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About Our Cover: 
It won't surprise the regular readers of our Aldrichimica Acta that 

there is another painting of a Tobias on our cover. Our chemist-collector 
is so fond of this story -it is such a delightfully involved story of faith -
and this is the sixth Tobias on our covers. 

Here the angel is shown instructing Tobias how to hold the fish, and 
the faithful dog, the first friendly dog mentioned in a biblical story, is 
trotting along. 

We don't know who painted this-French artists in Rome, like 
Gaspar Dughet and Francois Perrier have been suggested -but our 
ignorance does not diminish by one iota the beauty of this Jong view. To 
the artist, this beauty came first; he may have added the figures only 
because biblical paintings were considered a higher art form than mere 
landscapes. Little could he know in the seventeenth century that one day 
a chemist would buy this for both reasons: for the Tobias story and for 
the landscape which is almost as magical as the fish. 

Telling Images-Images Revelatrices 
Large, 150-page catalog of thirty-six Old Master paintings now in 

a travelling exhibition touring Canada. All were given by the Baders to 
Queen's University. 

The catalog illustrates all thirty-six paintings, thirteen of them in 
color (none of these were in the Age of Rembrandt exhibition described 
below). The extensive, scholarly text, written by Professor David 
McTavish, is in English and French. 

Z20,404-8 $18.00 

The Detective's Eye: Investigating the Old Masters 
Twenty-one paintings that have been reproduced on our Acta covers 

and five that have been on our catalog covers were among some seventy 
works in an exhibit at the Milwaukee Art Museum (January 19 - March 
19, 1989) for which Isabel and Alfred Bader were guest curators. 

If you relish detective work and puzzles about Old Master paintings, 
you will find much to enjoy in this fully illustrated catalog, and you will 
learn something about our chemist-collector's interest in art and con
noisseurship as well. 

Z18,350-4 $12.00 

Pictures from the Age of Rembrandt 
Twenty-eight paintings that have been reproduced on our Acta 

covers, and seven that have been on our catalog covers were among the 
thirty-six paintings in an exhibition of Dutch paintings at Queen's 
University in Kingston, Ontario. The fully illustrated catalog written by 
Professor David McTavish contains a wealth of art-historical informa
tion -enough for several evenings of relaxed enjoyment-probably the 
best value in art-history anywhere. 

Z12,794-9 $8.00 
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The New Lab Partner™ 

The Lab Partner is an easy-to-use, incredibly fast, pre-programmed hand-held 
computer, designed specifically for laboratory applications. It never makes mistakes. 

Simply answer a series of questions on the display. If you're working with radioactive 
substances, the Lab Partner Plus can perform decay calculations and compute the 
requirements for mixtures of active substances. With an optional Lab Printer, a 
written record is generated. 

Functions: 
• Calculate the amount of material needed to prepare solutions. 

• Determine the amount of solvent needed. 

• Compute the amount of concentrated solution needed to make dilutions. 

• Calculate the materials needed to fortify an existing solution. 

• Make instant conversions between similar or dissimilar units. 

• Compute % ion from specific ion-electrode ppm measurements. 

• Measure time accurately with a built-in quartz clock/alarm/stopwatch. 

• Determine enzyme specific activities. 

• Calculate equivalent weights. 

• Perform centrifuge calculations. 

Lab Partner Plus TM 

Also features mixture program, ra
dioactive decay program, millimolar 
extinction coefficient program, and 
90 additional memories. 

Z20,453-6 $279.95 

Z20,452-8 $199.95 

Lab Printer™ 

Plugs into Lab Partner computers 
to print data with times and dates. In
cludes rechargeable NiCad batteries, 
AC adapter, cable and 3 rolls of pa
per. 

Z20,454-4 $349.95 

™Lab Partner, Lab Partner Plus, and Lab Printer are trademarks of Calculated Solutions, Inc. 

rJ 
CJ 
IPI 
Do you have an innovative shortcut or unique 
laboratory hint you'd like to share with your 
fellow chemists? If so, please send it to 
Aldrich (attn: Lab Notes) and if we publish it, 
you will receive, at no cost ,a handsome Aldrich 
coffee mug as well as a copy of Pictures from 
the Age of Rembrandt. We reserve the right 
to retain all entries for consideration for future 
publication. 

''Please 
Bother 

Us.'' 

q,,:
y

�. 

Dr. David Crich, University College, Lon
don, kindly suggested that we offer this thiain
dolizinium salt. It was used recently in his con
venient, highly selective synthesis of 2-deoxy
�-D-glycosidic linkages from the correspond
ing ulosonic acid O-glycosides1 via Barton's 
thiohydroxamate-based decarboxylation meth
odology.2 

Naturally, we made this compound. 

(1) Crich, D.; Ritchie, T.J. Chem. Commun. 1988, 1461. (2) 
Barton, D.H.R.; Crich, D.; Motherwell, W.B. Tetrahedron 
1985, 41, 3901. 

36,420-7 l-Oxa-2-oxo-3-thiaindolizinium 
chloride lg $10.00; Sg $38.00 

It was no bother at all, just a pleasure to be 
able to help. 

Aldrich warrants that its products conform to the information contained in this and other Aldrich publications. Purchaser must determine the suitability of 
the product for its particular use. See reverse side of invoice or packing slip for additional terms and conditions of sale. 
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The Invention of Chemical Reactions 

The invention of chemical reactions is not a popular academic activity. There are probably no graduate courses on this subject. Perhaps the reason for the lack of interest is the widespread belief that all new chemical reactions are discovered by accident. Indeed, many of  our important reactions were discovered in this way. For example, three reactions which have significantly changed chemical synthesis are the Birch reduction (originally discovered by Wooster), the Wittig reaction and 
H.C. Brown's hydroboration. In each case, the first experiment was done with a completely different idea as to what the reaction product would be. In each case, a fortunate accident occurred. For several decades now I have argued that it is possible to invent chemical reactions of synthetic significance. The first step, of course, is to recognize which reaction you wish to invent. A chemical reaction is a change in bonding. If one already knows a way to carry out this bonding change, then a new way can only be of importance if it improves the yield or the selectivity of the process. For example, two classical methods for reducing a ketone to the corresponding methylene compound are the Wolf-Kishner reduction and the Clemmensen reduction. The first involves strongly alkaline conditions; the second, strongly acidic conditions. Neither reaction could be used in, say, carbohydrate or peptide chemistry. We have devised an indirect path around this difficulty in the following way. Some fifteen years ago, thanks to my consulting relationship with the Schering-Plough Corporation, I realized that the removal of a hindered secondary hydroxyl group from an aminoglycoside antibiotic molecule was not an easy reaction. I decided to solve this problem in a new way, for the deoxygenated antibiotics could show an improvement in their 
activity. Not much attention had been given to the use of carbon radicals in carbohydrate chemistry because the general belief was that such reactions could never be selective. However, one selective radical reaction was known-the reduction of halides with tributyltin hydride, a process discovered accidentally by Van der 
Kerk1 in 1957. However, the tin hydride reactions are not suitable for large-scale work. A practical procedure is to use chromous acetate, which can be generated in situ, and a radical-trapping reagent such as a thiol. Scheme 1 deals with a specific problem in steroid synthesis. Hydrocortisone acetate (2, 

R=Ac) is an important commercial product. Since the bromo derivative (1, R=Ac) is easily prepared, it seemed a simple operation to reduce out the bromine. However, this was not so, as all practical reductants, including chro-

Derek H. R. Barton 
Department of Chemistry 

Texas A&M University 
College Station, TX 77843 

mous ion, caused elimination of water as indicated in Scheme 1. We invented2•3 a process which gives nearly quantitative yields. We simply supposed that the dogma of the day, that organochromium 
Scheme 1 

")j Cr11 

":d Cr11 ")j - -
{ sr } { . } { cr11} 

! RSH ! 
1t2RSSR -- RS• + ")j {,,(� { A } 

Professor Derek H.R. Barton, recipient of the A.C.S. Award for Creative Work in 
Synthetic Organic Chemistry, sponsored by Aldrich. 

Aldrichimica Acta, Vol. 23, No. l, 1990 3 

ggama
The Invention of Chemical ReactionsDerek H. R. BartonDepartment of ChemistryTexas A&M UniversityCollege Station TX 77843



4 

compounds were involved in the first step, was wrong. Thus, the simple hypothesis that a radical was formed by Cr<11l, which could be trapped by hydrogen-atom transfer from a thiol, gave a simple solution to a hitherto intractable problem. The modem synthesis4 of hydrocortisone acetate uses this reaction on a very large scale. The tin hydride reduction process of Van der Kerk works well (Scheme 2) because of the weakness of the tin-hydrogen bond. We say that the carbon radical is disciplined by this bond, just as the C9-carbon radical in the hydrocortisone synthesis (Scheme 1) is disciplined by the weak S-H bond. However, a carbon-bromine bond is weaker than the corresponding carbon-oxygen bond. When seeking to invent a reaction, careful attention must be paid to thermodynamic considerations. Thus, there must be one or more driving forces (which may include entropy increase) to make the reaction thermodynamically possible. For a radical deoxygenation process, it was clear that a high-energy derivative of the hydroxyl group would be needed, so I invented the reaction shown in Scheme 3. Here, driving forces are the affinity of the tin radical for sulfur, the overall conversion of the thiocarbonyl function to carbonyl, and the entropy increase associated with the dissociation of the intermediate radical into two particles. Again, the carbon radicals are disciplined by the weakness of the tin-hydrogen bond. This deoxygenation process, the Barton-Mccombie reaction,5 rapidly became popular because of the high yields obtained for secondary alcohols and because the reagent, tributyltin hydride, is compatible with most of the functional groups encountered in carbohydrate chemistry. The X group in Scheme 3 was originally5 phenyl, imidazolyl and thiomethyl (xanthate ). Later, Robins6 made X = phenoxy. The reagent phenyl chlorothionoformate (PhO-CS-Cl) is more reactive than the preceding reagents and also more efficient.7 The related reagent methyl chlorothionoformate (MeO-CS-Cl) has also been used effectively.8 Our recent contribution to this subject9 is to introduce the reagents pentafluorophenyl chlorothionoformate (ClP-CS-Cl) and 2,4,6-trichlorophenyl chlorothionoformate (2,4,6-Cl3C6Hp-CS-Cl). These give derivatives which react rapidly and quantitatively with tributyltin hydride to afford the desired deoxy derivatives. The electron-withdrawing aryl groups increase the rate of attack on the thiocarbonyl function. lf we look back, we can see that we do now have a solution to the problem of converting a ketone to a methylene function in carbohydrate molecules. Ketones, even hindered ones, can be reduced with borohydride-type reducing agents to secondary alcohols. Even if stereochemically mixed alcohols are formed, conversion to a suitable thiocarbonyl derivative followed by tin hydride reduction will afford the desired methylene compound in good yield. A more broadly based type of radical chem-
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istry derived from the acyl derivatives of thiohydroxamic acids, has been invented recently.10•11 In particular, the acyl derivatives of N-hydroxy-2-thiopyridone (Scheme 4) lend themselves to the facile production of radicals either on heating to 80° or, better, by irradia-

u N...., S 

(loR) 

♦ o :,..N S-SnBu3 

tion with a tungsten lamp at room temperature, or at any other temperature. The ultimate disciplinary group in this system is the thiocarbony 1 group. If the tributyltin hydride is omitted, then a smooth decarboxylative rearrangement is seen (Scheme 5). If suitable 
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radical traps are added, then many different classes of compounds can be prepared (Schemes 6, 7, Table 1). In a flow system, high concentrations of carbon radical can be generated and detected by ESR spectroscopy. 12 The acyl derivatives of N-hydroxy-2-thiopyridone also lend themselves to the precise measurement of radical rearrangements in an 
elegant way with much scope for variation of 
radicals. 13•14 

RCOO"+ � Ny 
s-s+ 

Hs+ 

It is characteristic of the acyl derivatives of N-hydroxy-2-thiopyridone to give clean radical chemistry with very high yields of single products. 15 Besides carbon radicals, the use of acyl carbamate derivatives permits an improved synthesis of nitrogen radicals and of aminium radical cations under milder conditions than could be used before.16 A modification of the system has given a convenient synthesis of alkoxy radicals.17 All this radical chemistry is based on logical thought. There may be other radical-generating systems that are even more convenient to use. Systems that responded to infrared radiation would be interesting. Let us now turn the ketone-to-methylene problem on its head and ask ourselves how methylene can be converted to ketone. In the absence of other functional groups, this is a much more difficult problem. As is often the case, leading ideas come from thinking about Natural Products Chemistry. Nature makes much use of oxidation, both in the biosynthesis of important compounds and in the detoxification and excretion of xenobiotics. Thus, in the biosynthesis of hydrocortisone (2, R=H), Nature starts with squalene which is epoxidized stereospecifically. The epoxide is then cyclized ionically to lanosterol, 3. Oxidative removal of three methyl groups, hydrogenation of the side-chain double 

bond and (formal) migration of the other double bond from the 8(9) to the 5(6) position gives cholesterol, 4. Further oxidation removes six carbons from the side chain to afford, after oxidation at 3 and double bond shift, progesterone, 5. Finally, hydroxylation at 17, 21 and 11 affords hydrocortisone (2, R=H). There are at least seven oxidizing enzymes involved in the conversion of 3 to 2. All of them are iron-containing porphyrins related to the oxidative P450-type enzymes in the liver that efficiently hydroxylate almost any foreign molecule that passes in the blood stream.18 For the removal of the three methyl groups from lanosterol, that at C14 is removed as formic acid and the two at C4 as carbon dioxide. Thus, initially, hydroxylated molecules are oxidized to the corresponding carbonyl group. Thus, Nature effects easily the functional-group challenge of converting unactivated methylene into carbonyl. There are two well known mechanisms for the selective oxidation of saturated hydrocarbons. The first is the Fenton reaction of H
2
0

2 with Fe(II) which leads to the production of hydroxyl radicals.19 The second is the ironbased porphyrin system of the P450 enzymes referred to above. In porphyrin models based on this system, it is clear that alkoxy-radicallike chemistry is seen.20 Saturated hydrocarbons are attacked with a selectivity normal in radical reactions (tert >sec> prim), sulfides are oxidized to sulfoxides and olefins are epoxidized. 21•22 The Gif system23 for the selective oxidation of saturated hydrocarbons involves a new and different mechanism. We have now five different Gif-type systems, all of which oxidize saturated hydrocarbons selectively to ketones and have an unusual selectivity order of sec> tert :!: prim . Names, based on geography, have been given to five variants of the original Gif system - Gif m is iron powder suspended in pyridine-acetic acid with oxygen or simply open to the air.24 Gif rv is the same with a catalytic amount of an iron species and suspended zinc dust to provide the electron input.25 Gif-Orsay is the same as Gif ,v, but with zinc dust replaced by the cathode of an electrochemical cell. 26 This is a much more efficient system with respect to electron input. Finally,27 we have added GoAgg1 (pyridine-acetic acid-stoichiometric Fe(I'l.KQ2 under argon) and GoAggn (pyridine-acetic acid-catalytic Fe(IIIl.H
2
0

2 
under argon or air). The name comes from G for Gif, 0 for Orsay and Agg for Texas A&M.27 These systems show a remarkable selectivity for hydrocarbon oxidation even in the presence of large amounts of isopropyl alcohol, ethanol26 or even acetaldehyde.28 Another curious fact is that cyclic hydrocarbons are oxidized at about the same rate as the corresponding olefins. 29 The oxidation of cyclohexene affords cyclohexenone, not cyclohexene epoxide.30 Various natural products behave in the same way.3'• The formation of a,P-unsaturated ketones is characteristic for 1,2-di- and trisubstituted olefins. In contrast, we have recently shown 
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that 1 -substituted and especially 1 ,1-disubsti
tuted olefins are cleaved efficiently into a 
carbonyl compound and formaldehyde. The 
cleavage went very well with 1 , 1 -diphenyl
ethylene and with l -methyl-1-phenylethylene. 
We showed that the corresponding epoxides 
and glycols were not intermediates in this 
cleavage reaction.31h 

HO 

o--Fev 

Recent work has shown27 that all the Gif
type systems depend for their selectivity on a 
common iron oxenoid species. We have pos
tulated this to be an Fe(Vl species on the basis 
of logical arguments. It is thus comparable to 
the radicaloid species Fe(IV) = 0 (+ •) or Fe(lll) 
- 0 • (+ •) involved in P45 model studies based 
on porphyrin ligands.32•3� In terms of our the
ory, we would postulate the addition of the 
FeM oxenoid species to the double bond 6 
followed by cleavage to the ketone and a 
methylene carbene 7. We would expect the 
latter to be oxidized to formaldehyde. A 
number of experiments showed that formal
dehyde was indeed formed, while blank ex
periments demonstrated that formaldehyde 
was not formed without substrate. 

� R R 6 

This is not the place to retrace the history of 
the Gif systems, but the original idea was to 
imitate the P450 enzyme system taking the 
fundamental equation C-H + 2e- + 2H+ + 02 ➔ 
C-OH + Hp. Thus, calculations of electronic 
yield (or of coulombic yield for the electro
chemical variation) are based on this equa
tion. Although the mechanism is seen to be 
very different from the P450 systems, we have 
retained this convention. 

In the original studies, saturated hydrocar
bons like cyclohexane or cyclooctane were 
oxidized to 20-30% ketone. Addition of fur
ther reagents (e.g., zinc dust and acetic acid) 
appeared to increase this yield only slightly. 
Preliminary kinetic studies showed that cy
clohexane was converted to cyclohexanone 
(and some cyclohexanol) without any inter
mediate. Cyclohexanol is not the precursor of 
cyclohexanone nor is the latter reduced to 
cyclohexanol. 

More recent work has shown that the appar
ent constancy in yield is due to overoxidation. 
Using an excess of hydrocarbon and running 
the oxidation to 20% conversion, a nearly 
quantitative yield of ketone (with some alco
hol) is obtained based on hydrocarbon con
verted. Since hydrocarbons and ketones are 
easily separated, this would be a superior way 
of making, say, cyclohexanone were it not for 
the expense of the pyridine. This is true of 
both the Gif IV and of the GoAggn systems. 

A key observation in considerations about 
mechanism was the fact that in the oxidation 
of adamantane (8), the selectivity (C2/C3) 
changed dramatically with oxygen pressure. 
By definition C2 is the total of oxidation 
products at the secondary position (ketone 9, 
and alcohol I 0) while C3 is the amount of tert
alcohol 11. The selectivity for a normal attack 
by alkoxy radicals on adamantane is 0.15.34 
Oxidation by a porphyrin P450 model gave an 
even lower number.32• Thus, it is the tertiary 
position which is selectively attacked. Oxida
tion of adamantane by Gif iv gives a C2/C3 of 

5 

10-20, indicating a strong selectivity for the 
secondary position. As the oxygen pressure 
is reduced, C2/C3 increases and can be greater 
than 100 without reducing significantly the 
% oxidation at the secondary position (al
ways mainly ketone). This key experiment 
has been repeated many times by four differ
ent investigators. 

If we were making secondary and tertiary 
radicals from adamantane, the partition of 
products would be determined by a ratio of 
two second-order rate constants. As the con
centration of oxygen is lowered C2/C3 should 
remain constant, although the total of oxi
dized products would, of course, diminish to 
zero. The conclusion is inescapable that the 
mechanism of oxidation at the tertiary posi
tion in adamantane is different from that at 
the secondary position. 

At this point, a mass-balance study showed 
that a significant proportion of the adaman
tane could not be accounted for. Examina
tion of the basic fraction showed the presence 
of three adamantane derivatives (12, 13 and 
14) in all of which the adamantyl residue was 
substituted in the tertiary position. The basic 
fraction was studied in detail (by GC/MS) in 
collaboration with Professsor Jankowski35• 
and there was no detectable amount of secon
dary coupling to adamantane. Further study 
showed that there was a competition between 
pyridine and oxygen to substitute the tertiary 
position. It is surely a tertiary radical which 
is involved in this competition. 

In recent studies,35b we have compared the 
reactivity of secondary and tertiary adaman
tane radicals generated from the N-hydroxy-
2-thiopyridone derivatives of the appropriate 
carboxylic acids (see above). Both radicals 
compete for oxygen, pyridine and thione. In 
comparable Gif iv oxidations, there is little 
coupling of pyridine to any secondary posi
tion, so our conclusions are confirmed.35,36 

There are two mechanistic interpretations 
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of these facts. First, there could be two different reagents, one of which attacked the tertiary positions and the other the secondary positions. The alternative would be one reagent which attacks both secondary and tertiary positions to give a derivative. The latter evolves into radicals at the tertiary positions, but not at the secondary positions. The second possibility is far more in keeping with the C-H bond strengths and we have adopted it. It seemed to me that all the facts so far observed could be explained by a reagent which inserted into the C-H bond to give an iron-carbon bond.37' The evolution of a tertadamantyl o-iron bond into radicals at room temperature has a close analogy.37h The more stable secondary iron-carbon bond might evolve into an iron carbene double bond which would certainly be cleaved by oxygen to give ketone. This would explain why the more reducing conditions of the Gif system (in an apparent paradox) give ketone rather than secondary alcohol. These considerations then 

gave us a working hypothesis which is summarized in Scheme 8. The true C2/C3 in the adamantane oxidation requires that total amount of tertiary products (11, 12, 13 and 14) be added into the calculation. This gives a number ( about 1.2) which is independent of oxygen pressure down to low pressures of oxygen. This number is very different from 0.15 or less, typical of oxenoid radical reactions. At the time of our iron-carbon o-bond hypothesis, this seemed to us to be remote from biological oxidation processes. However, an interpretation37c of the chemistry of penicillin cyclase ( essential for penicillin biosynthesis) and also of soybean lipoxygenase assumes the attack of an Fe=O grouping to give an iron-carbon o-bond as a first step. The enzymatic evidence is less sure than our studies on adamantane. It may be that we have been unwittingly studying Nature's second mechanism for hydrocarbon oxidation. We explain the selectivity in the Gif oxida-
Scheme 8 
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tion as a compromise between C-H bond strengths (prim > sec > tert) and steric hindrance to insertion (tert > sec > prim). In the original scheme, we did not specify the valence of the iron oxenoid species. In recent work,27 we showed that GoAgg1(Fe<ll) + K02) and GoAgg11(Fe(III) + HzD2) afforded the same iron species oxidizing saturated hydrocarbons in a typical Gif fashion. Following the logic of the P 450 equation, this suggests that it is an FeM oxenoid species which is responsible for the formation of the iron-carbon bond which then evolves into ketone. We suspect that two FeM species in a cluster may be involved in ketone formation. Be this as it may, our colleague, Professor D.T. Sawyer, and his collaborators have recently modified the ligands in GoAgg11 by starting with a complex ofpicolinic acid. This gave a beautiful ketonization of a series of saturated hydrocarbons with typical Gif selectivity.38 Two additional experiments were the oxidation of 1,4-dihydrobenzene (15) to phenol and of 1,3-cyclohexadiene (16) to benzene. Clearly, 15 and 16 are not converted to the same radical 17, or the same products would be formed. The difference in behavior can be explained by the two different FeM species 18 and 19. The former undergoes normal ketonization to furnish phenol whereas the latter undergoes a Fe-H �-elimination process driven by the aromaticity of the benzene formed. Recently, an important summary of current research on functionalization of alkanes has been published.36 In the course of our efforts to capture the iron-carbon o-bond in Gif III and Gif IV systems, we added diphenyl diselenide. At once we observed the formation of phenylseleno derivatives of the saturated hydrocarbons used (adamantane and cyclohexane). Using an excess of hydrocarbon in Gif m, there is no formation of oxidation products. Only phenylseleno derivatives are formed with a perfect mass balance in hydrocarbon. Up to 90% of the selenium appears as the phenylseleno derivatives and the rest is converted into 2-phenylselenopyridine.39 There is reaction only if oxygen is present and consumed. Diphenyl diselenide is an excellent trap for radicals and so its formation of phenylseleno derivatives instead of oxidation products could be construed in this sense. However, the regioselectivity and chemoselectivity of the Gif-type systems are so far from what would be normal for radical chemistry that we reject this possibility. The sequel provides a further justification for this conclusion. When Fe<1Il bispicolinate was present in the same concentration as hydrogen peroxide in GoAgg11 with an excess of cyclohexane, hydroxyl radicals were produced by Fenton chemistry. The hydroxyl radicals gave cyclohexyl radicals which reacted with the pyridine to give cyclohexylpyridine (major product), dicyclohexyl and oxidation products (minor). On addition of diphenyl diselenide, the cyclohexyl radicals were efficiently captured to give cyclohexyl phenyl selenide. When all the 
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Fel11> had been oxidized to FelIIIl and all the 
diphenyl diselenide converted to cyclohexyl 
phenyl selenide, further addition of hydrogen 
peroxide produced cyclohexanone in the usual 
way.4o 

This is an important experiment because it 
shows that when the right conditions are cho
sen for Fenton chemistry, coupling of cyclo
hexyl radicals with pyridine is observed. 
However, in the habitual ketonization reac
tion (Fe011> + H202) cyclohexyl radicals are not 
formed. 

