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This vibrant summer scene entitled A Bend in the Epte River, Near 
Giverny (oil on canvas, 61 x 81 cm) was painted by Claude Monet in 
1888. It is an astonishingly fresh and vivid portrayal of poplar trees, in 
full flower, along the edge of the Epte. The effect of strong sunlight 
through dense foliage is brilliantly rendered by a web of sharp diagonal 
brushstrokes animating the upper canvas with an almost endless variety 

of touch and color. 
Givemy, where Monet lived from 1888, until his death in 1926, is a 

small village at the confluence of the Seine and Epte Rivers, 60 
kilometers northwest of Paris. It was at his home in this village that 
Monet created his famous water garden which provided him with many 
motifs towards the end of his career. 

The painting is in the William L. Elkins Collection of the Philadelphia 
Museum of Art. 
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If you relish detective work and puzzles about Old Master paintings, 

you will find much to enjoy in this illustrated catalog. 
ZlS,350-4 $12.95 

Reprints of Aldrich Chemical Covers 
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SIGMA-ALDRICH AND MDL INFORMATION SYSTEMS 
TO COOPERATE ON UPDATING 

THE AVAILABLE CHEMICALS DIRECTORY (ACD) 
To provide researchers with up-to-date information on our new products, 
Sigma-Aldrich and MDL Information Systems, Inc. have entered into an 
agreement to include the most recent listings of chemical products 
available from Sigma, Fluka, Supelco, and Aldrich, including the ex­
panded Sigma-Aldrich Rare Chemical Library, to customers of MDL's 
Available Chemicals Directory (ACD). 

Sigma-Aldrich will provide MDL with information about their products in 
an electronic file to be included in the ACD. Thus, MDL customers who 
are ACD subscribers will have access to information about Sigma­
Aldrich products critical to their research before this information appears 
in printed catalogs. Sigma-Aldrich currently lists over 90,000 chemical 
products, adding 7,500 in 1993. 

The first ACD database with available chemical listings provided by 
Sigma-Aldrich will be released in 1994. Semi-annual updating will follow. 

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 tor 
additional terms and conditions of sale. 
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�Lab 
Notes 
Do you have an innovative shortcut or unique labo­
ratory hint you'd like to share with your fellow chem­
ists? If so, please send it to Aldrich (attn: Lab Notes, 
Aldrichimica Acta). For submitting your idea, you 
will receive a complimentary, laminated periodic 
table poster (Cat. No. Z15,000-2). If we publish your Lab Note, you will also receive an Aldrich periodic table turbo mouse pad (Cat. No. Z24,409-0) like that 
pictured above. It is Teflon®coated, 8½ x 11 in., with a full-color periodic table on the front. We reserve 
the right to retain all entries for consideration for future publication. 
Teflon is a registered trademark of E.1. du Pont de Nemours & Co., Inc. 

Dear Acta Reader: 
The structural formula on page 101 of our previous issue (Aldrichimica Acta 1993, 

26(4)) representing integral generations (i.e. G = 0, 1,2, ... ) of Starburst™ (PAMAM) 
dendrimers is incorrect. The formula works only for G = 0 (i.e, N = 1 ). A more accurate 
representation of the PAMAM dendrimers is indicated below. 
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The initiator core (Ic) is ethylenediamine, thus its multiplicity and molecular weight are 
Nc = 4 and M0 = 60.10, respectively. The branching multiplicity, Nb, is 2, and the repeat 
unit molecular weight, MRu' equals 114.15. 

Using these parameters and the mathematical formulas described on page 95 of the 
previous issue, one can calculate for a given generation, G, its molecular weight, number 
of repeat units, number of terminal groups and number of substituents on the periphery. 
Note that integral generations G = 0, 1,2, ... end in -NH2 groups and half-integral 
generations G = 0.5, 1.5, 2.5, ... end in -N(CH2CH2CONa\ groups. 

Please accept our apology for any confusion our error may have caused. 

The Editorial Staff 
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Professor Roger W. Giese of the De­
partment of Pharmaceutical Sciences at 
Northeastern University suggested that 
we make TTBB, a new electrophoric 
derivatization reagent analogous to 
pentafluorobenzyl bromide (PFBB). Both 
TTBB and PFBB are used to enhance 
the detectability of substances such as 
DNAnucleobases, phenols, indole-amine 
metabolites, etc. by gas chromatogra­
phy-electron-capture negative ion mass 
spectrometry(GC-ECNI-MS). TTBBcan 
be used along with, or as a substitute for, 
PFBB to help control test interferences 
and confirm results. 

Naturally we made this useful analyti­
cal tool. 

Saha, M.; Saha, J.; Giese, R.W. J. Chromatogr. 
1993, 641, 400 and references cited therein. 

40,640-6 1-(Bromomethyl)-2,3,5,6-
tetrafluoro-4-(trifluoromethyl)­
benzene, 98% (TTBB) 

250mg $9.20; 1 g $25.95 

We also list: 

10, 105-2 a-Bromo-2,3,4,5,6-penta­
fluorotoluene, 99+% (PFBB) 
1g $11.30; 5g $33.10; 25g $117.05 

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

INTRODUCTION 

As a result of the wide spectrum of appli­
cations of a-amino acids, a great deal of 
attention has been paid to the development of 
new methodologies for the preparation of 
both natural and unnatural a-amino acids in 
optically pure form.1·4 

P-Amino acids, although less abundant 
than their a analogues, are also present in 
peptides,5 and in free form they show inter­
esting pharmacological effects.6 Further­
more, P-amino acids are synthetic precur­
sors of P-lactams,7 which are potentially 
biologically active and of current interest.8 

In this respect, several methods for the syn­
thesis of racemic P-amino acids have been 
developed,9 but only recently has the prepa­
ration of enantiomerically pure compounds 
emerged as an important and challenging 
synthetic endeavor. 10 

MAIN METHODS FOR THE 
PREPARATION OF 
ENANTIOMERICALL Y 
ENRICHED �-AMINO ACIDS 

The procedures developed thus far for the 
enantioselective synthesis of P-amino acids 
can be tentatively separated into seven cat­
egories, as detailed below. 

A. THE "CHIRAL POOL" 

The "chiral pool"11 refers to the utiliza­
tion of inexpensive, readily available natu­
ral products as substrates to be converted 
into enantiomerically pure P-amino acids 
via conventional organic synthesis. Ac­
cording to this strategy, Balenovic and co­
workers 12 described in 1952 the application 
of the Arndt-Eistert reaction to (-)-1-diazo-
3-phthalimidobutan-2-one (1), prepared 
from L-alanine, to give ( + )-P-aminobutyric 
acid (2, Scheme 1). Also relevant is the 
conversion of L-( + )-cysteine into L-(-)-2,2-
dimethylthiazolidine-4-carboxylic acid (3), 
which reacted with dimethyl azodicarboxy­
late to give (following further manipula­
tion) the cis-P-amino ester 4, a key precur-

Eusebio Juaristi*, Delia Quintana, and Jaime Escalante 
Departamento de Quimica, Centro de lnvestigaci6n y de 

£studios A vanzados de! lnstituto Politecnico Nacion al, 
Apdo. Postal 14-740, 07000 Mexico, D.F. 

Mexico 

From left to right, Jaime Escalante, Dr. Eusebio Juaristi, and Delia Quintana 

L- alanine 

1. phthalic anh. 

2.SOCl2 
3.CH2N2 

L-cysteine 

--
L- serine 

(-)-1 
Scheme 1 

(-)-3 

cephalosporin C 

Scheme2 

5 

Scheme3 

1.Ag20/CH30H 

2. HI/AcOH 
3.Ambertile 
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(+)-2 
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sor in Woodward's total synthesis of cepha­
losporin C (Scheme 2). 13 

More recently, Baldwin et al. 14 reported 
the stereoselecti ve ring opening of aziridine-
2-carbo x y late esters 5, derived from 
L-serine, to afford 13-amino acid precursors 
6 in 20-55% yield (Scheme 3). Along simi­
lar lines, an efficient method for the syn­
thesis of chiral 13-amino acids starting from 
(S)-asparagine was described by Gmeiner 
(Scheme 4). 15 Furthermore, access to 
enantiomerically pure 13-amino acids from 
optically active 1-arylethylamines was re­
cently described by Bringmann and 
Geuder. 16 This interesting approach 
(Scheme 5) is based on a regiospecific 
cleavage performed by Birch reduction and 
subsequent ozonolysis. Finally, a multi­
step procedure has been recently proposed 
for the conversion of leucine, norleucine, 
and phenylalanine into optically active 
a,!3-disubstituted 13-amino acids. 17 

B. ASYMMETRIC ADDITION OF 
AMINES TO a,�-UNSA TUR­
ATED ESTERS AND NITRII,ES 

In 1965 Terentev and co-workers reported 
the first example of an enantioselective addi­
tion of a chiral amine to crotonic acid; 18 

nevertheless, the enantiomeric ratios obtained 
were quite low (Scheme 6a). Similarly dis­
appointing were the studies of Furukawa et 
al. 19 on the corresponding conjugated nitriles 
(Scheme 6b). 

Much better results were attained by 
Hawkins and co-workers20 with the C

2 
sym­

metric chiral secondary amine 7. Initially, 
treatment of (±)-7 with methyl crotonate 
gave amino ester (±)-8 as a 78:22 mixture of 
diastereomers in 68% yield (Scheme 7a). 
More useful Michael additions of the lithium 
amide (S)-7-Li occurred with very good 
diastereoselectivity to afford (R)-8 as a 98:2 
mixture of diastereomers in 81 % yield 
(Scheme 7b). 

Recently, Davies and Ichihara21 described 
the synthetic usefulness of secondary amines 
9, 10, and 11 as additional "chiral ammonia" 
synthons (Scheme 8). 22 For example, Michael 
addition of the lithium amide derived from 
(R)-N-(a-methylbenzyl)benzylamine (9) to 
benzyl (E)-crotonate was highly stereose­
lective(d.r. =97.5:2.5) giving, afterdebenzyl­
ation, enantiomerically pure (R)-13-amino­
butanoic acid (Scheme 8a).21 A similar addi­
tion to methyl (E)-(p-benzyloxy)cinnamate 
was completely stereoselective leading to 
enantiomerically pure (S)-!3-tyrosine 
(Scheme 8b).21 

In a further elegant application, the anti­
fungal antibiotic (-)-( 1R,2S)-2-aminocyclo­
pentane-l-carboxylic acid (cispentacin, 12) 
was prepared via the highly stereoselective 
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conj ugate addition reaction of l i thium (S)­
( a-methylbenzyl)benzylamide [ (S)-9-Li] to 
tert-buty1 1 -cyclopentene-1-carbo xyl ate 
(Scheme 9).23 This method should also 
provide an efficient enantioselective synthe­
sis of trans-12 by base-catalyzed isomeriza­
tion at C(l ) (Scheme 9).23 

d'Angelo and co-workers24 achieved very 
high s tereocontrol in the conjugate addi tion 
of amines to chiral a,!3-ethylenic esters 13 
(Scheme 10) using high pressure as an acti­
vating condi tion to produce excellent chemi­
cal yields. The incorporation of appropriate 
chiral i nductors i n  13 allowed very high 
s tereocontrol at the newly created s tereogenic 
center. Indeed, /-menthyl crotonate was 
found to give poor diastereomeric ratios 
(Scheme 10a), 8-phenylmenthyl crotonate 
afforded moderately good d .r . ' s 
(Scheme 10b ), and analogues in  which the 
phenyl ring is substi tuted in the para posi­
t ion b y  b ul ky groups gav e excel l ent  
s tereoselectivi ties, w i th essentially complete 
diastereofacial control in the case of 8-(13-
naphthy 1 )menthy I crotonate (Scheme 10c). 24" 

The authors suggest a "n-stacking" model,25 

i n  which the aryl group of the inductor shields 
one face of the olefin (Figure 1 ), to i nterpret 
the stereochemical outcome of the reaction. 

I n  a conceptual l y  rel a ted s ys tem, 
Perlmutter and Tabone26 observed modest to 
excellent diastereoselectivi ties in  the conj u­
gate addi tion of benzylamine to chiral 
2-hydroxyalkylpropenoates. Also relevant 
in this context are the interesting variants 
developed by Murahashi et al . 27 and by 
Harnisch and co-workers,28 who have devel­
oped efficient syntheses of naturally  occur­
ring alkaloids [ ( + )-sedridine, and ( + )-hygro­
l ine ]'7 as well as (S)- tyrosine derivatives.28 

C ADDITION OF C-NUCLEO­
TO CHIRAL IMINES 

Pioneering efforts in this direction were 
first reported by Furukawa and col laborators 
in 1978. 29 These researchers carried out the 
asymmetric addition ofReformatsky reagents 
to Schiff bases prepared from aldehydes and 
(R)-( + )- and (S)-(-)-a-methylbenzylamine 
(Scheme 1 1 ). When the Schiff bases having 
(R)-amino chiral adjuvant w ere used in the 
reaction, (S)-13-amino acids were formed, 
albei t i n  low enantio mer rat ios .  
(59-64:36-41 ) .  

Dramatic improvements in  the enantio­
selectiv i ty of this methodology were reported 
by several groups a decade l ater. For ex­
ample, Gennari and co-workers30 reported in  
1987 that the TiCl4-mediated addition of the 
chiral si lyl ketene acetal 14 to benzylidene­
aniline proceeds wi th high s tereoselectivi ty 
to give, after cyclization, trans-!3-lactam 15 
in good yield and excellent e.r. (97.5:2.5) 
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(Scheme 12). More recently, Kunz and 
Schazenbach3 1•32 described the asymmetric 
synthesis of N-unsubstituted P-amino acids 
via the diastereoselective Mannich reaction 
of Schiff bases of 2;3,4,6-tetra-O-pivaloyl­
P-o-galactosylamine. One advantage of this 
method is tbe recovery of the chiral auxiliary 
group (Scheme 13). In this regard, Farina et 
al.33 incorporated derivatives of L-threonine 
as chiral adjuvants in the starting imine. This 
methodology allowed for the preparation of 
the a-hydroxy-p-amino acid 16 present in 
taxol (Scheme 14).34 

In a brilliant development, Corey reported 
in 1991 the first asymmetric synthesis of 
chiral P-amino acid thioesters from achiral 
imines and esters using the chiral organoboron 
reagent 17 (Scheme 15).35 Indeed, the reac­
tion of (S,S)-diazaborolidine 17 with (S)­
tert-butyl tbiopropionate produces the (Z)­
enolate 18 ,  which reacts with the N-benzyl or 
N-allyl imines of a variety of aldehydes with 
high d iastereo-and enantioselecti vi ty to form 
mainly the P-amino thioesters 1 9  
(Scheme 15). 

