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or lack of activation of certain exogenous metabolites by organisms, 
especially dinoflagellates, is very common and frequently expe­
rienced by the authors' group in biosynthetic studies with other 
dinoflagellates. 
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C22-C23, C25-C26, C28-C29, C33-C34, and C36-C37 come 
from acetate units. The best known examples of bond formation 
between acetate methyl and primarily methyl-derived carbons are 
a condensation with oxaloacetate to form citrate and a conden­
sation with glyoxalate (which can be formed from isocitrate by 
the action of isocitrate lyase) to form L-malate. In both cases, 
the newly formed connectivity will appear in C2 and C3 of suc­
cinate (Scheme I, path a).9 Thus it seems to be reasonable to 
assume that the three carbon fragments c, g, h, i, k, and 1 (Figure 
1 B) are derived from succinate directly or indirectly. Similarly 
the four-carbon unit, b, can be of a-keto glutarate, whose C2, C3, 
and C4 are derived from acetate methyl carbon. The connectivity 
seen with the four-carbon sequence C45-C13-C14-C15 may be 
explained by the condensation of propionate to acetate, since the 
labeling of the acetate methyl group often appears in all three 
carbons of a propionate-derived fragment.10 Thus all the mys­
terious labeling patterns can be interpreted by asssuming the 
limited involvement of the organic acids metabolism. Regarding 
the other unusual building blocks a, f, and n, the labeling patterns 
obtained in acetate feeding experiment are in accordance with 
the formation of 3-hydroxyl-3-methylglutarate from acetate and 
acetoacetate, the first step in the isoprenoid biosynthesis (Scheme 
I, path b). 

All these observations seem to suggest a new type of polyketide 
formation involving dicarboxylic acids, in which a Claisen-type 
condensation occurs to the a-position of the second carboxylic 
function with a loss of carboxyl group (Scheme I, path c).11 The 
step involves very possibly activation with CoA binding and 
carboxylation as with the case of polyketide formation in general. 
Mixed polyketides are actually not new. However, the involvement 
of unusual fatty acids are mostly at the terminal units,12 and inside 
the chains, the condensation is limited to the a-position of rather 
common monocarboxylic acids. 

Attempts to prove the above hypothesis by feeding the putative 
precursors including [2,3-,3C2]succinate have been so far un­
successful. The failure is not surprising, because the rejection 

(9) After one round through TCA cycle, C3 of oxaloacetate should carry 
one-half of the labeling from the incorporated acetate. Thus one may expect 
a 2:1 isotope ratio in C2 and C3 of succinate formed in the next round. The 
rather even enrichment observed in the spectrum can be explained by the 
quickly declining uptake and utilization of acetate by the organism during the 
incubation. 

(10) The information was provided by Professor David Cane. 
(11) An alternative explanation may be the condensation to C3 of pyruvate 

as seen in the biosynthesis of chlorothricin (Lee, J. J.; Lee, J. P.; Keller, P. 
J.; Cottrell, C. E.; Chang, C. J.; Zahner, H.; Floss, H. G. / . Antibiot. 1986, 
39, 1123-1134.). If that is the case, pyruvate has to come from the oxidative 
decarboxylation of malate to account for the labeling pattern. 

(12) For example: Chen, T. S. S.; Chang, C. J.; Floss, H. G. J. Am. Chem. 
Soc. 1981, 103, 4565-4568. Parry, R. J.; Mafoti, R. /. Am. Chem. Soc. 1986, 
108, 4681-4682. 
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Ferryl species (Fe , v =0) have been postulated in the catalytic 
cycle of cytochrome c oxidase,1 as the oxygen donating species 
in cytochrome P-450,2 and as intermediates in the reactions of 
catalases and peroxidases.3 Given the diverse chemistry catalyzed 
by these various enzymes, heme pocket modulation of the chemical 
reactivity of the F e I V = 0 unit seems likely. Resonance Raman 
detection of the ^(Fe=O) in various protein species and model 
compounds supports this notion. In a comparison of ferryl per­
oxidase species,4 ferryl myoglobin,5 and five- and six-coordinate 
heme model compounds,6'7 the frequency of ^(Fe=O) varies by 
~85 cm"1 (see Table I). This is in strong contrast to c(Fe—O2) 
which varies by only ~ 10 cm"1 in protein species and heme model 
compounds.8 In addition, there are distinct differences in the 
optical spectra of the various ferryl protein species.9"1' Previously 

(1) (a) Wikstrom, M. Proc. Natl Acad. Sci. U.S.A. 1981, 78, 4051-4054. 
(b) Blair, D. F.; Witt, S. N.; Chan, S. I. J. Am. Chem. Soc. 1985, 107, 
7389-7399. 