A newly invented reaction may be useful at 
the time of invention but be surpassed by a 
higher yielding reaction later. Such was the 
case with nitrite photolysis. 

After Reichstein and his colleagues41 had 
determined the structure of aldosterone (20) 
by a remarkable feat of classical degradation, 
tremendous effort was expended on its total 
and partial synthesis. The masked aldehyde 
function at C-18 made partial synthesis from 
another steroid improbable, so there was need 
to invent a new reaction for substitution of 
unactivated neopentylic methyl groups. I con
ceived42 of a radical reaction (Barton reaction) 
of the type shown in Scheme 9. This was 
quickly reduced to practice. The readily avail
able corticosterone acetate (21) was smoothly 
transformed to its nitrite 22. On photolysis, 
this afforded the crystalline oxime 23. The 
latter with nitrous acid43 readily gave pure 
aldosterone acetate 24. Although the overall 
yield was not high (~20%), this new reaction 
did permit the synthesis of 60 grams of aldos
terone acetate when the rest of the world 
supply was in milligram quantities. Thus, the 
biology of aldosterone could be fully evalu
ated. 

Our choice of nitrites as starting materials 
was based on the hypothesis that they would 
afford alkoxy radicals on photolysis, that the 
axial alkoxy radical would abstract hydrogen 
from a neighboring axial methyl and that the 
derived carbon radical would capture NO, the 
other photolysis product. The nitroso-methyl 
group was then postulated to isomerize to 
oxime, a perfect precursor of an aldehyde. 

We did consider42 that hypohalites could 
also show similar radical chemistry and, in 
fact, demonstrated this with hypochlorites.44 

This reaction was also found independently 
by Walling and Padwa.45 However, there was 
a better reaction awaiting discovery-the reac
tion of lead tetraacetate and iodine with pri
mary, secondary or tertiary alcohols to furnish 
tetrahydrofurans. This discovery by the Ciba 
group46 gives better yields than the nitrite 
photolysis reaction because the alkoxy radical 
is formed reversibly with the iodine reagent. 
Such reversibility is not seen in nitrite pho
tolysis. However, the lead tetraacetate-iodine 
reagent is much more vigorous, so nitrite pho
tolysis can still play a role in molecules which 
have easily oxidized functional groups. 

The lead tetraacetate-iodine reagent of the 
Ciba group, as well as other iodination proce
dures, served us well in the first solution of the 
problem of how to convert a saturated acid 
into the corresponding y-lactone.47 We con-
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ceived (Scheme 10) that diiodoamides, formed 
from amides, would on photolysis produce 
iodoamide radicals. These would abstract 
hydrogen to give carbon radicals quenchable 
with iodine. Ionic chemistry would then af
ford iodoimino-lactones easily hydrolyzable 
to the desired y-lactones. This reaction gave 
reasonable yields and has been used from time 
to time in synthesis. 

O+-O�O 
15 17 16 

i ! 
The synthesis of dodecahedrane was a major 

synthetic objective for many years. The first 
synthesis by Paquette and collaborators was a 
brilliant achievement.48 A more recent re
markable advance has been Prinzbach's "pa
godane" route. 49 Recently, the pagodane route 
has been greatly improved by a spectacular 
application of the amide-iodine cyclization 
procedure (Scheme 1 1  ). Thus, the diamide 25 
was irradiated in the presence of I 2 equiva
lents of iodine in dichloromethane to give the 
desired diketone 26 in 90% yield on a 2-
millimole scale with good reproducibility. 
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Many bonds are made and broken. Some of 
the intermediates are indicated in Scheme 1 1 .  
In  this case, steric compression in  the starting 
material increases the yield above what is seen 
with more usual molecules. Dodecahedrane 
chemistry promises to be as important a field 
of chemistry as adamantane chemistry be
came after von Schleyer's inspired synthesis 
made this hydrocarbon readily available.50 
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About the Author 

Sir Derek Barton completed his Ph.D. de
gree at Imperial College, London, in Organic 
Chemistry in 1942 under the direction of Sir 
Ewart (Tim) Jones. After two years in military 
intelligence and a year in industry, he returned 
to Imperial College and taught Inorganic and 
then Physical Chemistry from 1945-1949. An 
early interest in steroids and triterpenoids led 
him to the Method of Molecular Rotation Dif
ferences. A precise analysis of published data 
gave rise to a number of revised structures, 
many of them confirmed by later experimen
tal work. A second interest in the gas-phase 
pyrolysis of chlorinated hydrocarbons led to a 
series of papers on mechanism, which pro
duced an offer to become a Professor of Physi
cal Chemistry. However, Harvard University 
intervened with an invitation to teach Natural 
Products Chemistry while (the late) Professor 
R.B. Woodward was on sabbatical leave. The 
year at Harvard produced the famous paper on 
the relationship between conformation and 
chemical reactivity which, in 1969, was rec
ognized by the award of the Nobel Prize (shared 
with Odd Hassel). 

The decade from 1950-1960 was spent on 
complex structural problems in triterpenoid 
and steroid chemistry. The apotheosis of this 
work was surely the structure of the key 
compound of the limonoids, limonin. As a by
product, a new reaction for an industrial proc
ess was accidentally discovered. An interna
tional team (including Duilio Arigoni, E.J. 
Corey and Oskar Jeger and many collabora
tors later famous in their own right) of organic 
chemists found their match in the X-ray work 
by J. Monteath Robertson. From then on, 
structural chemistry was no longer to be the 
motor of organic chemical progress. Now 
advances were to come from synthetic chem
istry. 

During the period 1950-1955, Professor 
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Barton started to work on phenolate radical 
coupling, leading to a two-step synthesis of 
usnic acid, based on biosynthetic theory. Later, 
in Glasgow (1955-1957), this theory was ex
panded to include morphine alkaloids, espe
cially morphine, Amaryllidaceae alkaloids and 
many other natural products. The theory pre
dicted the existence of dienone and enone al
kaloids before any were known and even a 
new reaction, the dienol~benzene elimina
tion before it was seen chemically. Later, he 
spent twenty years showing the correctness of 
the theory by incorporation experiments into 
plants. The biosynthesis of steroids was an
other activity of this period which culminated 
with the yeast sterol mutants which defined 
with precision the biosynthesis of ergosterol. 

But to return to 1960 - that year saw the 
announcement of a simple three-step synthe
sis of aldosterone acetate using a new photo
chemical reaction invented by Sir Derek 
Barton. In fact, from 1957 to the present day, 
he has produced a series of interesting new 
photochemical reactions, some of them of 
synthetic value. 

Since 1975, Professor Barton has concen
trated on the invention of new reactions, most 
of which have been radical reactions. He has 
shown how to design high-yielding radical 
reactions that can be used for the manipulation 
of sensitive molecules such as sugars, pep
tides and even polyenes. The more important 
reactions are given in the text above. 

Another activity in the last decade has been 
the development of ligand coupling reactions, 
based mainly on Bi (V). Such reactions permit 
the synthesis of very hindered arylated com
pounds in good yield and under mild condi
tions. 

Not to be forgotten also is the long series of 
papers on electrophilic fluorination carried 
out at Rimac in collaboration with R.H. Hesse 
and M.M. Pechet. The principal reagents used 
were CF30F and molecular fluorine. When 
radical reactions are inhibited, then a beautiful 
electrophilic reactivity is seen. The culmina
tion point of this was the stereoselective func
tionalization of only one or two of the tertiary 
centers in steroids, even in cholesterol acetate 
dichloride. 

Finally, Professor Barton joined in the search 
for the chemists' Holy Grail, the selective 
functionalization of saturated hydrocarbons. 
In the evolution of the Gif-type system, he 
thinks that he has found it (see text above). 

After returning to Imperial College in 1957 
as Professor of Organic Chemistry, Professor 
Barton remained for 21 years in office. In a 
curious act of courage (or foolhardiness), he 
retired from the British system at age 60 and 
joined the French system as Director of the 
Institute of Natural Product Chemistry 
(C.N.R.S.) in Gif-sur-Yvette in France. In 
spite of his administrative responsibility, the 
time spent at Gif was the second scientific 
highlight of his career. The first was, of 
course, the period 1950-1960. 

Now, after retiring again, he is a new Pro
fessor, since 1986, at Texas A&M University. 
What will he do next? 



TPAP: Tetra-n-propylammonium Perruthenate, 
A Mild and Convenient Oxidant for Alcohols 

Introduction 

There is a constant need in organic synthe
sis to develop new oxidizing reagents that are 
reliable, easy to use and that demonstrate 
advantages over reagents in existing proce
dures. Even today, the simple oxidation of al
cohols to carbonyl compounds is not without 
problems. These can involve obnoxious side 
products, low reaction temperatures and dis
posal of toxic residues; in addition, most 
methods are non-catalytic. For these many 
reasons, the reagent we have called TP AP 
(tetra-n-propylammonium perruthenate) was 
developed by us in 19871 to effect the mild and 
selective catalytic oxidation of alcohols to 
carbonyl compounds at ambient temperature. 
In this report, we describe some of the early 
background to the work and catalog many 
new examples of the oxidation that we have 
investigated. Additionally, we highlight some 
of the practical aspects of the reaction includ
ing further modifications of the experimental 
procedure developed since our initial publica
tion, which greatly improve the reactions. 

Background 

Ruthenium and osmium are unique in the 
entire Periodic Table in two respects. 

First, in a handful of their complexes con
taining the strongly o- and :n:-donating oxo 
(02·) ligand, they can sustain the extremely 
high + VIII oxidation state: no other element 
exhibits octavalency. Secondly, they are also 
alone in displaying eleven oxidation states 
(from +VIII, corresponding to an empty d 0 

electron configuration, to -II, corresponding 
to a full d 10 configuration). Both of these 
factors, which dominate the high oxidation
state chemistry of these elements, arise from 
the fact that they are second- and third-row 
members of the transition-metal block, so 
placed within that series that they retain some 
of the characteristics of early transition ele
ments. In principle, for reactions in which 

their complexes are utilized for oxidation (or 
reduction) purposes, any one of these eleven 
oxidation states can be selected almost at will 
by the appropriate choice of ligand in the co
ordination sphere. 

In ruthenium, a second-row transition ele
ment, the outer 4d electrons are more tightly 
held to the nucleus than is the case for the 5d 
electrons in its congener, osmium. The conse
quence is that, for a given oxidation state, a 
ruthenium complex will be more oxidizing 
(because it is more difficult to detach electrons 
from it) than the corresponding osmium 
complex: this generalization will certainly be 
operative for oxidation states from + VIII (d 0) 
to +IV(d 4) inclusive. Thus, RuCV111lQ4 is a 
much more powerful oxidant than is Qs(VIlno 4 
(for RuO/[RuOJ the E0 is +0.99v, whereas 
for OsO/[OsOJ it is +0.22v;2 similarly, 
[RuOJ is more oxidizing than [OsOJ). The 
relatively mild oxidizing properties of OsO 4 
constitute a major virtue for organic chemis
try: whereas RuO4 will in most cases cleave 
double bonds, OsO4 will, under the appropri
ate conditions, cis-hydroxylate them in one of 
the most selective and catalytically efficient 
processes known to chemists.3a,b Neverthe
less, the range of potentially available ruthe
nium-containing oxidants for organic chemis
try is greater than that for osmium and, of 
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course, ruthenium is much cheaper. 
Although Karl Karlovich Klaus (1796-

1864), the father of ruthenium chemistry, dis
covered the element in 1844,4' it took him an
other sixteen years to isolate the highly un
stable, volatile tetroxide RuO/b He and oth
ers noted that it was a powerful oxidant but it 
was not until 1953 that a systematic survey 
was undertaken of its properties as an organic 
oxidant, though OsO 4 had been in use as a cis
hydroxylating reagent for alkenes since the 
turn of the century. Djerassi found RuO 4 to be 
a powerful, rather destructive and non-selec
tive oxidant;5 its properties in this respect have 
been comprehensively reviewed by Lee.6 It 
does, however, have uses in organic chemis
try, mainly in the oxidation of secondary 
hydroxyl groups in carbohydrates to carbonyl 
functions.6.7 

If RuO 4 is too powerful an oxidant, an 
obvious strategy in the development of new 
oxidants involving the metal is to design oxo 
complexes with lower oxidation states, as well 
as to attempt, by using selected co-ligands, to 
fine-tune the electronic environment of the 
coordination sphere. This approach has been 
very fruitful. Our own entry into this field, ten 
years ago,8 was to devise a catalytic system 
built around the ruthenate ion (then thought to 
be tetrahedral [RuO4f, but now known, from 
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recent X-ray studies,9 to be trigonal bipyrami
dal, trans- [Ru(VllQ/OH)2]

2-) with aqueous 
persulfate as co-oxidant. This reagent worked 
well in aqueous base (the presence of which is 
necessary to avoid disproportionation of 
[RuO/OH)2]2- to RuO 4 and RuO2), converting 
primary alcohols to carboxylic acids and sec
ondary alcohols to ketones. Yields were high, 
the catalytic turnovers were i n  the region of 
300 and the reagent worked under ambient 
conditions. However, although isolated double 
bonds are not attacked, alcohols containing al
lylic linkages are oxidized slowly and incom
pletely with some cleavage by-products being 
formed;10 moreover, many organic substrates 
are insoluble in or immiscible with water and 
may be subject to attack by base. Clearly , an 
organic-soluble oxidant is necessary. 

We have succeeded in preparing a number 
of organic-soluble ruthenium(VI) oxo cata
lysts. Our main success, however, has been 
with ruthenium(VII). The heptavalent state is  
a very unusual one for ruthenium; one of the 
very few known examples is the so-called 
"perruthenate" ion, made by Joly and Debray 
in 18881 1  by careful oxidation of trans
[RuOiOH)2]

2" with hypochlorite. An X-ray 
crystal structure of K[RuOl2 shows this to 
have a slightly distorted tetrahedral structure 
(Ru-O 1 .79A, substantially longer than the 
1 .717A for the corresponding distance in 
RuO413 as would be expected in  view of the 
lower oxidation state in perruthenate ). Raman 
spectroscopic studies show the tetrahedral 
structure to be maintained in aqueous solu
tion. 2·14·15 In aqueous base we found, in early 
work, 10 that it functioned stoichiometrically 
rather like ruthenate as an organic oxidant but 
with the additional disadvantage that it cleaved 
isolated double bonds i n  unsaturated alcohols; 
our attempts to make the perruthenate analog 
of "purple benzene" (permanganate with 1 8-
crown-6 in  benzene) were only moderately 
successful.10  However, reaction of K(RuO4] 
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with an aqueous solution of tetra-n-butyl
ammonium hydroxide15 gave (n-Bu4N)(RuOJ, 
a deep green material which dissolved readily 
in dichloromethane and functioned as an 
overall three-electron oxidant, converting 
primary alcohols to aldehydes and secondary 
alcohols to ketones without competing double
bond cleavage for unsaturated and allylic al
cohols. We subsequently devised a better 
preparation for this material, which we called 
TBAP, by reaction ofRuO4 with (n-Bu4N)OH 
in  aqueous base;1•2 an even easier reagent to 
prepare, though, is the tetra-n-propylammo
nium salt, (n-Pr4N)[RuO4], TPAP, similarly 
made from RuO4 and (n-Pr4N)OH in aqueous 
base.1•2 Both TBAP and TPAP are air-stable, 
non-volatile and dissolve in a wide range of 
organic solvents, although we normally use 
them i n  dichloromethane or acetonitrile. In  
the presence ofN-methylmorpholineN-oxide 
(NMO), these reagents are catalytic at room 
temperature and very effective oxidants for a 
variety of hydroxyl-containing substrates. 

Discussion 

Since the discovery of the TPAP reagent, 
we have had the opportunity of examining its 
application as an oxidant to a very wide vari
ety of alcohols (Table I). From these results, 
we can draw several conclusions. First, the 
reagent is tolerant of a very large range of 
functional groups which include silyl ethers, 
indoles, pyrroles, acetals, sulfones, esters, 
epoxides, double bonds, acetylenes, cy
clopropanes, lactones, vinyl halides, halides 
and SEM groups. Also, as this reagent is 
effective at room temperature with reaction 
times usually between 10 minutes to one hour 
and is easily worked up, it is  extremely con
venient to use i n  synthesis. The reagent 
appears to work well for very small substrate 
quantities (ca. one milligram) when other 
methods, such as activated dimethyl sulfoxide 
oxidants, are particularly difficult to handle. 
Scale-up of reactions is also possible and 
reactions up to one kilogram have been 

achieved. 
Notable from the examples quoted in the 

table is that oxidations on multifunctional 
species are possible and that the oxidation of 
substrates with labile a-centers proceeds with
out racemization. Again, these features are 
highly desirable for complex organic synthe
sis. Although we have not exhaustively 
compared the oxidations in the table using 
other oxidants, many of the entries show 
improved yields over, for example, oxidations 
by standard activated DMSO which is consid
ered by many to be the present bench-mark 
oxidant. 

Like all oxidants, TPAP is not universally 
acceptable as the best oxidant for all alcohols, 
and we have found a few substrates, 1 to 6, 
which are not, or only poorly, oxidized by the 
reagent. 

However, it is comforting from these fail
ures, that only 6 underwent ready oxidation 
using the Swem reagent. 

Procedures 

The TPAP reagent is a dark green solid 
which is stable at room temperature and may 
be stored for long periods of time without 
serious decomposition, especially if kept re
frigerated. The reagent should not be heated, 
however, as small quantities decompose with 
a flame at 150-160°C. In general, reactions are 
carried out at ambient temperature, they are 
catalytic (5 mole % ) with turnovers typically 
around 250, and are run in solvents such as 
dichloromethane, acetonitrile or combinations 
of these. It must be emphasized that TPAP 
oxidations can be quite vigorous. In most of 
the reactions we have studied, we have used 
N-methylmorpholine N-oxide as the co-oxi
dant . If a different co-oxidant is used, TPAP 
should be added carefully and slowly in small 
portions. In our early studies, we recom
mended the addition of 4A molecular sieves to 
the reaction. Recently, we have found that use 
of the finely ground version of these sieves 
greatly i mproves the rate and efficiency of the 

OMe 
HO�O 

O
OH 

1 
0 

1 

� H NI 
OMe OH O OMe 

4 

er-OH 

x:' 2 
3 

HOPSPh 

0 OH 

"'(' Ph:•t 

5 6 



SEALING SYSTEM 

The Aldrich Sure/Seal packaging sys
tem shown below provides a conven
ient method for storing and dispensing 
small quantities of moisture-sensitive 
solvents. The solvent comes in contact 
with only glass and Teflon� 

The poly(propylene) cap (a) can be 
safely removed because the crown cap 
with its Teflon/elastomer liner is crimped 
securely on the bottle. Solvent may be 
withdrawn from the bottle with a syr
inge. Under normal circumstances, the 
perforation in the liner will self-seal, 
but only for a few punctures. Its life
time can be extended by consistently 
reinserting the needle through the origi
nal opening. However, leakage may 
occur through this opening during stor
age. Replacing cap (a) protects the con
tents from ambient air and moisture. 

For repeated dispensing of solvent, the 
solid cap can be replaced with a cap (b) 
having a 3/16-in hole and equipped with 
a white natural-rubber liner. With the 
septum cap in place, the needle can be 
inserted into the bottle through holes in 
the poly(propylene) and crown caps 
piercing both the septum- and crown
cap liners. 

If the solvent is stored for an extended 
period of time, the solid cap should be 
used to seal the bottle. 

a 

Teflon liner 
backed with 

elastomer 

Teflon liner 
backed with 

b 

ffi 
metal crown cap 
with ¼-in hole 

- special neck 
elastomer

� equipped with 
glass crown 

r i ~ I \I and threads 

The Aldrich Sure/Seal 
Packaging System. 

27, 100-4 Acetonitrile, 99 + % ................................. . 

29,629-5 Anisole, 99 + % ........................................ . 

29,409·8 Benzonitrile, 99 + % ................................ . 
30,519•7 Benzyl alcohol, 99 + % .........•.................. 
30,944-3 ( ± )-1,3•Butanediol, 99 + % ..................... . 
28,154-9 1•Butanol, 99 + % .................................... . 
29,481-0 ( ± )-2•Butanol, 99 + % ............................. . 
28,772•5 Butyl acetate, 99 + % .............................. . 
27,145·4 Butyl ether, 99 + % .................................. . 

30,697•5 tert•Butyl methyl ether, 97% .................. . 
33,526-6 Carbon disulfide, 99 + % ........................ . 
34,227-0 Carbon disulfide, 99 + % ........................ . 

Benzene < 1 ppm 
28,91 1 -6 Carbon tetrachloride, 99 + % ................. . 
28,451 •3 Chlorobenzene, 99 + % ........................... . 
28,830·6 Chloroform, 99 + % ................................. . 

22,704-8 Cyclohexane, 99 + % .............................. . 

28,768-7 Cyclopentane ........................................... . 
29,477-2 Decahydronaphthalene, 99 + % ,  .......... . 

mixture of cis and trans 
24,066·4 1 ,2-Dichlorobenzene, 99% ...................... . 
28,450•5 1 ,2•Dichloroethane, 99 + % .................... . 

27,099-7 Dichloromethane, 99 + % ....................... . 

27,101-2 N,N-Dimethylacetamide, 99 + % ........... . 

22,705-6 N,N-Dimethylformamide, 99 + % ........... . 

29,630-9 1 ,4-Dioxane, 99 + % ................................. . 

27,102-0 1 ,3-Dioxolane, 99.5 + % .......................... . 
29,787-9 Dodecane, 99 + % ................................... . 
29,608·2 Ether, 99 + % ............................................ . 

27,098-9 Ethyl acetate, 99.5 + % ........................... . 

27,764•9 Ethyl alcohol, denatured ........................ . 

29,684-8 Ethylbenzene, 99 + % .............................. . 
32,455-8 Ethylene glycol, 99 + % .......................... . 

25,952-7 Ethylene glycol dimethyl ether, 99 + % . 

24,665-4 Heptane, 99% .......................................... . 
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191 .10 

1 9.30 
1 3.30 
1 1 .30 
12.80 
1 2.80 
1 3.70 
1 3.10 

1 45.25 
1 1 .30 

9.50 
10.00 

13.00 
1 4.30 
12.20 
25.20 

13.50 
96.30 
1 3.30 
1 2.80 

1 3.80 
1 3.50 
34.40 

13.50 
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55.00 
68.10 
1 7.10 
1 9.60 
1 6.00 
22.95 
17.20 

289.70 
20.00 
1 2.50 
1 1 .40 
49.60 
1 8.25 
26.50 
1 8.90 
70.00 

1 30.00 
19.80 

1 87.50 
24.40 
24.50 

28.20 
18.75 
98.00 

1 80.60 
24.25 
72.70 

141 .40 
23.10 

1 05.00 
213.20 

22.45 
90.60 

176.90 
25.20 

1 22.10 
219.10 

17.30 
65.90 
1 4.40 

100.60 
166.30 

1 7.50 
1 07.90 

1 7.40 
65.00 

1 20.00 
15.40 
13.60 
26.00 
30.65 

180.00 
375.00 

19.70 

Our Technical Information Bulletin No. AL-134, Handling Air-Sensitive Reagents, 
syringes, needles, sleeve stoppers and related special equipment required for these tran: 
Information Bulletin AL-135. 

Technical Information Bulletin No. AL-149, Aldrich Kilo-Lab Cylinder PackaJ 
conveniently and safely transferring reagents from these special cylinders. Also, Aldrich 
Bulletin No. AL-150, Equipment for Transfer of Liquids from Aldrich Kilo-Lab C. 
from our Technical Services Department. 
®Registered trademark of E.I. du Pont de Nemours and Co., Inc. 
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Solvents 

29,631•7 Hexadecane, 99  + % ............................... . 
Z9,609·0 Hexane, 95 + % ....................•.................... 
Z2,706•4 Hexanes .................................................... . 

30,696•7 lsoamyl acetate, 99 + % ......................... . 
!9,685·6 lsopropyl ether, 99 + % ........................... . 
!8,446•7 2•Methoxyethanol, 99 + % ...................... . 
!8,166·2 2•Methoxyethyl ether, 99 + % ................ . 

29,699·6 Methyl acetate, 99 + % ........................... . 
12,241•5 Methyl alcohol, 99 + % ........................... . 

!7,725·8 2•Methylbutane, 99 + % .......................... . 
10,943·5 3-Methyl•1 •butanol, 99 + % ..................... . 
10,030-6 Methylcyclohexane, 99 + % ................... . 
!9, 1 05·6 Methyl formate, 99 + % ........................... . 
!9,482·9 2-Methyl• 1 -propanol, 99 + % ................... . 
12,863•4 1 -MethyI•2•pyrrolidinone, 99 + % ........... . 
!7,438·0 Methyl sulfide, 99 + % ............................ . 

!7,685-5 Methyl sulfoxide, 99 + % ........................ . 