D. ENANTIOSELECTIVE 
HYDROGENATION OF 
PROCHIRAL 3-AMINO­
ACRYLIC ACID DERIVATIVES 

In pioneering studies, Achiwa and Soga36 

carried out the catalytic asymmetric hydro­
genation of P-(acetylamino)acrylic acid de­
rivatives 20, using bisphosphines 21 as the 
chiral ligands, to give the optically active 
protected P-amino esters 22 (Scheme 16). 
Unfortunately, these reactions had only mod­
est success, affording the desired products in 
low enantiomeric purities (e.r. = 5 I :49 to 
78:22).36 

Dramatic improvements in the efficiency 
and understanding of this approach were 
achieved by the Noyori group, 37 who demon­
strated that BINAP-Ru(Il) metal complexes 
[BINAP = 2,2'-bis(diarylphosphino)-1,1'­
binaphthyl] serve as excellent catalysts for 
enantioselective hydrogenation of P-substi­
tuted (E)-P-(acylamino)acrylic acid s  
(Scheme 17). Interestingly, the (Z) double 
bond isomers (which possess an intramo­
lecular hydrogen bond between amide and 
ester groups) are more reactive but are hy­
drogenated with poor enantioselectivity. 37 

BINAP-Rh(I) complexes afford only moder­
ate stereoselectivity with the opposite sense 
of enantioinduction.37 

Because the enantioselective hydrogena­
tion of prochiral 3-aminoacrylic acid deriva­
tives under the influence of a chiral catalyst 
may offer the most efficient route for large 
scale preparation of enantiopure P-amino 
acids, it is not dangerous to predict that many 
more developments will appear in time. 

6 Aldrichimica Acta, Vol. 27, No. I, 1994 

PivO OPiv 

PivO�N
�

R 

PivO

�

OPiv 
H R. R' 
I ' 

PivO N...____.x 
OPiv /\.. CO2Me 

H R 
OPiv I 

HCI 
MeOH 

1. Bu4N+F-
2. MsCI / NE'3 
3. 03 
4. NaHCO3 

Me \? 
�S+Bu 

+ 

PivO OPiv 

PivO�
OH 

OPiv 

Scheme 13  

OH Ph 

µ� 0 

e.r. > 99:1 

--

Scheme 1 4  

18 

Scheme 1 5  

S = solvent 

+ 

BzNH 0 

PhvOH 

OH 
16 

22 

rR

2 

R 
1 �  R - S+Bu t 

Me 

19 

R1= PhCO, I-BuOCO 

Scheme 16 

H2 (1 atm) , BINAP 

Ru(ll)Ac2 0.5 % 

Scheme 17  

RtNHAc 

C02 Me 

e.r .= 98:2 



(R) or (S )  
R = Me, Et 

(a) 

(b) 

Scheme 1 8  

Ph 

t:J.J-...oli 
RO(LiO)C.;::. � 

........ i (R) 

Re face 

/k-1,2-induction 

Figure 2 

0 0 

Q)lN,Jl,_..R TiCl4 

'-{ 
EtNiPr2 

23 

CICH2NHBz 
0 0 

Q)l_N
�R 

HO
J

O

-:_ 
H2N 

glycine 

HOJ ---
H2N 

p-atanine 

'-{ 6H2NHBz 
Bn 

d.r. = 96:4 

Scheme 1 9  

I 

-+<1
0 

I 
Bz 

24 

\ 0 

-t{j 
I 

Bz 

25 

Scheme20 

-KJ 

1 .  LOA -KJ-cH, 2. CH3 1 
I I 

Bz Bz 
(S)-25 

Scheme21 

_ _ _  ..,. 

---

--

1. HCI 
2. Dowex 

NHBz 

�C02R 

E 

d.r. = 3:1 to 99:1 

HO
X

O 

H2N R 

a-amino acid 

HO� 
• R 

H 2N 

1)-amino acid 

HOJ 
U•• C H3 

H2 N 

(-)-cx-methyl-j3-alanine 
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,KYLATION OF u-runu 

(x-ENOLATES 

N-Acyl-�-amino acid derivatives have 
been doubly deprotonated and then a-alky­
lated with moderate to excellent selectiv­
ity .38 Enantiomerically pure 3-aminobutan­
oic acid derivatives were prepared by Seebach 
and Estermann39 via dilithiated methyl- or 
e th  y 1 -N -ben zoy 1 -3 -amin obu  tanoa tes  
(Scheme 18). The selectivity with which these 
reactions took place was usually very high, 
affording the product that originates from addi­
tion of the electrophile (E+) to the enolate with 
relative like'"> topicity (Figure 2). 

In another interesting application of 
oxazolidines of type 23, Evans and co­
workers4 1  recently described the diastereo­
selective reaction of titanium enolates with 
a variety of electroph iles, including 
N-chloromethylbenzamide, which allows 
efficient amidoalkylation (Scheme 19). 

Encouraged by the enormous potential of 
nonracemic derivatives of glycine as precur­
sors of optically active a-amino acids,3.4 

Juaristi et al.42 decided to explore the useful­
ness of chiral �-alanine enolates as starting 
materials for the preparation of (R)- or (S)-a­
substituted-�-amino acids. In particular, in 
view of the successful ·development of the 
imidazolidinone 24 for the preparation of 
(R)- or (S)-a-amino acids43 (Scheme 20a), it 
was considered that tetrahydropyrimidinone 
25 might serve as an effective reagent for 
the synthesis of chiral �-amino acids42 
(Scheme 20b ). Alkylation of enolates 25-Li 
with alkyl halides RX at -75 °C took place 
with h igh diastereoselectivity (ds = 86-
97%) from the side opposite the tert-butyl 
group, to afford the trans products.44 The 
hydrolysis of the resulting adducts pro­
ceeded with 6N hydrochloric acid to afford 
the desired a-substituted �-amino acids in 
good yields.42 

The above results paved the road for the 
development of a new asymmetric synthe­
sis of �-amino acids. I ndeed, enantio­
merically pure pyrimidinone (S)-25 has 
been prepared and used for the preparation 
of a variety of enantiopure a-substituted­
�-amino acids, for example, (-)-a-methyl­
�-alanine (Scheme 21).45 

Very recently, Cativiela and co-workers46 

described the diastereoselective alkylation of 
the enolate of isobomyl derivative 26. This 
alkylation took place with very good yield and 
selectivity. The products were subsequently 
reduced to !3-amino esters 27 which were then 
cyclized to !3-lactams (Scheme 22). 

Finally, in a sophisticated and elegant 
development, Jacobi and Zheng have uti­
lized the Nicholas reaction for the synthesis 
of enantiomerically pure �-amino acids.47 
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F. SELF-REGENERATION OF 
STEREOGENIC CENTERS 

Over a decade ago, Seebach and co-work­
ers carried out transformations in which a­
hydroxy and a-amino acids were a-alky­
lated without racemization and without em­
ploying a chiral auxiliary reagent.48 To this 
end, the starting acid was first converted to 
one of two possible diastereomeric cyclic 
acetals with pivalaldehyde so that a tempo­
rary auxiliary stereogenic center was cre­
ated. Then, an enolate was generated by 
deprotonation with base: the original center 
of stereogenicity is destroyed ( converted to a 
trigonal center). In the third step, the reac­
tion of the enolate with an electrophile, the 

+<X° y R 

C02H 
HX+H 

R 
X,Y = 0, NH, etc. 

� 

➔·�·<
y

X
O 

X R 

bulky substituent on the acetal center in­
duces the stereoselective regeneration of the 
original center of chirality. Finally, the tem­
porary stereogenic acetal center is removed, 
affording the new a-branched carboxylic 
acid (Scheme 23). 

Mindful of the above seminal work, 
Konopelski et al.49 developed a methodology 
in which the acetalization of the potassium 
salt of (S)-asparagine formed pyrimidinone 
carboxylate 28 diastereoselectively. Carbo­
methoxy derivatization of the secondary 
amine group followed by oxidative decar­
boxylation gave unsaturated heterocycle 29. 
Although the original stereogenic center is 
converted to a trigonal center, the bulky tert­
butyl group on the acetal carbon induced the 
stereoselective formal conjugate addition of 
aryl iodides in the presence of catalytic 
amounts of Pd(OAc\ to afford derivatives 
30. Treatment of 30 with NaBH4 followed 
by hydrolysis gave the desired enantio­
merically pure �-amino acid hydrochlo­
rides (Scheme 24). 

Contemporaneously with the above de­
velopments, Juaristi et al.42·50•5 1  prepared 
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enantiomerically pure perhydropyrimidin-
4-ones 31 and ent-31 from (R)- and (S)-3-
aminobutanoic acids. These heterocycles 
were alkylated with formation of a single 
diastereoisomer (32 and ent-32). Hydrolysis 
of these 5,6-dialkylperhydropyrimidin-4-
ones led to the important a,�-disubstituted 
�-amino acids 33 (Scheme 25).50 

directed towards the synthesis of a-substi­
tuted-�-amino acids. Compounds 34 and 35 
were synthesized by means of mercury 
cyclofunctionalization of the appropriate 
aminal. The corresponding lithium enolates 
were then alkylated with good trans 
stereoselectivity (Scheme 26).52b 

In this context, Pedrosa and co-workers53 

have recently reported the highly 
diastereoselective N, 0-acetalization of (R)-

Closely related heterocycles were also 
exploited by Cardillo et al.52 in their program 
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or (S)-N-benzylphenylglycinol with alde­
hydes. The resulting chiral oxazolidines 36 
reacted with the Reformatsky reagent de­
rived from ethyl bromoacetate, leading to P­
amino carboxylates in good diastereomeric 
ratios (80:20 to 96:4) (Scheme 27). 

G. ENZYMATIC METHODS 

Recently, enantiomerically pure (3-amino 
acids have been prepared by routes involving 
the enzymatic resolution of racemates. 34h.54-55 

For example, fifty percent conversion of 
racemic N-phenylacetylderivatives of P­
amino acids with penici l l in acylase allowed 
for the separation of the (S)-amino acid from 
the (R)-N-protected derivative (Scheme28).55 

On the other hand, l ipase-catalyzed cleav­
age of racemic (3-lactams (±)-37 yielded 
derivatives of (2R,3S)-phenylisoserine in  high 
enantiomeric purity (Scheme 29).34h 
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Introduction to Stereochemistry and Conformational Analysis 
E. Juaristi, John Wiley & Sons, New York, NY, 1991, 352pp. 

Designed to provide readers with a solid understanding of the principles of this active and 
rapidly changing area of knowledge, this timely work offers in-depth and highly readable 
accounts of the most important aspects of this evolving area of chemistry. 

Written in textbook format, Introduction to Stereochemistry and Conformational Analy­
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• chirality 
• the determination of absolute config-
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• stereochemical descriptors 
• chiroptic properties 
• asymmetric synthesis 
• the resolution of racemates 
• conformational analysis of both alkanes 

and heterocycles. 

In addition to figures, equations, and tables, 
Introduction to Stereochemistry and Confor­
mational Analysis is profusely illustrated with 
both historical and current examples. 

Z23,582-2 $59.95 

Chiral Oxazolidinones 
As pointed out by Professor Juaristi in the 

previous article, the use of chiral auxiliaries 
is an important method in asymmetric syn­
thesis. Some ofouroxazolidinone-type chiral 
auxiliaries are listed below. 

J\ ) R cc l'h. R ll 

( ' J R il'r. lz' l l  
UJ R /1-L. k' Ph 

40,245-1 (RH - )-4-Phenyl-2-oxazoli­
dinone, 98% (IA) lg $32.40; 5g $110.70 

37,669-8 (SH+ )-4-Phenyl-2-oxazoli­
dinone, 98% (2A) lg $33.40; 5g $111.60 

30,097-7 (RH+ )-4-Benzyl-2-oxazoli­
dinone, 99% (lB) 

lg $23.25; 5g $78.45; 25g $240.55 
29,464-0 (SH• )-4-Benzyl-2-oxazoli­

dinone, 99% (2B) 
lg $18.80; 5g $60.30; 25g $185.00 

33,994-6 ( 4 R ) - ( + ) - 4 - I s  o p  r o p  y I - 2 -
oxazolidinone, 99% (IC )  

250mg $16.75; lg $46.50; 2.5g $97.20 

29,888-3 ( 4S)-(· )-4-Isopropyl-2-oxazoli­
dinone, 99% (2C) 

250mg $11.75; lg $32.60; 5g $129.10 
29,889-1 ( 4R,5S)·( + )-4-Methyl-5-

phenyl-2-oxazolidinone, 99% (1D) 
250mg $12.75; lg $35.35; 5g $140.00 

34,052-9 (4S,5R)-( · )-4-Methyl-5-phenyl-
2-oxazolidinone, 99% (2D) 

250mg $12.45; lg $34.50; 5g $123.10 

Hypervalcni fodim: Reagmts 

!BU fl r 11.\c 

! H f  uCOCF, 

As indicated in the next article in this 
issue, hypervalent reagents such as 
iodobenzene diacetate (IB D) and iodobenzene 
bis(trifluoroacetate) (IBTA) are quite useful 
in heterocyclic synthesis. 

Both are available from Aldrich in prepack 
and bulk quantities. For b ulk quotations 
please contact SAF Bulk chemicals at 
1 -800-336-97 1 9. 

17,872-1 Iodobenzene diacetate, 98% 
5g$8.55; 25g$28.35; 100g$77.55 

23,213-0 [Bis(trifluoroacetoxy )iodo ] ·  
benzene, 97% 10g $25.45; 50g $83.20 
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Iodobenzene 
in the Synthesis 

1 .  INTRODUCTION 

In recent years there has been a consid­
erabl e  i nteres t i n  the use of organo­
hypervalent i odine reagents in organic syn­
thesis . 1·1 1  Most of these reactions of I(III) 
reagents involve oxidation. A particularly 
noteworthy example being the hypervalent 
i odine oxidation of enoli zabl e  ketones to 
give various a-functionalized ketones which 
are, i n  turn, useful precursors for the syn­
thesis of a wide variety of heterocycli c  
compounds. Such an approach has dis ti nct 
advantages over conventional methods. 

In addi tion to a-functionali zation of 
ketones, several I(III) mediated syntheses 
of a number of heterocycl ic compounds 
have also been recently developed. Some 
of these syntheses are of general applica­
bi l i ty. I n  v iew of the rapid development i n  
this area, an  effort has been made in  this 
article to review recent developments, par­
ticularly those i nvolvi ng applications of 
iodobenzene diacetate (IBD) as well as 
some related hypervalent i odine reagents. 

