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Scheme I. Biosynthesis of Riboflavin0 
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a The single asterisks illustrate the regiochemistry of the riboflavin synthase reaction. They also coincide with the major sites of labeling of 

the xylene moiety of 3 from [ l-13C]ribose. The double asterisk indicates the major site of labeling in the ribitol moiety of 3. 

13C NMR spectra of [2'-2H]- and [3'-2H]riboflavin19 obtained 
from Dr. William M. Moore, Utah State University, and a de
termination of carbon-carbon connectivities by analysis of the 
two-dimensional double-quantum coherence 13C NMR spectrum20 

of 4 biosynthesized from [U-13C6]glucose. 
The 13C distribution in 4 derived from [l-13C]ribose is shown 

in Table I. The majority of the 13C is found in three positions, 
with secondary labeling evident in three additional carbon atoms. 
The isotope is efficiently incorporated into position 1' of the ribityl 
side chain. This is expected since it has been shown that the ribitol 
moiety of riboflavin is derived from the ribose moiety of GTP.3'21 

In the heterocyclic moiety, carbon atom 6 and the 8-methyl group 
show the same 13C abundance within experimental error. How
ever, the enrichment at these positions is significantly lower than 
that at C-I'. 

These results lead to the following conclusions: (i) In the last 
biosynthetic step catalyzed by riboflavin synthase, the 6-methyl 
group of 2 gives rise to carbon atom 6 and the 8-methyl group 
of 3. This is in agreement with the regioselectivity of the enzyme 
as suggested earlier on the basis of in vitro studies with deuter
ium-labeled 2.22 

(ii) The isotope from [l-13C]ribose is efficiently incorporated 
into the 6-methyl group but not into the 7-methyl group of the 
lumazine 2. It follows that symmetrical molecules such as diacetyl 
are ruled out as intermediates in the generation of the four-carbon 
unit, because any symmetrical intermediate would lead to an even 
distribution of the label between the two methyl groups. 

(iii) Since carbon 1' of the ribitol moiety is labeled significantly 
more heavily than any atom in the aromatic ring, it appears that 
although a pentose does contribute to the generation of the 
four-carbon moiety, the ribitol moiety of 1 may not be a direct 
precursor of this four-carbon unit as has been suggested.11,12 If 
two molecules of 1 were to react to give one molecule of 2 in a 
manner similar to the conversion of two molecules of 2 into one 
molecule of 3, the final product 3 would have to contain equal 
amounts of 13C at C-I', C-6, and the 8-methyl group. The finding 
that this is not the case is in line with earlier results on the 
incorporation of guanosine into riboflavin by a purine mutant, 
which indicated that the ribose moiety of GTP contributes to the 

(16) K. Yagi, N. Ohishi, A. Takai, K. Kawano, and O. Kyogoku, in 
"Flavins and Flavoproteins", T. P. Singer, Ed., Elsevier, Amsterdam, 1976, 
pp 775-781. 

(17) K. Kawano, N. Ohishi, A. Takai Suzuki, Y. Kyogoku, and K. Yagi, 
Biochemistry, 17, 3854 (1978). 

(18) H. J. Grande, R. Gast, C. G. Van Schagen, W. J. H. van Berkel, and 
F. Miiller, HeIv. Chim. Acta, 60, 367 (1977). 

(19) W. M. Moore and W. F. King, unpublished work; personal commu
nication by Dr. W. M. Moore; W. F. King, Ph.D. Dissertation, Utah State 
University, Logan, 1973; Diss. Abstr. Int., B36, 237 (1975). 

(20) A. Bax, R. Freeman, and T. A. Frenkiel, / . Am. Chem. Soc, 103, 
2102 (1981). 