!9,682-1 Nonane, 99 + % ....................................... . 
:9,698-8 Octane, 99 + % ........................................ . 
:9,788-7 1 -Octanol, 99 + % .................................... . 
!3,670•5 Pentane, 99 + % ...................................... .. 

:O,O31·4 Petroleum ether ...................................... .. 

:7,954-4 1 -Propanol, 99 + % .................................. . 
:7,847•5 2•Propanol, 99 + % .................................. . 

,1 ,032-8 ( ± )•Propylene carbonate, 99 + % .......... . 

7,097-0 Pyridine, 99 + % ....................................... . 

8,656•2 Tetrahydrofuran, 99.9% .......................... . 

9,310·5 Tetrahydropyran, 99% ............................ . 
4,451 -1 Toluene, 99 + % ....................................... . 

9,610-4 1 ,2,4•Trichlorobenzene, 99 + % .............. . 
9,899-9 1 , 1 ,  1 -Trichloroethane, 99 + % ................ . 

4,050-8 1 ,1 ,2-Trichtorotrifluoroethane, 99 + % .•. 
0,405-0 Triethyl orthoformate, 98 % .................... . 
0,547-2 Trimethyt orthoformate, 99 + % ............. . 
6,006-6 2,2,4•Trimethytpentane, 99 + % ............ .. 
9,478•0 o-Xytene, 97% .......................................... . 
9,632·5 m-Xylene, 99 + % ..................................... . 
9,633·3 p•Xylene, 99 + % ...................................... . 
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12.60 
63.00 

1 10.25 
35.45 
26.45 
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28.20 
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33.60 
1 6.90 
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29.50 
51 .00 
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65.60 
21 .80 
21 .65 

104.05 
200.85 

17.80 
103.30 

21 .50 
15.40 
80.60 

1 45.00 
19.40 
98.00 

1 86.90 
39.40 
73.30 
29.70 

131 .40 
244.70 

89.30 
15.65 
57.00 
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20.90 
1 5.15 
80.70 

141 .25 
50.00 
46.00 
23.40 
1 3.00 
20.90 
15.90 
22.10 

complete description of syringe-transfer techniques. Also, Aldrich supplies all the 
cedures. See pages 2025-2040 of our 1990-91 Catalog/Handbook or request Technical 

ystem and Recommended Transfer Procedures, gives detailed instructions for 
:s a wide variety of adapters and transfer equipment as listed in Technical Information 

The respective bulletins accompany each bottle or cylinder and are available free 

TRANSFER TECHNIQUES 

Anhydrous solvents are best handled 
using a syringe. Aldrich offers a variety 
of septa, syringes and syringe-related 
hardware. 

For withdrawing large quantities of sol
vent, the Sure/Seal bottle is first pres
surized with dry nitrogen. The syringe 
needle is then inserted into the bottle 
and the required quantity ofliquid with
drawn. For very small quantities, the 
barrel of the syringe is completely filled 
with dry n itrogen prior to its insertion, 
as pictured above. After the needle is 
inserted into the bottle, the plunger is 
depressed to expel nitrogen, thus pres
surizing the bottle. The plunger can 
then be gradually pulled out to with
draw the required quantity of solvent. It 
is  important that a positive pressure 
(not exceeding 5 psi) be maintained 
inside the bottle. If a vacuum is created 
by withdrawing liquid into the syringe, 
ambient moisture and air will leak into 
the bottle through the pierced septum. 
By following these recommended pro
cedures the quality of our anhydrous 
solvents can be maintained for long 
periods of time. 

Our aim at Aldrich is to provide excel
lent quality products which can be 
conveniently handled and stored. 

And all of this at competitive prices! 
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Alcohol 

1 n-Butanol 

2 Undec-10-en-1-ol 

3 Citronellol 

4 E-Cinnamyl alcohol 

5 Chrysanthemyl alcohol 

6 Benzyl alcohol 

7 2-Chlorobenzyl alcohol 

8 4-Methoxybenzyl alcohol 

9 3,4-Dimethoxybenzyl alcohol 

10 Piperonyl alcohol 

11 Cyclobutanol 

12 (±)-Menthol 

13 endo-Norborneol 

14 5a-Androstan-17j:l-ol-3-one 

15 Lanost-8-en-3f:l-ol 

16 HO�OTHP 

OH 

17 
� H 0 

OH 

18 0
�oraoas 

19 
0
� 

OH 

20 d::{OH 

0 

21 
�MS 0 

TMSO OH 

TABLE I 
TPAP Oxidation of a Variety of Alcohols 

Product 

n-Butanal 

Undec-10-en-1-al 

Citronellal 

E-Cinnamaldehyde 

Chrysanthemaldehyde 

Benzaldehyde 

2-Chlorobenzaldehyde 

4-Methoxybenzaldehyde 

3,4-Dimethoxybenzaldehyde 

Piperonaldehyde 

Cyclobutanone 

( ± )-Menthone 

Bicyclo[2.2.1 )heptan-2-one 

5a-Androstan-3,17-dione 

Lanost-8-en-3-one 

OHC�OTHP 

0 

� H 0 

OH�y 

OTBDPS 

0
� 

0 

d:{o 

0 

�s 0 
TMSO 0 

%Yield Time (hr) Comment 

95 1 a 
70 3 b 

75 5 b 

91 3 b 

90 5 b 

80 2 b 

81 4 b 

68 12 a 
98 1.5 b 

70 1 a 

95 1.1 b 
85 1 b 
73 0.3 b 
99 1.5 a 
81 1.5 a 

71 0.7 b 

85 5 b 

70 1 
Swem 35% 

73 0.5 b 

80 1.5 b 

95 0.2 C 
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f9 TBDMSO OH 

, ..... 

� Br OH 

�oraoes 
. 

····,, 
H 

OH 

OBz 

OMe 

� 
HO,,_ 

O # i O lH 
H H 

OCOCMe3 
OMe 

90, 
MeO

:CX
OBz 

BzO' , OBz 
OH 

Product 

,,, � 
0�� # . /H 

' 0 
TBSO H H 

OMe 

,,,, .. 

E102c TBSO 
OHC ........ , 

7j� 
H OTBDMS 

O
�

OMe 

. 0 
H o 

� TBDMSO 0 

� 
Br 0 

�raoes 

·-.. ,, 
H 

0 

,, .... 

OBz 

� 
0 H 

Me 
OCOCMe3 

-:Q-Bzo•·· I OBz 
0 

%Yield Time (hr) Comment 

95 0.2 C 

74 0.2 C 

93 3 C 

97 0.1 C 

96 0.1 d 

85 0.1 d 
Swem 80% 

95 0.1 C 

Swem 93% 

76 0.1 c, h 
Swem 91% 

80 1.5 C 

54 2 C 

Swem 10% 
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43 

44 

45 

46 

47 

48 

49 

50 

51 

Alcohol 

HO
Y

OTBDPS 

HO�C02CHPh2 

HO OBn 

Me02

t)-

OH 

I I  � OTBS 

Ph 
I ·,...,...OTBDPS 

0 ........... 0 .  

7Q-.. ,, 
S02Ph OH 

�OH 

n OH 
oAo,,>-...,.,,, 

fX HO 0 

...,...OTBDPS 

HO

P --.•• 
0 

Product 

OHC�OTBDPS 

�O I I I C02CHPh2 OHC� 

OHC_lto-Jj 

�

--,O�OBn 

0 

u.___,_OBn 

Meo2

t)-

o 

I I  � OTBS 

Ph 
)__ ,_...,...OTBDPS 

0 
? · 

>Y····,, 
S02Ph O 

6)-CHO 

fX 0 0 

...,...OTBDPS 

O

P --.,, 
0 

%Yield Time (hr) 

85 0.3 

33 2 

91 0.5 

85 0.5 

50 

71 1 .5 

78 2 

52 1 

81 0.5 

83 0.2 

a •  Procedure A; b - Procedure A but using TBAP reagent; c - Procedure B; d - Procedure C; e - See reference 16; 
f - See reference 17; g - See reference 18; h - See reference 19. 

Bz • beozyl; THP • tetrahydropyranyl; TBDPS - t-hutyldiphenylsilyl; TBDMS - 1-butyldimethylsilyl; TBS · tri-n-butylsilyl; TMS - trimethylsilyl 
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oxidation reactions. In a few oxidations, espe
cially on a large scale, we have noticed that in 
dichloromethane the reaction fails to go to 
completion for some unknown reason .  Never
theless this problem can often be overcome by 
simply adding some acetonitrile to effect the 
full conversion.16 Alternatively, acetonitrile 
may be used as the solvent to give improved 
catalytic turnovers. The use of 10% acetoni
trile/dichloromethane is also suitable as a sol
vent mixture, combining ease of reaction work
up with better turnover. 

Most oxidation reactions reach completion 
rapidly, typically between five minutes and 
one hour, and therefore the TPAP reagent is 
extremely convenient to use. However, care 
must be taken since, on a large scale, it is 
necessary to moderate the reaction by cool
ing and by slow, portionwise addition of 
TPAP. 

Work-up of the TPAP oxidation reactions 
is very straightforward. For reactions in di
chloromethane, the mixture is simply passed 
through a short silica-gel column, which is 
washed with ethyl acetate, and the filtrate 
evaporated to afford the carbonyl compound. 
For reactions containing acetonitrile, it is 
advisable to remove the solvent by rotary 
evaporation prior to application on the silica
gel pad and elution with dichloromethane or 
ethyl acetate. This procedure should be adopted 
since acetonitrile in the mixture tends to co
elute any residual TPAP, hence contaminat
ing the product. 

Typical procedures for effecting these oxi
dation reactions are: 

Method A: (as reported in the first Chemical 
Communications describing the TPAP rea
gent)1 

Method B: (dichloromethane solvent, pow
dered 4A sieves) 

Solid TPAP (5 mot %) is added in one 
portion to a stirred mixture of the alcohol 
(leq),N-methylmorpholineN-oxide {1.5 eq) 
and powdered 4A molecular sieves (500 mg/ 
mmol) in dichloromethane (2ml/mmol) at room 
temperature under argon. 

On completion, the reaction mixture is fil
tered through a pad of silica, eluting with 
dichloromethane or ethyl acetate, depending 
on product polarity. The filtrate is evaporated 
and the residue purified in the appropriate way 
to afford the carbonyl compound. 

Method C: (acetonitrile, powdered 4A sieves) 
The procedure is the same as Method B 

using acetonitrile as solvent, except that it is 
advisable to remove the acetonitrile by evapo
ration and take up the reaction mixture in 
dichloromethane prior to the filtration through 
silica gel. 

Summary 

The TPAP reagent appears to be a mild and 
very convenient catalytic reagent for the oxi
dation of a very wide range of alcohols to 
carbonyl compounds. The new experimental 
procedures are a considerable improvement 
over those previously reported and we hope 
they will find general acceptance in organic 
synthesis. 
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Ley have collaborated for several years on the 
development of transition-metal complexes 
and their application to organic synthesis. 
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new synthetic methods and their application 
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33,074-4 Tetrapropylammonium 
perruthenate, 97% 250mg $15.00 

lg $46.75 
27,099-7 Dichloromethane, 

anhydrous, 99+% lO0mL $13.50 
800mL $24.25; 2L $27.90 

SL $72.70; 18L $141.40 
23,366-8 Molecular sieves, 4A, 

activated powder 25g $10.00 
500g $16.80; 1kg $27.50 

2.5kg $54.50 
22,428-6 4-Methylmorpholine 

N-oxide, 97% 25g $25.80 
100g $93.50 

In addition, A ldrich lists the following prod
ucts mentioned in the preceding article: 

1 1,008-6 Acetonitrile, 99% 
5mL $10.00; lO0mL $10.60 

lL $ 14.65; 4L $40.20 
A8,810-7 p-Anisaldehyde, 98% 

5g $10.00; 100g $ 13.05 
500g $29.60; 1kg $43.00 

B133-4 Benzaldehyde, 99+% 
100g $13 .00; 1kg $ 18 .90; 3kg $32.20 

Bl ,620-8 Benzyl alcohol, 99+% 
lO0mL $12.30; 500mL $26.85 

B8,590-0 1-Butanol, 99% 5mL $6.05 
lO0mL $6.25; lL $10.40; 4L $30.70 

18,471-3 tert-Butyl hydroperoxide, 
70% 100g $8.65; 500g $25 . 10 

34,761-2 tert-Butyl hydroperoxide, 
5 wt. % in cyclohexane 25g $ 19.00 

33,127-9 tert-Butyl hydroperoxide, 
anhydrous, 5.5M in 2,2,4-trimethyl-
pentane 25g $19 .00; 100g $53.40 

31,037-9 tert-Butyl hydroperoxide, 
anhydrous, 3.0M in 2,2,4-trimethyl-
pentane 25g $9.00; 100g $21 .60 

500g $74.30 
Bl0,328-4 Butyraldehyde, 99% 

25mL $9.30; lL $9.50; 2L $ 15.80 
12,497-4 2-Chlorobenzaldehyde, 99% 

5g $7.60; 100g $7.80; 500g$18.80 
14,546-7 2-Chlorobenzyl alcohol, 99% 

10g $ 1 2.95; 50g $42.65 
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Sir Derek H.R. Barton, Nobel Laureate and Distinguished Professor of Chemistry at Texas A&M, is the recipient of the 1989 ACS 
Award for Creative Work in Synthetic Organic Chemistry, sponsored by Aldrich. 

Professor Barton's work has made a lasting impact in several areas of organic chemistry including conformational analysis, the 
biosynthesis of alkaloids and steroids, photochemistry and radical reactions. With the conviction that it is possible to invent chemical 
reactions of synthetic importance, he has developed many useful new methodologies using a logical stepwise approach.1 The 
important reactions that he has developed over the past 40 years have continued to find use in a variety of areas. His most recent 
endeavors focus on radical reactions with a broad spectrum of applications. 

We extend our congratulations to Professor Barton and highlight below some of the valuable contributions from his laboratodes. 

Decarboxylative Radical Reaction 
Acyl derivatives of N-hydroxy-2-thiopyridone (1) decompose 

smoothly at moderate temperature to give a decarboxylative rear
rangement product 2 via an intermediate carbon radical.2 The 
decarboxylative reaction 

0 Qi 
R )l_O_,..� -;.J ( 

1 (;t.,'R 
............. .. ...... 

0 N 

s ,  
R 

2 

.
.. ············· 

j 
'R + CO2 

has opened many new vistas in synthetic methodology. If tribu
tyltin hydride is present in the reaction medium, a smooth decar
boxylation is achieved.3 

0 Qi 
R )l_O,,..� -;.J ( 

e,• Sn - n - Bu3 

0 N 

s , Sn - n - Bu3 

""""-·-. 

A practical alternative to the Hunsdiecker reaction has also been 
invented via the decarboxylative radical reaction by adding CC14, 

BrCCl3 or CHl3 respectively for chloro, bromo or iodo derivatives. 
The reaction not only gives moderate to high chemical yields but 
also finds general applicability in aliphatic, alicyclic and aromatic 
compounds.4•6 Barton and co-workers have further exploited the 
potential of this reaction through decarboxylative sulfonylation, 
chalcogenation and decarboxylative radical addition to 
quinones. 7-10 

LL N S 

OH 

X-Y 
RX + Q 

N SY 

X-Y CI - CCl3 , Br - CCl3 , I - CHl2 

R = alkyl , cycloalkyl , aryl 

Pentavalent Organobismuth Reagents 
Triphenylbismuth dichloride phenylates 2-naphthol under 

basic conditions at the 1 -position in high chemical yield. 1 1  

Ph 

� OH 

� BTMG 

� OH 

vv 90% 

Further, a range of bismuth reagents such as the carbonate, bis
(trifluoroacetate ), and bis(tosylates) of triphenylbismuth, as 
well as tetraphenylbismuth analogs have been employed for the 
phenylation of phenols, enols, enolates and other anions. 12  The 
reactions are regiospecific and afford high chemical yields. 13 A 
review of phenylation has recently appeared. 14 

6 

0 

References: 

0 
II 

Ph4Bi0- C- CF3 

BTMG 

KH 

PhAPh 
Ph· v · Ph 

74% 

64% 
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For a list of Aldrich products utilized in this chemistry, see page 11 of this issue of Aldrichimica Acta. 
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About Our  Cover: 
Readers of the descriptions of our covers will remember how our chemist collector appreciates the works of Jan Lievens, a contemporary of Rembrandt in Leiden. Lievens' St. Paul graced our last catalog cover, his Presentation in the Temple, the cover of Aldrichimica Acta, Vol. 22, No. 1, 1989; both are early works. Here is a very late work, a portrait (oil on canvas, 73 x 60cm) of Jacob Junius. The young Lievens was a truly gifted artist whose early works were comparable with those of Rembrandt. Rembrandt left Leiden for Amsterdam in 1632 

Fig. 1 and there went from strength to strength; his latest works were his best. Lievens went to England where he came under the mesmerizing influence of van Dyck, whom he tried to emulate but failed. For a brief period, Rembrandt, too, came under a similar Flemish influence, that of Rubens, and those works were certainly not his best. Here is a tantalizing thought: what if Lievens had not gone to England and then to Antwerp, before returning to Holland? Had he stayed in Holland, could Lievens have developed like Rembrandt? Clearly, two of Lievens' very late works not influenced by van Dyck, portraits of distinguished old men, are among the finest Dutch portraits ever. As Professor W. Sum ow ski wrote: 1 "During his artistic decline Lievens still manages to surpass the greatest achievements of his early period in a portrait of Sir Robert Kerr (Fig. 1). This is a work that can be compared with Rembrandt's  late portraits. Lievens here depicts the appearance and greatness of mind of an eminent old man. Everything that might distract from the face is absent. The dignity of the sitter is rooted in his person, not, as was customary, in his social status. The presentation is subtle with a very minimum of brush strokes. In color the miracle of Lievens' monochromatic Leiden period is repeated." "In the portrait of Jacob Junius ... (on our cover) ... Lievens once again reaches this remarkable height." In 1629, when he was the friend and emissary of Charles I, Sir Robert Kerr, the first Earl of Ancrum (Fig. 1) bought paintings from both Lievens and Rembrandt. When Lievens portrayed him in 1654, shortly before his death, in the painting now in the National Gallery of Scotland, the Earl was an unhappy exile, a dour and sad old man. Jacob Junius (1608-1671) studied law in Leiden, made a fortune in Mazulipatnam in India, returned home and married late in life, in 1657. In 1667 he was elected regent of the Old and New Almshouse in Delft; perhaps this portrait was painted for that occasion. Junius was survived by his widow and three of their six children, and one wonders whether the loss of three children in infancy led to his dour appearance. It must have been a combination of respect and sympathy for both sitters that led to Lievens' reaching such artistic heights. 
(1) W. Sumowski, Gemiilde der Rembrandt-Schuler, Ill, p 1769, describing paintings Nos. 

1294 and 1295. 
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I wish to report two laboratory techniques 
which I have found helpful. 

(1) Are you having problems labeling NMR 
tubes? Try using chart edging strip. The oval 
sprocket holes are just right for 5-mm tubes, 
and you can tear off the amount you need. Two 
examples are shown below in  Figure 1. The 
samples are from different printers. One sample 
is a perforated edging strip, readily detachable 
from spectra, etc. The other has to be cut from 
a piece of waste chart paper, but one can 
choose its dimensions. 

(2) Recently, I had to filter a reaction prod-

uct from its suspension i n  50% hydrofluoric 
acid, and decided to use your polypropylene 
filter cloth (Zl0,425-6) for the purpose. On 
inspection, this cloth appeared to be rather 
"wooly", and I suspected that it would be 
difficult to remove the solid product from it. 
However, a sheet of perforated polypropylene, 
cut to the same size and laid on top of the cloth, 
overcame the anticipated problem, i.e., the 
solid material collected by filtration was easily 
removable. The perforated polypropylene 
came from a bread wrapper! That the material 

Fig. 1 

Valved NMR Sample Tubes 
A special valve for NMR tubes, the J. Young valve, is now 

available to improve the handling of volatile, air-sensitive or toxic 
NMR samples. The valve is greaseless and rotationally symmetrical, 
consisting of a borosilicate glass valve body and an "O"-ring- sealed 
PTFE piston with an axial bore. Two lateral exits are located near the 
valve seating. A simple glass tube with a joint is used to connect the 
NMR sample tube to a vacuum apparatus. The connection of the 
PTFE piston to the glass tube is also sealed with an "O"-ring. 

This valved NMR tube offers a convenient alternative to flame
sealing and is especially useful for investigations which require the 
stepwise addition of a reactant or reagent to the sample tube. Spectra 
of excellent resolution are obtained using the valved tube, equivalent 
to a flame-sealed tube. 

NMR tube with valve 

Precision-grade, thin-wall, highly polished NMR 
tube with valve attached. 

5-mm tube 
10-mm tube 

ZIS,397-0 
ZIS,398-9 

NMR tube valve only 

$61 .00/ea 
$73.20/ea 

For joining to an NMR tube by user or glassblower. 
Supplied with a female joint for easy fitting to user 
system. 

For 5-mm tube ZlS,399-7 
For 10-mm tube ZIS,401 -2 

$44.60/ea 
$44.60/ea 

A ldrich warrants that its products conform to the information contained in this and other A ldrich 
publications. Purchaser must determine the suitability of the product for its particular use. See 

reverse side of invoice or packing slip for additional terms and conditions of sale. 
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was in  fact polypropylene was rapidly estab
lished by comparing its IR spectrum with the 
Aldrich reference spectrum [FT-IR 1 (2), 
1158A]. Since then, I have also found this 
perforated polypropylene useful to cover 
samples being dried under vacuum at tempera
tures up to 100°C. 

Dr. D.J.R. Massy 
School of Chemical Sciences 

University of East Anglia 
Norwich NR4 7TJ 

England 

Do you have an innovative shortcut or unique 
laboratory hint you'd like to share with your 
fellow chemists? If so, please send it to 
Aldrich (attn: Lab Notes) and if we publish it, 
you will receive, at no cost, a handsome Aldrich 
coffee mug as well as a copy of Pictures from 
the Age of Rembrandt. We reserve the right 
to retain all entries for consideration for future 
publication. 

''Please 
Bother 

Us.'' 

()r, .:

y

� 

Professor Amos B. Smith, III, of the Uni
versity of Pennsylvania kindly suggested that 
we offer this 1 ,3-dioxin vinylogous ester, a 
versatile �-ketovinyl cation equivalent.1 The 

synthetic utility of this ester was demonstrated 
i n  Professor Smith's elegant syntheses of (-)
bertyadionol, 2 jatrophone3 and the hydroxy
jatrophones.4 

Naturally, we made this compound. 

(1) Smith, A.B. III et al.I. Org. Chem. 1988, 53, 4314. (2) 
Idem J. Am. Chem. Soc. 1986, 108, 31 10. (3) Smith, A.B. 
Ill Strategies and Tactics In Organic Synthesis; Linberg, T., 
Ed.; Academic Press: New York, 1984; Chapter 9, pp 224-
274. (4) Smith, A.B. IJJ et al, J. Am. Chem. Soc. 1989, I I I, 
6648. 

36,681-1 6,7-Dihydrocyclopenta-1 ,3-
dioxin-5(4H)-one 500mg $35.00 

It was no bother at all, just a pleasure to be 
able to help. 
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The Chiral Auxiliary [(C
5
H

5
)Fe(CO)(PPh

3
)] for 

Asymmetric Synthesis 

1. Introduction 

There is an increasing demand for homo
chiral (enantiomerically pure) compounds. This 
demand arises primarily from the needs of the 
pharmaceutical industry but applications are 
also emerging from the electronics and poly
mer sectors. There are three fundamentally 
different approaches to the preparation of 
homochiral compounds: (i) resolution, (ii) the 
chiral pool and (iii) asymmetric synthesis. 1 -3 

The latter and most general approach involves 
the attachment of a chiral auxiliary to a pro
chiral group such as an olefin, carbonyl, eno
late, and methylene; the chiral auxiliary then 
biases the formation from the prochiral group 
of any new chiral center towards one configu
ration. During the reaction which elaborates 
the new chiral centers, the chiral auxiliary may 
be attached either temporarily or permanently, 
giving rise in the former case to catalytic reac
tions and in the latter to stoichiometric reac
tions. 

Over the past ten years at Oxford, we have 
been interested in developing the stoichiomet
ric iron chiral auxiliary [(C5H5)Fe(CO)(PPh3)] 

for controlling the stereochemistry during a 
variety of reactions associated with the car
bonyl functional group.4-8 Described below 
are some of the applications we have devel
oped for asymmetric synthesis using the iron 
chiral auxiliary. 