For the sake of brevi ty, the subject matter 
covered in  this article has been divided into 
three major parts (2. 1 ,  2.2, and 2.3). Part 2. 1 
deals wi th the appl ications of IBD i n  
methanoli c  KOH, whereas part 2.2 high­
lights the uti l i ty of iodonium ylides/salts 
which, are i n  turn obtained from IBD and 
related I(III) reagents. The l as t  part (2.3) 
outlines syntheses of various heterocycli c  
compounds using miscellaneous reagents and 
condi tions. 

2.1 SYNTHESIS OF HETERO­
CYCLES USING nm IN 
METHANOLI C  KOH 
KOH/MEOH) 

Hyperv al en t  i odi ne oxi dati on of 
enol izabl e  ketones using IBD-KOH/MeOH 
provides an efficient method of preparation 
for a-hydroxydimethylacetals (eq I ). The 
reaction proceeds through the pathway out­
l ined in Scheme 1 . 12 

The reaction becomes especially impor­
tant i n  bui lding "O"-containing heterocyclic 
systems when intramolecular participation 
by a suitably placed hydroxyl group occurs . 
These results are presented in this section. 

Om Prakash* and Shiv P. Singh 
Department of Chemistry 

Kurukshetra University 
Kurukshetra-132 1 19 

India 

R-COCH - R  2 

Meo P h l < 0Ac > 2 
--,.,K70�H--M�e-O�H-,---"1) R- C - CH-R 

I I 
Meo OH 

eq 1 

R = Alkyl, cycloalkyl, aryl, heteroaryl; R' = H, CH
3

, cycloalkyl 

e 
OMe 

OAc I 
Ph-I , KOH/MeOH Q 

bAc { • R-g-1H - R' 
OMe Ph- I - OMe 

Ph-I 
I 
OMe 

OMe 
I I R - C - CH - R  
I t 
OMe OH 

Scheme 1 

When o-hydroxyacetophenones 1 are 
oxi di zed wi th IBD-KOH/MeOH 
(condi tion i ), formation of2,2-disubs ti tuted­
coumaran-3-ones 2 occurs by a novel route. 
The conversion 1 ► 2 proceeds via inter­
mediate 4, induced by intramolecular par­
ticipation of a-hydroxy group (3 ► 4) as 
shown in Scheme 2. 

Such an approach for obtaining 2 has 
been successfully employed for the synthe­
sis of aurones 6 and isoaurones 7 s tarting 
from 2d (Scheme 3) . 

I t  should be mentioned that a similar 
reaction yielding coumaran-3-one 8 without 
substi tution at the 2-posi tion involves the 
oxidation of silyl enol ether 9 with i odosoben­
zene, boron trifluoride etherate, and water 
(condi tion ii)(Scheme 4).14 

The oxi dati on of a- aroyl -o-
hydroxyacetophenones 10 with IBD pro­
vides a useful extension of the reaction out­
l i ned i n  Scheme 2 for ob tain ing 2-
aroylcoumaran-3-ones 11 .  A noticeable fea­
ture of the reaction is the observation that �­
diketones 10 do not yield ylides 12, a fact 
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well established in the literature for other �­
dicarbonyl compounds (e.g., malonates, 
Scheme 5). 

2.1.2 BENZO-4H-PYRAN-4-ONES 
AND DERIVATIVES 

Cis- and trans- 3-hydroxyflavanones 
and 2-furyl analogucs"'· 19 

On treatmentwith IBD-KOH/MeOH, o­
hydroxychalcones 13/flavanones 16-18 and 
2-furyl analogues 19 give cis-3-hydroxy­
flavanone dimethylacetals and the corre­
sponding 2-furyl analogues 14. This reac­
tion is regio- as well as stereospecific. 
Acid hydrolysis of these acetals under con­
trolled conditions (aq. AcOH) completes a 
novel method of synthesizing cis-3-
hydroxyflavanones 15 which are not readily 
available following conventional proce­
dures. Replacement of AcOH with concen­
trated HCl in acetone results in the forma­
tion of corresponding trans isomers 16 
(Scheme 6). 

A mechanistic rationale for the observed 
cis-stereochemistry based on the general re­
action pathway outlined previously 
(Scheme 1) is described in (Scheme 7). 

As is evident from Scheme 6, this ap­
proach to hydroxyflavanones is quite gen­
eral and can be applied to chromanones, 2-
furylchromanones, and a variety of substi­
tuted flavanones. However, a noticeable 
exception to this reaction is 7-methoxy­
flavanone/o-hydroxychalcone (17) which on 
oxidation with IBD-KOH/MeOH at room 
temperature produces a mixture of 7-
methoxyflavone (18) and normal dimethyl­
acetal ( 14) in the ratio of 3: 1 (Scheme 8). 

C3-Hydroxylation of Chromones/ 
Flavones and �-Naphthoflavone20 21 

An interesting application of IBO in 
methanolic KOH involves the C3-hydroxyla­
tion of a,�-unsaturated ketones, namely 
chromones, flavones 19, and a-naphtho­
flavones 22. The reaction proceeds via the 
formation of 2-methoxy-3-hydroxychroma­
nones or flavanone qimethylacetals 20 and 
23 which on acid hydrolysis undergo loss of 
three molecules of methanol to yield C3 -

hydroxylated products (2 1 and 24) 
(Scheme 9). 

2.1.3. STEROIDAL 
3-ONES22 

Oxidation of l 7�-acetyl- 17a.-hydroxy­
steroids 25 with IBD-KOH/MeOH at 20°C 
gives steroidal spiro-oxetan-3-ones 27. This 
is an interesting example of intramolecular 
participation wherein the C- 17 a-hydroxyl 
group acts as an intramolecular nucleophile 
(25 ---> 27) and competes favorably with 
intermolecular attack by methoxide 
(26 ► 27, Scheme 10). 

16 Aldrichimica Acta, Vol. 27, No. 1, 1994 

OH 
� Ph 

0 

lQ. 

f'u
0SiMe3 

�CH2 
0SiMe3 

9 

--� 
0 

8 

.l ,  a '  
b ,  
c ,  
d '  

["'W �

M

•
J , I CH ..c'I 

I I 
Rl O R3 Ph 

3 

tw
3

0Mo 

] ' I  I ',..., 
'-- Ph 

Rl 0 

i. 

- P hi ,  
e 

- OMe 

e 
OMe 

- Phi 
-iM,' 

R 1 : R2 = R 3 = H l ,  a ,  R3 : 0Me 
R l = R 2 = H ; R3 = Me b ,  R3 : Me 
R 1 = R 2 = Me ; R3 = H C ,  R3 = OMe 
R 1 : R2 = H · ' R3 = C H2Ph d ,  R3 = CH2 Ph 

i = Ph-I C OAc)2 - KOH/ MeOH  

Scheme 2 

�
;h 

2d 

l d i l .  H2S04 

� C H - P h + �O 

0 C H - Ph 
§_ 7 

Scheme 3 

Scheme 4 



� NOH --'--- ,,,--A¾'y�
--

ll ' 
�Ar �I -"•oH 

0 0 0 �h � rl 'yAr 

!Q �I-Ph 

Scheme s 11. 

1l 
R�'fir'

O�( R
3 

R� 

R
�
l 0 �  R3 

1/ I 
R :::,-. -:: H 

O O H  

R1 : R 2 : R3 = H  
Rl = R2 : H ;  R 3 : Ph , substituted phenyl , 2-furyl 

Rl = H , CH3 • R2 = C I 
Scheme 6 

0/" ,w.• I 
___.. 

6 � I ; � 

0 5 4 
0 

� �· tJ 
MeO O '-Ph 

8
0Me �· 

8 

o;:t
:H 

2 
-Phl 1 I 
- OMe , H  

Meo o 

Scheme 7 

OMe 

,. H Meo OMe 

1 
Ar lt<IRO�O Ar 

] 

MIO

W.

O � Ar MtOWI O 2 -.!....+- 7 
I ?Me According to ., I 

6 ::,.. l ,..,_ ,,, 1 scheme 7 ,..,_ ":: OH 
S 4 I Meo � A 

O O Ph 14 OMe 

.!1 M inorproduct 

[Me�wo Ar
l 

e MeO
W

O � Ar 
9Me � I :,,.._ ::,.. ,,1 ,..,_ :' OMe 

08 h o H 

Scheme s 

MeO
'fi(

o
'i(

Ar 
-McQH ., � 

Major product 

2.2. IODONHJM YLIDES/SALTS 
l<'ORMATION AND 
PHOTOCHEMICAi, 
CONVERSION TO 
HETEROCYCLES 

As already mentioned, most of the reac­
tions of organohypervalent iodine reagents 
are oxidations wherein hypervalent iodine 
compounds are reduced to iodoarenes. In 
contrast, there are certain other classes of 
compounds (e.g., 13-dicarbonyls) which, on 
reaction with l(III) reagents, form iodonium 
ylides and salts. These ylides/salts contain 
tervalent iodine ( eq 2). Of the various meth­
ods available for the synthesis  of iodonium 
ylides/salts, the procedures making the use 
of iodoarene dicarboxylates or iodoso com­
pounds are most widely used. Two impor­
tant types of iodonium ylides/salts, having 
general applicability for the synthesis of 
heterocyclic systems, are generated from 13-
dicarbon y I compounds (eq 3 )23 and 
phenols24

-
27 having at least one electron ac­

cepting group in the para position and one 
free ortho position (eq 4). The first step in 
this reaction is the formation of an iodonium 
salt which subsequently loses a molecule of 
water or acid under the influence of heat or in 
the presence of base to give the stable 
iodonium ylide. The ylides indicated in 
equations 2-5 are especially useful in the 
synthesis of heterocycles. 

2.2. 1 .  OXATHIOLE-2-THIONES 
AND RELATED COMPOUNDS 

A common and general property of 
iodonium ylides 29, 31, and 35 is their 
photochemical conversion to oxathiole-2-
thiones 36-38 in the presence of CS2 
(Scheme 11).28·29 

In the presence of phenyl isothiocyante 
or compounds containing a styrene double 
bond, ylides 31 and 35 undergo photo­
chemical conversion to 2-phenylimino­
oxathioles 39 and 40 or dihydrofurans/ 
dihydrobenzofurans 41/42 ,  respectively 
(Scheme 12).28-30 It is important to mention 
that phenyliodonium ylide 29 (R=OMe), 
accessible from dimethyl malonate and 
l(III) reagents, on reaction with various 
alkenes in the presence of a Lewis acid 
(e.g., BF/Etp) leads to 5 ,5-disubstituted-
3-carbomethox y-y-lactones. 3 1  

Many other interesting reactions of 31 
based on the photochemical approach are 
also reported in the literature. For example, 
photolysis of 31 in the presence of CH3CN 
and PhNCO provides 2-methyl-4-oxo-
4,5,6,7-tetrahydro-6,6-dimethylbenzoxazole 
(43a)28 and N-phenyl-4-oxo-4,5,6,7-tetra­
hydro-6,  6-di me thy I benzoxazol-2-one 
(43b),3 1 respectively (Scheme 13). 
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2.2.2. BENZOFURANS 
A similar approach has been applied for 

obtaining benzofurans of type 44. The reac­
tion involves irradiation of 2,4-dinitro-6-
phenyliodonium phenolate in the presence 
of alkynes (Scheme 14).32 

2.2.3. DIBENZOFURANS 
A s imple procedure for preparing 

dibenzofurans 46 involves use of iodonium 
phenolates. The reaction proceeds via irra­
diation of2-iodo-substituted diphenyl ethers 
45 which in turn are prepared by the thermal 
rearrangement of iodonium phenolates 33 
(Scheme 15).33 

It is interesting to note that suitably sub­
stituted 2,4-dihydroxyacetophenones 47 have 
also been converted to o-iododiphenyl ethers 
48 by using IBD-KOH/MeOH34• (Scheme 
16). The o-hydroxyacetylarylmoietypresent 
in these ketones remains intact under the 
reaction conditions. This moiety is very 
useful for obtaining several heterocyclic 
systems.34h Mallik and Mallik35 have also 
employed a similar approach on various 
flavonoids. 

2.2.4. 2H-CHROMENE DERIV ATlVES"' 
A convenient route to the synthesis of 

2H-chromene derivatives 51 is provided by 
intramolecular cyclization of iodonium salts 
of type 50. The required iodonium salts are 
obtained by the oxidation of vinyltri­
methylsilanes 49 with iodosobenzene and 
Etp•BF4 (Scheme 17). 

2.3. MISCELLANEOUS 
REACTIONS 

The work described in parts 2.1 and 2.2 
provides general routes for the synthesis of a 
wide variety of heterocyclic compounds. In 
addition there are some specific reactions 
which result in the formation of hetero­
cycles. This part of our article delineates the 
synthesis of various heterocyclic compounds 
using miscellaneous reagents and conditions. 
Since general trends are not observed in 
these syntheses, only selected examples are 
described. The reactions have been subdi­
vided into two groups depending upon the 
hetero atom present in the system (N or 0). 

2.3. 1. OXYGEN-CONTAINING 
HETEROCYCLIC 
COMPOUNDS 

3-Aroyl-5-aryl-2-hydroxyfurans'7 

On treatment with IBD in aqueous acetic 
acid, 4-aryl-2,4-dioxobutanoic acids 52 un­
dergo oxidative coupling. The coupled prod­
uct 53 then cyc lizes to 3-aroyl-5-aryl-2-
hydroxyfurans 54 following the loss of CO2 
and Hp (Scheme 18). 
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Oxidation of tetraketones 55 with IBD 
leads to the formation of pyrones 57. This 
reaction possibly occurs via cyclic ene-hemi­
acetal forms 56 (Scheme 19).38 

In contrast, the reaction of tetraketones 
55 with lead tetraacetate (LT A) yields the 
isomeric pyrones 58. This observation pro­
vides an example wherein the two reagents 
(LT A and IBD) show a basic difference, 
despite the general presumption that these 
reagents behave in a similar manner. 