(2) Groves, J. T. In Cytochrome P-450: Structure, Mechanism, and 
Biochemistry; Ortiz de Montellano, P., Ed.; Plenum: New York, 1985; 
Chapter I. 

(3) Hewson, W. D.; Hager, L. P. In The Porphyrins; Dolphin, D„ Ed.; 
Academic: New York, 1979; Vol. VII, pp 295-332. 

(4) (a) Terner, J.; Sitter, A. J.; Reczek, C. M. Biochem. Biophys. Acta 
1985, 828, 73-80. (b) Hashimoto, S.; Tatsuno, Y.; Kitagawa, T. Proc. Jpn. 
Acad., Ser. B 1984, 60, 345-348. (c) Sitter, A. J.; Reczek, C. M.; Terner, 
J. J. Biol. chem. 1985, 260, 7515-7522. (d) Hashimoto, S.; Teraoko, J; 
Inubushi, T.; Yonetani, T.; Kitagawa, T. J. Biol. Chem. 1986, 261, 111 10-
11118. (e) A 1/(Fe=O) value of 775 cm"1 (HRP II, pH 7, H2O buffer) is 
reported which shifts to 777 cm"1 in D2O buffer. Hashimoto, S.; Tatsuno, Y.; 
Kitagawa, T. Proc. Natl. Acad. Sci. U.S.A. 1986, 83, 2417-2421. 

(5) Sitter, A. J.; Reczek, C. M.; Terner, J. Biochem. Biophys. Acta 1985, 
828, 229-235. 

(6) (a) Bajdor, K.; Nakamoto, K. J. Am. Chem. Soc. 1984, 106, 
3045-3046. (b) Proniewicz, J. M.; Bajdor, K.; Nakamoto, K. /. Phys. Chem. 
1986, 90, 1760-1766. 

(7) Schappacher, M.; Chottard, G.; Weiss, R. J. Chem. Soc, Chem. 
Commun. 1986, 2, 93-94. 

(8) (a) Spiro, T. G. In Iron Porphyrins; Lever, A. B. P., Gray, H. B., Eds.; 
Addison Wesley: Reading, MA, 1983; Part II, pp 107-133. (b) Kean, R. 
T., unpublished results, (c) Van Wart, H. E.; Zimmer, J. J. Biol. Chem. 1985, 
206, 8372-8377. 
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Table I. Comparison of KFe=O) for Various Ferryl Species 

species" 

HRP, II, pH 6.0 
HRPII , pH 11.0 
CCPES 
ferryl Mb 
Fe=O(TMP) 
Fe=O(TPP) 

KFe=O) 4 

776 
787 
767 
797 
843 
852 

ref 

4c,e 
4b,c 
4d 
5 
21 
6 

species" 

Fe=O(OEP) 
(THF)Fe=0(TpivPP) 
(NMI) Fe=0(TpivPP) 
(NMI)Fe=O(PPIXDME) 
(NMI)Fe=O(TPP) 
(NMI)Fe=O(OEP) 

KFe=O)* 

852 
829 
807 
820 
820 
820 

ref 

6 
7 
7 
C 

C 

C 

° Abbreviations: HRP II, horseradish peroxidase compound II; CCP ES, cytochrome c peroxidase compound ES; Mb, myoglobin; TMP, tetram-
esitylporphyrin; TPP, tetraphenylporphyrin; OEP, octaethylporphyrin; THF, tetrahydrofuran; NMI, 1-methylimidazole; TpivPP, "picket fence" 
porphyrin [tetrakis(o-pivaloylphenyl)porphyrin]; PPIXDME, protoporphyrin IX dimethyl ester. 'Frequency in cm"1. 'This work and ref 15. 
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Figure 1. Resonance Raman spectra of [(NMI)FeIV=lsO(PPIXDME)] 
(upper trace) and [(NMI)FeIV=160(PPIXDME)] (lower trace). Ver­
tical line denotes KFe=O); * denotes solvent peak. Spectra were ob­
tained in toluene-rf8 at -130 0C with ~15 mW (406.7 nm) incident on 
the sample. (Inset) Optical absorption spectrum of [(NMI)FeIV=0-
(PPIXDME)] in toluene at -90 0C. The shoulder at 619 nm is due 
primarily to M-OXO dimer contamination [(PPIXDME)Fe111I2O. 

reported ferryl model compounds have given insight into the factors 
affecting the KFe=O) frequency, but since they were made on 
non-physiologically active hemes, they do not give specific in­
formation about the optical spectra or the other Raman-active 
vibrations of the protoheme-containing ferryl protein species. To 
address these points, we present here optical and Raman data for 
a six-coordinate, imidazole-ligated, ferryl protoheme model com­
pound. 