2. Alkylation Reactions 

In 1982 we were the first to report that 
enolates could be generated from transition
metal acyl complexes.9 Deprotonation of the 
orange chi ra l  i ron acetyl complex 
[(C5H5)Fe(CO)(PPh3)COMe] (1) with butyl
lithium generated the blood-red enolate, which 
was quenched with methyl iodide to the cor
responding propanoyl complex 2 in essen
tially quantitative yield (eq. 1 ).9•10 An impor
tant feature of this and other enolates attached 
to the iron auxiliary is their smooth monoal
kylation; no products from dialkylation are 
observed, which indicates that enolate ex
change does not occur at a significant rate. 
The enolate derived from 1 is a good nucleo
phile reacting well with secondary iodides in 
good yield (e.g. ,  isopropyl iodide, 86%) with
out significant competition from elimination. 1 1  

Rather surprisingly, the enolate derived from 
1 undergoes C- rather than O-silylation with 

trimethylsilyl chloride to generate 3. 10 
The acetyl complex 1 is octahedral in struc

ture, with triphenylphosphine, carbon monox
ide and the acetyl ligands each occupying one 
site, with the remaining three sites being taken 
by the cyclopentadienyl ligand. Complex 1 is 
chiral, existing as the R-(-) and S-(+) enantiom
ers, 12  and configurationally stable under nor-
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QPh
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ma! conditions. The complex prefers to adopt 
a conformation which places the acetyl oxygen 
anti to the carbon monoxide ligand, with one of 
the triphenylphosphine phenyl groups approxi
mately parallel to the plane of the acetyl ligand, 
thus shielding one face of the acetyl. There are 
no significant stereoelectronic factors influ
encing the conformation of the acetyl ligand; 
everything seems to be sterically driven. 13-15 

The acetyl carbonyl IR stretching frequency 
is 1601 cm-1 , indicating a large charge separa
tion (Fe+, o-) in the ground state (Scheme 1 ). 
For this and other reasons, we draw the analogy 
between acetyl complex 1 and the enolate 
derived from ethyl acetoacetate, and between 
the enolate derived from 1 and the dianion from 
ethyl acetoacetate (Scheme 1). To emphasize 
the latter analogy, they both require a strong 
base such as butyllithium for their generation 
and both undergo C- not O-silylation. 10 

Deprotonation-methylation of the propanoyl 
complex 2 generates cleanly the elaborated 

From right to left: Dr. Stephen Davies, recipient of the firstAlfredBader Award in the UK and Dr. Kay Davies; 
Prof. John Ward, President of the Royal Society of Chemistry; Mrs. Isabel Bader and Dr. Alfred Bader. 
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isobutyryl complex 4. Further alkylations of the chiral iron acyl complexes 5 occur with essentially complete stereoselectivity (Scheme 2). 16·18 Some loss of stereocontrol is observed for small or very reactive electrophiles but, in these cases, small amounts of the minor diastereoisomer may be removed by a single crystallization. The configuration of the newly formed chiral center relative to the original iron center results from completely stereoselective generation of the E-enolates (Fe trans to R) and their reaction in the anti (O· to CO) conformation from the unshielded face with electrophiles (Scheme 2). 16·19 Further deprotonation of the dialkylated complexes 4 or 5 does not occur since the remaining a-proton is buried in the chiral auxiliary and therefore inaccessible to base. The absolute configuration of the new chiral center in these alkylation reactions is determined by which enantiomer of the chiral iron acetyl complex 1 is used as starting material, and by the order of addition of the alkyl groups in the sequential double-alkylation procedure. After elaboration of the a-chiral center, the chiral auxiliary may be removed by one-electron oxidants such as bromine, N-bromosuccinimide (NBS), eerie ion, ferric ion, etc. Bromine is generally the preferred oxidant unless there are very acid-sensitive groups present, in which case NBS is generally satisfactory. Thus, oxidation of an iron acyl complex in the presence of water, alcohol or amine gives the corresponding carboxy lie acid, ester or amide, respectively. Using bromine or NBS as the oxidant, the auxiliary is recovered as [(C
5
H

5
)Fe(CO)(PPh

3
)Br]. 1 1  The versatility of this alkylation procedure may be illustrated by the asymmetric synthesis of captopril and epi-captopril (Scheme 3).20 

3. Homochiral Succinoyl 
Derivatives21 ·22 

Alkylation of the enolate derived from the parent acetyl complex 1 with tert-butyl bromoacetate generates the succinoyl derivative 
6. As expected from the enolate chemistry described above, the succinoyl derivative 6 undergoes completely regioselective deprotonation a to the ester rather than a to the acyl carbonyl.22 Good, although not complete, stereoselectivity is observed in the alkylation reactions of this succinoyl enolate with the major diastereoisomer being readily isolated by chromatography (eq. 2). The chiral succinoyl derivatives have been used in the asymmetric synthesis of actinonin, (Scheme 4),23 which has shown interesting anti-collagenase activity. 
4. Asymmetric Aldol Reactions 

Addition of aldehydes to the lithium enolate derived from the parent acetyl complex 1 generates the corresponding �-hydroxy acyl complexes with essentially no stereocontrol. Transmetallation of the lithium enolate to the aluminum enolate by treatment with diethylaluminum chloride prior to addition of the 
32 Aldrichimica Acta, Vol. 23, No. 2, 1 990 
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aldehyde, leads to excellent stereocontrol in 
the formation of the P-hydroxy acyl com
plexes (Scheme 5).24•25 Complementary stere
oselectivity has been observed by Liebeskind et al. for the corresponding tin enolate.26 The 
product P-hydroxy acyl complexes may be 
decomplexed to the corresponding P-hydroxy 
carboxylic acids, esters or amides, making the 
aluminum enolate a convenient chiral acetate 
enolate equivalent. 

The usefulness of the above chiral acetate 
enolate equivalent is illustrated by synthesis of 
the bicyclic lactams derived from prolinal shown 
in Scheme 6.27 In the synthesis of one of the 
lactam diastereoisomers, the iron auxiliary 
enhances the rather poor inherent stereoselec
tivity within the homochiral prolinal derivative 
while, for the other diastereoisomer, the con
trol exerted by the auxiliary completely over
whelms this i nherent stereocontrol. In both 
cases, therefore, the iron auxiliary predeter
mines the configuration of the alcohol pro
duced in the aldol reaction. 

Addition of aldehydes to the lithium enolate 
derived from the propanoyl complex 2 shows 
little stereoselectivity. However, as with the 
chiral acetate enolate equivalent, transmetalla
tion leads to good stereocontrol.28·3° Comple
mentary stereoselectivities are observed for 
the aluminum and copper enolates in the for
mation of the P-hydroxy centers while the a
center is formed with the stereocontrol ex
pected from the simple alkylation reactions of 
enolates attached to the chiral auxiliary. De
complcxation of the products from the alumi
num and copper enolates leads to homochiral threo- and erythro-a-methyl-P-hydroxy acids, 
respectively (Scheme 7). In these reactions, 
the enantioselectivity is determined by the 
chirality at iron while the diastereoselectivity 
is determined by the counterion present. 

The asymmetric synthesis of (2R,3S)-2-
methyl-6-oxohepta-1 ,3-diacetate of known 
absolute configuration (Scheme 8),3 1 using 
the chiral propionate enolate equivalent des
cribed above, allowed us to assign, by chemi
cal correlation, the absolute configuration to a 
series of marine cyclic peroxides. 

5. a,�-Unsaturated Iron Acyls 

Alkylation of the enolate derived from the 
parent acetyl complex 1 with chloromethyl 
benzyl ether generates the P-benzyloxy com
plex which, on treatment with sodium hy
dride, produces the iron acryloyl complex 
(Scheme 9).32 A mixture of £- and Z-a,P
unsaturated acyl complexes is produced in the 
Peterson reaction between the a-trimethylsi
lyl acyl complex  3 and aldehydes.33•34 The £
and Z-isomers may be readily separated by 
chromatography and this represents the best 
synthesis to date of the Z-isomers 8 (Scheme 
9).33

·
34 As indicated above, the aldol reaction 

between the enolate derived from 1 and alde
hydes in non-selective. However, O-methyla
tion (NaH/MeI) followed by elimination with 
sodium hydride of both P-hydroxyacyl dias
tereoisomers, either separately or as the mix
ture from the aldol reaction, stereoselectively 
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generates the E-a,f3-unsaturated acyl complexes 7 (Scheme 9).33•34 

6. Homochiral Dienolates 

Treatment of Z-a,f3-unsaturated acyl complexes possessing a f3-methyl or methylene substituent with lithium alkyls or lithium amides generates the corresponding dienolates. 35.36 In contrast, under the same conditions, the£isomers undergo smooth Michael addition (see below); however, this reaction is suppressed in the presence of HMP A or TMEDA, and dienolates are produced. These dienolates undergo ready alkylation in the a-position to generate E-f3,y-unsaturated iron acyl complexes (eq. 3), with both the a-center and the double bond being formed completely stereoselectively. 
7. Asymmetric Michael Additions 

The chiral iron acryloyl complex undergoes Michael addition reactions with alkyllithium reagents to generate the correspondingE-enolates indicating that the acryloyl ligand is reacting in the cisoid conformation. Alkylation of the thus formed E-enolates is, as expected, highly stereoselective (Scheme 10).37•39 Addition of alkyllithiums to the E-a,f3-unsaturated acyl complexes 7 and trapping of the intermediate enolate by protonation generates acyl complexes with a new f3-chiral center (Scheme 10). These reactions are completely stereoselective, with the configuration of the f3-center being consistent with the nucleophile adding to the a,f3-unsaturated acyl ligand in its cisoid conformation from the unhindered face. In general, sequential addition of alkyllithiums and alkyl halides to Ea,f3-unsaturated acyl complexes results in the highly stereoselective formation of two new chiral centers (Scheme 10). As mentioned above, Z-a,f3-unsaturated acyl complexes bearing a f3-methyl or methylene substituent undergo deprotonation rather than Michael addition reactions. If, however, the f3-substituent is not deprotonatable (e.g., 1-alkenyl, aryl, fury!, etc.), then Michael additions occur very readily. The asymmetric synthesis of (2R,3R)-(-)-Nbenzyl-2,3-dimethylheptanamide from (S)-1 ( eq. 4)38•39 serves to illustrate the power of this method. It is noteworthy that in the decomplexation, no sign of any epimerization at either the a- or the f3-center could be detected. 
8. Asymmetric Synthesis of B

Amino Acids and B-Lactams 

The iron acryloyl complex and the E-a,f3-unsaturated acyl complexes 7 also undergo Michael additions in the presence of lithium amides. The resulting f3-amino acyl ligands may be decomplexed either to f3-amino acids or f3-lactams. Sequential addition of lithium benzylamide and methyl iodide to the E-crotonyl complex generates completely stereoselectively the a-methyl-f3-(benzylamino)butanoyl complex which, on decomplexation 
34 Aldrichimica Acta, Vol. 23, No. 2, 1 990 
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with bromine, generates diastereoisomerically 
pure homochiral cis-3,4-dimethyl-�-lactam 
(Scheme 1 1).38•39 Epimerization of the cis-�
lactam with potassium tert-butoxide generates 
the thermodynamically more stable trans iso
mer. These results demonstrate that in the 
formation of the �-lactams neither chiral cen
ter is compromised. Addition of lithium ben
zy lamide to the £-crotonyl complex followed 
by methanol generates, after decomplexation, 
homochiral 4-methyl-�-lactam (Scheme 1 1  ). 
The final member of this series, 3-methyl-�
lactam, was prepared in homochiral form by 
sequential addition of lithium benzylamide 
and methyl iodide to the acryloyl complex 
(Scheme 1 1  ). 38•39 

The absolute configuration has been as
signed to the naturally occurring �-amino acid, 
Winterstein's acid, (S)-3-(dimethylamino)-3-
phenylpropionic acid, by asymmetric synthe
sis of a homochiral sample of known configu
ration (eq. 5).40 

9. Asymmetric Synthesis of 
Cyclopropanecarboxylic Acids 

Nucleophilic methylene transfer to £-a,�
unsaturated chiral iron acyls is stereoselective 
(>50:1) leading, after decomplexation, to trans
substituted cyclopropanecarboxylic acid de
rivatives (eq. 6).41 The corresponding cis-cy
clopropanecarboxylic acid derivatives are 
available via electrophilic methylene transfer 
to Z-a,�-unsaturated chiral iron acyls ( eq. 7). 42 

10. Asymmetric Synthesis of 
Sulfoxides via Pseudocatalysis 

Stereoselective (16:1) trapping of the eno
late derived from the propanoyl complex 2 
with diphenyl disulfide allows the formation, 
after one crystallization, of pure complex 9 
(Scheme 12). 43 m-Chloroperbenzoic acid oxi
dation of the sulfide 9 to the corresponding 
sulfoxide is quantitative and completely 
stereoselective. Oxidative decomplexation of 
this sulfoxide in the presence of benzylamine 
gave the homochiral �-sulfinyl amide whose 
enantiomeric purity was confirmed by 1H-NMR 
analysis in the presence of the chiral shift 
reagent, 2,2,2-trifluoro-l -(9-anthryl)ethanol. 
Alternatively, addition of lithium dibutylcu
prate to the sulfoxide complex generated, via 
inversion at sulfur, homochiral phenyl butyl 
sulfoxide while at the same time regenerating, 
essentially quantitatively, the homochiral start
ing propanoyl complex 2 which could be re
cycled. 

1 1 .  Chirality Recognition for 
Homochiral Synthesis 

In the synthesis of large molecules contain
ing many chiral centers, strategies involving 
the combination of several chiral but racemic 
fragments is avoided since, in principle, this 
would lead to a mixture of all possible dia
stereoisomers. Each fragment is therefore gen
erally prepared in homochiral form prior to 
coupling to the final product; in this way, one 
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homochiral diastereoisomer is assured. However, the same goal could be achieved from just one homochiral fragment with all the others being racemic if the level of chiral recognition ( discrimination between the two enantiomers of a racemic substrate) in all the coupling steps is sufficiently high. Some useful chiral recognition processes involving the iron chiral auxiliary ((C5Hs)Fe(CO)(PPh3)] are described in this section. The enolate derived from the parent acetyl complex S-1 reacts in an SN2 fashion with the R-enantiomer of tert-butyl 2-bromopropionate greater than forty times as fast as with the Senantiomer to form stereoselectively (d.e. >97.5%) the corresponding succinoyl derivative (eq. 8).44 The reaction appears to be chelation-controlled with the lithium chelating to both the enolate and the ester. The reaction may not be used to kinetically resolve the abromo ester due to racemization by the liberated bromide. This racemization, however, does allow all of the racemic a-bromo ester to be converted to the same product diastereoisomer. The recognition process appears to be general for a-bromo esters and the use of the product succinoyl derivatives in synthesis has been illustrated above. Treatment of the lithium enolate from S-1 with racemic propylene oxide in the presence of diethylaluminum chloride leads to selective reaction with only one enantiomer to form the S,R-y-hydroxyacyl complex which, on oxidation, produces homochiral R-4-methylbutyrolactone (Scheme 13).45 Transmetallation is not occurring under the reaction conditions: the diethylaluminum chloride is acting as a Lewis acid to increase the electrophilicity of the epoxide. The recognition process appears to be general for monosubstituted epoxides. Homochiral S-4-methylbutyrolactone was similarly prepared from racemic propylene oxide and R-1 (Scheme 13). 2,4-Disubstituted butyrolactones are also available in homochiral form via a chirality recognition process.4648 Thus, reaction of the enolate derived from S-2 with racemic styrene oxide in the presence of diethylaluminum chloride gave a single diastereoisomer of the intermediate hydroxy acyl which, on decomplexation, gave homochiral diastereoisomerically pure S,S-cis-2-methyl-4-phenylbutyrolactone ( eq. 9). The epimeric homochiral lactone, R,Strans-2-methyl-4-pheny lbutyrolactone was prepared from homochiral R-2 and homochiral R-styrene oxide (eq. 10).48 

12. Summary 
The above examples illustrate some of the applications we have developed at Oxford for the synthesis of homochiral materials using the iron chiral auxiliary [(C5H5)Fe(CO)(PPh3)] in asymmetric synthesis and chirality-recognition processes. All of the work described involves a common starting material, the parent acetyl complex, [(C5H5)Fe(CO)(PPh3)COMe]. It should be stressed that these iron reagents are very easy to handle requiring no special apparatus. For example, the parent 
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complex is completely air stable (>1 0  years). 
The iron chiral auxiliary [(C5H5)Fe(CO)(PPh3)] 
i s  a very powerful and versatile tool for homo
chiral synthesis. Current work is focusing on 
extending the scope of chirality-recognition 
processes and pseudocatalytic reactions and 
i n  developing catalytic versions of these rea
gents. 
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The following A ldrich products were used 
in the chemistry discussed above: 

18,570-1 Benzylamine, 99% 5g $4.90 
100g $9.10; 500g $22.90 

20, 788-8 Bromine 100g $17  .20 
500g $33.80; 6 X 500g $ 147.00 

BS,125-5 N-Bromosuccinimide, 99% 
5g $4.60; 100g $10.70; 500g $32.50 

2.5kg $ 1 1 7.60 
12,423-0 tert-Buty1 bromoacetate, 98% 

10g $ 14.90; 50g $58.75 
18 ,617-1 Butyllithium, 1 .6M solution i n  

hexanes lOOmL $11.35; SOOmL $25.50 
SL $ 148.20; 1 8L $291 .20 

27,303-1 3-Chloroperoxybenzoic acid, 
50-60% 25g $9.75; 100g $27.00 

500g $1 12.00 
22,201-1 Copper(II) chloride, 97% 

50g $ 1 1 .60; 250g $20.25 ;  1 kg $54.65 
21 ,630-5 Copper(!) cyanide, 99% 

5g $10.00; 100g $12.25 
500g $32.85 

25,671 -4 Diethylaluminum chloride, 97% 
100g $39.30; 1 kg $90.90 

25 ,678-1 Diethylzinc 100g $85 . 10 
1 5,842-9 Diiodomethane, 99% 

25g $10.60; 100g $25.30; 500g $88.60 
Hl , 160-2 Hexamethylphosphoramide, 

99% 100g $ 18.00; 500g $72.00 
29,539-6 Hydrogen, 99.99+% 57L $65.60 
29,544-2 Hydrogen sulfide, 99.5+% 

227g $91.00 
1-850-7 Iodomethane, 99% 5g $4.65 

100g $13 .45; 500g $47.60; 2kg $ 142.50 
6 X 500g $252.00 

24, 194-6 1 -Iodopentane, 99% 
25g $9.35; 100g $23.25; 500g $77.20 

20,588-5 Palladium(II) chloride, 99% 
lg $ 19.85; 5g $65.00; 25g $250.00 

150g $ 1000.00 
21 ,291-1 Palladium hydroxide on carbon, 

moist 10g $45.90; 50g $188.00 
1 6,902-1 Phenyl disulfide, 99% 

50g $26.35; 250g $85.25 
22,344-1 Sodium hydride, dry, 95% 

50g $24.40; 250g $75.00; 1 kg $225.00 
T2,250-0 N,N,N;N; -Tetramethylethylene-

diamine, 99+% 5g $7.45; 100g $12.10 
500g $38.80 

20,825-6 Tin (II) chloride, 98% 
100g $ 1 5.60; 500g $37.50; 2kg $97.00 

6 X 500g $ 195.00 
T3,592-0 p-Toluenesulfonic acid mono-

hydrate, 99% 5g $4.20; 100g $7.70 
500g $23.90; 6 X 500g $ 120.00 

25,716-8 Triethylaluminum, 93% 
100g $37.30; 1kg $89.30 

T6,220-0 Trifluoroacetic acid, 99% 
100g $ 14.50; 500g $48.60 

21,802-2 2,2,2-Trifluoro-l -(9-anthryl)-
ethanol ,  98+% l g  $24.30 

20,808-6 Zinc chloride, 98+ %  
100g $13.50; 500g $ 18.60; 

6 X 500g $90.00 
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Carboxyolefination 

Carboxyolefination, that is the treatment of 
aldehydes and ketones with suitably substi
tuted acetate carbanions followed by "dehy
dration", constitutes an important synthetic 
technique for the preparation of a,�-unsatu
rated esters and their derivatives, often with 
high stereoselectivity. These compounds fre
quently serve as important intermediates in 
natural product synthesis. 

Whereas the Knoevenagel condensation and 
the Reformatsky reaction are classical meth
ods of carboxyolefination, the process can be 
achieved directly by the Wittig, Homer
Emmons-Wittig {HEW)1 and Peterson Olefi
nation reactions. 2 Other direct but less utilized 
techniques include the elimination of sulfinic3 
and seleninic acid4 fragments from suitable 
precursors as well as the recent use of 
organotellurium ylides5 and a haloboration
based method.6 Of these methods, the Wittig 
reaction and its Horner-Emmons modification 
appear to be the most advantageous. Many of 
the required reagents are commercially avail
able or easily made and a judicious choice of 
reagents and reaction conditions can lead to 
either olefinic isomer (i.e., E or Z) with a sur
prisingly high degree of selectivity. 

This article will thus focus on the utility of 
Wittig and HEW reagents with a brief discus
sion of other carboxyolefination reagents/ 
methods. 

Carboxyolefination Employing 
Phosphoranes and Phosphonates 

Reagents 1-10 represent the most frequently 
utilized ylides or their precursors. 

Whereas preponderant formation of the 
E-olefinic product is usually the primary out
come of the reactions of stable ylides and 
phosphonocarboxylates, a number of variables 
may be applied to change this outcome to suit 
synthetic needs in certain situations.7• Many 
examples of strikingly high E or Z selectivity 
obtained by varying reagents and/or reaction 
conditions are encountered in the literature. 
For example, the Z,Z and E,E unsaturated es
ters required for the key cyclopropanation step 
during the synthesis of diastereomerically pure 
cis- and trans-hemicaronic aldehydes were 
prepared by Krief and co-workers employing 1 
and 9, respectively (Scheme I). The two alde
hydes are precursors to deltamethrin and trans
chrysanthemic acid,To respectively. 

Similarly, the o-mannitol-derived esters 15-
18 have been prepared with a high degree of 
selectivity utilizing different conditions 

{Scheme II). 8 
An interesting example of high Z-selectivity 

{>98%) is to be found in Kishi's work on 
monensin (eq. 1).9 

As striking as the control of double-bond 
geometry appears to be from the above ex
amples, one can hardly ignore the isomeric 
mixtures that are formed in a majority of the 
reactions. Furthermore, the use of simple 
acetates and propionates imposes limits on the 
synthetic utility of these reagents. Fortunately, 
many research groups have vigorously pur
sued solutions to these limitations resulting in 
the development of a number of new and 
specific reagents.10-18 

Thus, the reagent 21 and its a-methyl ana
log, developed by Still, exhibit very high Z-se-
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lectivity10 whereas Kishi's reagent 22 exhibits very high £-selectivity .1 1  The t-butyl esters 23, 24 and 25 offer the convenience of acid-catalyzed ester hydrolysis for base-sensitive molecules. 12 Phosphonoacetate 23 also serves as a convenient raw material for the glycine phosphonate 31. Compound 31 is a valuable reagent for the synthesis of fused 13-lactams.13 The phosphonocrotonates 26 and 27 enable one to introduce a four/five-carbon unit in one step, 14.15 reagent 28 is a convenient precursor to the 5-methyl-3-methylene-y-butyrolactone 
via a propargylacrylate16 and reagent 29 provides an entry into 3-substituted furans via a-alkylidene butyrolactones.17  Recently, Boeckman and co-workers accomplished a stereocontrolled synthesis of ( + )-ikarugamycin, where the ally! analog of 21 was used to introduce the Z-olefinic side chain and the masked f3-acyl ketene derivative 32 prepared from 30 provided the right ingredient for an intramolecular macrocyclization (eq. 2). 18 
Other Carboxyolefination Methods 

The Peterson Olefination2 which involves elimination of trialkylsilyl alkoxide provides an equally convenient route for the preparation of a,!3-unsaturated esters, lactones and acids. In fact, it becomes the method of choice for the olefination of readily enolizable ketones.19 The formation of a strong Si-O bond provides sufficient driving force to promote elimination of silicon alkoxide over the elimination of phosphine oxide or phosphate (where such a choice is available) thus providing an important preparative method for vinyl phosphonates (Scheme III).20 Some of the commonly used silicon reagents are presented in Table 3. The acid 38 and derivatives have been utilized in the synthesis of monic acid esters by Crimmin et al.2 1  Elimination of sulfoxide,3 selenoxide4 and telluroxide5 from the corresponding a-substituted esters, acids and lactones is yet another way of achieving carboxyolefination. However, unlike the HEW or silicon reagents, in a majority of the cases, the mercapto, seleno or telluro group is introduced in an independent step rather than being built into the reagent structure. This is particularly true with the selenium- and tellurium-based olefinations. Reagents such as 43-45 (Table 4) have been employed in the preparation of E-cinnamates,22 substituted resorcinols23 and other useful molecules. 24 

New Directions in Carboxyolefination 

In the recent past, several research groups have focused their efforts on the development of chiral reagents for achieving better E/Z selectivity through diastereofacial preference as well as for stereoselective syntheses. 25·28 The formation of prostacyclin analogs with a high degree of E/Z selectivity during the HEW condensation of chiral phosphonoace-
40 Aldrichimica Acta, Vol. 23, No. 2, 1990 
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tat es with chiral as well as achiral substrates, 
vividly demonstrates the power of d iastereofa
cial interactions (eq. 3).25•26 This area of re
search should prove to be even more interest
ing due to the ready availability of chiral 
phosphonoacetates via a simple ester exchange 
reaction29 with commercially available chiral 
alcohols,30 or via standard methods. 