:U.2. NiTRO(;l�N-CONT,\ iN!N(; 
HETEROCYCi J(:  
{ :OMPOUNDS 

Diazcpiucs '''"4t 
Primary amines are oxidized by iodoarene 

dicarboxylates to azo compounds under mild 
conditions.42 However, suitably substituted 
amines 59 cyclize under the influence ofIBD 
to diazepines 60 (Scheme 20).39-4' 

lien:t:ofuroxans and reiat,x! rontpoun:i 
Oxidation of o-nitroaniline with IBD in 

benzene offers a unique route to benzofuroxan 
(61, Scheme 21).42c This oxidative cycliza­
tion is common to anilines having an ortho 
substituent capable of forming a heterocy­
clic ring.43-45 

Furoxans, isoxazo!cs, aud pyrazok dio�i!;c.s 
Dioximes are known to generate a variety 

of "N"-heterocyclic compounds when oxi­
dized with Phl(OCOCF3)2 (iodobenzene 
bistrifluoroacetate; IBTFA). Benzi! dioxime 
63, for example, is converted into the corre­
sponding furoxan 64.46 

However, these reactions are of limited 
use. Oxidation of P-dioximes 65 with IBTFA 
gives rise to a mixture of isoxazoles 66 and 4-
oxo-4H-pyrazole-di-N-oxides 6747·48 whereas 
trans-2-unsaturated 1 ,4-dioximes under simi­
lar conditions form a mixture of 3a,6a­
dihydroisoxazolo[5,4-d]isoxazoles 69 and 
pyridazine 1 ,2-dioxides 70 (Scheme 22).49 

An important example of intramolecular 
oxidative coupling involving IBD is the con­
version ofreticuline (71) to salutaridine (72) 
(Scheme 23).50 Similarly, other aryl ana­
logues undergo this aryl-aryl coupling.5' 

In the presence of IBTFA a-methylthio 
amides undergo a Pummerer-type rearrange­
ment leading to the formation of nitrogen­
containing heterocycles such as N-methyl-5-
methy lene-3-methy 1 thio-2-pi peridinone 
(74a, from 73), N-methyl -3-methylthio­
pyridin-2(3H)-one (74b, from 73),N-methyl-
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3-methylthio-4-vinyl-2-pyrrolidinone (76, 
from 75), and 3-methylthio-N-phenylindol-
2(3H)-one (78, from 77) (Scheme 24).52 

As shown in Scheme 25 for methylthio 
amide 77, the reaction with IBTFA is pre­
sumed to proceed through the intermediate 
8 1  by elimination of trifluoroacetic acid. 
Initial attack on the sulfur atom of 77 fol­
lowed by elimination of trifluoroacetate and 
iodobenzene leads to sulfonium salt 80 which 
then undergoes intramolecular cyclization 
to form 8 1.52 

Azaanthraquinone-spirodienones50 

On hypervalent iodine oxidation with 
IBTFA in CFFHPH, 0-silylated phenols 
82 yield spiroheterocyclic compounds such 
as azaanthraquinone-spirodienones 83. The 
reaction occurs via intramolecular carbon­
carbon bond formation as shown in Scheme 
26. The reaction of 0-methyl ether of type 84 
with IBTFA under the same conditions takes 
a different course yielding a mixture of the 
expected product 83 (R=H) and products 
resulting from a dienone-phenol rearrange­
ment (85 and 86, Scheme 27). 50 

Bridgehead heterocycles53 

In a recent report, it has been shown that 
the reaction of arenecarbaldehyde 
benzothiazol-2-yl-hydrazones (87) with IBD 
in acetic acid and sulfuric acid yield 1 ,2,4-
triazolo[3,4-b ]-benzothiaoles 88 exclusively 
(Scheme 28).53 

3. CONCLUSION 

A perusal of the reactions described so far 
makes it abundantly clear that hypervalent 
iodine reagents are gaining significance in 
the syntheses of numerous heterocyclic com­
pounds. However, no systematic studies 
have thus far been directed to unfold the full 
potential of these new reactions and the 
relationship between structure and reactiv­
ity. Hypervalent iodine mediated reactions 
may play a significant role in the develop­
ment of simpler synthetic procedures for the 
synthesis of compounds having biological 
importance. It is expected that in the near 
future hypervalent iodine reagents will as­
sume a much wider role in the chemistry and 
syntheses of heterocyclic compounds. 
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Dr. Eric Roskamp of Northwestern 
University recently suggested that we 
offer this interesting, thermally stable, 
diamagnetic1 tin( I I )  amide. Sn[N(TMS)2]2 

reacts with primary aldehydes to give 
trans-N,N-bis(TMS)enamines. 2 Addition 
of amines to Sn[N(TMS)2]2 generates i n  
situ unsymmetrical tin ( I I) amides which, 
when treated with aldehydes/ketones, 2•3 

carboxylic acids4/esters,5·6 and �-amino 
esters,7•8 affords N,N-dialkylenamines, 
amides, or �-lactams, respectively. 

Naturally, we made this reagent. 
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1 993, 34, 51 1 .  (5) Wang, W.-B . ;  Roskamp, E.J .  J. 
Org. Chem. 1 992, 57, 6 1 0 1 .  (6) Wang, W.-B . ;  
Restituyo, J .A . ;  Roskamp, E .J .  Tetrahedron Lett. 
1 993, 34, 721 7. (7) Wang, W.-B.; Roskamp, E.J. J. 
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Wang, W.-B. ;  Burnell-Curly, C.; Roskamp, E.J. 
Synlett 1 993, 850. 

40,961-8 Bis[bis(trimethylsilyl)­
amino]tin(II) 
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Benzotriazole--Stabilized Carbanions: 
Generation, Reactivity, and Synthetic 

ABSTRACT: 

Benzotriazole-activated methane systems 
readily undergo lithiation and reactions 
with electrophiles to afford the 
corresponding adducts which, upon acidic 
hydrolysis or methanolysis, give the 
corresponding a-functionalized aldehydes, 
ketones, carboxylic acids, and dimethyl 
acetals. Thus, such benzatriazale-stabilized 
methyl anions function as novel formyl-, 
acyl-, � -aminoacyl-, carboxyl-, and 
methylal-anion equivalents. 

1. INTRODUCTION 

The chemistry of benzotriazole has been 
an area of intensive investigation in our group 
for the past few years. Much of the work has 
involved the benzotriazole-mediated trans­
formations of structurally simpler and readily 
available organic species into more complex 
and more highly functionalized molecules. 
These transformations have been achieved 
mainly via the introduction and subsequent 
nucleophilic displacement of a benzotriazolyl 
group, and have been reviewed on several 
occasions. 1•2 

Benzotriazole has also demonstrated the 
ability to act as an activating group towards 
a-proton loss. This property, together with 
the well-established leaving ability of the 
benzotriazolate anion, greatly extends the 
applications ofbenzotriazole in organic syn­
thesis. This account will systematically dis­
cuss the generation, reactivity, and synthetic 
utility of a-benzotriazolyl carbanions, and 
will focus on benzotriazole-stabilized me thy 1 
anion systems as functionalized anion syn th on 
equivalents utilized for the synthesis of alde­
hydes, ketones, carboxylic acids, ethers, dim­
ethyl acetals, and carbocycles. 

2. BIS(BENZOTRIAZOIA-YL)­
(p -TOLYL)METHYL ANION 
AS AN ARYLACYL ANION 
EQUIVALENT 

To be an acyl anion equivalent, a com­
pound must satisfy at least two criteria ( which 
apply equally for formyl and carboxyl anion 
equivalents): 

Alan R. Katritzky, * Zhijun Yang, and Darren J. Cundy 
Center for Heterocyclic Compounds 

Department of Chemistry, University of Florida 
Gainesville, FL 32611-7200, USA 

1 .  It must possess, at the required carbon 
position, an acidic proton which can be ab­
stracted to provide an anion. The ease of 
abstraction will depend largely on the activating 
ability of the groups attached to this carbon. 

2. The intermediate products from the 
subsequent reaction of the anion with 
electrophiles must be readily hydrolyzed. 
The facility for this will be determined mainly 
by the leaving ability as well as electron 
donating ability (for stabilizing the interme­
diate cations) of the same activating groups 
mentioned above. 

In addition to these two requirements, 
other factors should be considered when 
evaluating the usefulness of a compound as 
a potential anion synthon equivalent. Among 
them are: availability, stability, and toxicity; 
generality of the reaction of the intermediate 
anion with electrophiles; and the reaction 
conditions needed for unmasking the pro­
tected functionality. 

BtH + ArCHO + S0Cl2 

(Ar = p-Tolyl) 

ArCH(Bt)2 

1 

Scheme 1 
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Over the past two decades, sulfur (in 
divalent or in oxidized form) activated meth­
ane systems have been the dominant 
functionalized anion equivalents.3-4 How­
ever, many of these systems suffer a com­
mon drawback in that the cleavage of car­
bon-sulfur bonds generally requires promo­
tion by toxic, heavy metal salts, most com­
monly mercury(II). Although other sys­
tems, such as phosphorus-,5•6 silicon-,7•8 and 
nitrogen-activated methanes9·1 1  have also 
been reported, we are aware of no example 
( outside our work) where a methane system 
is activated solely by heterocycles and acts 
as a formyl or acyl anion equivalent. 

Bis(benzotriazol- 1 -yl)(p-tolyl)methane 
(1) is prepared by a one-pot reaction of 
benzotriazole withp-tolualdehyde and thionyl 
chloride in 90% yield12  (Scheme 1). Treat­
ment of 1 with lithium diisopropylamide 
(LOA) in tetrahydrofuran (THF) at -78°C 
affords the corresponding carbanion 5 which 
reacts with a variety of electrophiles 1 2  

(Scheme 2). With alkyl and ally! halides, the 
corresponding alkylated products 6 are usu­
ally obtained in good to excellent yields 
(Table 1). The low yield obtained with 
s-butyl bromide is presumably a result of the 
steric hindrance experienced by this electro­
phile. Reaction of 5 with acyl chlorides 
yields the corresponding carbonyl compounds 
3, while addition to 2-cyclohexenone gives 
exclusively the Michael product 7 in 78% yield. 

Hydrolysis of adducts 3, 6, and 7 is car­
ried out in tetrahydrofuran in the presence of 
sulfuric acid at 50°C and affords the corre­
sponding aryl ketones 2, 4, and 8 respec­
tively in nearly quantitative yields (Table 1). 

Direct treatment of anion 5 with alde­
hydes under similar conditions results in 
complete recovery of the starting material. 
This is presumably because of the instability 
of the initial intermediate adducts 9, which 
due to steric congestion have a strong ten­
dency to dissociate back into the starting 
materials. In support of this, the correspond­
ing silyl ethers 11 were obtained in moderate 
yields when trimethylsilyl chloride was added 
to the reaction mixture (Table 2). Addition 
of trimethylsilyl chloride to a solution of the 
anion 5, followed by treatment of the result­
ing trimethylsilyl intermediate 10 with alde­
hydes in the presence of cesium fluoride, 
also produces compounds 11 in similar yields. 
The silyl ether derivatives 11 are generally 
stable and can be easily purified by recrys­
tallization or column chromatography. 
Treatment of 11 under the same hydrolysis 
conditions affords the corresponding a-hy­
droxy ketones (Table 2). 

The advantage of the bis(benzotriazol- 1 -
yl)arylmethyl anion systems such as  5 as  an 
arylacyl anion equivalent lies in the fact that 
the hydrolysis of the intermediate products 
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Tablt 1. 

ArCOCOR 9+ AIC(Bt)zCOR AICOR 
2 3 4 

i RCOCI ju♦ 
ArCH(Bt)z LDA R-X 

1HF ArC(Bt)2Li ArC(Bt)zR 
1 5 6 

Ar = p-tolyl l2.cyclobexenone 

0 0 

_j) n+ 

Mj) 
7 8 

Scheme2 

Reaction of anion 5 with electrophiles and subsequent hydrolysis of the 
resulting adducts. 

ElectJOphile Adduct Yield (%} Ketone Yield(%) 

Mel 6a 92 4a 95 
i-PrI 4ib 52 4b 84 

BuBr 6c 78 4c 95 
s,.BuBr 6cl 8 4d 91 

HexylI fie 52 4e 96 

Hexyl Br fie 83 4e 

PhCH2Br 61 95 4t 93 

Allyl Br 6g 84 4g 80 
MeCOCl 3a 45 2a 92 

PhCOCI 3b 61 lb 88 

Cyclohexenone 7 78 8 92 

Table 2. Preparation of a-hydroxy aromatic ketones. 

ArC<BthLi 

5 
-:-::-:-':'--- [ �·] 

lMelhod B 
CISiMe{ll{F 

ArC(BthSiM� RCHO/CsF 
DMF 

10 

9 

flSiM� 

Bt 

0.YR � 
Bt OSiM� 

11 12 

R Adduct& Method Yield (%) Ketone Yield (%) 

p-tolyl lla 

phenyl llb 

A 68 

B 76 

B 60 

1211 95 

12b 95 



.. u-• 

n,BuLi 

TBAB 
aq. NaOH 

50% 

Scheme3 

RCOCBlJ 
15 

iRCOCl 

8'3C-Li 
17 
t RCHO 

2. OSiM� 

C>SiMe, 

RACBt3 

19 

Scheme 4 

Bt 
I 

Bt- C - H  
I 

R-X 

ff+ 

Bt 
13 

R-COOII 
16 

jff+ 

R.:CB'3 
18 

OH 

. A  R COOH 

20 

Reaction of 17 with electrophiles and subsequent hydrolysis of the 
resulting adducts. 

Adduct Yield (%) Carboxylic Yield (%) acid 

18a 92 16a 

18b 84 16b 

18c 86 16c 

15a 98 14a 

p-MeC;sH4COCI 15b 98 14b 

19a 91 20a 

p-MtiC6H4ClJO/ClSiM� 19b 94 20b 

Table 4. Preparation of thio oxamic acids. 

s s 
17 RN=C=S ► u · --·• Jl IOH 

� CBt3 RNH" 0 
lla -c  

R Adduct 

phenyl lla 

1-naphthyl llb 

benzyl lie 

0 
l2a - c  

thio oxamic Yield (%) acid Yield (%} 

90 l2a 82 

89 llb 87 

80 llc 74 

92 

73 

79 

81 

83 

78 

76 

=�-·--- --

can be effected under mild acidic conditions, 
thus avoiding the use of toxic, heavy metal 
reagents needed for sulfur-activated systems. 
While the yields of the first step are comparable 
to those reported for other systems, the nearly 
quantitative yields in the subsequent hydroly­
sis make our method particularly attractive. 

3. TRIS(BENZOTRIAZOL-1-YL)­
METHYL ANION AS A -co2H 
EQUIVALENT 

Tris(benzotriazol-1-yl)methane (13) is 
prepared by treating benzotriazole with an 
excess of chloroform in aqueous sodium 
hydroxide in the presence of tetrabutyl­
ammonium bromide (TBAB) as a phase trans­
fer catalyst'3 (Scheme 3). 

Treatment of 13 with butyllithium in tet­
rahydrofuran gives the anion 17, which is 
subsequently quenched with alkyl halides or 
acyl chlorides to afford the alkylated 18, or 
acylated products 15, respectively. Similar 
to the case of the anion 5 described previ­
ously, the adducts formed from reaction of 
the anion 17 with aldehydes require the inter­
mediacy of the trimethylsilyl ether to be 
synthetically useful (Scheme 4). Presum­
ably due to steric effects, 17 fails to react with 
ketones even under trapping conditions. 
Hydrolysis of 15, 18, and 19 is achieved under 
similar conditions described previously for the 
preparation of aromatic ketones12 and affords 
the a-functionalized carboxylic acids in good to 
excellent yields (Scheme 4 and Table 3). 

