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maleic anhydride, and acrylonitrile, whereas it does react with 
electron-rich olefins. That is, o-benzoquinone methide prefer- 
entially behaves as an electron-deficient diene. Therefore the 
reaction of c-benzoquinone methide with an olefin can be regarded 
as an example of an inverse-electron-demand Diels-Alder reactions 
involving a neutral diene.9 

(8) Bradsher, C. K.; Carlson, G. L. B.; Porter, N. A,; Westerman, 1. J.; 
Wallis. T. G. J .  Org. Chem. 1978, 43, 822. Kwart, H.; King, K. Chem. Rev. 
1968.68.415. Desimoni, G . ;  Tacconi, G .  Chem. Rev. 1975, 75,651. 

(9) An example of the inverse-electron-demand Diels-Alder reaction in- 
volving a cationic diene is described in the following: Gupta, R. 8.; Franck, 
R. W. J. Am. Chem. Sot. 1987, 109, 5393. 
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The IO-Si-5 lithium hydridosiliconate 2 ,  originally prepared2 
by reaction of HSiCI, with the dilithio derivative of hexafluoro- 
cumyl alcohol, is better synthesized3 by reaction of 8-Si-4 silane 
1 with LiAIH4. It was found"qb to be unstable when synthesized 
by the earlier method, probably because of the presence of de- 
stabilizing impurities. Sakurai et al.& made a more stable, but 
not isolated, bis(phosphorany1)iminium salt for use as a reducing 
agent. We also used purified tetrabutylammonium salt 4, prepared 
from stable 2 as in Scheme I ,  and found both 2 and 4, as well 
as the deuterium analogues 3 and 5, to reduce ketones, aldehydes, 
etc. slowly. All were found to be much more efficient, and more 
selective, in the presence of silane 1 as a catalyst. 

The catalyzed reduction of p(dimethy1amino)benzaldehyde 
(DMAB, 6) in CH2CI2 is kinetically third order, as shown in 
Scheme I I .  The hydridosiliconate reduction is clearly catalyzed 
by silane 1. The two bidentate ligands of 1 were designed earlier? 
with an electronegative oxygen and an electropositive carbon on 
each ligand, to stabilize IO-X-5 trigonal-bipyramidal hypervalent 
species. Silane 1 is a Lewis acid founds to coordinate strongly 
to the carbonyl oxygen of 6. The carbonyl group becomes more 
electron deficient, accelerating the transfer of a hydride anion from 
2 or 4 to the cationic carbon of 7 to form 8. 

Silane 1 catalyzes reductions of aldehydes: ketones, and ketals, 

( I )  The N - X - L  classification scheme characterizes species in terms of the 
number (N) of formal valence shell electrons about an atom X and the number 
of ligands (L) bonded to X. Perkins, C.  W.; Martin, J. C.; Arduengo, A. J., 
I l l ;  Lau, W.; Alegria, A.; Kochi, J .  K. J. Am. Chem. Soc. 1980, 102, 7753. 

(2) Perozzi, E. F.: Martin, J. C. J .  Am. Chem. Sot. 1979, 101. 1591. 
(3) Silane 1 (2.44 g. 4.76 mmol) and LiAlH4 (0.182 g, 4.79 mmol) in 40 

mL of tetrahydrofuran were mixed at -78 OC under N2 and warmed to room 
temperature over 1 h. Removal of T H F  followed by addition of 20 mL of 
ether and filtration of the AIH, provided 2, which was recrystallized from 
ether/pentane to give 2.25 g (3.8 mmol, 8096) of 2 mp 96-97 OC; "si  NMR 
6 -79.5 (d, 'Jsi-" = 250 Hz); mass spectrum FAB m / e  513 (M-). Anal. 
( C ~ ~ H ~ ~ F ~ ~ O $ I L I )  C, H. Solutions of 2 and Bu4NCI in CH2CI2 were mixed 
a t  -40 OC and slowly brought to room temperature. Filtration of solid LiCl 
was followed by recrystallization of 5: mp 167-168 OC; 'H NMR (CD2C12) 
6 8.09 (dd, 2, SiCCH), 7.56 (d, 2, SiCCRCH), 7.37 (m, 4, SiCCCCH and 
SiCCHCHI. 5.37 Is. 1. Si-H. with small d. 'JU..=; = 248 Hz). 2.99 (m. 8 
NCH2h 1.47 (m, 81 NCCHz), 1.34 (m. 8, NCCCiZ),  0.94 (1. 12. CHI'); IbF 
NMR (CDzCI,) 6 -75.33, -75.59 (2 q, 12, J = 8.9 Hz). Anal. (CuH4,- 
F,,O,SiN) C.  H. N 