The stereoselective synthesis of y-hydroxy
a,�-unsaturated esters which uses chiral sulfinyl 
acetate (eq. 4)31  and the recently reported appli
cation of the haloboration reaction ( eq. 5)6 also 
provide a flavor of things to come. 
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Following are some of the Aldrich products 
mentioned in Dr. Kulkarni's article: 

27,425-9 Bis(2,2,2-trifluoroethyl) (methoxy
carbonylmethyl)phosphonate (21) 

<'.@ lg $ 1 1.20; 5g $36.10 
36,904-7 (tert-Butoxycarbonylmethyl)tri

phenylphosphonium bromide (24) 
10g $ 15.00; 50g $50.00 

34,833-3 tert-Butyl diethylphosphono
acetate, 97% (23) 10g $20.00; 50g $67.00 

10,019-6 (Carbethoxyethylidene )triphenyl-
phosphorane, 98% (3) 5g $13.70 

25g $61 .00 
C510-6 (Carbethoxymethylene )triphenyl-

phosphorane (2) 5g $8.70; 25g $28.90 
100g $102.10 

C530-0 (Carbethoxymethyl)triphenyl-
phosphonium bromide, 98% (5) 

25g $15.50; 100g $42.15 
34,356-0 Diisopropyl (ethoxycarbonyl-

methyl)phosphonate (22) 5g $7.00 
25g $23.00 

20,912-0 Ethyl (trimethylsilyl)acetate, 99% 
(39) 5g $19.70; 25g $57.10 

29,640-6 1 ,2:5,6-Di-O-isopropylidene-D-
mannitol, 98% 5g $16.20; 25g $67.50 

15,876-3 Methyl diethylphosphonoacetate 
(9) 10g $17.80; 50g $59.35 

23,418-4 Methyl phenylsulfonylacetate, 98% 
(45) 10g $13.90 

15, 792-9 Methyl (triphenylphosphor-
anylidene)acetate, 98% (1) 25g $45.15 

100g $112.55 
T3,300-6 Thiophenoxyacetic acid, 97% (43) 

25g $14.30; 100g $39.40 
33,895-8 Triethyl 3 -methyl-4-phosphono

crotonate, mixture of cis and trans (27) 

T6,130-1 
(8) 

1 1,609-2 

5g $19.50; 25g $65.00 
Triethyl phosphonoacetate, 99% 

25g $13.65; 100g $41.85 
Triethyl 4-phosphonocrotonate (24) 

10g $39.20; 50g $147.50 
17,465-3 Triethyl 2-phosphonopropionate, 

98% (10) 10g $20.50; 50g $60.80 
31,002-6 Triethyl a-propargylphosphono-

acetate, 97% (29) lg $7.50; 5g $25.00 
T7,975-8 Trimethyl phosphonoacetate, 

98%, (7) 25g $1 1 .50; 100g $34.50 
34,161-4 (Trimethylsilyl)acetic acid, 99% 

(38) l g  $9.00; 5g $30.00 
22,695-5 2-(Triphenylphosphoranylidene)

succinic anhydride, 97% (28) 10g $28.30 
50g $92.55 
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New Tritiated Products 
from SIGMA Radiochemicals 

SIGMA is pleased to announce the availability of over 40 new tritiated radio
chemicals for your research needs. 

These most recent additions represent two product lines: amino acids and car
bohydrates, for your basic research needs. As with all our radiochemicals, these 
new items will be available in standard quantities and packaging, as well as 
custom quantities and packaging. The complete listings will appear in the Sigma 
Radiochemicals Catalog, in September 1990. 

A 4305 N-Acetyl-o-glucosamine-J,6-3H2-{n) 
A 4180 N-Acetyl-o-mannosamine-6-3H 

(aqueous soln.) 
A 4055 N-Acetyl-o-mannosamine-6-3H-{n) 

(ethanol-water soln.) 
A 3805 f3-Alanine-3-3H(n) 
A 3930 L-Alanine-3-3H 
A 3680 L-Arginine-2,3-3H2 

G 2899 
G 3024 
G 3149 
G 3274 
G 3399 
G 3524 
G 3649 
I 8888 

o-Glucose-J-3H(n) 
o-Glucose-2-3H(n) 
o-Glucose-3-3H 
o-Glucose-5-3H(n) 
o-Glucose-6-3H(n) 
L-Glucose-1-3H(n) 
Glycine-2-3H(n) 
L-lsoleucine-4,5-3Hi(n) 

A 6180 o-Aspartic acid-2,3-3H2 

A 6055 L-Aspartic acid-2,3-3H2 
D 4539 2-Deoxy-n-glucose-J,2-3H2-{n) 

(aqueous soln.) 

L 5897 L-Leucine-4,5-3Hi(n) 
L 6022 L-Lysine-4,5-3Hi(n) 
M 0781 o-Mannitol-J -3H{n) 
M 0906 o-Mannose-2-3H(n) 

D 4414 2-Deoxy-D-glucose-J,2-3H2-{n) 
(ethanol-water soln.) 

M 103 3-O-Methyl-3H-o-glucose 

D 4289 2-Deoxy-n-glucose-3H(g) 
(aqueous soln.) 

F 9260 L-Fucose-5,6-3H2 

G 2274 o-Galactosamine-J-3H 
hydrochloride 

G 2399 o-Galactose-J-3H 
G 2524 o-Galactose-6-3H{n) 
G 2649 o-Glucosamine-J,6-3Hi(n) 

hydrochloride 
G 2774 o-Glucosamine-6-3H(n) 

hydrochloride 

0 0256 
P 6053 
P 6178 
P 6428 
P 6553 
P 6678 
P 6303 
S 9522 
S 9397 
T 3533 

L-Ornithine-2,3-3H2 

L-Phenylalanine-ring-2,6-3 H2-(n) 
L-Proline-2,3-3H2 

L-Proline-3,4-3Hi(n) 
L-Proline-4-3H(n) 
L-Proline-5-3H 
L-Proline-2,3,4,5-3H4 

L-Serine-3H Sucrose-fructose-I -3 H(n) 
L-Tyrosine-ring-3,5-3H2 

Look for Sigma representatives at the ACS Meeting in Washington, DC, August 
1 990 and the Neurobiology Meeting in St. Louis, October 1990. 

SIGMA 
CHEMICAL COMPANY 

Radiochemicals: v Quality vService v Technical Support 

CUSTOMER/TECHNICAL SERVICE: 
USA/Canada (shipping problem): 

800-325,8070 
USA (technical service): 

800-325-4581 
Outside USA/Canada cal l  collect: 

314-771 -5765, ext. 4005 

TO ORDER: 
From anywhere in the USA/Canada cal l ·  

800-325-3010 
From anywhere outside the 
USA/Canada cal l  collect: 

314-771 -5750 
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About ur Cover: Part of the story of this remarkable painting (oil on canvas, 51 x 38 inches) is told in TheDetective 'sEye(see below), the catalog of an exhibition where the painting was called Father 
of the Church (Fig. 1 ). However, the Maltese cross and Greek inscription disappeared during a cleaning which also revealed the turban and crown on the right. Hence this must be an oriental king, but who is this inspired figure? Our chemist collector believes it is King David writing the Psalms, but in 17th century paintings King David as 

Fig. J a psalmist is seldom depicted without his harp. The painting on our cover is a masterpiece by one of Rembrandt's able students, Govaert Flinck, dating from the 1650's. It is surely fitting for the Acta dedicated to Professor Albert Eschenmoser on his 65th birthday, and containing papers by Professor Vladimir Prelog and Professor Nathan Kornblum. Professor Eschenmoser is one of Switzerland's ablest chemists, an inspiring teacher and a great man. When we asked Professor Prelog to write his paper, he said, "I cannot, but I must." Perhaps David felt like that when writing the Psalms. 
The Detective 's Eye: Investigating the Old Masters Twenty-three paintings that have been reproduced on our Acta covers (including the one here) and five that have been on our catalog covers were among some seventy works in an exhibit at the Milwaukee Art Museum (January 19 - March 19, 1989) for which Isabel and Alfred Bader were guest curators. If you relish detective work and puzzles about Old Master paintings, you will find much to enjoy in this fully illustrated catalog, and you will learn something about our chemist-collector's interest in art and connoisseurship as well. 

Z18,350-4 $12.00 

Telling Images --Images Revelatrices Large, 150-page catalog of thirty-six Old Master paintings now in a travelling exhibition touring Canada. All were given by the Baders to Queen's University. The catalog illustrates all thirty-six paintings, thirteen of them in color. The extensive, scholarly text, written by Professor David McTavish, is in English and French. 
Z20,404-8 $18.00 
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Workers using your tetrafluoroboric acid
diethyl ether complex, 17,641 -9, might be in
terested in a quick NMR method to determine 
the titer of small volume (microliter) samples 
conveniently dispensed with a microliter sy
ringe. The method is based on the fast ( on 
NMR time scale), quantitative, reversible pro
tonation of N,N-dimethylaniline, D14,575-0, 
to give the corresponding anilinium ion. In 
acetone-d6 the proton chemical shift of the N
Me groups is 873.8 Hz (at 25.0°C, 300.1 MHz 
vs. TMS). The N-Me groups of the anilinium 
ion are shifted considerably downfield to 1064.5 
Hz. Assuming rapid exchange for a system 
containing both species, the chemical shift is 

the weighted average, hence the mole frac
tions of N,N-dimethylaniline/N,N-dimethyl
anilinium tetrafluoroborate may be calcu
lated. The advantage of the method is that 
the titer of very small aliquots may be deter
mined. Equation 1 which reports mmol 
HBF4-Etp/microliter is derived from the 
above chemical shifts, the density, and molar 
mass of N,N-dimethylaniline. 

[HBF4]=( 4.14 lxl 0 5)(N-Meave -873.8)R 

(eq. l )  

N-Me is the observed chemical shift o f  
the N-•Me groups (Hz) in  acetone-d6 and R 
is the ratio of microliters N,N-dimethyl
aniline/microliters HBF4-Etp. 5 microliter 
aliquots of N,N-dimethylaniline work well. 

Professor C.R. Jablonski 
Department of Chemistry 

Memorial University of Newfoundland 
St. John's, Newfoundland AJB 3X7 

Canada 

I have seen many people who have had a 
difficult time finding a Dewar flask which 
accommodates your cold traps Zl0,310-1 and 
Zl0,690-9. I have been using the perfect 
combination of the cold trap Zl0,690-9 with 
Dewar flask Z12,078-2 since my Aldrich days 
over fifteen years ago. 

It would be of great assistance to your cus
tomers if you would recommend the use of  
Dewar flask Zl2,078-2 with the cold traps 
Zl0,310-1 and Zl0,690-9. 

J.P. Li, Ph. D. 
Sandoz Crop Protection 

975 California Ave. 
Palo Alto, CA 94304 

Editors Note: Here is more information on 
the Dewar flask recommended by Dr. Li. 

Z12,078-2 Dewar Dask, aluminum base, 
plastic mesh housing, i.d. 14.3cm, 
depth 30cm $162.80 

Do you have an innovative shortcut or unique laboratory hint you'd like to share with your fellow chemists? If so, please send 
it to Aldrich (attn: Lab Notes) and ifwe publish it, you will receive, at no cost, a handsome Aldrich coffee mug as well as a copy 
<>I Pictures from the Age of Rembrandt. We reserve the right to retain all entries for cons4Jeration for future publication. 

Steroid Reference 
Collection 

A large collection of steroids for use as reference standards i s  maintained at 
the address below. The collection includes many steroids which are not 
available from any other source, including samples which have been donated 
by numerous eminent scientists for the benefit of others. As well as the steroid 
hormones and their metabolites, the collection contains synthetic intermedi
ates, rare steroids of microbiological origin, bile acids, sterols, and some 
steroidal alkaloids and other plant products. Milligram or microgram quanti
ties are supplied for use in clinical, biochemical or chemical studies, such as the 
identification of unknown steroids, the development and standardization of 
micro-assay techniques, chromatography and mass spectrometry. The Curator 
of the Collection is glad to provide advice on matters concerning steroids 
whenever possible. 

Enquiries, requests for detailed information and a list of available steroids, or 
offers of samples for the Collection, should be addressed to: 

Professor D.N. Kirk 
Curator of the Steroid Reference Collection 
Department of Chemistry 
Queen Mary and Westfield College 
London, El 4NS 
U.K. 
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Professor Steven Ley and Dr. William Griffith 
at Imperial College, London, suggested we offer 
tetraphenylphosphonium acetatodichlorodioxo
ruthenate which, in the presence of N-methyl
morpholine N-oxide (NMO), catalytically con
verts primary halides to aldehydes and secondary 
halides to ketones.1 The catalyst oxidizes a vari
ety of other functionalities and nicely comple
ments tetrapropylammonium perruthenate, 
33,074-4, another compound suggested by 
Professor Ley. 

Naturally, we made it. 

(1) Griffith, W.P.; Jolliffe, J.M.; Ley, S.V.; Williams, DJ., in 
preparation. 

(PPh4)[RuO2(OAc)Cl2] 
37,126-2 Tetraphenylphosphonium 

acetatodichlorodioxoruthenate 
250mg $10.50; lg $30.00 

It was no bother at all, just a pleasure to be able 
to help. 
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I e Esch moser 

Fig. 1 - "Der Chef. " (Photo: D. Felix) 

Giving examinations is seldom one of the more enjoyable of a pro
fessor's tasks. One is only too happy to forget the many stressful hours 
spent with nervous, stuttering candidates; but there are also some 
pleasant exceptions. I still have with me the happy memory of Albert 
Eschenmoser's first undergraduate examination in organic chemistry, 
conducted more than forty years ago. In response to a somewhat general 
question, he proceeded to give me a comprehensive lecture, from which 
I learned much, both about chemistry and about the man. I have never 
had another student impress me to the same extent. He was so secure, 
his gifts and his extraordinary personality were so manifest, and it was 
already clear then how much came from within himself, and not from his 
teachers. On that occasion, there was no opportunity to ask him a second 
question! 

Fig. 2 - Albert Eschenmoser as a young man. 

Vladimir Prelog 
Laboratorium fiir Organische Chemie 
Eidg. Technische Hochschule, Zurich 

8092 Zurich, Switzerland 

Albert Eschenmoser was born on August 5, 1925, in Erstfeld, a small 
town in Uri, one of the three original cantons of Switzerland. His 
schooling was first in the nearby town of Altdorf, and then at the 
Oberrealschule in St. Gallen. He moved on to the Natural Sciences Di
vision of the ETH in Zurich, where he embarked on the study of 
chemistry. The Head of the Laboratory of Organic Chemistry, 

Fig. 3 - Albert Eschenmoser as Privatdozent. 

Leopold Ruzicka, and his right-hand man, Placidus Plattner, both rec
ognized Eschenmoser's exceptional talent and allowed him a free hand 
in his doctoral work, an unheard-of circumstance at that time. He com
pleted this work in 1951, just two years after his undergraduate diploma. 
From then on, his academic career at the ETH proceeded swiftly. He 
completed his Habilitation and became a Privatdozent in 1956. He was 
appointed Associate Professor in 1960 and Professor of Organic Chem
istry in 1965. It is worth noting that previously, since its founding in 

Fig. 4 - Good friends: Albert Eschenmoser and George Buchi. 
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Fig. 5 - At that time still a pipe smoker. 

1855, the ETH had generally looked for its professors of chemistry, and especially of organic chemistry, beyond the borders of Switzerland, primarily in Germany (Stiideler, Wislicenus, Victor Meyer, Hantzsch, Bamberger, Willstiitter, Staudinger, Richard Kuhn, and Staudinger 's student Ruzicka). Eschenmoser never studied abroad; on the other hand, his scientific development was self-generated to such a large extent that it cannot be cited as a paradigm for the quality of the Swiss chemical educational establishment. 

Fig. 6 - Dr. Dorothee Felix - the "Good Angel" of the Eschenmoser 
Group. 

Within the framework of this article it is not possible properly to assess, more than cursorily, the content and the richness of the ideas of Eschenmoser's 160 or so publications. Even a brief account of his major contributions to modern chemistry is a difficult task. As I attempted to come to grips with it, I found that the problem had already been nicely solved by Duilio Arigoni1 in an article that I could only hope to paraphrase imperfectly. Therefore, I have asked Arigoni to allow me to use his laudatio, and he has generously agreed. 
"Eschenmoser used his early contributions to the area 

of acid catalyzed cyclization of aliphatic polyenes as 
mechanistic guidelines for the elucidation of new struc
tures and for the critical evaluation of older structural 
proposals in the domain of the terpenes 2 (Figure A). The 
stereochemical elaboration of these ideas was the impetus 
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Caryophyllene 

� 
Cedrene 

Fig. A - Eschenmoser's predictions for the correct structures of 
caryophyf/ene and cedrene. 

Zur Kcnntnis dcr J@:tP� 
1 90. Mitteilung 

Eine stercochcmische Interpretation 
C .g::e t..;;;; C_ �-?,.. -----·�""'-"-,tc!:iS:_�ChCll Isoprcnregell5ei den Triterpcnen 

A. Eschenmoser, L. Ruzicka, 0. Jeger und D. -�oni --- =-==-

Fig. 8 - Ruzicka's personal copy of the 1955 paper on the biogenetic 
isoprene rule.• 

r-7Yso-; 

�CH-CH3 
I 
Ts 

Fig. C - This reaction only occurs intermolecularly. 

for the development of the final form of the biogenetic 
isoprene rule 3 (Figure B). At the same time, his work 
paved the way for the spectacular synthetic achievements 
of Johnson, van Tame/en and others. 

"Over and over Eschenmoser has proved his uncanny 
ability to shed new light on fundamental problems in 
organic chemistry. Examples of his many-faceted inter
ests are his study of the geometry of the transition state in 
the S;J, reaction at carbon centers 5 (Figure C), his clari
fication of important stereomechanistic aspects of the oxi
dation of alicyclic alcohols with chromium trioxide, 6 his 
preparation of organic molecules with a slowly inverting 
pyramidal nitrogen atom7 (Figure D), and his manifold 
preparative use of fragmentation reactions 8 (Figure E), 
the nature and importance of which he had recognized 
ahead of others already at the start of his research career, 
and which appear throughout his work as a Leitmotiv, al
ways in a subtle new form. 



Fig. D - Two diastereomers exist as a result of slow inversion at 
pyramidal nitrogen. 

� + == + N='N + Tose 

Fig. E - Eschenmoser fragmentation and one of its applications. 
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Purpurogallin Colchicine OCH3 

Fig. F - Synthesis of Colchicine. 

"Eschenmoser is probably best known for his accomplishments in natural products synthesis. His singular command of strategy and tactics, already apparent in the total synthesis of the alkaloid colchicine 9 (Figure F), became more and more manifest in the course of his long and difficult investigations on the corr ins, in part carried out in a competitive collaboration with the late R.B. Woodward, crowned with two quite distinct total syntheses of vitamin B 1/0 (Figure G ). Their completion clearly confirmed the power of modern organic synthesis to achieve extraordinarily complex goals. In the course of this work Eschenmoser developed a multipronged set of synthetic routes to corrinoid and porphinoid compounds 11 (Figure H), enabling the first systematic investigation of the chemical properties of the corrinoids. He uncovered reaction paths entirely unsuspected before, which are central to an understanding of the biogenetic relationships within this biologically crucial class of pigments. " 

CO% 
, , N CONH; 
"'i CONH2 

H 

Hif�OC 

HOOC 

Vitamin B 12 

Fig. G - The two variants of the vitamin B12 synthesis. 
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Corrin 

R 

Fig. H - Cyclizations to corrinoids. 

NH2 ==< ----------CN 

H D/N __________ _ 

�
=
iE:::: 

H OH 

OP03H2 

t:��OH 

H,O,PO···Y··.oPo,H, 

hV 

.. CXOH 

H203PO� : �OP03H2 

OH 

rac.-Allose-2,4,6-triphosphat rac.-Ribose-2,4-<Jiphosphat 

Fig. I - Racemic ribose-2,4-diphosphate is formed preferentially from 
potentially prebiotic starting materials. 
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Fig. 7 - Dr. Jakob Schreiber - Albert Eschenmoser's first graduate 
student and lifelong friend. 

Fascinated by the unbounded possibilities for constructing the most 
complex of molecules from elementary starting materials, Eschenmoser 
has more recently set himself the task of the demystification, through 
chemical rationalization, of the seeming structural complexity of the 
fundamental molecules of Nature. In seeking answers to the question, 
"Why have these molecules, in particular, been selected by biological 
evolution?" he is applying organic chemistry to probe the possibilities 
of the molecular self assembly of complex molecules from simple, po
tentially prebiological molecules12 (Figure I). 



Fig. 8 - Albert Eschenmoser and Ernst Vogel, founder of Fluka. 

Fig. 9 - Albert and Elisabeth Eschenmoser. 

Fig. 10 - Duilio Arigoni and Albert Eschenmoser. (Photo: D. Felix) 

"Eschenmoser has received world-wide recognition for 
his contributions to chemical research, and has been the 
recipient of a long list of prizes and honors, among them 
the Marcel Benoist Prize, the R. A. Welch Award in Chem
istry, The August Wilhelm von I-l ofmann A ward, the Davy 
Medal, The Cope Award and the Wolf Prize, as well as a 
number of honorary degrees. As a teacher he carries a 
major responsibility for the not-so-conventional system of 
education in organic chemistry at the ETH Zurich. 
Doktorvater to some 140 students, he has also guided ap
proximately the same number of postdoctoral fellows; his 
chemical progeny are in academic and industrial posi
tions throughout the world. " 

Fig. 1 1  - Dorothy Hodgkin and Albert Eschenmoser. 
(Photo: M. Bonetti) 

Fig. 12 - R.B. Woodward, Albert Eschenmoser and the 
Vitamin 812 Machine. ("Laufzeit nie /anger als 2 
Minuten, ansonst bildet sich B,,.''J 

The picture of Albert Eschenmoser's personality would be incomplete were one not to include the fact that he is a great perfectionist. If he considers a task to be important enough (and only then! )  he spares no pain and no expenditure of time to carry it out optimally - whether he is writing a publication or organizing a symposium. Not only is he one of the most prominent organic chemists today, but also, as a result of h is uncompromising standards, he has become the arbiter elegantiarum of contemporary organic chemistry, and he should be very proud of this. On this note, I would like to end with a small anecdote. Two of Eschenmoser's colleagues were discussing his personality in the corridor. One of them declared, "Deep down he's a very modest man." At that moment Eschenmoser appeared unexpectedly in the corridor, and the other colleague, somewhat embarrassed, said, "It's just been said of you that you're a very modest man." His immediate reaction: "Yes, but I can hide it very well !" 
I thank Drs. Dorothee Felix and Jakob Schreiber and Profs. Duilio Arigoni and Claude Wintner (Haverford College) for their contributions to this article. 
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A. Helv. Chim. Acta 1990, 73, 1 940. Chemie van a-Aminonitrilen. 

Fig. 14 - Oskar Jeger and Jack Dunitz with Albert Eschenmoser. 
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Author 

"Vladimir Prelog, born July 23, 1906 in Sarajevo, Jugoslavia. 1 924-1929: Chemistry 
Department Czech Institute of Technology, Prague, CSSR; 1928: Dip I. Ing.-Chem.; 
1929: Dr. Sc. Techn., Thesis under supervision of Professor E. Votocek; 1929-1935: 
Head of Laboratory of  G.J. Driza, Prague; 1935-1940: "Dozent" at the Chemistry 
Department of the Technical University Zagreb, Jugoslavia; 1 940-1941: Associate 
Professor, Zagreb; Since 1942: Swiss Federal Institute of Technology, Ziirich, 
"Privatdozent"; 1 947: Associate Professor; 1950: Full Professor; 1957-1965: Head of 
Laboratory of Organic Chemistry, Swiss Federal Institute of  Technology (ETH), 
Ziirich; 1976: retired." 

Everyone who knows Professor Prelog will smile at the above curriculum vitae 
which he supplied. There it is - all correct - and yet so much is missing. Not just his 
many honors, including the Nobel Prize in 1975, but not a hint at what a humane person 
he is. 

Some years ago he gave this old Chinese advice: "If you want to be happy for an 
evening, buy a bottle of wine; for a week, slaughter a pig; for a year, get married; but 
if you want to be happy throughout your life, enjoy your work." Someone who didn't 
know him once accused him of being misogynous, to which he replied that he drinks 
practically no wine, does not eat pork, and at 8 p.m. on April 1, 1 927, met Kamila who 
has been his wife for 57 years. 

The Bible says of Moses that at 120 his eyes were not dim nor his natural strength 
abated. To Professors Eschenmoser and Prelog we say: To 1 20 ! 