Following a similar protocol, anion 17 re­
acts with isothiocyanates to afford adducts 21a-c 
in excellent yields (Table 4). Subsequent hy­
drolysis gives the corresponding thio oxarnic 
acids 22a-c which were new compounds and 
would be otherwise difficult to prepare. 

Unlike formyl and acyl anion equivalents 
which have relied heavily on sulfur-acti­
vated systems, the carboxyl anion synthon 
( · CO2H) has a cheap and convenient source 
in the cyano anion ( · CN). However, the 
relatively harsh conditions needed for the 
hydrolysis of the intermediate products can 
limit its use. Tris(benzotriazol-1-yl)methyl 
anion provides a useful complement to cya­
nide in this aspect. 

4. (HENZOTRIAZOL-1-YL)­
(CARBAZOL-9-YL)METHYL 
ANIONS AS FORMYL AND 
ACYL ANION EQUIVALENTS 

4.L (Benzotriazol-1-yl)( carbazol-9-yl)­
Anion as a Formyl Anion 

The development of formyl anion 
equivalents has been an area of intensive 
investigation over the last two decades due 
to the diverse usefulness of the formyl 
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functionality. Although sulfur activated 
systems, such as 1,3-di thiane, have been the 
major source of formyl anion equivalents, 
other systems have also been investigated. A 
more recent example14•15 is thiazole which, 
upon treatment with butyllithium followed 
by quenching with electrophiles, affords 
2-substituted thiazoles. Deprotection is a 
one-pot operation requiring a sequence of 
reagents (e.g., methyl iodide, sodium boro­
hydride, and mercury(II) chloride). 

The same protocol as used for 13 was 
applied to bis(benzotriazol-1-yl)methane (23) 
in  an attempt to develop a novel formyl anion 
equivalent. Bis(benzotriazol-1-yl)methyl 
anion (24) is readily generated by treating 23 
with butyllithium16 (Scheme 5). Reaction of 
24 with benzyl bromide gave mainly the 
disubstituted product 25. Ethyl 4-methyl­
benzoate produced the corresponding car­
bonyl compound 27, while 4-methylbenzoyl 
chloride gave the enol ester 28 in 52% yield, 
apparen tly resulti ng from the further 
O-acylation of the enolate form of 27. With 
p-tolualdehyde as the electrophile, the corre­
sponding alcohol 26 is obtained in 70% yield 
(Scheme 5). 

Attempted hydrolysis of 25, 26, and 27 
was not successful under various acidic con­
ditions, indicating a lack of sufficient elec­
tronic assistance from one benzotriazolyl 
group to allow the departure of the other 
(protonated benzotriazole) thereby generat­
ing imminium ion 33 (Scheme 6). Based on 

Bt 
a�x .. I 

a..-:"'--Cb 
35 

0 Bt 

�Cb 

38 39 

Scheme7 

T•titeS. Lithiation of (benzotriazol-1-yl)(carbazol09-yl)methane and 
reaction with electrophiles. 

�· EJeetropbile Yield (%) Product � Yield (%) -; l'hCH2'St 81 3(id (CzH,hCO 86 

. •  Ii 4-BICJf4CH,Br 78 3'e (Cffvs(:O 91 - · 11.C.U1"9r 71 361' (Cffv4CO 84 - 11-C4"91 84 37 PbNCS 78 

'» 4-�CHO 82 38 PhNCO 93 
,>2<'~ ... (CHv,CHCHO 91 39 �Et 88 

3k (�))CCHO 96 
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Table�- Hyd{<>fysis of the adducts 35a-d, 36a•f, 37, and 38. 

t, 830" 

-��NO, 2. 2,4-DNP 

NC>z 
40 

Substrate E 40 Yield ('JJ) 

JS• PliCH2· • 78 

35b 4-BrC6"4CHz- b 81 

3Sc n-Csfltr C 61 
35d 11..C4"9- d 83 

36a 4-Mee6'4Cfl(OO)- e 42 

36b (CH3}zCHCH:(OH)- f 16 
36c (CH3)3CCH(OH)- g 71 

36d (4JshC(OH)- h 73 

36e (CHi}sC(OO)- 71 

3lif (CHi)4C(OH)- j 61 
37 PhNHC(=S)- k 70 

38 PhNHC(=O)- 68 



Preparation of 2,4-dinitrophenylhydrazones of formylsilanes 42. 

Rt B I t 
R2- Si-( 

!, Cb 

41 

Rl R2 

Me Me 

Me Me 

Pr' Pr' 
Bui Bui 

Ph Ph 

H3o+ 
2,4-DNP R�

t
�NNH

02h N� 
R3 -v-

42 

Rl 
Yield (%) 

41 42 
Me 91 48 

Bu1 89 81  

pt 92 79 

Bu1 90 84 

Ph 95 58 

Reaction of substituted (benzotriazol-1-yl)(carbazol-9-yl)methyl anions with 
el8'::trophiles and subsequent hydrolysis of the resulting adducts. 

Bu 

Bu 

Bu 

45 

• 
b 

Bt H3o+ 1. n-BuLi 
s+o 2. o+ 

o+ 
PhCH2Br 

Mel 

Bui 
4-MeC�4CHO 

PhCHO 

PhNCO 

Mel 

Bui 

PhNCO 

n Yield (%) 

2 

76 

8 1  

Cb 
43 

G 

PhCH2 

Me 

Bu 

4-M�CH(OH) 

PhCH(OH) 

PhNHC(O) 

Me 

Bu 

PhNHC(O) 

46 Yield (%) 

a 

b 

51 

67 

Scheme s 

0 

E)l_O 

44 

Yield (%) 

43 44 

86 63 

88 77 

78 82 

87 51 

67 57 

88 62 

91 86 

94 89 

86 82 

this rationalization, we selected carbazole as 
an alternative heterocyclic moiety which, 
being a better electron donor, was expected 
to assist in the elimination of benzotriazole 
without simultaneous deactivation of the 
methylene group towards deprotonation. 

Indeed, (benzotriazol- 1 -y I)( carbazol-9-
y l) methane (29) readily undergoes 
deprotonation with butyllithium and the re­
sulting anion reacts with a wide spectrum of 
electrophiles to afford the corresponding 
adducts in good to excellent yields 1 6• 1 7  

(Scheme 7 and Table 5). 
Hydrolysis of these adducts is carried out 

in aqueous tetrahydrofuran in the presence 
of sulfuric acid, affording the corresponding 
aldehydes which were isolated as their 2,4-
dinitrophenylhydrazones 16 (Table 6). 

The (benzotriazol- 1 -yl)(carbazol-9-
yl)methane system, the first formyl synthon 
equivalent developed from a heterocycle­
activated methane, is marked by superior 
reactivity of its anion 34 towards electrophiles 
and the mild conditions employed in the 
subsequent hydrolysis of the resulting ad­
ducts. 

Recently, we have extended this system 
to the synthesis of formylsilanes which were 
long regarded as unstable species. Most of 
the methods for the preparation of acy lsilanes 
are not applicable to the synthesis of 
formylsilanes due to the instability of the 
latter. Only four formylsilanes have so far 
been reported, utilizing three methods for 
their preparation: (i) a 1 ,3-dithiane method 
which afforded a good yield (formyl­
triisopropylsilane) only when the intermedi­
ate was converted into its corresponding 
dimethyl acetal; 1 8  (ii) treatment of the corre­
sponding zirconium TJ2-sila acyl complex 
with anhydrous HCI to give formyltris­
( trimethy l s i ly l ) si lane;  1 9  and ( i i i )  
transmetalation of ( I ,3 -dioxolan-2-yl)­
tributylstannane20with butyllithium followed 
by reaction with tert-butyldimethyl­
chlorosilane or trimethylchlorosilane, giv­
ing the corresponding intermediates which 
were then hydrolyzed in the presence of 2,4-
dinitrophenylhydrazine to afford the 2,4-
dinitrophenylhydrazones of formyl-tert­
butyldimethylsilane and formyltrimethyl­
silane, respectively. 

Treatment of anion 34 with silyl chlo­
rides gives the corresponding silylated prod­
ucts 41a-e in excellent yields2 1  (Table 7). 
The insensitivity of the reaction to the elec­
tronic and/or steric nature of the substituents 
in the electrophiles is testimony to the gen­
erality of this reaction. Hydrolysis of the 
intermediate products 41a-e is carried out in 
dilute sulfuric acid in the presence of 2,4-
dinitrophenylhydrazine. Inthecasesof41a-d, 
the reactions went to completion at room tem­
perature within 24h and afforded the 
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2,4,-dinitrophenylhydrazonesofthecorrespond­
ing formylsilanes 42a-d.In the case of 41e, a 
higher temperature (50-55°C) was required, 
presumably because the electron-withdrawing 
nature of the phenyl group disfavored the 
formation of the intermediate imminium ion 
(as was illustrated in Scheme 6). The mild 
hydrolysis conditions avoid the use of toxic 
reagents and allow a wide range of 
formylsilanes to be readily accessible. 

4.2. Substituted (Benzotriazol-1-yl)­
(carbazol-9-yl)methyl Anions as 
Acyl Anion Equivalents 

Acy! anion equivalents have been re­
ported previously. 3•22•23 The versatility of 
(benzotriazol-l-yl)(carbazol-9-yl)methaneas 
a formyl synthon equivalent has naturally 
prompted us to investigate the possibility of 
using its substituted derivatives as acyl 
synthon equivalents.24 Thus, treatment of 1-
(benzotriazol- l -yl) - 1 -( carbazol-9-yl)-2-
phenylethane (35a) with butyllithium fol­
lowed by quenching with electrophiles gives 
the corresponding disubstituted derivatives 
43 (Table 8). Subsequent hydrolysis is 
effected with dilute aqueous hydrochloric 
acid in tetrahydrofuran (20°C) yielding the 
corresponding ketones 44. In a similar way, 
the butyl derivative 35d serves as a pentanoyl 
synthon equivalent. 

It is noteworthy that the carbanion of 35a 
adds to 2-cyclohexenone and 2-cyclo­
pentenone regiospecifically to give the 1,4 
addition compounds 45 which, upon hy­
drolysis, afford the corresponding 1,4-
diketones 46 (Scheme 8). 

4.3. 3-Dialkylamino-1-(benzotriazol-1-
yl)-1-( carbazol-9-yl)propanes as 
�-Aminoacyl Synthon Equivalents 

�-Aminoethyl ketones have been widely 
used as precursors for the in situ generation 
of the relatively unstable and reactive vinyl 
ketones required for Robinson annulation 
type reactions, e.g., of cyclohexanones25 or 
1,3-diketones26 for constructing carbocy­
clic rings in natural products synthesis.27 

Few a-( functionalized alky I ) -�-aminoethy I 
ketones have been reported in the litera­
ture. Most of these have been prepared by 
the Mannich reaction of simple ketones 
such as acetone, acetophenone with form­
aldehyde and amines, and lack other func­
tionality. 28 There has been no report of the 
synthesis of �-aminoketones via acyl anion 
equivalents. 

Other studies in our laboratory have dem­
onstrated that the benzotriazole adducts of 
type 48 undergo polar additions to enol 
ethers29 and enamines , including 
N-vinylcarbazole, to afford adducts 49 .30 Em­
ploying conditions similar to those described 
previous ly,  16•24 49 undergoes smooth 
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Table 9. Preparation of adducts 51 and P-aminoketones 50. 

E 

-(CH2)z()(CH2>z· PhCH2Br PhCH2-

-(CH2)z()(CHz)2· 4-MeC�4CH2Br 4-MeC�4CH2-

·(CH2)20(CHz)2· CH3(CHz>sl CH3(CHz)s-

-(Cffz)z()(CH2h· CH3(CHz)7I CH3(CHz)i-

-(CHz)z()(CHz)r PhCHOITMSCl PhCH(OTMS)-

-(CH2):0(CH2>z- 4-MeC�4CHOITMSCI 4-MeC6H4CH(OTMS) 
·(CHz)20(CH2k c-C6H11CHOITMSCI c..C�11CH(OTMS)-

-(CH2)4- PhCH2Br PhCH2-

·(CHz)4- CH3(CHz)il CHiCHz>r 

Yield (%) 
51 SO 

78 92 

74 87 

86 96 

82 94 

61 89 

68 88 

51 82 

69 84 

71 91 

Table 10. Lithiation of 52 and subsequent reaction with electrophiles. 

Bt Bt 

�OMe 
I. BuLl 

E �OMe 2. E+ 

52 53 

53 Electrophile E Yield (%) 

a PhCH2Br PhCH2- 94 

b Ph(CH2)3Br Ph(CH:i)r 91 

C Mel Me- 85 

d BuBr Bu- 80 

e CH3(CHz)7Br CH3(CH:i),- 89 

I CH3(CH:i),;Br CH3(CHz)9- 87 

C Mt!JSiCl Mi!JSi- 15 

h CH3CHO CH3CH(OH)- 80 

PhCHO PhCH(OH)- 53 

j 4-MeC6H4CHO 4-MeC6}4CH(OH)- 82 

k Ph2C=O PhzC(OH)- 84 

PhCO2Et PhCO- 91 

m 4-MeC6H4CO2Et 4-MeC6H.iCO- 92 



Table 11 .  Preparation of methyl ethers. Table 12. Preparation of dimethyl acetals. 
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Bu 68 55 
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Table 13. Lithiation of 56 and subsequent reaction with electrophiles. 

Bt 

" SPh 

l. BuLi 
2. E.+ 

56 

57 electrophile 

a Mel 

b PhCH2Cl 

C CH2=CHCH2Br 

d p-MeC6H4CHO 

e Ph2CO ' PhCN 

deprotonation with butyllithium to give the 
corresponding products 51 (Scheme 9). Hy­
drolysis of 51 is readily accomplished at 
ambient temperature in the presence of 
dilute hydrochloric acid. Careful control of 
the pH during workup enables easy removal 
of carbazole and benzotriazole, affording 
essentially pure �-aminoketones SO in excel­
lent yields3 1  (Table 9) . 

5. (BENZOTRIAZOlA-YL)­
METHOXYMETHYL ANION: 
SYNTHESIS OF METHYL 
ETHERS AND DIMETHYL 
ACETALS 

(Benzotriazol- 1 -y l)methoxymethane ( 52) 
is prepared in nearly quantitative yield by 
treating 1 -chloromethylbenzotriazole with 

Bt 

E A SPh 

57 

E Yield (%) 
Me 49 

PbCH2 68 

CHz=CHCH2 46 

p-MeC6�CH(OH) 44 

Ph2C(OH)- 76 

PhC(=NH) 71 

sodium methoxide in methanol.32 The incor­
poration of the methoxy functionality into 
the benzotriazole-activated methane system 
has allowed us to examine the reactivity of 
the carbanion geminally stabilized by nitro­
gen and oxygen atoms. Oxygen has been 
known as a poor a-carbanion stabilizing 
moiety. In fact, carbanions stabilized solely 
by alkoxy groups have rarely appeared in 
the l iterature. However, (benzotriazol- 1 -
y l )methoxymethane (52)  undergoes 
deprotonation with butyllithium smoothly 
(-78°C, THF, l h) ,  and the resulting carban­
ion reacts readi ly  with a variety of 
electrophiles32•33 (Table 10). 