1' '- 
(4) (a)'Ki;a, M.; Sato, K.; Sakurai, H. Chem. Lerr. 1987, 46, 2243. (b) 

Also determined earlier in our research. 
( 5 )  Stevenson, W. H., 111; Martin, J. C. J .  Am. Chem. Soc. 1985, 107, 

6352. 
(6) Benzaldehyde (43 mg, 0.405 mmol), hydridosiliconate 4 (303 mg, 0.416 

mmol), and silane catalyst 1 (147 mg, 0.29 mmol) were dissolved in CH2C12 
( I  .O mL) for 2 h at 25 OC. Solvent was removed in vacuum, and the silane 
was removed by washing with hexane to form solid tetrabutylammonium 
(benzy1oxy)siliconate. Recrystallization (THF/hexane) gave 330 mg (0.383 
mmol. 95%): mp 165-166.5 OC. Anal. (C4iHS,NOlF,2Si) C, H, N.  Ad- 
dition of H20 provides hydrolysis to form benzyl alcohol (completely, by 'H 
NMR).  The I9F NMR spectrum of 0.7 M 4, 0.5 M 1, and 0.7 M in ether 
showed 95% formation of the (benzy1oxy)siliconate within IO min. 
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Figure 1. Log rate constants, a t  24 O C ,  for the reduction of para-sub- 
stituted benzaldehydes (0.3 M) in CH2CI2 with hydridosiliconate (0.044 
M), a t  the bottom of the graph, and in the presence of the silane (0.03 
M), a t  the top, plotted against u or u+ substituent constants. 

Scheme I 

1 

(a) p-Me,NC,H,CHO + 4 (or 2) 
6 

1 + 8  t p-Me2NCgH4CH10H + 1 
'Rate  = k,[6][4] + k2K,[1][6][4]. 

as well as a,fl-unsaturated esters, aldehydes, ketones, and nitriles, 
providing 1,4-addition of the hydrides, with less 1,2-addition to 
the carbonyl group. For example, cyclohex-2-en-1 -one (9) reacts 
with deuterated 3, in the presence of 1, to give only @-deuterated 
cyclohexanone 10. The reduction of 9 by bis(l.2- 
benzenediolato)hydridosiliconate, with no silane present as a 
catalyst, was reported by Sakurai' to give only cyclohex-Zen- 1-01. 
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Scheme 111 

I, 

4 

Reductions of carbonyl groups by hydrogen-substituted silanes 
were earlier found* to be catalyzed by nucleophiles coordinating 
to the silane to form a hydridosiliconate, or a 1 2 3 - 6  species. 
Lewis acids9 and protonic acids1° were also found to catalyze 
reductions by hydrogen-substituted silanes, although they could 
not be used with hydridosiliconates. Catalysis by silane 1 as a 
Lewis acid, however, allows the continuing use of the hydrido- 
siliconate (2 or 4) in the presence of this catalyst. 

Observed pseudo-first-order kinetics for the reduction of excess 
aldehyde 6 (0.27 M) in CH2C12 by the measured low concen- 
trations of hydridosiliconate 4 (initially 0.04 M) was increased 
linearly by added concentrations of silane 1 (0.0-0.064 M). The 
reduction rates are clearly third order: first order for the catalytic 
silane 1, for DMAB (6) ,  and for hydridosiliconate 4. Even at 0.03 
M, a low concentration, the silane provides faster rates of re- 
ductions by 4 (Figure I), by factors of more than 250 for elec- 
tron-rich aldehydes (from p-NMe2 to H, p+ = -0.28). It is clear 
that these aldehydes are in equilibrium, as Lewis bases, for co- 
ordination of the silane to the carbonyl oxygens (Scheme IIb) 
increasing the rate of hydride transfer from 4. Although the p 
value for electron-attractive substituents (H to p-CN in Figure 
1) is positive ( p  = 0.87), showing that the reaction is faster when 
a more electron attractive substituent makes the carbonyl carbon 
more electrophilic for attraction of the hydride, silane 1 still 
provides catalysis, although not by initial coordination to the 
aldehyde. We suggest another possible mechanism (Scheme 111) 
with 1 providing catalysis by rapidly reversible coordination of 
1 to the apical oxygen of hydridosiliconate 4, and possibly co- 
ordination of one of the silane oxygens to the silicon of 4 to form 
a 12-Si-6 species that could provide faster hydride transfer to the 
carbonyl carbon. The transition state could provide simultaneous 
transfer of the silane catalyst to the carbonyl oxygen, as pictured 
in Scheme 111. Small changes in the I9F and IH NMR of 4, upon 
addition of 1, are compatible with Scheme 111. The kinetics for 
reductions in the absence of 1 are much slower, but with p = 1.7 I ,  
compatible with the mechanism of Scheme Ira. The mechanism 