Synthetic Aspects of Electron-Transfer Chemistry 

Our 1 975 review of electron-transfer sub
stitution reactions 1 dealt mainly with the basis 
for the then novel concept that nucleophilic 
substitution at a saturated carbon atom could 
proceed as a multi-stage sequence involving 
radical anions and free radicals as intermedi
ates. In the i ntervening years, this concept 
has become widely accepted and applied, and 
as a consequence, there is now substantial lit
erature concerned with the synthetic organic 
aspects of electron-transfer chemistry. It is 
clear that electron-transfer substitution pro
cesses are far more widespread and syntheti
cally valuable than anyone envisioned fifteen 
years ago. These reactions provide novel 
means of synthesis: they occur readily under 
mild conditions, give excellent yields of pure 
products, and, in contrast to SN2 displace
ments, they are rather i nsensitive to steric 
hindrance. Many electron-transfer reactions 
result in carbon-carbon bond formation and 
this, coupled with the relative i nsensitivity of 
these reactions to steric hindrance, results in 
the facile synthesis of highly branched com
pounds. Especially noteworthy is a general 
synthesis of quaternary carbon compounds 
based on e lectron-transfer chemistry.2 

1. Introduction. 

The various reactions described herein de
rive from two characteristics of aliphatic ter
tiary nitro compounds: (1)  the ease with 
which the nitro group accepts one electron 
and (2) the facility with which the resulting 
nitro radical anion fragments (i.e., eq. 1 and 
2). The free radical thus formed is able to 
react in various ways. In electron-transfer 
substitution processes, the radical combines 
with the nucleophile A- ( eq. 3) which is usu
ally the source of the electron of eq. 1. The 
resulting radical anion then transfers an elec
tron to a molecule of the tertiary nitro com
pound which readily accepts the electron 
(eq. 4). 

It will be seen that the multi-step sequence 
(eq. 1-4) produces the substitution product in 
which A-has displaced N02·• The direct dis
placement of an aliphatic nitro group by a 
nucleophile has never been observed. Thus 
what cannot be accomplished directly in a 
single step is achieved by an i ndirect method 

(eq. 1 -4). Several important advantages ac
crue to this more complex reaction path: ( 1 )  a 
high degree of selectivity is observed; (2) 
chemical reactions which do not occur via the 
classical SN 1 -SN2 pattern take place readily, 
and; (3) a signi ficant diminution in the impor
tance of steric hindrance occurs. 

The simple substitution of a nitro group by 
a nucleophile is not the invariant result of 
electron-transfer processes. Thus electron
transfer chemistry has made possible a new 
and very general synthesis of tetrasubstituted 
olefins. (See Section 3.)3 
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(eq. 1 )  
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+ Me2C N02 (eq. 6) 

+ N02 (eq. 7) 

(eq. 8) 

(eq. 9) 
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2. Replacement of the Nitro 
Groups of Tertiary Nitro 
Compounds. 

The synthetic utility of tertiary nitro compounds derives from the ease with which they undergo electron-transfer substitution of the nitro group. 
2.1. Replacement of the Nitro 

Group with Carbon-Carbon 
Bond Formation. The conversion of ethy I a-nitroisobutyrate to the 13-nitroester takes place at room temperature and gives a 95% yield of pure product4 (eq. 5). This reaction, which proceeds slowly in the dark, is accelerated by ordinary room light. For a discussion of this matter, see ref. 6. The chain mechanism of eq. 6-9 invokes both radical anions and free radicals; the intermediacy of radical anions is consonant with the ability of 5 mo!% p-dinitrobenzene (p-DNB) to completely inhibit the reaction.5 Support for the intermediacy of free radicals is provided by the observation that galvinoxyl,4at the 5 mo!% level, also inhibits the reaction of eq. 5. Finally, the quantum yield for this reaction is 220;6 thus, the average chain length is at least 220. It will be seen from the mechanistic sequence of eq. 6-9 that replacement of a nitro group depends not only on the propensity of a nitro group for forming a radical-anion ( eq.6), but also, on the ease with which nitroaliphatic radical anions fragment (eq. 7). 7 Fragmentation (eq.7), which is not observed with the radical-anions of nitroaromatics, provides a means of converting nitroparaffins into free radicals. These free radicals may then combine with nucleophiles to form radical-anions (eq. 8)8 which perpetuate the chain by trans• ferring an electron to a molecule of the starting nitro compound (eq. 9) and simultaneously generate the substitution product. (Later in this review, we reference the factors which govern the feasibility of the combination of a radical and an anion; i.e. ,the reaction of eq. 8; see Scheme 2.) The reaction of eq. 5 is a general reaction of a-nitroesters with nitroparaffin salts;4 for example: eq. 1 0. The salts of primary nitroparaffins may also be employed, and indeed, it is easy to isolate the product ( eq. 11 ). a-Nitro nitriles also undergo a general reaction 9 when treated with nitroparaffin salts. Here again, the nitro group of the a-nitro nitrile is rapidly and cleanly replaced by the nitroparaffin anion via an electron-transfer chain sequence analogous to that of eq.6-9 to give 13-nitro nitriles (eq. 12-14). The nitro group of an a-nitro ketone is also readily displaced: a-nitroisobutyrophenone, 
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+ 

1 ,  reacts with the anion of 2-nitropropane to give an 80% yield of the (3-nitroketone 2 ( eq. 1 5).4 The reactions of a,a-dinitro compounds are of considerable synthetic value. They occur with great speed; the reaction of eq. 16 is complete in 15 minutes. And, whereas anitroesters only react with nitroparaffin anions, a,a-dinitro compounds react with many other nucleophiles via the electron-transfer chain pathway. Thus, a variety of malonic ester 
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(eq. 1 2) 

(eq. 1 3) 

(eq.14) 

(eq. 1 5) 

(eq. 1 6) 

anions, (3-diketone anions and (3-ketoester anions displace a nitro group from a,a-dinitro compounds as the examples of Scheme 1 show. 1 0  Aside from its synthetic utility, the great reactivity of a,a-dinitro compounds illustrates an important point. a,a-Dinitro compounds are uniquely reactive, because regardless of the nucleophile, there is always available a chain sequence which involves nitroparaffin radical anions - something that is 
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Scheme 1 - Reactions of a, a-dinitro compounds. Scheme 2 - Chain sequence available for reactions of 
a,a-dinitro compounds with nucleophiles A". 
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(eq. 2 1 )  

not possible with a-nitroesters (Scheme 2). 
[The factors which govern the feasibility of 
the combination of a radical and an anion (i.e., 
the reaction of eq. 8) are further discussed in 
ref. 1 1 .J 

2. 1 . 1 .  Replacement of the Nitro 
Group by the Sodium Salt of 
N itrnmcthane. 

Tertiary nitro compounds react with the 
sodium salt of nitromethane ( eq. 17-21 ). This 
provides a facile preparation of quaternary 
carbon compounds bearing a -CH2NO2 on the 
quaternary carbon. Since a -CH2NO2 is readily 
transformed into a number of other useful 
functional groups by well-established 
procedures (Scheme 3), this significantly 
extends the synthetic value of this reaction. 

2.2. Replacement of the Nitro 
Group by Hydrogen .  

The nitro group confers a unique capability 
for carbon-carbon bond formation. Clearly, 
once the desired carbon skeleton has been 
established, it is advantageous to have effec
tive means for replacing the nitro group by 
hydrogen. Two procedures are now available. 

L'.?. i ,  Hy Sodium Men:aptide. 
In 1972, it was found that a tertiary nitro 

group is replaced by hydrogen on treatment 
with the sodium salt of methyl mercaptan. 14 
Equations 22-25 are illustrative. 

These reactions exhibit the characteristics 
of electron-transfer chain processes; the ac
cepted mechanism is given in Scheme 4. 
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Scheme 3 - Some transformations of primary nitroparaffins: 
KMn04 ,2 PhNCO,12 and P Jr 13 
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Scheme 4 - Chain mechanism for replacing the nitro group by 
hydrogen by the action of the sodium salt of methyl mercaptan. 
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In 1 981 ,  Tanner15 and Ono16 independently 
found that tri-n-butyltin hydride (Bu3SnH) 
also replaces a nitro group by hydrogen. The 
reaction is conducted in benzene at 80°C and 
is i nitiated by a catalytic amount of the free 
radical source azobisisobutyronitrile (AIBN). 
The reaction is quite general for tertiary nitro 
compounds, succeeds with some secondary 
nitro compounds, but fails with primary ni
troparaffins. Compared to sodium mercap
tide, tri-n-butyltin hydride possesses the valu
able attribute that it is a neutral reagent and 
employs a poor ionizing solvent. This confers 
an advantage when nitro compounds which 
have been prepared by a Michael Addition are 
reduced. Ono17 has exploited this advantage 
to good effect as can be seen from the 
examples of eq. 26 and 27. 

Bz0 N02 
BzO

� 
Bz0� 0\ 

BzO � oAc (eq. 28) 

Vasella18 has shown that the Bu3SnH reac
tion is valuable for the preparation of "C
glycosides" from nitro compounds derived 
from sugars (eq. 28). Support for a chain 
mechanism for the Bu3SnH reaction15•16 is 
derived from the observation that the reduc
tion is initiated by catalytic amounts of AIBN 
and is i nhibited by small amounts of m-dini
trobenzene (m-DNB) (Scheme 5). A more 
detailed description of this mechanism, based 
on ESR spectroscopy, has been published. 1 9  
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Scheme 6 - The preparation of a symmetrical tetrasubstituted olefin. 

2.3. Replacement of the Nitro Group 
by Thiol. 

The direct conversion of a tertiary nitro 
group into a thiol was reported in 1 978. 20 This 
important discovery provides a facile entry 
into the domain of organo-sulfur chemistry 
without destroying any other functional groups 
- even an aromatic nitro group comes through 
unscathed. 

The transformation of nitro into thiol is ac
complished by treating the tertiary nitro com
pound with a solution of sodium sulfide and 
sulfur in DMSO at 25°C, whereupon rapid 
conversion to a mixture of the corresponding 
thiol and dialkyl polysulfides occurs; on sub
jecting this mixture to the action of amalga
mated aluminum, or 1 ,4-butanedithiol, the di
alkyl polysulfides are cleaved to thiols. Some 
typical results are presented in eq. 29-34. 

Precisely what reagent is responsible for 
this transformation is not clear. Sodium sul
fide is ineffective, but when elemental sulfur 
is added to the sodium sulfide so that for each 
sulfide ion there is one sulfur atom (i.e. , the 
gross composition is Na2S) the reaction pro
ceeds smoothly. Further addition of sulfur is 
not beneficial; indeed, the rate of reaction is 
sharply decreased. 

An electron-transfer chain mechanism has 
been proposed.20 While it is probable that the 
reaction is an electron-transfer chain process, 
this has not been established. The difficulty in 
pinpointing the actual reducing agent in the 
sodium polysulfide reagent has served to 
discourage mechanistic studies. 

3. The Synthesis of 
Tetrasubstituted Olefins. 

A new and general synthesis of tetrasubsti
tuted olefins, noteworthy for its simplicity 
and for providing pure products in excellent 
yields, has been reported. 3 Both symmetrical 
and unsymmetrical olefins are readily ob
tained (Table 1 ). 

The elegance of this synthesis of tetrasub
stituted olefins can be appreciated by com
parison with the best previous synthesis of 
cyclohexylidenecyclohexane described in 
Organic Synthesis. 21When the salt of a sec
ondary nitro compound is treated with bro
mine, it is rapidly and quantitatively con
verted to the a-bromonitro compound. This 
compound, without being purified, is treated 
with a second equivalent of the nitroparaffin 
salt, whereupon the pure vicinal dinitro com
pound is isolated in 89% yield (Scheme 6). As 
shown in Scheme 6, conversion of vicinal dinitro 
compounds into tetrasubstituted olefins occurs 
smoothly at room temperature when the dini
tro compound is treated with sodium sulfide 
or sodium thiophenoxide. For preparative 
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purposes, sodium sulfide is preferred. For 
mechanistic studies, sodium thiophenoxide 
was employed. This synthesis is noteworthy 
for producing olefins free of isomers. Thus, 
even though a double bond exocyclic to a 
five-, six-, or seven-membered ring is prone 
to migrate into the ring, 22 this does not occur 
under the conditions employed. 

The preparation of unsymmetrical vicinal 
dinitro compounds from a-bromonitro com
pounds is not satisfactory, because in addition 
to the desired unsymmetrical compound, sub
stantial amounts of the two symmetrical vici
nal dinitro compounds are produced. This 
difficulty is easily circumvented by the use of 
a,a-dinitro compounds (eq. 35). In this way, 
86-91 % yields of pure unsymmetrical vicinal 
dinitro compounds are obtained. 

The elimination of two nitro groups from 
vicinal dinitro compounds by the action of 
sodium sulfide, or sodium thiophenoxide, is 
not a simple ionic process. These reactions 
are accelerated by the light of an ordinary 20-
watt fluorescent lamp, and they are inhibited 
by 5 mo!% di-tert-butyl nitroxide or 5 mo!% 
m-dinitrobenzene. Clearly, olefin formation 
is a n  electron-transfer chain process. Further
more, during the initial phase of the reaction 
there is an unmistakable acceleration in rate. 
These facts have led to the mechanistic pro
posal of Scheme 7.23 

It will be seen that the first four steps of 
Scheme 7 constitute a chain propagating se
quence. Implicit in this mechanistic proposal 
is the reasonable assumption that the Np4-• 
radical anion is a better one-electron transfer 
agent than thiophenoxide ion or sulfide ion. 

Minor variations of this chain mechanism 
are readily envisioned; for example, the [C6H5S
N02]-• radical anion may well be involved 
instead of the Np4-• radical anions. 

3.1. The Synthesis of Functionalized 
Tetrasubstituted 

In 1977 a simple synthesis of symmetrical 
and unsymmetrical tetrasubstituted olefins 
bearing cyano, keto, ester and ether groups 
was described (Schemes 8 and 9).24 Table 2 
lists the olefins obtained; yields refer to pure 
isolated products which, when the possibility 
exists, contain both the cis- and trans- forms. 
The preparation of the requisite sy mmetrical 
dinitro compounds is illustrated by Scheme 8. 

The success of this synthesis of functional
ized olefins derives from the fact that of all the 
common functional groups the nitro group is 
the most readily induced to accept one elec
tron. This, coupled with the use of a mild 
reducing agent, provides the observed selec
tivity. The salts of 2-nitropropane transform 
vicinal dinitro compounds into olefins. This 
preliminary result deserves further study. 
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Table 1 

Ole fins Synthesized from Vicinal Dinitro Compounds 
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Scheme 7 - Chain mechanism for conversion of vicinal dinitro compounds to olefins. 
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Scheme 8 - Preparation of symmetrical tetrasubstituted 
functionalized olefins. 
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Scheme 9 - Preparation of unsymmetrical tetrasubstituted 
functionalized olefins. 

Conclusion. 

Olefins Synthesized from Vicinal Dinitro Compounds This discussion of synthetically useful electron-transfer chain processes would be incomplete without mention of the first example of such a reaction - replacement of the nitrogen of aryl diazonium salts by hydrogen. This transformation, discovered by Mai in 1902,25 is brought about by treating a cold aqueous solution of the diazonium salt with hypophosphorous acid. The reaction is extremely reliable; indeed, it is one of the few truly general reactions of organic chemistry. 
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Scheme 10 - Replacement of diazonium group by hydrogen. 
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Not until 1949 was Mai's reaction shown to proceed via an electron-transfer chain sequence (Scheme 10).26 Since it is now clear that electron-transfer chain reactions are not restricted to aliphatic nitro compounds, * one hopes that this review will serve to provide organic chemists with a rational basis for anticipating the possibility of electron-transfer transformations rather than requiring them to stumble upon such reactions in the dark. 
• Fe iring, A.E. J. Org. Chem. 1983, 48, 347. Section 6.5, 

addendum. 

For an addendum to this article, which describes more detailed syntheses of tertiary nitro compounds, etc., please contact our Technical Services Department at 800-231-8327. 
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Fig. 1 

Readers of our Acta 
know how much our 
chemist collector loves 
the works of one Rem
brandt student, Gerbrand 
van den Eeckhout, who 
was also Rembrandt's 
good friend. This is our 
fourth cover depicting 
an Eeckhout. 

There is a preparatory drawing (Fig. 1) for this painting ( oil on canvas, 
21 1/zx 25 inches), which shows how the artist began by wanting to depict 
King Solomon's idol worship; note that on the very right of the drawing is 
the foot of an idol. However, in the painting, done in the I 660's, the King 
seems to be praying with great devotion. Perhaps the artist changed his 
mind and finally depicted Solomon praying in the Temple. 

This is one of the few paintings of the Rembrandt school portraying 
King Solomon. It is surely significant that Rembrandt and his students con
cerned themselves far more with the agonies of King Saul and the 
vicissitudes of King David than with the successes of Solomon. In his 
handling of light, Eeckhout comes close to works of his teacher and friend. 
He contrasts the simple architectural forms of the Temple with the 
splendor of Solomon's clothing and jewelry, achieving that e ffect by the 
use of white dots of light, a technique used by Rembrandt in his works of 
the 1630's. 

From Dura to Rembrandt - Studies in the History of Art 
A collection of nineteen papers, seventeen in English and two in  

German, by Rachel Wischnitzer (1 885-1989) ranging from synagogue 
architecture to the iconography of works by Rembrandt, together with this 
remarkable woman's life story, written by Prof. Bezalcl Narkiss, the 
director of the Center for Jewish Art at the Hebrew University. A 
wonderful gift for any good friend. 

Z21,962-2 $36.00 

The Detective's Eye: Investigating the Old Masters 
Twenty-three paintings that have been reproduced on our Acta covers 

and five that have been on our catalog covers were among some seventy 
works in an exhibit at the Milwaukee Art Museum (January 1 9  - March 19, 
1989) for which Isabel and Alfred Bader were guest curators. 

If you relish detective work and puzzles about Old Master paintings, 
you will find much to enjoy in this fully illustrated catalog, and you will 
learn something about our chemist collector's interest in art and connois
seurship as well. 

Z18,350-4 $12.00 
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No matter how careful laboratory technicians may be, once in a while ground glass stoppers jam in flask necks. This can be particularly annoying if it happens on a filled separatory funnel. We have solved this problem by passing a Pasteur pipette through the stopcock of the separatory funnel as shown in the figure. This allows air to come into the separatory funnel while the liquid comes out cleanly and without loss of material. 
Ann llaestier 

Department of Chemistry 
Brandeis University 

Waltham, MA 02254-9110 

Do you have an innovative shortcut orunique laboratory hint 
you'd like to share with your fellow chemists? If so, please 
send it to Aldrich (attn: Lab Notes). For submitting your idea, 
you will receive, at no cost, a laminated periodic table poster 
(ZlS,000-2 $9.20, shown above). Ifwe publish your Lab Note, 
you will also receive The Detective's Eye: Investigating the 
Old Masters (see previous page). We reserve the right to retain 
all entries for consideration for future publication. 

Periodic 
Plus® 

An outstanding reference and teaching resource for chemical, thermodynamic and spectroscopic information that can substantially reduce the need for searching through handbooks, literature or textbooks. Periodic Plus provides colorful, detailed information and graphic displays of over 40 chemical properties of all 105 elements. 
Software features: 
Organic spectroscopic data: Chemical shift information for over 20 functional groups of proton and carbon-13 NMR, and intensity and frequency data for infrared spectroscopy. Data can be sorted by chemical shift, structure, functional group, intensity, frequency, and bond. 
Database management: Up to five properties can be displayed at a time with options to sort and list on specific property, in ascending or descending order. 
Element characteristics: Display the etymology, metallic properties, physical state, hazardous properties and daily human intake. 
Four graphical display options: Plot element data on-screen in histogram, compara-

tive, 3-dimensional or bar graph formats. 
Conversion factors and constants: 300+ available for quick reference. 
System requirements - IBM®PC-X� PC-A T®or compatible, EGNVGA monitor, 
640K RAM and hard drive, MS-DOS®or PC-DOS version 3.0 or higher. 
221,931-2 
222,022-1 

5¼-in. diskettes 
3½-in. diskettes 

$99.95 
99.95 

Periodic Plus is a registered trademark of Spectral Intelligence Corp. IBM, PC-XT and PC-AT are registered 
trademarks of International Business Machines Corp. MS-DOS is a registered trademark of Microsoft Corp. 
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Professor Alfred Hassner of Bar-Ilan University kindly suggested that we offer a polymeric quaternary ammonium azide reagent. 1 Alkyl, benzyl, and alpha-keto azides2 are cleanly prepared from alkyl halides or sulfonates under mild conditions using this heterogenous reagent. Naturally, we made it. 
(1) Hassner, A.; Stem, M.; Gottlich, H.E.J. Org. Chem. 1990, 
55, 2304. (2) Hassner, A.; Stem, M. Angew. Chem., Int. Ed. 
Engl. 1986, 25, 478. 

36,834-2 Azide exchange resin, azide on Amberlite® IRA-400 
10g $13.50; 50g $45.00 

It was no bother at all, just a pleasure to be able to help. 
Amberlite is a registered trademark of Rohm and Haas Co. 

Aldrich warrants that its products conform to the information contained in this and other Aldrich publications. Purchaser must determine the 
suitability of the product for its particular use. See reverse side of invoice or packing slip for additional terms and conditions of sale. 
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Long-Range Electron Transfer 
l!O ns 

Experiments i n  several laboratories over 
the last few years have established that elec
tron transfer (ET) in modified proteins and 
protein-protein complexes can take place 
over long molecular distances (> 1 0  A) at 
biologically significant rates. 1-4 The goal of 
our work in this field is elucidation of the 
factors that control the rates of these reac
tions. 

Ruthenated Proteins 

The molecules we have employed are 
ones in which ruthenium ammines are at
tached to surface histidines of structurally 
characterized redox proteins.5·7 Surface 
modification of a protein is expected to be 
nonperturbative,8 so it can be assumed that 
the structure of the modified protein is the 
same as that of the native protein. Hence, the 
distance and the intervening medium in
volved in electron transfer between the na
tive and synthetic protein redox sites are 
known. Altering the site of attachment al
lows both the distance and the intervening 
medium for electron transfer to be varied. 
Changing the ligands in the ruthenium 
modification reagent also permits driving
force effects on the rate of the reaction to be 
studied. 

� His 33 

Fig. 1. Redox centers in a,Ru(His33)cyt c. 
Edge-edge distances: His33 to His] 8, 
Jl .7A; His33 to the heme, 13.2A. 

Harry B. Gray 
Beckman Institute 

California Institute of Technology 
Pasadena, California 9I l25 

Fig. 2. Comparison of the structures of the His48 and heme regions of native and 
a,Ru(His48)-modified myoglobin. 

Professor Harry 8. Gray (right) receiving the Alfred Bader Award in 
Bioinorganic or Bioorganic Chemistry from Dr. Alfred Bader. 
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Our modification procedure involves the 
reaction of aquopentaammine-ruthenium(II) 
(a5Ru2•) with the imidazole of a surface 
histidine of a protein.6•7·9· 13 Importantly, the 
a5Ru(histidine )-modified proteins are rela
tively robust in both the Ru(II) and Ru(III) 
oxidation states. 14·15 Modified proteins that 
have been studied extensively include 
a5Ru(His33)cytochrome c (Fig. 1 )6•9•15 and 
a5Ru(His48)myoglobin (Fig. 2). 1 1 · 13 

Kinetics Methods 

Flash photolysis and pulse radiolysis tech
niques have been employed to study electron 
transfer in ruthenated proteins. 3•1 1  The flash 
method used commonly to monitor Ru2•➔Fe3+ 

and Ru2•➔cu2• electron transfer is outlined 
in eq. 1 -4 (illustrated for Ru2•➔Fe3• electron 
transfer). The electron transfer reaction is 
initiated by photogenerated Ru(bpy)/" 
(bpy = 2,2'-bipyridine), which rapidly re
duces the suface ruthenium. The Ru(bpy)/+ 
is scavenged by EDT A before it can back 
react with the a5Ru2•(His) group. In the case 
of a heme (FeP), a fast increase in absor
bance due to direct reduction of Fe(III)P by 
Ru(bpy)/" is followed by a slower increase 
in absorbance due to reduction ofFe(III)P by 
the Ru(II) on the protein surface. 

Lieber has developed a method for the 
study of electron transfer from a protein 
metal center to a surface ruthenium. 10 In this 
method, Ru(bpy)/•' acts as an oxidant, se
lectively removing an electron from a sur
face a5Ru2•(His). A Ni(II) macrocycle/alkyl 
bromide scavenger system oxidizes the 
Ru(bpy)/ before it can back react with 
a5Ru3•(His). 

Electron transfer at high driving forces 
(values of -�GO in the ~ 1 e V range) has been 
investigated in zinc-porphyrin (ZnP) deriva
tives of ruthenated cytochrome c and myo
globin. 16·17  Laser excitation generates the 
relatively long-lived excited triplet, 3ZnP', 
which is a powerful reducing agent. Both 
excited-state electron transfer (k. ET) and 
thermal recombination (kb 

ET) reactions can 
be monitored in favorable cases by transient 
absorption spectroscopy (eq. 5-7). 