(21) B. Mailander and A. Bacher, J. Biol. Chem., 251, 3623 (1976). 
(22) R. L. Beach and G. W. E. Plaut, J. Am. Chem. Soc., 92, 2913 (1970). 

ribitol moiety but not to the isoalloxazine ring of 3.21 

Studies with other 13C-labeled precursors are underway in order 
to further delineate the specific origin of this four-carbon moiety. 
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The activation by transition metals of unsaturated ligands 
toward reduction by main-group hydrides has been used extensively 
during the last two decades.1,2 Recently, attention has focused 
on the homogeneous reduction of coordinated CO by borohydrides3 
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as a model for Fischer-Tropsch synthesis.4,5 In 1978, Green et 
al. elegantly rationalized the chemoselectivity of the attack of most 
nucleophiles on transition-metal cations in terms of charge control, 
including many examples of metal hydride reduction of 
CpFe+(arene) cations.2 In both experimental and theoretical 
works,6,7 the reduction of organometallic complexes by main-group 
hydrides was always considered as a nucleophilic attack of H".8 

This belief parallels the well-documented polar mechanism known 
in organic chemistry for the reduction of ketones and other 
functions by main-group hydrides.9 A few recent reports, however, 
have focused on electron-transfer (ET) paths in reactions of 
electron-rich metal hydrides.8,10"12 We have reexamined the 
reduction of d6 and d7 organoiron complexes by LiAlH4 and 
NaBH4, with the aim of investigating the feasibility of electron-
transfer paths. For this purpose we have chosen substrates for 
which the antibonding LUMO is energetically accessible so that 
the ET intermediates,13 potentially 19- or 20-electron species, are 
relatively stable or, if not, characterizable by EPR in reactions 
at -80 0C. We find that the reduction by LiAlH4 and/or NaBH4 

in DME and THF of a variety of monocationic organoiron com-

(4) (a) Olive, G. H.; Olive, S. Angew. Chem., Int. Ed. Engl. 1976, 15, 
136-141; J. MoI. Catal. 1977, 3, 443-453. (b) Goddard, W. A.; Walch, S. 
P.; Rappe, A. K.; Upton, T. H.; Melius, C. F. J. Vac. Sci. Techno!. 1977,14, 
416-419. (c) Demitras, G. C; Muetterties, E. L. / . Am. Chem. Soc. 1977, 
99, 2796-2797. 

(5) The most active systems for homogeneous CO hydrogenation contain 
anionic metal carbonyl hydrides: Dombeck, B. D. J. Am. Chem. Soc. 1981, 
103, 6509-6510. 

(6) (a) Green, M. L. H.; Pratt, L.; Wilkinson, G. J. Chem. Soc. 1960, 
989-997. (b) Khand, I. U.; Pauson, P. L.; Watts, W. E. J. Chem. Soc. C 
1969, 2024-2030; 1968, 2261-2265. (c) McGreer, J. F.; Watts, W. E. J. 
Organomet. Chem. 1976, 110, 103-107. (d) Nesmeyanov, A. N.; Vol'kenau, 
N. A. Izv. Akad. Nauk SSSR, Ser. Khim. 1975, 1151-1154. (e) Khan, M.; 
Watts, W. E. J. Organomet. Chem. 1976, 108, C11-C14. (f) RomSn, E.; 
Astruc, D.; Darchen, A. J. Chem. Soc, Chem. Commun. 1976, 512-513; J. 
Organomet. Chem. 1981, 219, 221-231. 

(7) For many examples of main-group hydride reduction of organometallic 
cations, see ref 2. 

(8) Note that using the organic and inorganic oxidants TCNE and FeL3
3+ 

(L = phenanthroline), Kochi et al. carefully examined the cleavage of hy-
drido-metal bond following a rate-limiting ET from HMR3 (M = Si, Sn, Ge; 
R = alkyl, phenyl): (a) Wong, C. L.; Klinger, R. J.; Kochi, J. K, Inorg. Chem. 
1980, 19, 423-430. (b) Klinger, R. J.; Mochida, K.; Kochi, J. K. J. Am. 
Chem. Soc. 1979, 101, 6626-6637. 

