 133.64 (d, 0-C, 
'J(PVC) = 13.2 Hz); 133.83 (s, p-C). 5 :  m.p. 249°C. JIP{'H) NMR 
(36.19 MHz, CD,CN 27°C): 6 = 21.42 (m. A A X X  system). 'H NMR 
(89.99 MHz, CD,CN, 27°C): 6 = 0.43-0.57 (m, 18H, CH,); 3.5 (m. 2H, 
CH); 7.34-7.75 (m, 30H, arene CH). 6 :  m.p. 166-167°C. alP{'H} NMR 
(36.19 MHz, CDCI,, 27°C): 6 = - 25.2 (d, PiBu); 24.76 (d, PPh,, 
' J  = 80.6 Hz). 8a: m.p. 193 "C. "P(lH} NMR (36.19 MHz. CD,CN, 
27°C): 6 = - 24.8 (d, PCH,); 36.3 (d, PPh,, J = 95.1 Hz). 8b:  "P('H) 
NMR (36.19 MHz, CDCI,, 0°C): d = - 20.97 (d. PPh); 31.2 (d, PPh,, 
'5 = 85.3 Hz). 

[14] E. Niecke, D. Gudat, W. W. Schoeller, P. Rademacher, J. Chem. SOC. 
Chem. Commun. 1985, 1050; V. D. Romanenko, A. B. Drapailo, A. V. 
Ruban, L. N. Markovskii, Zh. Obshch. Khim. 57 (1987) 1402; J.  Gen. 
Chem. USSR (Engl. Trans/.) 57 (1987) 1253. 

On the Structure of Eumelanins: 
Identification of Constitutional Patterns 
by Solid-state NMR Spectroscopy ** 
By Martin C. Peter * and Hans Forsfer 

Melanins are complex polyphenolic polymers. They are 
usually formed in nature by enzyme-catalyzed oxidative 
polymerization of o-diphenols (for reviews, see Refs. [I -31). 
The deep black eumelanins, derived from Dopa 1 or dopa- 
mine 3, are distinguished from the yellow to brown phaeo- 
melanins obtained from Dopa in the presence of cysteine. 
Characteristic of eumelanins are the indole units, which are 
formed from catecholamines by intramolecular addition of 
the amino groups to the oxidatively generated o-quinones 
(Fig. 1). During polymerization of these indoles, C-C 
and C - 0  bonds are formed by nucleophilic additions and 
by oxidative radical phenol couplings. Allomelanins are 
polyarenes obtained from nitrogen-free catechols. 

In contrast to Dopa-melanin, dopamine-melanin is basic 
in character and is capable of being benzoylated to a greater 
extent than Dopa-rnelanin.['' According to Swan,'2J Dopa- 
melanin has the following statistical composition (Fig. 1) : 
ca. 10% 1 and 2, ca. 10% 7 and 9, ca. 65% 11 and 12, and 
ca. 15 YO pyrrolecarboxylic acids. Dopamine-melanin con- 
tains ca. 35 Yo 3 and 4, ca. 55 Yo 11,12,8, and 10, and ca. 10 % 
pyrrolecarboxylic acid units. The latter are not shown in 
Figure 1 (cf. Refs. [l, 2, 51). The relative amounts of non- 
cyclic units in Dopa- and dopamine-melanin correspond 
roughly to the ratio of the rate constants k ,  of the cyclization 
(Dopa, k,  = 72 s-';I6] dopamine, k ,  = 25.6 s-'[']). The 
rates of rearrangement of dopachrome 9 and do- 
paminochrome 10 to 5,6-dihydroxyindole l l  have not yet 
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Fig. 1. Schematic drawing of the formation of melanins from catechols. 

been determined to the best of our knowledge. In basic to 
neutral media, however, the decarboxylation of the dihy- 
droindole should proceed faster than the deprotonation. The 
dopamine-melanin generated at pH 7 should therefore con- 
sist to a larger extent of dopamine and dihydroindole units 
than of indole units. 

These conclusions are confirmed by solid-state I3C NMR 
spectra. We prepared Dopa- and dopamine-melanin by oxi- 
dation of Dopa and dopamine, respectively, with excess 
K,[Fe(CN),] in water. The elemental analysis (double deter- 
mination) gave the following results for Dopa-melanin : 
49.02 f 0.03% C, 3.71 f 0.01 % H ,  and 8.29 0.03%N 
(C9H,,, 5N1.30). For dopamine-melanin, the values were 
50 .83+0. l l%C,  4.2050.03%H, and 9 .52f0 .01%N 

The CP/MAS I3C NMR spectrum of Dopa-melanin is 
shown in Figure 2 b. The signal assignment given in Table 1 
was made by comparison with the solid-state 13C NMR 
spectrum of Dopa (Fig. 2a). 

In the aliphatic region, the side-chain C atoms of the Dopa 
units and C 2  of the dihydroindole units can also be identified 
upon improvement of the resolution by Gauss modification. 

(ctIH7.92N1.28). 

ssb ssb 
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Fig. 2. CP/MAS NMR spectra of a) Dopa, b) Dopa-melanin, and c) Do- 
pa-melanin recorded with an NQS sequence using 60-ps delay times; 'H- 13C 
cross-polarization with sample rotation around the magic angle; spin frequency 
5.19 kHz; decoupling field strength 20 G; contact time 500 ps; 1606 accumula- 
tions at 297 K;  rotation side bands (SSB) were largely suppressed. 

Table 1. Assignment of the signal groups in the CP/MAS "C NMR spectrum 
of Dopa-melanin (Fig. 2 b). 