(7) Kira, M.; Sato, K.; Sakurai, H. J .  Org. Chem. 1987, 52, 948. 
(8) (a) Boyer, J.; Corriu. R. J.  P.; Perz, R.; Poirier, M.; Reye, C. Synthesis 

1981, 558. (b) Chuit, C.; Corriu, R. J. P.; Perz, R.; Reye, C. Synthesis 1982, 
981. (c) Fry, J. L.; McAdam, M. A. Tetrahedron Lett. 1984, 25, 5859. (d) 
Fujita, M.; Hiyama, T. J .  Am. Chem. Soc. 1984, 106,4629. (e) Fujita, M.; 
Hiyama, T. J .  Am. Chem. Soc. 1985,107,8294. (0 Hosomi, A.; Hayashida, 
H.; Kohra, S.; Tominaga, Y. J .  Chem. Soc., Chem. Commun. 1986,141 1 .  (g) 
Kohra, S.; Hayashida, H.; Tominaga, Y.; Hosomi, A. Tetrahedron Lett. 1988, 
29, 89. (h) Fujita, M.; Hiyama, T. Tetrahedron Lett. 1987, 28, 2263. (i) 
Yang. D.; Tanner, D. D. J. Org. Chem. 1986, 51, 2267. 

(9) (a) Doyle, M. P.; West, C. T.; Donnelly, S. J.; McOsker, C.  C.  J. 
Organomet. Chem. 1976, 117, 129. (b) Fry, J. L.; Orfanopoulos, M.; 
Adlington, M. G.; Dittman, W. R.. Jr.; Silverman, S. B. J.  Org. Chem. 1978, 
43, 374. (c) Lapkin, 1.1.; Povarnitsyna, T. N.; Kmtareva, L. A. J. Gen. Chem. 
USSR (Engl. Trans/.) 1968, 38, 1527. 

(IO) (a) West, C. T.; Donnelly. S. J.; Kooistra, D. A.; Doyle, M. P. J .  Org. 
Chem. 1973, 38, 2675. (b) Doyle, M. P.; DeBruyn, D. J.; Donnelly, S. J.; 
Kwistra, D. A.; Odubela, A. A,; West, C.  T.; Zonnebelt, S. M. J .  Org. Chem. 
1974, 39, 2740. (c) Fujita, M.; Hiyama, T. J .  Org. Chem. 1988, 53, 5415. 
(d) Olah, G. A.; Arvanaghi, M.; Ohannesian, L. Synthesis 1986, 770. (e) 
Doyle, M. P.; West, C .  T. J. Org. Chem. 1975, 40, 3835. 
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of Scheme I l l  provides a lower positive p value than that of 
Scheme lib. 
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Sirohydrochlorin (3), the iron-free prosthetic group of nitrite 
and sulfite  reductase^,'-^ is normally obtained by oxidation of the 
vitamin B I 2  intermediate dipyrrocorphin (2), which is biosyn- 
thesized by C-methylation of uroporphyrinogen 111 (1) at positions 
2 and 7.4-5 Recently sirohydrochlorin I (6), the C-methylated 
isobacteriochlorin derived from uroporphyrinogen I (4) and a 
possible intermediate in the biosynthesis of the newly discovered 
zinc corphinate S factors,6v7 has been synthesized enzymatically.s 
The enzyme responsible for the addition of the S-adenosyl- 
methionine (SAM) derived methyl groups to the uroporphyrinogen 
framework, uroporphyrinogen methyl transferase (M- 1 ), has been 
overexpressed as a result of the cloning of the cysG gene in Es- 
cherichia M- 1 not only methylates uroporphyrinogen 
isomers I and I l l  at positions 2 and 7 to yield the corresponding 
dipyrrocorphins (2 = precorrin-21° and 5) but also carries out a 
further, unexpected methylation at position 12 to yield trimethyl 
pyrrocorphins (Scheme In an effort to obtain a better 
understanding of the regiospecificity of this enzyme, the non- 
physiological uroporphyrinogen isomers, IV (7) and I1 (lo), were 