(9) (a) Gaylord, N. G. "Reduction with Metal-Hydrides"; Wiley-Inter-
science: New York, 1956. (b) Rerick, M. N. In "Reduction"; Augustine, R. 
L., Ed.; Marcel Dekker: New York, 1968. (c) House, H. O. "Modern 
Synthetic Reactions"; W. A. Benjamin: Menlo Park, CA, 1972. (d) Brown, 
H. C; Krishnamurthy, S. Tetrahedron 1979, 35, 567-607. 

(10) Ashby et al. have shown that reduction of polyaromatics and diaryl 
ketones by main-group hydrides proceeds by ET: (a) Ashby, E. C; Goel, A. 
B.; de Priest, R. N.; Prasad, N. S. J. Am. Chem. Soc. 1981, 103, 973-975. 
(b) Ashby, E. C; Goel, A. B.; de Priest, R. N. Ibid. 1980, 102, 7779-7780. 

(11) Bergman and co-workers recently reported ET reactions between the 
electron-rich anion HVCp(CO)3" and metal carbonyls: Jones, W. D.; Hug-
gins, J. M.; Bergman, R. G. J. Am. Chem. Soc. 1981, 103, 4415-4423. 

(12) Kochi has emphasized that ET paths are alternatives to classical 
pairwise schemes in organometallic mechanisms: Kochi, J. K. "Organo
metallic Mechanisms and Catalysis"; Academic Press: New York, 1978. 

(13) In a conceptually comparable approach, Washburn showed the for
mation of bicyclo[3.2.2]nonatrienyl derivatives: Washburn, W. N. J. Am. 
Chem. Soc. 1978, 100, 6235-6236. 

plexes proceeds via single ET, although these complexes are 
electron rich, being electrochemically reduced at very negative 
redox potentials14 (-1.4 to -1.8 V vs. SCE). 

Typically, the yellow salt CpFe+(7j6-C6H6)PF<f (I+) (Cp = 
775-C5H5) reacts rapidly with LiAlH4 (mol ratio 1/10) at 20 0C 
in THF, giving orange CpFe(»;5-C6H7)

6a (2) (Scheme I). When 
this reaction is carried out at -60 0C, a forest green color develops 
rapidly. The EPR spectrum of this solution frozen to 77 K allows 
observation of the characteristic features of the unstable d7 complex 
CpFe'(?;6-C6H6)

14c,d (1). This ET step is complete in V2 h, and 
1 can be extracted at low temperature. Concentration of the THF 
solution followed by precipitation by pentane gives 80% yield of 
1, the purity of which is deduced from its temperature-dependent 
Mossbauer doublet.140 Alternatively, if this forest-green solution 
is allowed to warm up, a color change to orange proceeds at -33 
0C in 2 min. The formation of the ET intermediate is highly 
solvent dependent: it is also observed in DME (ET complete in 
20 min at -35 0C; H atom transfer in 1 min at -20 0C) but not 
in ether16 (H" transfer in 30 min at 15 0C). Reaction rates 
decrease when the concentration of LiAlH4 is reduced. If only 
stoichiometric amounts of cation and LiAlH4 are reacted, the 
reaction still proceeds to completion, indicating that AlH3 (arising 
from AlH4- —* AlH3 —• '/2H2) can also transfer a H atom as 
LiAlH4 in the second step, but the reaction rate is much lower 
(fi/2 = 3 h at 17 0C). A similar rate is observed when a sample 
of 5 is reduced stoichiometrically with LiAlH4. 

The ET mechanism could be demonstrated even when very 
unstable d7 complexes are intermediates. When LiAlH4 is reacted 
with CpFe+C6H5F PF6" (7+),17 the reaction is fast at -95 0C in 
THF, owing to the lower reduction potential of this cation. The 
EPR spectrum at 77 K of the frozen forest-green solution (Figure 
1) fits nicely in the spectral series of the nonsubstituted complex 
1 diluted in various molecular hosts and frozen solutions,14"1 giving 
the three g values characteristic of the Jahn-Teller-active d7 species 
7, despite its instability. 