Treatment of adducts 53 with Grignard 
reagents results i n  displacement of the 
benzotriazolyl group and affords the corre­
sponding methyl ethers33 (Table 11). The 

OMe 
p-TSA .. 

EAO� MeOH 

55 

E Yield (%) 

PhCH:r 8� 

Ph(CHzh- .91 

CH3(CH:z),- 83 

CH3(CH:V9- .94 

4-MeC�4CH(OH}: 78 

Phi{:(OH)- S4 

PhCO- 86 

4-MeC6H4CO- 88 

whole sequence can be thought of as a 
stepwise insertion of electrophiles (E+) and 
nucleophiles (R-) to give ECH(OMe)R using 
the synthon BtCHpMe. 

When adducts 53 are treated with metha­
nol in the presence of p-toluenesulfonic acid 
(p-TSA), the corresponding dimethyl ac­
etals 55 are obtained in good to excellent 
yields32 (Table 12 ) .  In this way,  
(benzotriazol- 1 -yl)methoxymethyl anion 
functions as a novel methylal anion equiva­
lent [-CH(OMe\]. 

6, (UENZOTRIAZOL-1-YL)­
PHENYLTHIOMETHANE AS 
A 1 ,1-DIPOLE SYNTHON 
EQUIVALENT IN AROMA TIC 
ANNULA TIO NS 

(Benzotriazol - 1 -yl)phenylthiomethane 
(56) undergoes deprotonation with 
butyllithium and the resulting carbanion re­
acts readily with a variety of electrophiles34 

(Table 13). 
We have demonstrated that the 

benzotriazolyl group in the compounds 
BtCH(R)X (where X = NR'R2, NHCOR3, or 
SPh) can be removed under Lewis acid­
catalyzed conditions to afford the corre­
sponding carbocations. 35-37 Trapping these 
cations with electron-rich aromatics or C-H 
acids in situ produces the corresponding 
amino-, amido-, or thio-alkylated products 
in high yields. The convenient reactivity of 
(benzotriazol- 1 -yl)phenylthiomethane anion 
toward electrophiles, together with the facile 
removal of the benzotriazolyl group to form 
a carbocation, has initiated an investigation 
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into the participation of this species as a 1 ,  1 -
dipole synthon equivalent in  aromatic annu­
lations38 (Scheme 10). 

Treatment of 56 with butyllithium in 
THF at -78°C for l h  followed by 1 -bromo-3-
phenylpropane yields the intermediate prod­
uct 58a. Subsequent treatment with zinc 
chloride in refluxing methylene chloride then 
affords the cyclization product 59a in 92% 
yield (Table 14). In a similar manner, the 
annulation of �-bromophenetole, 2-( 1 -
naphthyl)ethyl bromide, and 2-phenylethyl 
bromide is accomplished, affording com­
pounds 59b, 59c, and 59d respectively in 
good yields. The resistance of the phenylthio 
group to Lewis acid-catalyzed elimination 
and its subsequent presence in the cycliza­
tion products provides further opportunities 
for synthetic elaboration. 

7. SUMMARY 

Benzotriazole-activated methane systems 
undergo deprotonation with organolithiums 
to afford the corresponding a-carbanions 
which react with a wide variety of 
electrophiles. Hydrolysis or methanolysis of 
the resulting intermediate products under 
mild acidic conditions leads to the formation 
of the corresponding a-functionalized alde­
hydes, ketones, carboxylic acids, and dim­
ethyl acetals. Thus, these benzotriazole­
stabilized methyl anions function as novel 
formyl-, acyl-, �-aminoacyl-, carboxyl-, and 
methylal-anion equivalents. The high total 
yields and mild conditions for the liberation 
of the masked functionalities make them 
attractive homologation reagents in organic 
synthesis. 
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Diisopinocampheylchloroborane, (DIP-Chloride™), 
Chiral Reducing Reagent for the Synthesis of 
Secondary Alcohols of Enantiomeric Purity 

INTRODUCTION 

Asymmetric synthesis has received enor­
mous attention over the last two decades. 1 
Moreover, the well-documented and publi­
cized case involving thalidomide empha­
sized the importance of accomplishing the 
synthesis of enantiomerically pure drugs.2 

New guidelines by the Food and Drug Ad­
ministration have expressed concern with 
the enantiomeric purity of any material manu­
factured either for the promotion of human 
health or to combat pests.3 Therefore, all 
conceivable methods for the production of 
optically pure chiral materials are being ag­
gressively researched by both academic and 
industrial laboratories. 

Among the various asymmetric reactions, 
enantioselective reduction of prochiral ke­
tones has received a great deal of attention.4 
The products, namely optically active sec­
ondary alcohols, are components of many 
naturally occurring compounds, biologically 
active compounds, and materials such as 
liquid crystals. 1 They are also important as 
synthetic intermediates for various 
functionalities such as halides, amines, es­
ters, ethers, and thiols.4 

Many different approaches have been 
utilized to obtain optically active alcohols. 
However, it is only during the last decade 
that some good reagents and methodologies 
for asymmetric reduction have come to 
prominence. Presently, there are five re­
agents which are extensively used in asym­
metric reduction. These five reagents (Fig­
ure 1 )  are: (1 ) diisopinocampheyl­
chloroborane, IPC2BCl, (DIP-Chloride™); 
(2) B-isopinocampheyl-9-borabicyclo­
[3.3. l ]nonane, (Alpine-Borane™) ;  (3) 
oxazaborolidines; (4) aluminum complexes 
derived from optically active I ,  l '-binaphthyl-
2,2'-diol, such as BINAL-H; and (5) BINAP­
Ru complexes. 

Brown's DIP-Chloride (l),4a,d Midland's 
Alpine-Borane(2),4h and Noyori's BINAL-H 
(4)4c are utilized stoichiometrically, whereas 
Corey's oxazaborolidines (3) and Noyori's 
BINAP-Ru complexes are utilized catalyti­
cally. It is important to mention that no 

single reagent can be expected to deliver all 
the desirable properties which one would 
like in a reducing agent. Nonetheless, efforts 
are being made to produce a reagent that 
provides a useful compromise. 

Although development of catalytic re­
agents is usually desirable, stoichiometric 
reducing agents are preferred if they are: (a) 
inexpensive, easy to prepare, and commer­
cially available in both enantiomeric forms; 
(b) able to reduce most classes of ketones 
with high enantiomeric excess and predict­
able product configuration; and (c) recy­
clable with respect to the chiral moiety. 

Keeping the above requirements in mind, 
Brown and his group developed many boron 
reagents4d where o.-pinene proved to be a 
good chiral auxiliary, especially since both 
enantiomers are commercially available. 
Among the various boron reagents utilized 
by Brown's group, DIP-Chloride (1) was 
found to be the reagent of choice. Its contin­
ued application in academic and industrial 
research makes it one of the most popular 
reagents in asymmetric reduction. The present 
review discusses in detail the applications of 
this versatile reagent in asymmetric reduc­
tion. Application of DIP-Chloride as an 
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enolboration reagent for stereoselective al­
dol condensation and as a reagent for the 
opening of meso-epoxides to form non-race­
mic halohydrins is also briefly discussed. 

Preparation of DIP-Chloride 

(-)-DIP-Chloride can be readily prepared 
from commercially available ( + )-a-pinene 
(92% ee) by hydroboration with borane-

Gr1,ec, GtG) 
Ph Ph 

CQ 
(1) DIP-Chloride 

(Brown) 

(4) BINAL-H 
(Noyori) 

R 
(2) Alpine-Borane (3) Oxazaborolldines 

(Midland) (Corey) 

(5) BINAP-Ru Complex 
(Noyori) 

Figure 1 
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BHl'SMez'THF (i)•"),att o 0c HCVEt2O 
2 

75% -78 to o oc 

92% ee >99% ee >99% ee 

dimethyl sulfide in THF at 0°C. This gener­
ates diisopinocampheylborane (IPC2BH), 5 in 
greater than 99% ee. During the reaction, the 
minor isomer is left in the solution and the 
major isomer, (-)-IPC2BH, crystallizes out. 
The crystalline product is treated with dry 
HCl in diethyl ether. Removal of ether and 
cooling to 0°C provides solid, crude (-)-DIP­
Chloride which may be recrystallized from 
pentane to produce white, crystalline mate­
rial6, with a melting point of 54-56°C 
(Scheme 1). Alternatively, (-)-DIP-Chlo­
ride can also be prepared by suspending 
IPC2BH in ether at 0°C and bubbling gaseous 
HCl through the suspension until all of the 
IPC2BH dissolves. Removal of ether pro-

2 
� 

BH2CI-SMe2 (i)·••),oo 
E!:iO, o 0c 

97% ee 

, • 119 Nl/]fhtudfes ofCOl'Jlplexation of ( +DIP-Chloride with 
· •· ol'l�equivafent of terti�ry !lmine in dichloromethane. 

Amine 
119 

NMR, o.(p m) 
dlettlylmethylamine 76 
dimethylethylamine 76 
N-m1:1thylpyrrolidine 76 

NMR<1f DIP-C:hloricJe .in CH�Cl2 is observed at o = 76ppm. 
}(Jl1J.e1u1re reported with reference to BF 3• OEt2• 

vides reagent 1 in >98% purity. (+)-DIP­
Chloride is prepared similarly from (-)-a­
pinene. DIP-Chloride can also be prepared 
by treating 2 equivalents of a-pinene with 
monochloroborane-methyl sulfide complex4<1 

(Scheme 1). 

>97% ee 

Scheme 1 

Table 2. Effect of solvent and temperature on chiral 
induction during reduction of acetophenone with 
(-)-DIP-Chloride. 

Solvent 
THF 
THF 
ether 

CH2Cl2 
pentane 

(-)-DIP.Chloride 

THF, 1M, -25 oC 

Temp., "C 
-25 

0 
-25 
-25 
-25 

72-75% yield 

Scheme 2 

Time, h % ee 
5 97.4 
3 95.8 
5 96.3 
5 95.6 
5 95 

97-98% ee 
R=Me, El, n -Pr, n •Nonyl 

DIP-Chloride fumes in air and is sensi­
tive to moisture and oxygen, but can be 
stored for several years below 25°C under an 
inert atmosphere. The reagent does not 
complex with solvents such as ether, and 
THF.7 I t  also does not complex with hin­
dered tertiary amines, such as 2,6-lutidine, 
triethylamine, diethylmethylamine, di­
methylethylamine, and N-methylpyrrolidine 7• 

It does, however, show weak complexation 
with 2-picoline and strong complexation with 
pyridine (Table 1). The reagent can be  used 
for asymmetric reduction in both polar and 
non-polar aprotic solvents (Table 2).4·7 

Table3. Asymmetric reduction of substituted acetophenones with (-)-DIP-Chloride at -25 °c. 

Asymmetric Reduction of Aralkyl, 
Aliphatic, Cyclic, and Bicyclic Ketones 

(-)-DIP-Chloride has proved extremely 
efficient for the reduction of aralkyl ketones 
to produce the corresponding alcohols in 
high yield (72-75%) and high optical purity 
(>97% ee) (Scheme 2).4<l It has been demon­
strated that the reduction of aralkyl ketones 
proceeds with extraordinary consistency and 
predictable stereochemistry.6·7 Testing the 
reagent on series of substituted aralkyl ketones 
indicated that substituents on the phenyl ring 
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Ketone X-Ph-COCH3; X = % ee isomer 

1 2·, 3-, or 4-fluoro 95-96 s 

2 2-, 3-, or 4-chloro 96·98 s 

3 4-bromo 96 s 

4 4-iodo 97 s 

5 2-, 3-, or 4-nitro 94-96 s 

6 3- or 4-cyano 96-97 s 

7 2-COOH• 25 R 
8 4-COOH 97 s 

9 2-COOMe 94 s 

10 4-COOEt 97 s 

11 4-CONR2 (R = H or Et) 95 s 

12  2-, 3-, or4-Me 94-96 s 

13  2-OH 81 R 
14 3-OH 97 s 

1 5  4-OH 10 s 

16 2-OUb 90 R 
17 4-OU 90 s 

18 2-, 3-, or 4-OMe 92-96 s 

1 9  2-, 3-, o r  4-CF3 94-96 s 

(a) Ketone:reagent, 1 :2. (b) Reaction proceeds by initial chelate formation. 
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OH 
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Scheme & 
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neat, RT 

70-90% 

� � 61% ee (S) 

� I 

76% ee (S) 

� I  

'.xOH 

R R1 

85% ee (S) 

78-99% ee 
R = aryl or alkyl 
Rr = CF3, C2F5, C3F7 

Scheme 7 

had l ittle affect on the chiral outcome (Table 3). 18 
On the other hand, aliphatic unhindered ketones do 
not yield good enantioselection with (-)-DIP-Chlo­
ride (e.g., 2-butanone, 2-octanone, and 3-methyl-2-
butanone are reduced in 4%, 7%, and 32% ee 
respectively, Scheme 3).6·7 In contrast, hindered 
ketones have been reduc ed with high 
enantioselectivity (e.g., 3,3-dimethyl-2-butanone 
provides the corresponding alcohol in 95% ee). 
This aspect is further demonstrated in the reduction 
of cyclic ketones (Scheme 4).7·8 

w 98.1% ee (SJ 

Bicyclic ketones, such as 1 -indanone, a-tetralone, 
and 2'-acetonaphthone, are reduced in >97%, 87%, 
and 98% optical purity, respectively. Substitution 
of the aromatic group with a heteroaromatic group 
resulted in a slight decrease in the chiral induction. 
3-Acetylpyridine and 2-acetylthiophene are reduced 
to the corresponding alcohols with 92% and 91 % ee, 
respectively (Scheme 5).7 

Reduction of olefinic ketones with (-)-DIP-Chlo­
ride has shown encouraging results (e.g., pros­
taglandin intermediates such as iodovinyl ketones 
are reduced in 85% ee, Scheme 6).4<1 