The rates of electron-transfer reactions in 
Ru(His33)cyt c (M) derivatives (M = Fe,Zn) 
range from 3 x101 to 3.3xl06 s· 1 (Table 1 ). 
The rates sl]ow a strong dependence on driv
ing force (-�G0

), as predicted by Marcus. 1 8  
Replacement of  the heme in Ru(His48)Mb 
by several metalloporphyrins (MP: M = H2, 

Pd, Pt, Cd, Mg, Zn; P = mesoporphyrin IX 
diacid) yields Ru(His48)Mb(MP) species in 
which 3MP'➔Ru3+ electron-transfer rates have 
been measured (Table 2). The electron
transfer rates again increase markedly as the 
driving force increases, following the same 
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Ru(bpy)a2+ 

Ru3+ (protein) Fe3 + + Ru(bpy)i+ * 

Ru(bpy'33+ 

Ru2 + (protein)Fe3+ 

ZnP(protein)Ru3 + 

3znP *(protein)Ru3 + 

ZnP+ (protein)Ru2 + 

EDTA 

kET 

hv 

k;_, 

kb ET 

Ru(bpy)/+ • (eq.1) 

Ru2+(protein)Fe3+ + Ru(bpy)3
3 + (eq. 2) 

Ru(bpy)l+ (eq. 3) 

Ru3 + (protein)Fe2 + (eq. 4) 

3Znp *(protein)Ru3+ (eq. 5) 

ZnP+ (protein)Ru2+ (eq. 6) 

ZnP(protein)Ru3+ (eq. 7) 

Table 1 .  ET Rates in Ru (His33)cyt c Derivativesa 

Donor Acceptor -�G0 (eV) kEr (s-1) 

a5Ru2• cyt c (Fe3•) 0. 1 8  3.0 X 1 01 

a5Ru2• cyt c (Zn') 0.36 2.4 x 1 02 

a4 (isn)Ru2• cyt c (Zn•) 0.66 2.0 X 1 05 

cyt c (Zn') a5Ru3• 0.70 7.7 X 1 05 

a4 (py)Ru2• cyt c (Zn•) 0.74 3.5 X 1 05 

cyt c (Zn') a4(py)Ru3• 0.97 3.3 x 1 06 

a5Ru2• cyt c (Zn•) 1 .01  1 .6 X 1 06 

cyt c (Zn') a4 (isn)Ru3• 1 .05 1 .9 X 1 06 

a From ref. 1 7: isn = isonicotinamide; py = pyridine. 

Table 2. ET Rates i n  Ru (His48)Mb Derivativesb 

Donor Acceptor 
FeP a5Ru3• 
FeP a4(py)Ru3• 
H2P' a5Ru3• 
PdP' a5Ru3• 
PtP' a5Ru3• 
CdP' a5Ru3• 
MgP• a5Ru3• 
ZnP• a5Ru3• 
PdP' a4(py)Ru3• 

b From refs. 1 1  and 1 6. 

pattern as observed for Ru(His33)cyt c (M) 
derivatives. In comparing data at the same 
driving force, however, it is clear that elec
tron transfer in Ru(His48)Mb(MP) is not as 
facile as in the cytochrome c system. 

and 

In semiclassical electron-transfer theory, 
three parameters govern the reaction rates: 
the electronic coupling between the donor 
and acceptor ( KE); the free-energy change for 

-�G0 (eV) kEr (s·1) 

0.02 0.04 
0.28 2.5 
0.53 7.6 X 1 02 

0.70 9 . 1  X 1 03 

0.73 1 .2 X 1 04 

0.85 6.3 X 1 04 

0.87 5.7 x 1 04 

0.88 7.0 X 1 04 

0.96 9.0 X 1 04 

the reaction (�G0
); and a parameter (,-..) re

lated to the extent of inner-shell and solvent 
nuclear reorganization accompanying the elec
tron-transfer reaction. 18 Additionally, when 
intrinsic electron-transfer barriers are small, 
the dynamics of nuclear motion can limit 
electron-transfer rates through the frequency 
factor, 'UN. These parameters describe the 
rate of electron transfer between a donor and 
acceptor held at a fixed distance and orienta
tion (eq. 8), where R is the gas constant and 
T is the absolute temperature. 

It is commonly assumed that for long-



] (eq. 8)  

1 0 

0 
0 

-11 G0 (eV) 

Fig. 3. Ln k
E
/!:,.G0 plots for Ru(His33)cyt c derivatives. 

H i s l l 6� 

� 
} H i s 8 1  

H i s 4 8� 
Fig. 4. Relative positions of four surface histidines and the heme in ruthenated 

myoglobin. 

(eq. 9) 

Table 3. ET Distances 
Derivatives 

X Distance (A)" kET (s·1)d 

48 1 1 .8 - 1 6.6 (1 2.7) 7.2 X 1 04 

81 1 8.8  - 1 9.3 ( 1 9 .3) 1 .5 X 1 02 

1 1 6 1 9.8  - 20.4 (20. 1 )  3 .0 X 1 01 

1 2  21 . 5  - 22.3 (22.0) 1 .4  X 1 02 

c Edge-edge distances (d) from ref. 1 1 ;  estimated d (eq) values in parentheses. 
d 3ZnP·➔Ru3+ rates from refs. 1 6  and 21 . 

range electron transfer the electronic factor 
(KE) will decrease exponentially with the 
donor-acceptor edge-edge distance, d (eq. 
9). 18  The closest contact distance, d0, is nor
mally taken to be 3 A (van der Waals contact 
of the edges of the donor and acceptor). The 
value of p is a measure of the effectiveness 
of the intervening medium in coupling the 
donor and acceptor (eq. 9). 

Analysis of electron-transfer rate data for 
a5Ru(His48)Mb(MP) derivatives gives 
A -1 .4 eV. 1 The maximum electron-transfer 
rate, 'IJNKE -3.5x1 05s· 1 , is proportional to the 
square of the matrix element, H AB' that de
scribes the electronic coupling between 
a5Ru(His48) and the metalloporphyrin. In 
the nonadiabatic limit (HA8 <<k8 T), the pro
portionality constant is (n/h2ARI)½, 18 which 
gives an HA8 of roughly 0.05cm·1 for the 
a5Ru(His48)Mb(MP) system. 

In an analysis of Ru(His33)cyt c, plots of 
In kET vs. -�G0 for (a) 3ZnP'➔Ru3+, (b) 
Ru2+➔znP+, and (c) Ru2+➔Fe3+ reactions 
were fit separately to eq. 8 (Fig. 3). 1 7  The 
values of A range from 1 .15  to 1 .25 eV, 
which are slightly smaller than the A for 
myoglobin. HA8 values are -0.03 (FeP) and 
-0.1 2cm•i (ZnP) for the electron-transfer re
actions. It is interesting that the ZnP:Ru(His) 
electronic coupling is better for His33-modified 
cytochrome c than for His48-modified 
myoglobin. 

Experiments at Different Fixed 
Distances 

The distance dependence of electron-trans
fer rates in proteins has been studied in 
ruthenated sperm whale myoglobin, where 
there are four surface histidines at different 
edge-edge distances, d, from the metal por
phyrin (Fig. 4). '6· 19·2 1 Analysis of the rates of 
photoinduced electron transfer in deriva
tives in which the iron porphyrin is replaced 
by zinc mesoporphyrin IX diacid (ZnP) (Table 
3) gives p values in the 0.8-1.0 A- 1 range. It 
is of interest that the rates of related electron
transfer reactions in a

5
Ru(His33)cytochrome 

c 1 7  and Zn,Fe-hybrid hemoglobin22 fall near 
the lines in Fig. 5. It also has been found that 
the Ru(bpy)/+'➔Fe3+ and Fe2+➔Ru(bpy)/+ 
electron-transfer rates in Ru(bpyMlysine) 
derivatives of horse heart cytochrome c scale 
roughly with edge-edge distance.23 

One notable observation is that 
3ZnP'➔a5 Ru(His 12)3+ electron transfer is 
faster than expected based on edge-edge dis
tance. Since Trp1 4 lies directly between 
His 12  and the porphyrin, it may play a role in 
enhancing the electron-transfer rate. 16

•
1 9

,
20 

One possibility is that p is approximately 
0.1 A- 1 less for a,Ru(His 1 2)Mb than for the 
other myoglobin derivatives. 16 However, 

Aldrichimica Acta, Vol. 23, No. 4, 1990 89 



the rate of electron transfer from a5Ru(His62)2+ to Fe3+ in a yeast iso-1 -cytochrome c mutant (produced by site-directed mutagenesis) apparently is not enhanced even though polarizable Trp59 and Met64 side chains reside in the intervening medium.24 Several unusually slow electron-transfer rates at short edge-edge separation distances have been reported for ruthenium-modified proteins. 14•25·28 The most striking examples have come from experiments involving plastocyanins modified with a5Ru3+ at His59.27•28 The electron-transfer rates in these proteins (kET<0.3s· 1) are much lower than would be expected for edge-edge distances in the 10- 12  A range. The inner-sphere reorganization energy for blue copper proteins should be small, since the geometry at the copper site is intermediate between Cu(I) and Cu(II).19 The outer-sphere reorganization energy is expected to be small as well, since the Cu site is buried (and no solvent molecules are proximal to the metal). In addition, the ruthenium-labeled histidine is thought to be similar in structure to that of the modified histidines in other proteins. Thus, it is likely that the slow rates are attributable to very poor Cu-Ru electronic coupling, although it will require additional experimental and theoretical work to settle the matter. In recent work, the kinetics of long-range electron transfer have been measured in a4LRu(His39) derivatives (L = NH3 , pyridine, isonicotinamide) of Zn-substituted 
Candida krusei cytochrome c30  and a4LRu(His62) derivatives (L = NH3, pyridine) of Zn-substituted Saccharomyces cere
visiae cytochrome c.31 Electron-transfer rates 
are set out in Table 4. The rates of both excited-state electron transfer (3ZnP'➔Ru3+) and thermal recombination (Ru2+➔znP+) are approximately three times greater in Ru(His39)cyt c than the rates of the corresponding reactions in Ru(His33)cyt c, but analogous electron-transfer reactions in Ru(His62)cyt c are roughly two orders of magnitude slower than in the His33-modified protein. Plots of the Ru(HisX)cyt c (X = 33, 39, 62) data are shown in Fig. 6. Although the reorganization parameter A is nearly the same for the electron-transfer reactions in the three proteins (-1 .2 eV), the HAB value for Ru(His39)cytc  (0.21 cm·1) is almost twice as large as that for Ru(His33)cyt c (0. 12  cm·1) and over twenty times larger than HAB for Ru(His62)cyt c (0.01 cm·1). Since virtually the same donor and acceptor electronic states are found in the three proteins, the differences in H AB must arise from the manner in which the intervening atoms couple the two states. If a homogeneous medium of constant tunneling-barrier height separated the 
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Table 4. ET in Ru(His39) and Ru(H is62) Cytochromes c 

Ru(His39)cyt ce 

a4 (isn)Ru2+➔ZnP+ 
3ZnP·➔a5Ru3+ a4 (py)Ru2+➔ZnP+ 
3ZnP·➔a4 (py)Ru3+ a5Ru2+➔ZnP+ 
3ZnP·➔a4 (isn)Ru3+ 

Ru(His62)cyt c' 
3ZnP·➔a5Ru3+ a4 (py) Ru2+➔ ZnP+ 
3ZnP·➔a4 (py)Ru3+ a5Ru2+➔ZnP+ 

• From ref. 30. 1 From ref. 3 1 .  
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Fig. 7. ET pathways from His33 and His39 ( d=I 3.0 A) to the heme in cytochrome c. 

(eq. 1 1 )  

(eq. 12) 

donor and the acceptor in the three systems, then HA8 would depend primarily on the edge-edge distance and would be nearly the same for Ru(His33)cytc and Ru(His39)cyt c and decrease only slightly for Ru(His62)cyt 
c relative to Ru(His39)cyt c.30

•
3 1  Clearly, this prediction is not borne out by experiment. The evidence suggests that the chemical nature of the polypeptide medium separating the Ru-ammine and metalloporphyrin sites is responsible for the differential electronic coupling in these Ru-Zn-cyt c derivatives. 

We will return to this matter shortly. It has been shown in studies of Os- and Ru-ammines bridged by polyproline spacers that the distance dependence of "}.., can be greater than that of HA8
•32 Dielectric continuum models of solvent reorganization predict that "-o will increase with donor-acceptor separation. Models that describe charge 

transfer within low-dielectric spheres or ellipsoids embedded in dielectric continua exhibit a dependence upon electron-transfer distance as well as upon the positions of the redox sites inside the sphere or ellipsoid.33 Modeling the Ru-Zn-cyt c systems as single spheres suggests, however, that variations in A-
0 

for the Ru(His33)cyt c, Ru(His39)cyt c, and Ru(His62)cyt c electron-transfer reactions will not be significant (0.57, 0.60, and 0.63 eV, respectively).3 1 Winkler has examined the maximum variation in A-0 predicted by the single-sphere continuum model.3 1 •34 The cyt c molecule can be taken as a 34 A radius sphere with its metal center 5,8 A from the origin. The Ruammine complex is taken as a 6 A sphere centered on the Ru atom that is assumed to be fixed 1 6  A from the center of the cyt c sphere. The small sphere can occupy any position on the large sphere with values of the electrontransfer distance varying from 1 0.2 to 21.8 A. A third sphere then encloses the two other spheres and "}..,0 for electron transfer between the two metals is calculated by treating the solvent as a dielectric continuum. The magnitude of "}..,0 varies from 0.38 to 0.63 e V almost linearly as the electrontransfer distance increases from 1 0.2 to 2 1 .8 

A. The total variation of 0.25 eV is only slightly larger than the uncertainty range in the estimates of "}.., (±0. 1  e V). The invariance of "}.., found for the electron-transfer reactions of the three modified cytochromes is, therefore, consistent with theoretical considerations. 
Electron-Tunneling Pathways 

In covalently-coupled donor (spacer) acceptor molecules, the evidence now available suggests that electron-transfer rates depend upon the number of covalent bonds separating the donor and the acceptor, rather than upon their direct separation distance.35·40 Several investigators have begun to examine potential electron-tunneling pathways in proteins.4147 Interestingly, the throughpeptide routes generally involve so many bonds that they cannot possibly account for the observed rates. 16
·

1 7  Beratan and Onuchic have developed a simple model to describe the contribution of the polypeptide bridge to the donor-acceptor electronic coupling in protein systems.4 1 The essence of the model is that HAB decreases from its maximal value (at van der Waals contact of donor and acceptor) by a constant factor for each covalent bond in the electron-transfer pathway (E8 = 0.6). Ionic contacts (H-bonds and salt bridges) and through-space jumps decrease HAB by somewhat larger factors (EH is the H-bond coupling; Es is the through-space coupling). The decay factors are described in eq. 1 0- 12. The 13 's specify the distance dependence of the interactions, and the o's give their orientation dependences. A computer program has been written employing these interactions to search for electron-tunneling pathways through proteins.46 In its simplest version, the parameters are as follows: E8 = E8, OH = 1 .0, os = 1 .0, l30 = 13 1 = 132 = 1 .7 A-1, and const = 0.6. Calculated electron-transfer pathways in Ru(His33)cyt c and Ru(His39)cyt c are shown in Fig. 7. The best pathway from His33 to the metalloporphyrin is a 15 -bond route to the metal atom through His 1 8  that includes a 1 .85 A hydrogen bond between the Pro30 carboxyl oxygen and the proton on the His1 8  nitrogen. The shortest pathway from His39 is a 12-bond route that includes a 2.4 A H-bond between the a-amino hydrogen atom of Gly41 and the carboxyl oxygen of a propionate side chain on the porphyrin. The key difference between these two pathways is the number of covalent bonds; the His39 pathway is built from 1 1  covalent bonds and 1 H-bond, while the His33 pathway has 1 5  covalent bonds and 1 H-bond. Hence, the experimental observation that the electronic coupling is stronger in the His39 derivative 
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than in the His33-modified protein (even 
though the edge-edge distances in the two 
modified proteins are roughly the same) is 
consistent with the Beratan-Onuchic path
way analysis. 

Two tunneling pathways for Ru(His62)cyt 
c that emerge from the analysis are shown in 
Fig. 8. One is a 1 7-bond route with 14 
covalent bonds and 3 H-bonds (the third of 
which connects the Trp59 nitrogen atom to 
the carbonyl oxygen of a heme propionate 
side chain); the other is a 1 3-bond route with 
1 2  covalent bonds and a through-space inter
action between the sulfur atom of Mct64 and 
the heme edge. The sharply lower electronic 
coupling in the His62 protein, relative to 
both the His33 and His39 systems, indicates 
that the Met64-heme through-space interac
tion is a poor shortcut in the His62-Mct64 
electron-transfer pathway. As pathway 
analyses are made on other structurally engi
neered proteins, i t  will be interesting to see i f  
examples can b e  found in which through
space contacts are much better shortcuts. It 
is possible that the nature of the interacting 
groups and their relative orientation will 
greatly in fluence the strength of coupling. 

There has been a good deal of interest in 
the donor-acceptor electronic couplings that 
have been extracted for the four ruthenated 
myoglobins. Employing molecular orbital 
methods, three groups independently have 
obtained theoretical results in good agree
ment with the experimentally derived val
ues.43"45 All three calculations show that the 
electron-transfer rate constant decreases with 
distance roughly as predicted by eq. 9, with 
p values from theory (~0.8 A- 1 ) in accord 
with experiment. The rate/distance scaling 
apparently is much more predictable for 
myoglobin than for cytochrome c, owing to 
a lack of dominant pathways in the former 
case. Indeed, there arc man"y more pathways 
(with comparable couplings) for myoglobin 
[~200 for Ru(His48)Mb] than for any pro
tein studied to date.46 

Many of the Ru(His48)Mb electron-trans
fer pathways feature a through-space jump 
between Phe43 and the heme (Fig. 9). This 
raises the question of enhanced electronic 
coupling attributable to phenyl-porphyrin 
interactions, a coupling that in a n-n super
exchange model might be stronger in the 
Ru2•➔ZnP• direction than for 3ZnP'➔Ru3• 
electron transfer. Analysis of extensive kinetics 
experiments on Ru(His48)Mb(ZnP) deriva
tives shows that the electronic coupling is 
not significantly different for the two pro
cesses, thereby adding to the results that 
point to a-hole tunneling as the dominant 
mechanism for long-range interactions.48 

Fin ally, we look once agai n at 
Ru(His12)Mb, where there is both theoreti-
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cal43·45 and experimental19•20 evidence for 
electron-transfer rate enhancement by an 
intervening aromatic group. In the His1 2-
modified protein, the important pathways 
involve residues in two a-helices linked 
through space by Trp 1 4  or Leu76(Fig. 1 0).46 

In the a-hole tunneling model, the calculated 
HAn for Hisl 2-heme interactions falls well 
below the experimentally estimated value, 
thereby hinting at a special role for Trp14 in 
the through-space connections.46 Experi
ments aimed at evaluating donor-acceptor 
couplings in myoglobin mutants in which 
Trpl 4 is replaced by other amino acids could 
help resolve this matter. Indeed, there is 
much left to be done before we can claim to 
have a good understanding of the ways in 
which the intervening medium manipulates 
the rates of long-range electron transfer 
through proteins. 
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Understanding and Controlling Diastereofacial 
Selectivity in Carbon-Carbon Bond-Forming Reactions 

"Nature, i t  seems, is an  organic chem

ist having some predilection for the al
dol and related condensations ... "1 

The last two decades have witnessed 
a renaissance in the aldol reaction, one 
of the most venerable of organic reac

tions. This torrent of research activity 
was made possible by two main devel

opments: the discovery of methods for 
the formation and use of preformed 

enolates, particularly those of lithium; 
and the advent of powerful analytical 

methods that are well suited for the analy
sis of diastereomeric mixtures, especially 

13C NMR spectrometry. The principal 
factor that was responsible for the re

birth of the aldol reaction as a modern 

method of synthesis was probably the 

discovery that its stereochemistry can be 

controlled quite effectively through the 
use of preformed enolates.2 In this ar

ticle, I highlight the research on stereo
selective C-C bond constructions that 
has been carried out since 1976 by my 

research group at Berkeley. This re

search had its origin in an investigation 

of simple stereoselection (syn/anti 
stereoselection) in the reactions of pre

formed lithium enolates with aldehydes. 
From this topic, we moved to a study of 

diastereofacial selectivity in the aldol 
reactions of chiral enolatcs and chiral al

dehydes. In recent years, we have ex

tended these investigations to include 

reactions of electrophiles analogous to 

aldehydes (oxonium ions, thionium ions, 

immonium ions). This article provides a 
broad overview of these studies. Al

though I focus on work carried out in my 

research group at Berkeley, there is no 

intention to slight the important contri

butions from many other research groups, 
notably those of David Evans, Satoru 

Masamune, Teruaki Mukaiyama, Dieter 

Seebach, Manfred Reetz, Cacsare Gen

nari, Manfred Braun and Ian Paterson. 

The reaction between a prochiral 
enolate and an aldehyde can give two 

diastereomeric f3-hydroxy ketones, some

times referred to as syn (erythro) and 

anti (threo) (Scheme 1 ). 3 In our earliest 

work on the aldol reaction, we found that 

the relative stereochemistry of an aldol 

is related to that of the enolate from 

which it comes; Z enolates give syn 
aldols, and E enolates give anti aldols, 

provided the group attached to the oxy

gen-bearing carbon of the enolate is 

bulky.4 This relationship was capital

ized upon by the creation of several 

Clayton H. Heathcock 
Department of Chemistry 

University of California 
Berkeley, CA 94720 

reagents that can be used to prepare syn 
or anti a-alkyl-f3-hydroxy carboxylic ac

ids. The useful a-trimethylsilyloxy ketone 

1 (Buse's reagent)5 and f3,y-unsaturated 

ketone 2 (Mori 's reagent)6 both give Z 
enolates that react with aldehydes to 

give only syn aldols (Scheme 2). The 

aldols derived from l are cleaved with 

periodic acid to obtain syn a-alkyl-f3-

hydroxy carboxy lie acids; 7 those derived 

from ketone 2 are reduced and the result

ing homoallylic alcohols cleaved with 

lead tetraacetate to acquire a-alkyl-f3-

hydroxy carboxaldehydes. 

On the other hand, esters tend to give 

E enolates upon deprotonation with LOA 

Scheme 1 

9H 0 

+ R· YR 

syn (erylhro) antl(threo) 

Professor Clayton H. Heathcock (right) receiving the American Chemical Society Award for 
Creative Work in Synthetic Organic Chemistry from Dr. Alfred Bader. 
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and other lithium amide bases, but the 
enolates of normal alkyl esters show es
sentially no simple stereoselcction in their 
aldol reactions. However, the £ enolates 
derived from esters of 2,6-dimethylphe
nol (DMP), 4-methyl-2,6-di-tert-butylphe
nol ('butylated hydroxytoluene ' ,  BHT), 
and 4-methoxy-2,6-di-tert-butylphenol 
( 'dibutylated hydroxyanisole' ,  DBHA) 
give a-alkyl -!3-hydroxy esters with quite 
useful stereoselectivity.8 One example is 
the reaction of ester 3 (Pirrung's reagent) 
with isobutyraldehyde (Scheme 3).9 

Remarkably, the high stereoselectivity of 
these h indered aryl esters carries over to 
the esters of a-alkoxy carboxylic acids. 
Thus, as shown in Scheme 3, the BHT 
ester of 0-benzyllactic acid, 4, gives an 
enolate that reacts with isobutyraldehyde 
to give a single aldol. 1 0  Reagent 4 and its 
analogs therefore serve as useful syn
thetic equivalents for the lactaldehyde 
enolate. 