Whereas Na/Hg reduction of CpFe+(^-C4Me4S)PF6" (H+)1 8 

in THF at -21 0C leads to decomposition within a few seconds 
(as for 7+), the reaction of H + with LiAlH4 in THF provides a 
virtually complete reduction to a new unstable deep-purple complex 
(11) at -50 0C. Its EPR spectrum at 77 K in frozen THF (gx 

= 2.0275, gy = 2.0642, gz = 1.9968) indicates a strongly distorted 
d7 or d6 L system, but the Mossbauer parameters at 77 K in frozen 
THF (IS = 0.58 mm s"1 vs. Fe, QS = 0.92 mm s"1) are typical 
of the d7 Fe(I) series140,19 (Scheme II). The reaction between 
LiAlH4 and CpFe+C6Et6PF6" (12+14c) in DME gives (T;4-
C5H6)FeV-C6Et6) (1321,22) via 12.14c The reactions OfNaBH4 

(14) (a) Astruc, D.; Dabard, R. Bull. Soc. Chim. Fr. 1976, 228-232. (b) 
Moinet, C; Roman, E.; Astruc, D. J. Electroanal. Chem. Interfacial. Elec-
trochem. 1981,121, 241-253. (c) Hamon, J.-R.; Astruc, D.; Michaud, P. J. 
Am. Chem. Soc. 1981, 103, 758-766. (d) Rajasekharan, M. V.; Giesinski, 
S.; Ammeter, J. H.; Oswald, N.; Michaud, P.; Hamon, J.-R.; Astruc, D. J. 
Am. Chem. Soc. 1982, 104, 2400-2407. 

(15) (a) Coffield, T. H.; Sandel, V.; Closson, R. D. J. Am. Chem. Soc. 
1957, 79, 5826. (b) Astruc, D.; Dabard, R. Bull. Soc. Chim. Fr. 1975, 
2571-2574. (c) Astruc, D.; Dabard, R. J. Organomet. Chem. 1976, 111, 
339-347. 

(16) The opposite trend is observed in reactions of carbanions with these 
cations. For example CH3Li reacts with CpFe+(^-C6Et6) PF6

- (12+) in 4 h 
at 20 0C in ether to give the ET product 12, whereas the same reaction in THF 
gives (7i4-CH3C5H5)Fe°(7)6-C6Et6) in 5 min at -20 0C. See also ref 6b,d. 

(17) Nesmeyanov, A. N.; Leschova, I. F.; Ustynyuk, Yu. A.; Sirotkina, Ye. 
I.; Bolesova, I. N.; Isaeva, L. S.; Vol'kenau, N. A. J. Organomet. Chem. 1970, 
22, 689-696. 

(18) Bachmann, P.; Singer, H. Z. Naturforsch. 1976, 31b, 525. 
(19) (a) The color shift from forest green (5) to purple (11) is also con

sistent with both complexes belonging to the d7 series. The e!*(d„j,2) -» 
e2*(arene) transition responsible for the color is more energetic for 11, e2*-
(C4Me4S) being higher in energy than e2*(C6Me6). (b) Although 11 is 
unstable in the solid state, addition of excess cold pentane to the reaction 
mixture at -50 0C followed by filtration gave solutions that were stable at 20 
0C for a few hours; addition of a THF solution of I2 gave back 11+: Guerchais 
V., unpublished observations. 
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and LiAlH4 with (*;6-C6Me6)2Fe2+(PF6-)2 (142+23a) in THF give 
orange (?;6-C6Me6)Fe(7)4-C6Me6H2) (1524) in which both incoming 