The (l-methylimidazole)ferryl protoporphyrin IX dimethyl 
ester, [(NMI)Fe IV=0(PPIXDME)], was prepared according to 
ref 12. The optical absorption spectrum13" is inset in Figure 1. 
The shoulder at 619 nm is due primarily to /u-oxo dimer con­
tamination. The peak positions compare favorably with those of 
ferryl hemoglobin9 and ferryl leghemoglobin10 (~418, 545, and 
575 nm) but are most similar in both wavelengths and relative 
intensities to those of ferryl myoglobin (~420, 550, and 580 nm 

(9) Dalziel, K.; O'Brien, J. R. P. Biochem. J. 1954, 56, 648-659. 
(10) Aviram, I.; Wittenberg, B. A.; Wittenberg, J. B. J. Biol. Chem. 1978, 

253, 5685-5689. 
(11) George, P.; Irvine, D. H. Biochem. J. 1952, 52, 511-517. 
(12) La Mar, G. N.; de Ropp, J. S.; Latos-Grazynski, L.; Balch, A. L.; 

Johnson, R. B.; Parish, D. W.; Cheng, R. J. Am. Chem. Soc. 1983, 105, 
782-787. 

(13) (a) Optical absorption spectra were obtained by using a house-built 
optical Dewer mounted in a Perkin-EImer Lambda 5. The sample was con­
tained in an EPR tube which was cooled to -90 °C by flowing cold nitrogen 
gas. (b) Raman spectra were obtained with a Spex 1401 scanning mono-
chromator (with PMT detection) by using 15-mW incident power at 406.7 
nm (Spectra-Physics Model 164 Kr ion ) in a backscattering geometry. The 
samples, contained in EPR tubes, were spun continuously in a Dewer while 
the desired temperature was maintained by flowing cold nitrogen gas. 

at pH 6.8)." The spectrum of [(NMI)Fe I V=0(PPIXDME)], 
like the ferryl globin species, is distinct from that of horseradish 
peroxidase compound II (~418, 527, and 555 nm).14 In Figure 
1 we present the intermediate frequency region of the Raman 
spectrum130 of [(NMI)Fe IV=0(PPIXDME)]. The peak at 820 
cm"1 shifts to 784 cm"1 upon substitution of 16O by 18O and is 
assigned to the Fe=O stretching vibration. The 36-cm"1 shift 
is expected for a ferryl structure. The KFe=O) frequency ob­
served for [(NMI)Fe IV=0(PPLXDME)] does not vary with 
temperature over the range -90 to -190 0C or with porphyrin ring 
substituents (TPP or OEP).15 This frequency is compared with 
the KFe=O) frequencies of other ferryl species in Table I. The 
high-frequency region of [(NMI)FeIV=0(PPIXDME)] contains 
features of both HRP II16 and ferryl myoglobin5 yet it is not 
identical with either.15 The similarity of the optical spectrum of 
ferryl myoglobin with that of [(NMI)FeIV=0(PPLXDME)] in­
dicates that the two are electronically very similar. The difference 
in the KFe=O) frequencies suggests environmental perturbations. 
Differences in the KFe=O) frequency between the peroxidase 
species and ferryl myoglobin have been discussed in terms of 
hydrogen bonding effects40* and out-of-plane iron effects.5 It has 
been suggested that x-charge donation from the protein into the 
porphyrin may be important in the mechanism of horseradish 
peroxidase,17 but it is not known whether this has any affect on 
the KFe=O) frequency. Comparison of these systems with the 
the model compounds gives further insights into the variables 
which affect the j>(Fe=0) frequency. 

A trans ligand effect is seen very clearly in the model compounds 
(see Table I). The five-coordinate models display the highest 
J-(Fe=O) frequency while the strong ligand (NMI), six-coordinate 
samples display the lowest frequency. Electron density from the 
sixth ligand, along the z axis (normal to the heme plane), may 
compete with the ferryl oxygen for <r-bonding18 and weaken the 
Fe=O bond. Alternately, if the iron is initially displaced toward 
the oxygen in the five-coordinate species, the presence of a strong 
sixth ligand may pull the iron into plane causing greater ir-in-
teraction between iron and porphyrin orbitals and a weakening 
of the Fe=O ir-bond.5 The difference in the KFe=O) frequency 
of our models (in toluene) vs. the TpivPP7 species (in THF) 
appears to result from solvent effects since temperature and ring 
substituent effects were ruled out above. This may reflect stronger 
imidazole binding in the more polar and nonaromatic THF. 
Although hydrogen bonding to the distal histidine could be in­
volved, the lower KFe=O) frequency of ferryl myoglobin may 
indicate stronger imidazole ligation in myoglobin than in the model 
compounds. This seems reasonable since the imidazole is protein 
bound in myoglobin and may not easily move or rotate to less 
strongly ligating configurations available to the free solution 
models. Similar trans ligand effects may contribute to the dif­
ference in KFe=O) frequencies observed for HRP II and ferryl 
myoglobin. For the respective five-coordinate ferrous enzymes, 