Parallel investigations of Lewis acid 
mediated aldol reactions also led to syn
thetically useful reagents. Although most 
silyl enol ethers do not show exceptional 
simple stereoselection in their Lewis acid 
mediated reactions with aldehydes, 11 those 
derived from tert-alkyl ketoncs do give 

i-Pr CHO 

Schemes 

Me

� LIO ?' I 

�o � 
r Me 

1-PrCHO ?H 0 
�ODMP 

i-PrCHO -
an6 (throo) 

(Buse, 1 977) 

( 1 )  LiAIH4 
(2) Pb(OAC)4 

(Mori, 1 990) 

(Pirrung, 1 981)  

?H 
LiAIH, '()('oH 

Ph ) 

(Pirrung, Hagen, Jarvi, Young, 1 981) 

Scheme 4 

OSiMe3 9H 
O 

.-,::::1 + i -PrCHO � � t -Bu 
� t -Bu I j 

(Hug, Flippin, 1984) 

OH 9H 

,,;(i� + i -PrCHO � ..? A � 
: 0 (1) LiAIH4 

� 
(2) Pb(OAc), E CHO n 

5 (Mori, 1 990) 

Scheme s 

Facial Diastereose/ectivity (One Reactant Chiral) 

o- M+ 

j(_ I� + Ph CHO -
t -Bu� 

anti a-alkyl-!3-hydroxy ketones with good 
stereoselectivity (Scheme 4). 12 Compound 
5, prepared from the Mori reagent, 2, pro
vides a useful complement to the corre
sponding syn-selective lithium enolate. 1 3  

When one of the two reaction partners 

JL r . Ph 
t -Bu ......,,.. i 

Me 

0 9H 
A /"'-... _,, Ph 

+ t -Bu -
T 
Me 

80:20 

(Flippin, 1 983; Lodge, 1 987) 

in an aldol reaction is chiral, there exists 
the possibility of a fundamentally differ
ent kind of stereoselection . In this in
stance, the two faces of the carbonyl 
acceptor or enolate donor are 
diastereotopic, and there exist two 
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Scheme s 
OSiMe3 Me BF,, 
I_ ,J__ CH,CI,, -78'C 

t -BuO� + 
Ph CHO _j_ r . Ph t -Buo· .....,,, l j_ 1

H 
Ph 
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Scheme s 
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Me 
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97:3 

(Flippin, 1983) 

Scheme 7 

R'-0 
N u  

R 

R*-0 
R 

N u  

R'-0 
N u  

R 

R 
R'-0 

N u  

(Flippin, 1 983; Lodge, 1 987) 

diastereomeric transition states (Scheme 
5). For additions of lithium enolates to 
chiral aldehydes in which the stereogenic 
center is adjacent to the carbonyl group, 
the intrinsic diastereofacial preference 
(P) is usually relatively low - on the 
order of 2: 1 to 6: 1 . 1 4  

Scheme 9 

Me Me 

PhAy R 

OH 

�R + 
Ph = 

OH 

Diastereoselectivity 

3:1 
3:1 
5:1 

50:1 

(Cherest, Felkin, Prudent, 1 968) 

Scheme 1 0  

Following a lead discovered by 
Danishefsky and co-workers in their study 
of Lewis acid mediated hetero-Diels-Alder 
reactions of 2-silyloxy-1 ,3-butadienes, 1 5  

we found that the BF 3-mediated reactions 
of silyl enol ethers and silyl ketene acetals 
with chiral aldehydes proceed with high 
stereoselectivity relative to the correspond
ing lithium enolate additions (Scheme 
6). 1 6  The theory that was advanced to 
explain the extraordinary diastereofacial 
preferences of BF3-coordinated chiral 
aldehydes is shown in Scheme 7. If the 
two carbonyl group ligands are the same 
(i. e. ,  as in formaldehyde or a symmetrical 
ketone like acetone), then the attacking 
nucleophile will approach along the Burgi
Dunitz angle in the plane that bisects the 
compound, the ' normal plane' .  How
ever, if the two carbonyl ligands are not 
the same, then it is likely that the nucleo
phile will follow a trajectory that keeps it 
further away from the larger of the two 
carbonyl ligands. The amount of distor
tion away from the normal plane (the 
'Fl ippin-Lodge angle') will be related to 
the difference in steric bulk on the two 
sides of the normal plane. If R * > R, as in 
the case of a chiral aldehyde, then the 
path traversed by the incoming nucleo
phile will tend to be away from the stereo
genie center, thus minimizing the intrin
sic diastereofacial preference. However, 
it is known that Lewis acids coordinate 
aldehydes cis to the hydrogen and trans to 
the alkyl group. 1 7  Thus, the bulky BF3 
group is on the same side of the normal 
plane as the hydrogen and will tend to 
counteract the normal steric bias of the 
addition reaction (Scheme 8). This dis
tortion of the Flippin-Lodge angle will 

Me 
.,.l .OR + 

Ph' I 

OSiMe3 

� I -Bu 

TiCl4, 
CH,Cl2 

Ph½ t -Bu + 
Ph

� 1 -Bu 

OR O 6R O 
OR 

OSiMe3 
+ � I 

� I -BU 

TiCl4, 
CH,CI, 

R =  Me; 2.2:1 
R = Et; 3.6:1 
R = ;-Pr; 7.3:1 

1 .-_ . r -Bu 
Ph' y A 

HO� 

0 

>50:1 

(Mori, Flippin, Ishihara, Nozaki, Yamamoto, Bartlett, 1 990) 

Aldrichimica Acta, Vol. 23, No. 4, 1990 101 



Scheme11 

Me 

Ph A CHO 
+ PhSSiMe3 

6 

o.5 equiv. TiCl4, 
CH,Cl,, O<C 

[Ph�
SPhl 

0SiMe3 

A , .su 
4 equiv. nc, •. 

-78,C 

.t /",,._ . 1 -Bu 
Me 

+ l - t -Bu 
Ph"YY Ph' y )( 

SPh O §Ph O SPh 

80% 20% 

.t /",,.. . I -Bu 
Ph' y :( 

SPh O 

(Mori, Bartlett, 1 987) 

Scheme12 
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u
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(63%) 

(Mori, Bartlett, 1987) 
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ArS O 

LiAIH
4 

97:3 diastereomer ratio 
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...l j,__ LiAIH4 Ph' y -CHO Ph�OH L�NHiether 
Ph 

�OH 

amplify the diastereofacial preference, 
relative to that of the uncoordinated alde
hyde, leading to higher stereosclectivity. 

If ' trajectory analysis' is  a valid con
cept, it should be applicable in other 
situations as well .  In fact, the hypothesis 
is in excellent accord with a set of data 
reported by Felkin and his co-workers for 
the reduction of chiral ketones (Scheme 
9). 18 We wondered i f  it could also be 
important in additions to chiral oxonium 
ions. As shown in Scheme 1 0, th is is 
indeed the case; the diastercoselectivity 
seen in nuclcophilic substitution of one of 
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ArS ArS 
87% from ketone 

the two alkoxy groups in an acetal of 2-
phenylpropanal ranges from 2.2: 1 for the 
dimethyl acctal to more than 50: 1 for the 
pinacol acetal. 1 9  

Scheme 1 1  illustrates a new procedure 
for the generation and trapping of thionium 
ions. Thus, if 2-phenylpropanal is treated 
sequentially with trimethylsilyl phenyl 
sulfide, 6, titanium tetrachloride, and a 
silyl cnol ether, two diastereomcric �
phenylthio kctoncs arc produced. The 
mechanism of this reaction presumably 
involves addition to the thionium ion as 
shown in the insert in Scheme 1 1 .  However, 

80% 
diastereomeric pur�y >98:2 

(Mori, Bartlett, 1990) 

if sulfide 7 is used in the same process, the 
diastereoselectivity i ncreases to >50: 1 ;  
only a single �-mesitylthio ketone is 
obtained from 2-phenylpropanal (Scheme 
1 2) .20 The phenomenon is applicable to 
other chiral aldehydes as shown. With 2-
methyl-3-phenylpropanal, a single iso
mer is produced even though the ste
reodiff erentiation in this case is between 
methyl and a primary alkyl group. More 
impressive is the 6 : 1  ratio observed with 
2-phenylbutanal; typical diastereofacial 
selectivities seen with this aldehyde in 
nucleophilic addition reactions are 55:45. 



Use of the thionium ion methodology as 
an iterative tool is i l lustrated in Scheme 
1 3 .21 

In one of the earliest cases in which the 
in trinsic diastereofacial preference of a 
chiral enolate (P) was determined, the 
kinetically-formed lithium enolate of (S)-
3-methyl-2-pentanone was allowed to react 
w ith several aldehydes; in the case of 
propanal, the two products were formed 
in 15% diastereomeric excess (Scheme 
1 4).22 In 1 979, we prepared and investi
gated the reactions of a chiral version of 
reagent 1 .  23 As shown in Scheme 1 5, 
ketone 8 forms a Z enolate (we call it the 
l i thium ' superenolate ') which shows 
modest to excellent diastereofacial selec
tivity in its reactions with aldehydes. 
Masamune and co-workers introduced a 
similar reagent, 9, which was used as the 
Z boron enolate to obtain even higher dia
stereofacial selectivity (Scheme 1 6).24 

It is noteworthy that the Z l ithium 
enolate of 8 and the Z boron enolate of 9 
have opposite diastereofacial preferences. 
A rationale for this fascinating difference 
is presented in Scheme 1 7.25 It was sug
gested that the lithium cation can simul
taneously coordinate three oxygens in the 
transition state. This orients the stereo
genie center in such a way that the two 
enolate faces are strongly differentiated. 
As a result, the aldol reaction occurs on 
the re face of the S enantiomer, leading to 
the syn isomer shown in Scheme 1 7. On 
the other hand, boron has two alkyl li
gands and can coordinate only two oxy
gens in the aldol transition state. S ince 
one of these must be the enolate oxygen, 
it follows that the silyloxy group must be 
released in order for boron to coordinate 
and activate the aldehyde carbonyl for 
addition. As shown in the Scheme, it was 
suggested that the di polar repulsion of the 

Scheme 14 

Facial Diastereoselectivity (One Reactant Chiral) 

+ .............. CHO -

OH O 

� +  

?H 0 
� 

57:43 

(Seebach and co-workers, 1976) 

Scheme 15  

two adjacent C-O bonds in the boron 
enolate provides an orientation that re
verses its facial preference, relative to 
that of the l ithium enolate. 

The fact that either syn aldol can be 
prepared from a Z enolate by a simple 
choice of cation led us to formulate the 
hypothesis illustrated in Scheme 18. In 
principle, one could convert a given chiral 
ketone R *COEt into each of its four pos
sible diastereomeric aldol products by 
regulating the stereochemistry of enolate 
formation and by selecting whether it 
reacts on its si or re face. In order to 
consummate this plan, it is necessary to 
have reagent 8 in scalemic form.26 A 
convenient synthesis is summarized in  
Scheme 1 9. Diazotization of tert-bu
tylglycine gives a-hydroxy acid 10.27 

Reaction of this material with excess 
ethyllithium provides a hydroxy ketone, 
which is silylated with N-(trimethylsi
lyl)imidazole to obtain (-)-8 in 50% over
all yield from tert-butylglycine. An analo
gous reagent was obtained by silylation 
with tert-butyldimethylsilyl chloride. 

Scheme 20 summarizes experiments 
with (-)-8 that were carried out under 
optimized conditions. The lithium enolate 
of (-)-8 is prepared by treatment of the 
ketone with LDA in THF at -78°C for 
2.5 h. To this solution is added 1 .0 equiv. 
of tetramethylethylenediamine (TMEDA). 
After 2 min. the aldehyde is added, and 

o- u + 
0 ?H 

• -B,N 
R % A  % B  

t -Bu
� 

t -Bu
� 

LOA RCHO t -Bu
yy 

Ph 75 25 -- - � R + 

Me3Si0 R 1-Bu >95 <5 
Me3Si0 Me3Si0 Me3Si0 1 -Pr 

8 ("lithium superenolate") 

Bu,BOTf 
1 -Pr,NEt 

(Masamune and co-workers, 1 981)  

75 25 
A B PhCH2 87 1 3  

Ph2CH >00 <10 
(Buse, Pirrung, Sohn, Hagen, Young, 1 979) 

Scheme 16 
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Ph 2.5 97.5 
1 -Pr <1 >99 

El 2 98 
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Scheme 18 after an additional 8 min. the reaction is 
quenched. This optimized procedure gives 
aldols in 75-80% yield. With isobutyr
aldehyde, pivalaldehyde and benz
aldehyde, the stereoselectivity is >95 :5 .28 

With 3-benzyloxypropanal, the stereo
selectivity is 95:5. The relative configur
ation of the major aldol from benzaldehyde 
was ascertained by single-crystal X-ray 
analysis of the keto diol obtained by 
hydrolysis of its racemic counterpart.29 

Scheme 21 shows the comparable reactions 
oftheZboron enolate of(-)-8, prepared in 
the conventional manner.30 In each case 
studied, the stereoselectivity is >95 :5, 
and in each case, the syn aldol that is not 
the major product from the lithium enolate 
is obtained. 

Hypothesis: In principle, all four diastereomeric aldols could be obtained from the 
same chiral, scalemic reagent if one could control the double-bond geometry and 
diastereofacial preference of the enolate. 

The E magnesium enolate of (-)-8, 
obtained by adding the ketone to a solu
tion of N-bromomagnesium-2,2,6,6-
tetramethylpiperidine (MTMP) in THF 
at -5°C, reacts with trimethylsilyl chlo
ride to give the E silyl enol ether (Scheme 
22).31 A possible rationale for the unique 
ability of this base to produce the E enol
ate is suggested in Scheme 23. The 
importance of the a-alkoxy group is shown 

0 
(1 )  LDA, THF, -7B"C, 2.5 h 
(2) TMEDA, 2 min 

t -Bu yv (3) RCHO, 8 min 

Me3Si0 
(-)-8 
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(Van Draanen, Arseniyadis, 1 990) 

Scheme20 

t -Bu 0/ , .,N R Yield, % A:B 

� R + . R Ph 80 >95:5 
i-Pr 80 >95:5 

Me3Si0 Me3Si0 t -Bu 75 >95:5 
A B PhCH20CH2CH2 80 95:5 

(Van Draanen,  1990) 



Scheme21 
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Scheme22 
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Scheme23 
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Scheme24 
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R Yield, % A:B 

Ph 80 95:5 
i -Pr 80 92:8 
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R Yield, % A:B 
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i-Pr 85 
I -Bu 85 
PhCH20CH2CH2 88 

by the fact that MTMP also deprotonates 
ketone 1 132 to give a 7 : 1  mixture of£ and 
Z enolates, which can be converted into 
silyl enol ethers 12 and 13 (Scheme 22). 
For comparison, LDA reacts with ketone 
1 1  to give only the Z enolate. 

Reaction of the E magnesium enolate 
of (-)-8 with various aldehydes provides 
anti aldols in ratios of 92:8 to 95:5 and 
y ields of75-85% (Scheme 24). The rela
tive stereostructure of the major aldol 
from benzaldehyde was ascertained by 
single-crystal X-ray analysis of the keto 
diol obtained by hydrolysis of its racemic 
counterpart. 

To obtain the fourth possible aldol, it 
was necessary to transmetallate the E 

magnesium enolate with a metal that does 
not undergo the three-point coordination 
depicted in Scheme 17. The ideal species 
would be the E boron enolate; however, 
numerous attempts to exchange magne
sium for boron failed and attempts to 
prepare the E boron enolate directly from 
ketone (-)-8 by the method of Brown and 
co-workers33 were also unsuccessful. 
Eventually we found conditions that per
mit the replacement of magnesium by 
titan ium. Thus, a solution of the magne
sium enolate of the tert-butyldimethylsi
Iyl analog of (-)-8 and tri(isopropoxy)
titanium chloride in a mixture of HMPA, 
dioxane, and THF is sonicated at 25-45°C 
for 4 h. The use of (i-PrO)

3
TiCl for 

enolate exchange was adapted from the 
work of Siegel and Thornton, who per
formed a similar exchange with a lithium 
cnolate.34 Each of the additives (HMPA, 
dioxane) and the sonication period was 
shown to be necessary b y  appropriate 
control experiments. By this protocol, 
benzaldehydc gave the two anti aldols in  
a ratio of  1 :4 .  However, acetaldehyde, 
isobutyraldehyde, and pivalaldehyde gave 
the two anti aldols in ratios of <5 :95 and 
85-88% yield (Scheme 25). In each case, 
the major aldol was the same as the minor 
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88 
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The mechanistic rationale for the 

magnesium and titanium enolate reac

tions is shown in Scheme 26. These 

postulated transition states are identical 
to those for lithium and boron, respec

tively, except that an E enolate is in

volved rather than a Z enolate. As a 

result, the magnesium and titanium al

dols have the same stereochemistry as the 

lithium and boron aldols, except at the 

methyl-bearing center. 

Preparation of the four stereoisomeric 3-hydroxy-2,4-dimethylpentanoic acids 

The aldols produced from (-)-8 and its 

tert-butyldimethylsilyl analog in the fore
going manner can be cleaved with per

iodic acid to obtain scalemic a-methyl
f3-hydroxy carboxylic acids. The prod

ucts obtained from isobutyraldehyde are 

depicted in Scheme 27, thus demonstrat

ing the ability to synthesize all four of the 

possible stereoisomers of a given a-al

kyl-f3-hydroxy carboxylic acid from a 

single enantiomer of reagent (-)-8. 
Scheme 28 summarizes the Evans 

asymmetric aldol reaction, one of the 

most useful synthetic methods to emerge 

from the aldol renaissance period.35 Chiral 
imides such as 14 have very high dia-
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0 OH n = Ho-c
yy 

[al, = -14.3° 
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stereofacial preferences in their reactions 

with aldehydes. Hydrolysis of the result
ing syn aldol provides the a-alkyl-f3-hy

droxy carboxylic acid. As with the boron 

enolate of 8, enolate 15 is burdened with 

two alkyl l igands and can only coordinate 
two oxygens in the aldol transition state. 

The high diastereofacial preference seen 



i n  the Evans aldol reactions is consistent 
with the transition state conformation 
depicted in the insert in Scheme 28. As 
with the boron enolatc of 8, the organi
zation might be due to di polar repulsion, 
as indicated. 

In connection with a total synthesis 
project, we had occasion to use the Evans 
reaction with a series of �-(arylthio)
acroleins. To our surprise, we obtained 
mainly the anJi aldols, as shown in Scheme 
29.36 The cause of the unexpected be-

havior was soon traced to an error in 
measurement; because of a miscalibra
tion, we had inadvertently used two 
equivalents of dibutylboron triflate in 
formation of the boron cnolatc. When 
we used only one equivalent, we ob
tained the expected Evans syn aldol 
(Scheme 30). 

But what role docs the extra dibu
tylboron triflatc play? A mechanistic 
interpretation is suggested in Scheme 
31. It is clearly seen by 1 1B NMR spec-

Schama 28 
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trometry that 16, the boron enolate of 1 5, 
exists in the chelated form shown in 
Scheme 3 1 .  However, a boron enolate is 
not a very reactive species. Before aldol 
addition can occur, it is necessary that 
the aldehyde carbonyl be activated by 
coordination with a Lewis acid. In the 
absence of an external Lewis acid, this 
activation must be provided by the bo
ron of enolate 16, which must give up 
the oxazolidone carbonyl. The ensuing 
aldol reaction takes place through the 
closed transition state as previously dis
cussed; the reaction occurs on the enolate 
re face, leading to the syn aldol 17 hav
ing the S configuration at the methyl
bearing stereocenter. However, if there 
is excess dibutylboron triflate, activa
tion of the carbonyl can be provided by 
this Lewis acid, and reaction can occur 
through an open transition state. S ince 
the enolate reacts in this case in its intra
molecularly chelated form, the aldol 
reaction occurs on the si face, giving 
aldol 18 with the R configuration at the 
methyl-bearing stereocenter. The Lewis 
acid mediated aldol reaction of 16  gives 
predominantly anti simple stereoselec
tion as in the Lewis acid mediated reac
tions of silyl enol ethers like 5 (see 
Scheme 4). 

Our initial attempts to broaden the 
scope of the anti-selective aldol reac
tions of the Evans propionimides met 
with only partial success. As shown in 
Scheme 32, we were able to achieve anti 
stereoselection to the extent of 75-80% 
with aromatic aldehydes but simple alkyl 
or alkenyl carboxaldehydes gave the 
normal syn aldols, even i n  the presence 
of a second equivalent of dibutylboron 
triflate. However, the situation is differ
ent if one precomplexes the aldehyde 
with an external Lewis acid (Scheme 
33). Exploratory experiments with 
methacrolein and several Lewis acids 

Conditions anti:syn 

(2) p -NpS�CHO A .u. .:.. -
0 N ,...��' S· Jl •Np 

2.0 equiv. Bu2BOTf, 
2.2 equiv. ; -Pr2NEt 95:5 

'-Z § 
i -Pr 

1 .5 equiv. Bu2BOTf, 
2.0 equiv. 1-Pr

2
NEt 77:23 

{Danda, Hansen, 1 990) 
1 . 1  equiv. Bu

2
BOTf. 

1 .3 equiv. 1-Pr
2
NEt <2:98 
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15 

Bu,BOTI 

(1) 2.0 equiv. Bu,BOTI, 
1.1 equiv. 1-Pr2NEt, ether 

(2) RCHO 

Lewisacid, 
solvent, 

-78"C, 10 min 

Lewis Acid (LA) Solvent 

BCl3 ether 
B(OTl)3 CH

2
Cl

2 

TiCl4 CH
2
Cl

2 

TiCl4 ether 
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Scheme31 

16 

18 

Scheme32 

(Danda, 1 990) 

Scheme33 

syn:antl % Yield 

54:46 1 00  
32:6B 
82:18 60 
74:26 84 

RCH� 
Bu,BOTf 

� 

anti 

closed 
transition state 

open 
transition state 

Aldehyde anti:syn 

........... CHO 

-.?'cHO 

CHO 

o5 

<2:98 

<2:98 

80:20 

75:25 

0 0 OH 

+ OA
N� 

'--)-Pr 
"non-Evans" syn 

(Walker, 1 990) 



Scheme34 

Bu,
8

!Bu 

•o ... "'o 
)l �Me Ti - c, 0 N ..- 1 4 

\...-( A H o+ 

i -Pr 

0 0 9H 

oQY R 

i -Pr 

anti 

·non-Evans· syn 

Scheme35 

�CHO 

Equiv. SnCl4 

2.0 
1 .5 
1 .0 
0.75 
0.5 
0.375 

SnCI,, CH2CI,, 
-78-C, 10 min 

syn:anti % Yield 

83:17 
70:30 
30:70 
1 4:86 

5:95 
1 5:85 

60 
61 
77 
50 
51 
45 

Scheme36 

Bu,
8

!Bu --
-----

-• 

A minimizes 1 ,4 (gauche) interactions! 

(Walker, 1990) 

•o ... "'o ' 
)l �Me S - c1 0 N ... n 4 

'---<:-Pr H 
o• 

0 Jl ;:  oQ T R 

i -Pr i -Pr 

Bu Bu "non-Evans" syn 
'a! •o ... "'o o o 9H )l �Me 

0
\ r- H'l:llo+ 

-- O.A..NYR 
� H I  \...-( 

i -Pr sn- Cl4:0XH ; -Pr 

\, anti 

\\ 
\ the larger effective size of the Lewis acid forces 

• the other open transition structure 

anti 

gave mixtures of syn and anti aldols in  
a l l  cases. It is  significant that, under 
these conditions, neither product is the 
normal Evans syn aldol. Thus, as shown 
in Scheme 34, both products result from 
open transition states! The different anti/ 
syn ratios must result from nonbonded 
interactions in the two possible transi
tion states. More importantly, since the 
anti/syn ratios are different for different 
Lewis acids, it is theoretically possible 
to optimize the reaction conditions for a 
given aldehyde so as to obtain either 
stereoisomer. 

At the present time, we are engaged 
in optimizing this felicitous discovery. 
We have discovered that there is an as-

0 0 OH 

+ oQ
,YY 

i -Pr 

"non-Evans" syn 

tonishing effect of Lewis acid stoichiom
etry. A representative set of data is shown 
in Scheme 35 for isobutyraldehyde; this 
aldehyde gives a syn/anti ratio of 6 : 1  
with 2 .0  equivalents of  SnC14 but an  
anti/syn ratio of 20:1 with only 0.5 equiva
lents of the same Lewis acid! The data 
are presented graphically in Figure 1 .  
We do not yet know the origins o f  this 
marked effect of Lewis acid stoichiom
etry. One possibility is the existence of 
1: 1 and 2: 1 aldehyde/Lewis acid com
plexes (Scheme 36). Whatever the ex
planation, the results shown in Scheme 
35 illustrate the enormous potential of 
Lewis acid catalysis in extending the 
scope of the Evans imides for stereose
lective synthesis. From isobutyraldehyde, 
for example, one can now prepare three 
of the four possible stereoisomers of 3-
hydroxy-2,4-dimethylpentanoic acid by 
adjusting the amount of SnC14 that is 
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used in the aldol reaction of the boron 
enolate; 0.0 equivalents gives normal 
Evans syn aldol, 0.5 equivalents gives 
the anti aldol, and 2.0 equivalents gives 
the non-Evans syn product. Although 
our studies are far from complete, we 
have seen similar behavior with a num
ber of other aldehydes, such as propanal, 
pivalaldehyde, 3-methylbutanal and 
benzaldehyde. The effects differ quanti
tatively, and it is clear that there will 
probably not be a simple generic proto
col that will work for all aldehydes, but 
it is likely that conditions can be found 
whereby any one of three different al
dols can be obtained from an Evans 
imide. 
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B, 1 33-4 Bcnzaldchydc, 99 + % 

2g $4.65; 1 00g $1 3.00; 1 kg $18.90 
3kg $32.20 

29,502-7 Boron trifluoride, 99.5 + % 
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solution in dichloromethane 
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99% 
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