(20) The hydride reduction of CpFe+(j|6-C6Me6) was erroneously referred 
to as an attack on the Cp ring2 although the original formulation, attack onto 
the C6Me6 ring, was correct.6b More bulk is necessary (reaction of CH3Li 
with CpFe+(ij6-C6Me6)

6b or H" with CpFe+(^-C6Et6)) to provide exceptions 
to the rule, according to which an even Iigand is preferred to an odd one.2 

(21) (V-C5H6)Fe1V-C6Et6): 1H NMR (Me4Si, C6D6) 6 3.83 (m, Ha, 2 
H), 3.16 (m, H/S, 2 H), 1.90 (d, H endo, 1 H), 0.30 (d, H exo, 1 H), 2.70 (q, 
CH2, 12 H), 1.16 (t, CH3, 18 H); 13Q1H) NMR (Me4Si, C6D6) S 97.3 (C6), 
23.3 (CH2, ethyl), 16.9 (CH3), 26.1 (ring CH2), 38.9 (Ca), 76.9 (QS); 
Mossbauer QS = 2 mm s"1, IS = 0.40 mm s_1; MS m/e M+ calcd 368.216, 
found 368.217; IR (pentane) XCH«O 2742 cm"'. 

hydrogens are exo, rather than (ij5-C6Me6H)2Fe, the reaction 
product expected from Green's rule.2 The reactions start at -60 
0C with LiAlH4 or 0 0C with NaBH4, giving high yields of the 
new dark red complex (rj6-C6Me6)Fe+(j;5-C6Me6H)PF6- (16+25), 
the H" transfer product. Further reaction proceeds at -35 0C 
in 1I1 h with LiAlH4 or at 50 0C in 10 min with NaBH4 to give 
the thermally stable air-sensitive ET product 16 in quantitative 
spectroscopic yield. 16 can also be synthesized by Na/Hg re
duction of 16+ in DME (1 h, 20 0C); recrystallization from 
pentane gives 77% ivory-brown crystals.26 The Mossbauer pa
rameters are in the range known for d7 Fe(I), but the variation 
of QS with T is less marked: IS (mm s"1 vs. Fe) 0.46 (293 K), 
0.58 (77 K); QS (mm s"1) 0.91 (293 K), 1.04 (77 K). Finally 
continuation of the reductions by LiAlH4 (-10 0C, 2 min, 73% 
isolated yield) or by NaBH4 (reflux, 20 min, 55% isolated yield) 
gives 15, the H atom transfer product (Scheme III). Note that, 
despite the large steric bulk in the dication 142+ and its low 
reduction potential (-0.5 V vs. SCE), H" transfer is always 
preferred to ET. Demonstration that ET with 142+ does not occur 
upon reaction with hydrides is provided by reactions of NaBH4 
and LiAlH4 with (C6Me6J2Fe+PF6- (14+ 22a'b). The reactions of 
14+ with LiAlH4 at -40 0C and with NaBH4 at 5 0C give the 
known d8 20-electron sandwich 14,23a'c characterized by 
Mossbauer27 and UV23a spectroscopies; further reactions at reflux 
lead to decomposition rather than to 15. Thus, the H- transfer 
and ET paths are totally different (Scheme III). It is thus clear 
that the ET mechanism becomes favored over H- transfer as the 
cationic charge of the sandwiches decreases from 2 to 1. This 
suggests that reactions of metal hydrides with many neutral 
complexes may proceed by ET, a mechanism most of the time 
hidden by the high reactivity of the intermediate 19-electron 
species. 
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(22) Note that the H atom is transferred onto the Cp ring in 12 and onto 
the C6Me6 ring in 5. To our knowledge, single H atom transfers to arenes 
or Cp are unprecedented, (a) For a double H atom transfer by a transi
tion-metal hydride, see: Sweany, R.; Butler, S. C; Halpern, J. J. Organomet. 
Chem. 1981, 213, 487-492. (b) For catalytic hydrogenation of arenes, see: 
Blecke, J. R.; Muetterties, E. L. J. Am. Chem. Soc. 1981,103, 556-564. (c) 
For a stoichiometric hydrogenation of coordinated C6H6, see ref 23c. 