(14) Blumberg, W. E.; Peisach, J.; Wittenberg, B. A.; Wittenberg, J. B. 
J. Biol. Chem. 1968, 243, 1854-1862. 

(15) Kean, R. T.; Babcock, G. T., manuscript in preparation. 
(16) Terner, J.; Reed, D. E. Biochem. Biophys. Acta 1984, 789, 80-86. 
(17) Shelnutt, J. A.; Alden, R. G.; Ondrias, M. R. J. Biol. Chem. 1986, 

261, 1720-1723. 
(18) (a) Gersonde, K.; Kerr, E. A.; Yu, N-T.; Parish, D. W.; Smith, K. 

M. /. Biol. Chem. 1986, 261, 8678-8685. (b) Kerr, E. A.; Mackin, H. C. Yu, 
N.-T. Biochemistry 1983, 22, 4373-4379. 
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the higher y(Fe"-imidazole) frequency for HRP indicates stronger 
imidazole ligation.19,20 For the oxy complexes, v(Fen-imidazole) 
is also higher for HRP than for myoglobin but its K(Fe-O2)

80 is 
lower. A similar inverse relationship between i>(Fen-CO) and 
trans ligand strength has been reported for monomeric insect 
hemoglobins18a and heme model compounds.18b 
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(19) Teraoko, J.; Kitagawa, T. Biochem. Biophys. Res. Commun. 1980, 
93, 694-700. 

(20) Teraoka, J.; Kitagawa, T. / . Biol. Chem. 1981, 256, 3969-3977. 
(21) Hashimoto, S.; Tatsuno, Y.; Kitagawa, T. In Proceedings of the Tenth 

International Conference on Raman Spectroscopy; Petiolas, W. L., Hudson, 
B., Eds.; University of Oregon: Eugene, OR, 1986; pp 1-28, 1-29. 
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Tetracoordination of lithium is an important principle of or-
ganolithium aggregation and complexation.1 Accordingly, the 
dimer of n-BuLi, recently shown to be present in THF solutions, 
was assigned a structure of type I, in which two molecules of THF 
are coordinated to each lithium atom.2,3 Due to its ephemerality,3,4 

chances for isolation of I are dim. However, closer scrutiny of 
its properties would seem desirable. Many reactions of tetrameric 
alkyllithiums in ether solvents involve deaggregated species as the 
reactive intermediates.5 In view of the advantages gained by 
coordinating the required alkoxy groups intramolecularly, we 
expected the dimer of 3-lithio-l,5-dimethoxypentane (II) to be 
stable in hydrocarbon solutions and amenable to the usual methods 
of examination.6 

After treating ?erf-butyl(l,5-dimethoxy-3-pentyl)mercury with 
1 equiv of ?-BuLi in pentane at -15 0C and removing volatile 
materials (pentane, (?-Bu)2Hg, etc.) by bulb-to-bulb distillation 
(20 0C, 10"5 torr), we extracted II from the residue with pentane 

(1) (a) Crystal structures: Schleyer, P. v. R.; Setzer, W. Adv. Organomet. 
Chem. 1985, 24, 353. (b) Solution structures: Lewis, H. L.; Brown, T. L. 
J. Am. Chem. Soc. 1970, 92, 4664. Brown, T. L. Pure Appl. Chem. 1970, 
23, 447. McKeever, L. D. Ions and Ion Pairs in Organic Reactions; Szwarc, 
M., Ed.; Wiley-Interscience: New York, 1972; Vol. 1, p 263 and references 
given in these papers. 

(2) (a) Seebach, D.; Hassig, R.; Gabriel, J. HeIv. CHm. Acta 1983, 66, 
308. (b) McGarrity, J. F.; Ogle, C. A. J. Am. Chem. Soc. 1985, 107, 1805. 

(3) I is one of 16 possible stereoisomers interrelated by internal rotations 
(H2CPr vs. both (H2CPr)' and the plane of the bridging atoms). 