6 Assignment 

175 
144 Diphenolic phenoxy C atoms 
127-116 
107-104 
54, 36, and 31 

Carboxyl and quinoid carbonyl C atoms 

Arene C-H and C-C; C2, C3a, C4, and C6a of indole units 
C3 of indole and pyrrole units 
Side-chain C atoms of noncyclized Dopa and C2 of dihyro- 
indole units 

If the resonances of non-quaternary C atoms are suppressed 
with an NQS sequence, the signals in the aliphatic region as 
well as those of the respective indole and pyrrole C atoms at 
6 = 107-104 disappear (Fig. 2c). In the region of the arene 
C atoms, a decrease in intensity is observed owing to the 
suppression of the resonances of the unsubstituted phenyl 
and indole C atoms. Thus, the partial structures contained in 
the constitutional scheme of Dopa-melanin are unambigu- 
ously confirmed by the solid-state 13C NMR spectrum. 

The CP/MAS 13C NMR spectrum of dopamine-melanin, 
shown in Figure 3 b, differs markedly from that of Dopa- 
melanin (cf. Fig. 2b). Owing to the absence of carboxyl 
groups in the starting material, the carbonyl resonances 
(6 z 170) are weaker than in Dopa-melanin. The C-3 signals 
of the unsubstituted indole and pyrrole units can hardly be 
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identified for dopamine-melanin. The intense aliphatic sig- 
nals correlate unambiguously with the side-chain C atoms of 
dopamine (Fig. 3 a); the signal of dihydroindole C2, expect- 
ed at 6 % 46, is not resolved. Suppression of non-quaternary 
C atoms affords a spectrum very similar to that of the NQS 
spectrum of dopa-melanin (Fig. 3 c). 

- - y c l m o Q i  >g  
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- 6  
Fig. 3. CP/MAS 13C NMR spectra of a) dopamine (hydrochloride), b) do- 
pamine-melanin, and c) dopamine-melanin recorded with an NQS sequence 
using 60 us delay times. For measuring parameters, see Figure 2. 

Comparison of the relative intensities of individual groups 
of signals in the spectra of the monomeric precursor and thz 
polymer reveal that dopamine-melanin contains a much 
larger proportion of unmodified side chains compared with 
Dopa-melanin. Accordingly, dopamine-melanin is formed 
to a correspondingly greater extent by polymerization of the 
open-chain precursors 3 and 4 (Fig. 1) and contains sub- 
structures of the allomelanin type (cf. the polymerization of 
5 and 6 in Fig. 1). In addition, constitutional patterns result- 
ing from copolymerization of 3 and 4 with 8, 10, 11, and 12 
are present to a lesser extent. In Dopa-melanin, on the other 
hand, the polymerization of 11 with 12 predominates. 

The solid-state 3C NMR spectra also allow an estimate of 
the oxidation state of the polymer. Comparison of the interi- 
sities of the carbonyl and the diphenolic phenoxy C signals 
reveals a high proportion of catechol units; this indicates 
that the polymerization occurs by oxidative phenol cou- 
plings. 

D u f f e t  a1.r81 recently described CP/MAS 13C and "N 
NMR spectra of autooxidatively generated Dopa-melanin 
as well as of melanoma- and sepia-melanin, isolated from 
biological material. The signal assignments largely agree 
with those in Figure 2 b discussed here. However, the indole, 
pyrrole, and dihydroindole units in the spectrum published 
in Ref. [8] are not unambiguously identifiable owing to the 
comparatively low resolution. In the CP/MAS "N NMR 
spectrum, on the other hand, signals for aliphatic amino 
groups are present. 

The CP/MAS I3C NMR spectrum of melanin generated 
enzymatically from tyrosine with tyrosinase (monophenol 
monooxygenase, EC 1.14.18.1) agrees qualitatively with Fig- 
ure 2 b, although the carboxyl/carbonyl signals in tyrosine- 
melanin are more intense. The signals of the phenoxy C 
atoms at 6 z 145 are less intense than those of the other 
arene C atoms. However, indole C 3  atoms and pyrrole C 
atoms can be unambiguously identified. The CP/MAS 3C 
NMR spectrum of a phaeomelanin, prepared by oxidation 
of a mixture of Dopa and cysteine with K,[Fe(CN),], is 
characterized above all by the prominent carboxyl signal and 
the signals of the aliphatic amino-acid C atoms. 

The results show that solid-state NMR spectroscopy is 
very suitable for nondestructive investigation of complex 
biopolymers. The analysis of the constitutional pattern not 
only leads to new insights into structural relationships, but 
also is essential for the assignment of unknown polyphenolic 
natural products to specific melanin classes. 

Experimental Procedure 
Preparation of Dopa-melanin: A solution of L-Dopa (1.0 g, 5.07mmol) and 
K,[Fe(CN),] (8 g, 23.4 mmol) in 1 L of H,O was adjusted to pH 8 with ca. 2 N 
KOH and then stirred vigorously in an open Erlenmeyer flask at 22 "C. After 
7 h, the reaction mixture was acidified with 10 mL of conc. HCI. The black 
melanin that settled out was centrifuged off and washed thoroughly with 
10 x 50 mL of H,O. It was then suspended in H,O and lyophilized. Yield: 
897 mg Dopa-melanin. Dopamine-melanin was synthesized similarly. 
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A Hollow Cluster Filled With 12 NaO Ions 
and a H,P04 Molecule 
By Robert C. Haushalter* and Frank H Lai 
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Compared to the solid-state layer and tunnel structures 
composed of either all octahedral or all tetrahedral building 
blocks, relatively little attention has been given to solids built 
up from octahedral-tetrahedral frameworks.['I During our 
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