(23) (a) Fischer, E. O.; Rohrscheid, F. Z. Naturforsch. 1962, 17b, 483. 
(b) Brintzinger, H. H.; Palmer, G.; Sands, R. H. J. Am. Chem. Soc. 1966, 
88, 623. (c) Weber, S. R.; Brintzinger, H. H. / . Organomet. Chem. 1977, 
127, 45-54. 

(24) (V-C6Me6)FeV-C6Me4H2) (15). MS M calcd 382.4162, found 
382.4161; 1H NMR (C6D6) S 2.16 (s, /3 CH3, 6 H), 1.96 (s, CH3, 18 H), 1.80 
(s, a CH3, 6 H), 1.00 (exo CH3, endo H, 8 H); 13C NMR (C6D6) S 91.3 (C6 
ring), 83.8 (0 ring C), 59.0 (a ring C), 21.7 (/3 CH3), 16.7 (6CH3), 15.7 (ortho 
ring C), 13.5 (endo CH3); Mossbauer parameters (mm s~') IS (vs. Fe) 0.33 
(298 K), 0.44 (77 K), QS 0.98 (298 and 77 K). Anal. Calcd. for C24H38Fe: 
C, 75.39; H, 9.95; Fe, 14.66. Found: C, 75.64; H, 9.80; Fe, 14.56. 15 gives 
16+ upon reaction with Ph3C

+ in CH2Cl2. This, together with the location 
of the b values in the 1H NMR spectra of 15 and 16+, indicates the stereo
chemistry of the incoming hydrogens are exo, consistent with the H" transfer 
mechanism. 

(25) (i;6-C6Me6)Fe+(7,5-C6Me6H)PF6- (16+): 1H NMR (CD3COCD3) 5 
2.60 (s, P-CH3, 3 H), 2.33 (s, CH3, 18 H), 1.90 (s, m-CH3, 6 H), 1.23 (m, 
endo and ortho CH3, exo H, 10 H); 13C NMR (CD3CN) 6 100.8 (C6 ring), 
95.1 (m ring C), 92.3 (p ring C), 50.6 (o-ring C), 39.1 (sp3 ring C), 16.6 (endo 
CH3), 15.1 (P-CH3), 15.6 (W-CH3), 14.0 (o-CH3), 16.1 (CH3); Mossbauer 
parameters (mm s"1) IS (vs. Fe) 0.51 (293 K), 0.62 (77 K), QS 1.38 (293 and 
77K). Anal. Calcd for C24H37Fe: C, 54.75; H, 7.03; Fe, 10.64. Found: C, 
54.64; H, 6.90; Fe, 10.66. Electrochemical data (polarography and cyclic 
voltammetry in DMF + Bu4N

+ClO4- at 20 0C on Hg) -1.45 V vs. SCE 
(16/16+, reversible), -2.20 V vs. SCE (irreversible reduction to the 20-electron 
complex), +0.75 V vs. SCE on Pt (irreversible oxidation of 16+ to 142+). 

(26) (1,'-C6Me6)FeV-C4Me6H) (16): UV (pentane) X 428 nm (t 434 L 
mol"1 cm"1), 348 nm (t 2080 L mol"1 cm"1); calcd 381.4081, found 381.4082. 
Anal. Calcd for C24H37Fe: C, 75.60; H, 9.70; Fe, 14.70. Found: C, 75.10; 
H, 9.73; Fe, 15.17. 

(27) (C6Me6)2Fe°: QS = -1.47 mm s"1, IS = 1.02 mm s"1: Michaud, P.; 
Mariot, J. P.; Varret, F.; Astruc, D. "Mossbauer Discussion Group of the 
Chemical Society", Canterbury, July 1979, abstr, p 2. 