(4) Bauer, W.; Seebach, D. HeIv. CUm. Acta 1984, 67, 1972. 
(5) These reactions are characterized by reaction orders in RLi < 1. 

Overview: Schlosser, M. Struktur und Reaktivit'atpolarer Organometalle; 
Springer-Verlag: Berlin, 1973; p 131. Critique of the assumption of mono­
mers as the kinetically active species: Brown, T. L. J. Oganomet. Chem. 1966, 
5, 191. 

(6) Applications of the strategy of intramolecular coordination in the study 
of Lewis base adducts of tetrameric alkyllithiums: (a) Klumpp, G. W.; 
Geurink, P. J. A.; Spek, A. L.; Duisenberg, A. J. M. J. Chem. Soc, Chem. 
Commun. 1983, 814. Spek, A. L.; Duisenberg, A. J. M.; Klumpp, G. W.; 
Geurink, P. J. A. Acta Crystallogr., Sect. C: Cryst. Struct. Commun. 1984, 
C40, 372. (b) Klumpp, G. W.; Vos, M.; de Kanter, F. J. J.; Slob, C; 
Krabbendam, H.; Spek, A. L. J. Am. Chem. Soc. 1985, 707, 8292. (c) 
Geurink, P. J. A.; Klumpp, G. W. Ibid. 1986, 108, 538. (d) Klumpp, G. W.; 
Geurink, P. J. A.; van Eikema Hommes, N. J. R.; de Kanter, F. J. J.; Vos, 
M.; Spek, A. L. Reel. Trav. Chim. Pays-Bas 1986, 105, 398. 

and purified it by sublimation (20 0C, 10~5 torr) to give colorless 
crystals melting around 30 0C. Reaction with C2H5OD gave 
1,5-dimethoxypentane-J-rfj. The degree of association of II was 
found to be 2 (isothermal distillation, 0.004-0.02 M pentane, 28.4 
0C).7 '8 

The 1H and 13C NMR spectra of (H)2 at ambient and low 
temperature are given in Table I. At -110 0C the signals of Hb 

and Hb< are extremely broad. During these temperature variations 
the signal of H0 remains essentially unchanged. At 71 0C (solvent 
C6D6) all proton signals are broadened, that of Hc approximating 
the shape of a quintet. The 7Li NMR spectrum consisted of a 
singlet at 1.34 (AK1/2 = 4.6 Hz, C6D6, 20 0C) or 1.40 ppm (Av1/2 

= 14 Hz, cyclopentane, -100 0C).9 

The 1:1 pairs of similar signals in the low-temperature 1H and 
13C NMR spectra of (H)2 suggest that in the predominating 
species the CH2CH2OMe moieties are present in two different 
environments. These are averaged by transpositions of chelate 
rings that are fast on the NMR time scales above ca. -100 0C. 
Structure III [ ^ III' (mirror image)] fits the NMR data. It 
contains two types of CH2CH2OMe groups, while the presence 
of only one type of Hc and lithium atom, respectively, is in accord 
with the observation of a single signal for Hc and one (though 
broadened at -100 0C) 7Li resonance at all temperatures studied. 
However, stereoisomers with two types of lithium atoms [e.g., IV 
(*=* IV)] with equal or only slightly different chemical shifts 
cannot be excluded. The remaining possible structures for (H)2 

with fully coordinated lithium atoms, V-VIII, are not in agreement 
with the -90 0C 1H NMR data. 

VIII IX X 

• = Li O - OMe 

The coalescence temperature of the methoxy proton signals (-91 
± 2 0C) shows that AG* for the chelate ring transpositions has 
a value of 9.3 ± 0.2 kcal/mol, which is lower than those (AG* 
= 12-15 kcal/mol) found for similar transpositions (CH2OMe,10 

CH2NMe2
6b) in intramolecularly coordinated alkyllithium tet-

ramers. We suppose that the breaking of Li-O coordinative bonds 

(7) Holtkamp, H. C; Blomberg, C; Bickelhaupt, F. J. Organomet. Chem. 
1969,19, 279. Van Vulpen, A.; Coops, J. Reel. Trav. Chim. Pays-Bas 1966, 
85, 203. 

(8) The preparation of II and all operations involving II were carried out 
in evacuated sealed vessels by using the break-seal technique. 

(9) Chemical shift Of7Li relative to external 1 M dry LiBr in THF [6 (50% 
LiBr in H2O) -1.04 and 6 (2-lithiobutane in C6D6) 0.77. Not corrected for 
volume magnetic susceptibility. 

(10) Klumpp, G. W.; Vos, M.; Dorlas, R.; de Kanter, F. J. J., unpublished 
results. 
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