6- 7 h  o 
0 OH 

er 15 h 
N N 

0 OH 

-� s 1 5 h  � s 

Scheme s 

90% yield 

92.4% ee (SJ 
67% yleld 

91 .3% ee (SJ 
85% yleld 

Ketones 

Chiral fluorinated alcohols are potentially  of 
great importance in biological, medicinal , and ma­
terials science.9• 10 Optically  purearyl trifluoromethyl 
alcohols are widely used for chiral stationary phases 
in l iquid chromatography and as chiral solvating 
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agents i n  NMR applications. 1 1 · 1 2  The i m­
portance of chiral compounds possessing 
fluorine atoms i n  organic and medicinal 
chemistry has been highlighted in several 
reviews.9• 1 1  

Brown and co-workers have recently dem­
onstrated the use of DIP-Chloride for the 
reduction of fluoroketones. 13 The reductions 
are carried out conveniently with high ee 
without the use of solvent. For example, 
1, 1, 1-trifluoroacetone, 1, I ,  l -trifluorononan-
2-one, and 1, I ,  l-trifluorodecan-2-one are all 
reduced i n  4-8h i n  89% ee, 92% ee, and 91 % 
ee, respectively13 (Scheme 7). Even sec­
alkyl trifluoromethyl ketones are reduced by 
DIP-C hloride very effici ently. Thus, 
cyclohexyl trifluoromethyl ketone is re­
duced by DIP-Chloride at RT i n  12h to the 
product alcohol i n  87% ee. In all of these 
cases the trifluoromethyl group acts as the 
enantio-controlling larger group i nstead of 
the aryl or alkyl group. This produces 
products with stereochemistry opposite to 
those obtained for the corresponding methyl 
analogs. 14 

Many reagents have been applied for the 
reduction of fluoroketones. 15·22 It has been 
observed that there i s  no pattern in  the reduc­
tion products obtained (Table 4). The i nver­
sion i n  stereochernistry could be ascribed to 
the steric size of the -CF3 group and/or to i ts 
electronic i nfluence. It is surprising to note 
that Alpine-B orane reducti on of 
trifluoroacetophenone (PhCOCF3) gives the 
same stereochemistry as for the reduction of 
acetophenone. The mechanism of reduction 
for Alpine-Borane and DIP-Chloride is simi­
lar, yet they provide the alcohol of opposite 
configuration. This may indicate that the 
presence of a chlorine atom in the reagents 
exerts a significant influence on the stereo­
chemistry of the trifluoromethyl alcohols 
produced. 13 

Asymmetric Reduction of Acetylenic 
Ketones 

(-)-DIP-Chloride reduces unhindered 
acetylenic ketones such as 3-butyn-2-one or 
4-phenyl-3-butyn-2-one in ether (25°C, l h) 
to the corresponding alcohol i n  17% and 
21  % ee, respectively. Increasing the bulk of 
R' to an i sopropyl group yields the product 
alcohol i n  53% ee. Finally, i ncreasing the 
size of R' to the tert-butyl group yields the 
product alcohol i n  99% ee (Scheme 8). 23 The 
latter reaction required 6 days for comple­
tion under standard conditions (ether, I M, 
-25°C). However, conducting the reaction at 
room temperature without solvent results i n  
complete reduction i n  8h, providing the prod­
uct alcohol i n  98% ee. Recently, Brown's 
group has synthesized a variety of new hin­
dered acety lenic ketones and converted them 
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. Table4, Comparison of the stereochemistry of product alcohols from the asymmetric 
reduction of 2,2,2-trifluoroacetophenone (Ph-CO-CF3) with several reagents. 

Reagent 
Mosher's Reagent 
Nasipuri's Reagent 
ffBINAL-H 
NB•Enantride 
K-Gluooride 

>cas cat1BH3 
CB$ Cat/Catecholborane 
Bal(er'sYeast 
Alpine:-Borane 
Alpi�Borane 
. DIP-Ch[oride 

Reaction 
conditions 
THF, 0 °C 
THF, -78 °C 
THF, -60 °C 
THF, -78 °C 
THF, -78 °C 
THF, -78 °C 
THF, -78 °C, 1 5h 
H2O, rt, 2da 
neat, rt, 45db 
6000 atm, rt, 3d 
neat, rt, 24h, 

% ee 
(isomer) 

50 (5) 
77 (5) 
27 (5) 
50 (5) 
48 (5) 
18 (R) 
90 (R) 
44 (5) 
35 (R) 
54 (R) 
90 (5) 

>99" 

Stereochemistry 
compared to 
Ph-CO-Me 
opposite 
opposite 
same 
same 
same 
opposite 
opposite 
same 
same 
same 
opposite 

Ref. 
15 
16 
17 
18 
19 
20 
20 
21 

(a) 80% reaction complete. (b) 90% reaction complete. (c) upon recrystallization in pentane. 

(·)DIP-chloride 

ethyl ether, 
1M, ·25"C 
80-92% 

R 

_X:
o
� 

� R A = H, R' = Me :  17% ee 
R = Ph, R' = Me :  21% ee 
A = Ph, R' = Et :  28% ee 
R = Ph, R' = ; -Pr : 53% ee 
R = Ph, R' = t -Bu : >99% ee 

Scheme s 
98% ee (AT) 

(-)DIP-chloride 
THF 

96-98% ee 

A = Me, A'= Me 
R = Et, R' = Me 
R = ; -Pr, A' = Me 
R = Me, R' = n -Bu 
R = Me, R' = i -Pr 

Scheme 9 

to the corresponding propargylic alcohols i n  
high yields (70-90%) and in  essentially opti­
cally pure form. 23 Alpine-Borane (2), though 
good for unhindered acetylenic ketones, fails 
to reduce these hindered ketones, whereas 
most of the other reducing agents fail to 
achieve consistency. A modified and opera­
tionally simplified workup procedure for the 
i solation of acetylenic alcohols i n  high yield 
should facilitate the scale-up of such asym­
metric reduction reactions.23 

A number of reports have appeared re­
cently concerning the asymmetric reduction 
of acylsilanes, producing enantio- enriched 
hydroxysi lanes. The avai labi li ty of 
enantiomerically pure a-hydroxysilanes can 
certainly broaden the scope and extend the 
applicability of this class of compounds.24·25 
Buynak and co-workers have i nvestigated 
the asymmetric reduction of acylsilanes to 
a-hydroxysilanes via the Itsuno reagent24c (a 

2: 1 complex of borane and (S)-2-amino-3-
methyl-l ,  l -diphenylbutan-l-ol).26 A mod­
erate level of enantioselectivity was obtained 
which increased with the steric bulk of the 
trialkylsilane. 

Panek and Ciri llo have explored the asym­
metri c reducti on of a,P-unsaturated 
acylsilanes via the CBS catalytic method for 
the preparati on of opti cally acti ve 
hydroxyallylic silanes.24" However, only 
moderate levels of induction were observed. 
The use ofNoyori's BINAL-H reagent as well 
as enzymatic reduction with baker's yeast for 
such reactions have so far also proven to be 
unsatisfactory. 

Recently, Soderquist24b and Buynak24c 

have independently shown that acylsilanes 
can be reduced to the corresponding a­
sily lalcohol via DIP-Chloride reduction. 
Addition of the acylsilane to (-)-DIP-Chlo­
ride i n  THF at room temperature, followed 
by workup with diethanolamine, provides 
(R) alcohols i n  high enantiomeric excess and 
in good yields (Scheme 9). 
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Mechanism of Reduction 

The mechanism of the reduction of ke­
tones with DIP-Chloride is similar to that 
proposed by Midland for Alpine-Borane 
reduction.4b Reduction proceeds via a bi­
molecular, six-membered cyclic, boat-like 
transition state in which the tertiary h ydro­
gen is transferred to the carbonyl carbon. 
In  the transition state, the smaller alkyl 
group (R5) lies in the axial position syn 
facial with the methyl group of pinene, 
while the bulky alkyl group (RL) prefers an 
equatorial position (Figure 2). This clearly 
explains the formation of the S-isomer from 
(-)-DIP-Chloride and R-isomer from ( + ) ­
DIP-Chloride unless the steric bulk of  the 
carbonyl moiety is changed, as in the case of 
tert-butyl phenyl ketone, or there is a change 
in priority rule, as in the case of acylsilanes.4 

Brown has recently developed an im­
proved workup procedure for the isolation of 
the product alcohol after reduction.4d·23 This 
new procedure involves treatment of the re­
action mixture (after completion of reduction 
with DIP-Chloride) with l equivalent of 
acetaldehyde at room temperature. This com­
pletely eliminates the second unit of a-pinene 
from the reagent. The recovered a-pinene 
can be collected under vacuum and the prod­
uct is obtained by a simple hydrolysis of the 
chloroboronate ester, RO(EtO)BCl, with 
NaOH (Figure 3). This convenient proce­
dure avoids formation of the sol id 
diethanolamine complex.4 This new method 
is indeed simple and attractive providing 
product alcohols in good yield, while a-pinene 
can be readily recovered from the reaction 
mixture quantitatively. 

Applications of DIP-Chloride 

DIP-Chloride is an excellent chiral re­
ducing agent for aralkyl ketones containing 
halogen in the alkyl chain. The correspond­
ing haloalcohols are generally obtained in 
>90% ee. For example, 3-chloro-l-phenyl-
1-propanol, which is initially obtained in 
97% ee, can be upgraded to essentially 1 00% 
ee by simple crystallization. In tum, 3-
chloro-1-phenyl-1-propanol provides access 
to a highly enantioselective synthesis of an­
tidepressant agents (Scheme 10). Brown 
and co-workers have prepared the series of 
antidepressant drugs tomoxetine, fluoxetine, 
and nisoxetine in both enantiomeric forms. 
These haloalcohols can also be cyclized to 
oxiranes and 2-substituted tetrahydrofurans 
of high enantiomeric purity.27 

The Bristol-Myers-Squibb group recently 
developed many novel antipsychotic agents 
bearing the l-(pyrimidin-2-yl)piperazine (1-
PP) pharmacophore and selected the most 

Aldrichimica Acta, Vol. 27, No. 2, 1994 47 



successful candidate, a-(4-fluorophenyl)-4-
(5-fluoro-2-pyrimidiny 1 ) - 1 -piperazine­
butanol (BMS 1 81 1 00) for clinical evalua­
tion.28 U nfortunately, the published multi­
step synthesis of optically pure BMS 1 81 100 
is very lengthy and difficult. This procedure 
involves a chiral resolution using a­
methylbenzyl isocyanate, providing - 1 0% 
overall yield of the desired product.28 

The above difficulty has been easily over­
come by Ramachandran, Gong, and Brown. 29 
They recently described an efficient asym­
metric reduction of 4-chloro-4' -fluorobutyro­
phenone with ( + )- or (-)-DIP-Chloride, pro­
vides the corresponding (R) or (S)-alcohol, 
respectively, in 90% yield and 98% ee. Cou­
pling this with 2-( 1 -piperazinyl)pyrimidine 
provides the desired product in 72% yield 
and >98% ee (Scheme 11) .29 

This elegant synthesis utilizing DIP-Chlo­
ride can provide both enantiomers of the 
desired drug in few steps with high chemical 
and optical yields. Most importantly, the 
synthesis is quite general. The synthesis of 
BMS 1 8 1 1 00  itself should be straightfor­
ward from coupling a-3-chloropropyl-4-
fluorobenzenemethanol and 5-fluoro-2-( 1 -
piperazinyl)pyrimidine.29 

Another representative application of 
DIP-Chloride is found in the synthesis of 
( I R,3S)-1 -(aminomethyl)-3,4-dihydro-5,6-
dihydroxy-3-phenyl-1H-2-benzopyran (6), a 
potent and selective D 1  antagonist, and its 
enantiomer (7) (Scheme 12). Pharmaco­
logical study of the enantiomers shows that 
all of the dopaminergic activity resides ex­
clusively in the ( IR,3S) enantiomer.30 

Dolastatin has been isolated from an In­
dian Ocean sea hare, Dolabella auricularia. 
It has shown powerful antineoplastic activ­
ity and is expected to become a new anticancer 
agent.3 1 Its structural uniqueness as well as 
its scarce availability in nature has moti­
vated several groups to synthesize this bio­
logically active peptide. (S)-Dolaphenine, 
which represents the C-terminal unit of dola­
statin, has been synthesized recently using 
DIP-Chloride by Shiori and Hamada. They 
utilized many chiral reducing agents, includ­
ing Corey' s oxazaborolidines. However, only 
DIP-Chloride provided good isolated yields 
(80%) of the intermediate for the synthesis of 
Dolaphenine in 93% ee (Scheme 13).3 1  

Jean and co-workers synthesized reduced 
haloperidol using DIP-C hloride. 32 

Danishefsky's group also applied this re-

agent for the synthesis of descarbamoyl­
calichearnicinone. 33 Y amamura and co-work­
ers prepared aplysiatoxins using DIP-Chlo­
ride for the reduction of aralkyl ketone.34 

The Merck group described the use of DIP­
Chloride for the synthesis of a PAP-antago­
nist, L-659, 98935 and MK-287.36 

Recently at Merck, Sharp, and Dohme 
Research Laboratories, Simpson and co­
workers demonstrated that DIP-Chloride has 
utility in the asymmetric reduction of ke­
tone substrates that contain an ester func-

HO 

1R, 3S 
98%ee 

6 

tionality .37 They synthesized multikilogram 
quantities of a chiral lactone (Scheme 14) 
in their work on platelet activating factor 
antagonists using DIP-Chloride. The ester 
is hydrolyzed after reduction and extracted 
into the aqueous layer. The neutral pinene 
by-products are then easily removed. The 
chiral lactone was isolated in 89% yield 
with 92% ee37 

DIP-Chloride has also been applied in the 
preparation of polymer-supported (R)- and 
(S)-styrene oxide via reduction of chloro-

OH 

01 HO� ••••• :::-,. 

�6 

(NH2HCI 

1S, 3R 
98% ee 

7 

Scheme 12 

93% ee 

- -

(+)·DIP-Chloride 

Et20, 80% 

( S)-Dolaphenine 

Scheme 13 

(-)-DIP-Chloride 

OH 
1 �C02H 

PrO� 

O� I  

YoP, - -
>88% 

OMe OMe 

92% ee 
Scheme 14 

48 Aldrichimica Acta, Vol. 27, No. 2, 1994 



acetylated styrene - 1 % divinylbenzene with 
(-) and (+)-DIP-Chloride respectively.38 

Other applications of DIP-Chloride in­
clude the syntheses of p-alkoxyphenethanols39 

and (+)-motneine.40 

Enolboration of Ketones with 
DIP-Chloride 

Enolborinates are highly versatile inter­
mediates in organic synthesis.41 Brown's 
group has shown that sterically bulky 
dialkylhaloboranes, in the presence of 
triethylamine, can enolize various ketones 
regio- and stereoselectively to generate pre­
dominantly [E]-enolborinates.42 It was, there­
fore, of obvious interest to determine the 