( I )  (a) Scott, A. 1.; Irwin, A. J.; Siegel, L. M.; Shoolery, J. N.  J .  Am. 
Chem. Soc. 1978, 100, 316, 7987. (b) Battersby, A. R.; McDonald, E.; 
Thompson, M.; Bykhovsky, V. Y. J .  Chem. Soc., Chem. Commun. 1978, 150. 

(2) Siegel, L. M.; Murphy, M. J.: Kamin, H. J. Biol. Chem. 1973, 248, 
251. 

(3) Murphy, M. J.; Siegel, L. M.; Tove, S. R.; Kamin, H. Proc. Natl.  
Acad. Sci. U.S.A. 1974, 71, 6 12. 

(4) Battersby, A. R.; Frobel, K.; Hammerschmidt, F.; Jones, C.  J. Chem. 
Soc., Chem. Commun. 1982, 455. 

(5) Warren, M. J.; Stolowich, N. J.; Santander, P. J.; Roessner, C.  A.; 
Sowa, B. A,; Scott, A. 1. FEBS Lett. 1990, 261, 76. 

(6) Muller, G.; Schmiedl, J.; Schneider, E.; Sedlmeier, R.; Worner, G.; 
Scott, A. 1.; Williams, H. J.; Santander, P. J.; Stolowich, N. J.; Fagerness, 
P. E.; Mackenzie, N. E.; Kriemler, H.-P. J .  Am. Chem. SOC. 1986, 108, 7875. 

(7 )  Muller, G.; Schmiedl, J.; Savvidis, L.; Wirth, G.; Scott, A. I.; San- 
tander, P. J.; Williams, H. J.; Stolowich, N. J.; Kriemler, H.-P. J. Am. Chem. 
Soc. 1987, 109, 6902. 

(8) Scott, A. 1.; Williams, H. J.; Stolowich, N. J.; Karuso, P.; Gonzalez, 
M. D.; Blanche, F.; Thibaut, D.; Muller, G.; Sawidis, E.; Hlineney, K. J. 
Chem. Soc., Chem. Commun. 1989, 522. The enzyme used in this work, 
SAM-uroporphyrinogen 111 me:hyl transferase (SUMT) was purified from 
Pseudomonas denitrificam (Blanche, F.; Debussche, L.; Thibaut, D.; Crouzet, 
J.; Cameron, 8. J .  Bacteriol. 1989, 171, 4222) and utilizes both uro- 
porphyrinogens I and 111 as substrates. Preliminary experiments (Blanche, 
F., private communication) have shown that uroporphyrinogen IV (but not 
uroporphyrinogen 11) can also act as a substrate and is transformed to the 
isobacteriochlorin 9 by SUMT, whose regiospecificity thus appears to differ 
somewhat from that of M-l.9,'0 Full details of this work will be published 
separately (Blanche, F.; Thibaut, D.; Muller, G.; Sawidis, E.; Scott, A. 1.; 
Gonzalez. M. D.; Williams, H. J.; Stolowich, N. J., manuscript in prepara- 
tion). 

(9) Warren, M. J.; Roessner, C. A.; Santander, P. J.; Scott, A. 1. Biochem. 
J. 1990, 265, 725. 

(IO) Scott, A. I.; Warren, M. J.; Roessner, C.  A,; Stolowich, N .  J.; San- 
tander, P. J. J. Chem. Soc., Chem. Commun., in press. The term precorrin-n 
is used to denote biosynthetic precursors of vitamin B,2 where n = the number 
of SAM-derived C-methyl groups which are inserted into precorrin-2 (2) in 
the order C-20 (precorrin-3). C-17 (precorrin-4) > C-12 > C-l > C-5 > C-15. 
See: Uzar, H. C.; Battersby, A. R.; Carpenter, T. A,; Leeper, F. J. J .  Chem. 
Soc., Perkin Trans. I 1987, 1689. 

0 1990 American Chemical Society 