0 

A/ DIP-Chloride 
El3N, o•c, CCl4 
(quantitative) 

0 

6. DIP-chloride 
E�N, 0 "C, CCl4 

>95% 

behavior of DIP-Chloride towards ketones 
in the presence of tertiary amine. Indeed, i t  
has been observed that reductions of ketones 
are suppressed in the presence of tertiary 
amines; enolborations ( enolization) predomi­
nate completely. Some representative ex­
amples of the enolboration of cyclic and 
acyclic ketones are shown in Scheme 15. I t  
i s  i nte resti ng  to  menti on  that  the  
r eg iose lec ti v e  enolbor at i on  o f  2 -
butanone wi th DIP-Chloride i s  observed 
exclusively on the methyl side.42d 

Paterson has applied both IPC2BOTf as 
well as DIP-Chloride for the enolboration of 
methylalkyl ketones for enantioselective al­
dol condensations43• (Scheme 16). It has 
been demonstrated that from ethylalkyl ke-

OB(IPC)2 OB(IPC)2 
N � + 

>99% <1% 

OB(IPC)2 

6 
n= 1 ,2,3 

Scheme 15 
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tones DIP-C hloride provides [£] ­
enolborinates whereas IPC2BOTf provides 
predominately [Z]-enolborinates.43b Surpris­
ingly, i t  is only the latter transformation 
which has been found useful for aldol con­
densations to give good ee' s of correspond­
ing syn aldol products.43' However, both 
these reagents have been applied by Paterson 
for the synthesi s of optically active 
dihydropyrones via chiral enolborinates 
(Scheme 17).43a 

IPC2BOTf has shown more promising 
results than DIP-Chloride for asymmetric 
aldol condensations;43d unfortunately, the lack 
of commercial availability remained a limi­
tation to its wide application. However, i t  
has been shown that commercially available 
DIP-Chloride can be utilized to generate 
IPC2BOTf. This is carried out by treating 
DIP-Chloride with trifluoromethanesulfonic 
acid in hexane at 0°C, generating IPC2BOTf 
instantaneously (Scheme 18). This can then 
be utilized in situ for enolboration.43e 

Emmtioseiective Opening of meso­
Epoxides with DIP-X (X = Cl, Br, I)  

Dialkylhaloboranes have also been ap­
plied for the enantioselective opening of 
meso-epoxides to form halohydrins.44 The 
transformation is general, providing highly 
valuabledifunctionalized compounds in good 
to excellent enantiomeric purity from simple 
olefins. It has been found that 
dialkyliodoboranes (DIP-I) provide the best 
ee's of corresponding halohydrin. 

DIP-Chloride as Chiral Catalyst 

There is one report where DIP-Chloride 
has been utilized as a chiral catalyst for the 
Diels-Alder reaction of 2-methyl-2-propenal 
and cyclopentadiene, but poor enantio­
selectivity was observed. Nevertheless, the 

,,,,,)l 
, .... loJJ 

) 
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exo adduct was observed in excess in 90: I 0 
exo-endo ratio.45 

CONCLUSION 

DIP-Chloride is a remarkably effective 
reagent for the asymmetric reduction of a 
variety of prochiral ketones. Aromatic, 
heteroaromatic, tert-alkyl, hindered acety­
lenic, trifluoromethyl ketones, as well as 
aliphatic acylsilanes are smoothly reduced 
in a highly enantioselective manner with 
predictable stereochemistry. These alcohols 
are potentially of considerable importance in 
organic, biological, pharmaceutical, and ma­
terials science. A new, simplified workup 
recently demonstrated by Brown's group has 
made isolation of chiral alcohols easy and 
convenient, and is expected to broaden the 
utility and scope of this reagent. Moreover, 
quantitative recovery of the chiral auxiliary, 
a-pinene, is a bonus which makes this re­
agent extremely competitive, and even 
cheaper, than some of the catalytic processes 
of asymmetric reduction. The ready avail­
ability of this boron reagent from a commer­
cial source (Aldrich) in both enantiomeric 
forms makes DIP-Chloride one of the most 
attractive and competitive reagents for asym­
metric reduction. Furthermore, the applica­
tion of DIP-Chloride in enolboration reac­
tions to produce chiral aldol products, open­
ing of a meso-epoxide to form a chiral 
halohydrin, and as a chiral catalyst in Diels­
Alder reactions are just the beginning of the 
newer applications of this reagent. 
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Some boron reagents which have been 
reported in this review are mentioned below. 
All of these reagents are available in bulk 
quantities. 

31,702-0 (-)-DIP-Chloride™ 5g $17.55 
25g $58.25; 100g $161.60 

31,701-2 (+)-DIP-Chloride™ 

5g $17.55; 25g $58.25 
100g $161.60; 1kg $1188.00 

27,010-5 NB-Enantrane™, 
0.5M solution in THF lO0mL $33.50 

27,009-1 NB-Enantride™, 
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17 ,982-5 Borane-methyl sulfide complex 
lO0mL $75.20; SOOmL $269.10 

SL $1681.80; ISL $3152.40 
29,844-1 Monochloroborane-methyl 

sulfide complex 50g $50.70 
17,871-3 9-BBN dimer, crystalline, 98% 

5g $32.65; 25g $97.85; 100g $275.95 
18,891-3 Catecholborane, 98% 

25g $74.75; 100g $233.00; 500g $918.90 

Precursors to Corey's oxazaborolidines 
catalyst: 

38,233-7 (R)-( + )-a,a-Diphenyl-2-
pyrrolidinemethanol, 99% 

250mg $15.25; lg $42.55 
36,819-9 (S)-(-)-a,a-Diphenyl-2-

pyrrolidinemethanol, 99% 
250mg $13.35; lg $37.05 

Precursors to Noyori's BINAL-H and 
BINAP-Ru complexes: 

24,694-8 (R)-( + )-1,1 '-Bi-2-naphthol, 99% 
100mg $10.15; 250mg $20.25 

lg $66.70; 5g $219.00 
24,695-6 (S)-(-)-1,1 '-Bi-2-naphthol, 99% 

250mg $23.20; lg $76.80; 5g $278.10 
29,581-7 (R)-( + )-2,2' -Bis( diphenylphos­

phino )-1,1 '-binaphthyl, 97% [(R)-(+)-
BINAP] 25mg $11.70; 100mg $32.30 

29,582-5 (S)-(-)-2,2'-Bis( diphenylphos­
phino )-1,1 '-binaphthyl, 97% [(S)-(-)-
BINAP] 25mg $11.70; 100mg $32.30 

DIP-Chloride, DIP-Bromide, NB-Enantrane, and 
NB-Enantride are trademarks of Aldrich Chemical Co., 
Inc. Alpine-Borane and Alpine-Hydride are registered 
trademarks of Aldrich Chemical Co., Inc. 

Brown's group has recently demonstrated that 
dicyclohexylchloroborane/triethylamine serves 
as an excellent enolboration reagent for ketones, 
aldehydes, carboxyl ic acids, anhydrides, 
thioesters, and �-keto esters. 1·2 The reagent has 
been successfully utilized for the regio- and 
stereoselective generation of enolborinates from 
a variety of alkylethyl ketones. These 
enolborinates have been applied for the synthe­
sis of aldol products. 1-4 

( l) Brown, H.C.; Dhar , R.K.; Ganesan, K,; Singaram, B. J. 
Org. Chem. 1992, 57,499. (2) Idem ibid. 1992, 57, 2716. (3) 
Brown, H.C.; Dhar , R.K.; Bakshi, R.K.; Pandiarajan, P.K.; 
Singaram, B. J. Am. Chem. Soc. 1989, 1 11 , 3441 .  (4) Brown, 
H.C.; Ganesan, K.; Dhar, R.K. J. Org. Chem. 1993, 58, 147. 

40,613-9 Chlorodicyclohexylborane, 
98% 25mL $91.80 

40,820-4 Chlorodicyclohexylborane, 
I .OM solution in dichloromethane 

50mL $51.85; lOOmL $86.40 
41,112-4 Chlorodicyclohexylborane, 

1 .0M solution in hexanes 
50mL $51.85; lOOmL $86.40 

B-Iodo-9-BBN is an excel lent reagent for 
the synthesis of a,�-unsaturated esters by the 
highly chemoselective reaction of B-1-9-
BBN-ethoxyacetylene adduct with alde­
hydes. 1 This reagent al so  s erves as a 
stereoselective enolboration reagent for s teri­
call y  hindered alkylethyl ketones.2 

( l )  Satoh, Y. ;  Tayano, T.; Hara, S. ;  Suzuki, A. Tetrahedron 
Lett. 1989, 30, 5 153. (2) Brown, H.C.; Ganesan, K. ;  Dhar, 
R.K. J. Org. Chem. 1993, 58, 147. 

41,690-8 B-Iodo-9-BBN, l .OM solution 
in hexanes 25mL $45.00 

0) rn 
2 

A smooth, rapid, quantitative enolboration 
of esters and tertiary amides with control of 
enolate geometry can be achieved for the first 
time with dicyclohexyliodoborane. 1·2 

( I )  Brown, H.C.; Ganesan, K. Tetrahedron Lett. 1992, 33, 
3421 .  (2) Ganesan, K . ;  Brown, H.C. J. Org. Chem. 
scheduled for May 6 issue. 

41,691-6 Dicyclohexyliodoborane, 97% 
25mL $97.75 

42,331-9 Dicyclohexyliodoborane, 0.5M 
solution in hexanes 50mL $57.00 
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About 
Our Cover: 

This colorful river scene, Jolly 
Flatboatmen in Port (oil on canvas, 1 17.5 
x 175. 1cm), was painted by the American 
artist George Caleb Bingham in 1857 dur­
ing a stay in Germany. When Bingham 
arrived in Europe for the first time in 
1856, he brought with him the ambition of 
creating a history painting that would 
depict an important event in the develop­
ment of the American West. He also 
brought along the memory of his well­
received paintings of river life dating from 
the mid- l 840s. These works, which had 
given him national visibility, suggested to 
him further potential. 

After settling with his family in 
Diisseldorf, Germany, Bingham set to 
work on Jolly Flatboatmen in Port. With 
more than nineteen figures, it was to be 
his largest and most complex river paint­
ing. Moreover, unlike his earlier paintings 
of similar subjects, which were set in re­
mote bends of unnamed rivers, this work 
was to depict a center of commerce, St. 
Louis. The scene shows a flatboat docked 
at the wharf, and boatmen amusing them­
selves with their own homespun entertain­
ment, music, and dancing. The revelry is so 
lively that another flatboat has pulled along­
side to observe it. Bingham borrowed 
figures from his earlier works for this paint­
ing; the tour-de-force dancing figure who 
holds a red handkerchief had appeared in 
his best-known river painting, Jolly 
Flatboatmen, 1846. 

The painting is in the collection of The 
Saint Louis Art Museum. 

Aldrich warrants that its products conform to 
the information contained in this and other 
Aldrich publications. Purchaser must deter­
mine the suitability of the product for its particu­
lar use. See reverse side of invoice or packing 
slip for additional terms and conditions of sale. 
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�Lab 
Notes 

<y�Jtfi11V� lll1 in11ovativeshortcut or unique labo­
. iqtyou'd like to share with your fellow chem-. llSI! send it to Aldrich (attn: Lab Notes, 

Acta). For subtllitting your idea, you 
h!�. a complimentary, laminated periodic 
. r(Cat No.ZlS,000-2). lfwepublishyour 
, Y(lll will also receive an Aldrich periodic table turbo mouse pad (Cat. No. Z24,409-0) like that 

i;il;labove. ItisTeflon® coated, 8½ x 1 1  in., with a full-color periodic table on the front. We reserve 
Jt9.@tain allentries for consideration for future publication. 

Teflon is a registered trademark of E.l. du Pont de Nemours & Co .. Inc. 

EDITOR'S NOTE 
It has come to our attention that there is some confusion concerning the configuration and s ign 

of rotation of our (R)-(-)-and (S)-( + )-benzyl glycidyl ethers (36,352-9 and 36,353-7, respectively). 
These products were prepared according to a procedure reported by Bittman1 and the configu­

ration about the asymmetric center is specified in accordance wi th a rule change i n  the CIP 
convention for glycidol and derivatives.2 Optical rotations for neat samples have the same sign of 
rotation as that reported for toluene or benzene solutions. 

The correct s tructures for these products are indicated below. Note that the s tructures i ndicated 
in the 1 992-1 993 Aldrich S tructure Index (Z23,360-9) are i ncorrect and have been revised s ince 
i ts publication. 

0 H 

D(CH OCH --� 2 2 ·"=./ 

36,352-9 Benzyl (R)-(-)-glycidyl ether 36,353-7 Benzyl (S)-( + )-glycidyl ether 

We will be directly notifying customers of these products and apologize for any i nconvenience. 
For more information, please contact our Technical Services Department at 800-23 1-9327. 
( 1 )  Byun, H.-S.; Bittman, R. Tetrahedron Lett. 1 989, 30, 2751 . (2) Hanson, R.M. Chem. Rev. 1 991 , 91, 437 and 
references cited therein. 

Third International 

Conference on 

Cal ixarenes and Related 

Compounds 

The Third International Conference on Calixarenes and Related Compounds wi l l  be held 
May 21 -25, 1995 in Fort Worth, Texas, USA. The purpose of this preliminary annnouncemen t is 
to cal l your attention in the hope that you will put i t  on your calendar and plan to attend. 

The conference site will be Texas Chris tian Universi ty (TCU) which has an excellent auditorium 
for a meeting of the anticipated size and where very reasonably-priced living and dining facili ties 
are located on the campus within easy walking dis tance of the auditorium. 

TCU is located in a residential neighborhood about 5 miles southwest of downtown Fort Worth. 
The ci ty, with a population of about 450,000, is an interesting mixture of the old southwest of the 
cowboy and the new southwest of high cul ture. 

The month of May is general ly very nice, with blue skies during the day, long evenings before 
sunset, and pleasantly warm breezes. It should be a good time for the Conference on Calixarenes, 
and you might also find it an appropriate time to plan a vacation in the American Southwest. 

Inquiries and correspondence concerning the conference should be addressed to: 

3rd International Calixarene Conference 
Department of Chemistry, Texas Christian Uni versity 

Fort Worth, TX 76129 USA 
Phone: (817) 921-7219 FAX: (817) 921 -7330 
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Jai Nagarkatti, 
President 

Professor Phi l ip E. Eaton at The 
University of Chicago kindly suggested 
that we offer cubane dimethylester 
which is a precursor to the parent 
hydrocarbon,  and to a number of 
functionalized cubane derivatives as 
well. 1 For example, i rradiation in the 
presence of oxalyl chloride followed 
by methanolysis leads to tri-, tetra-, 
and pentacarbomethoxycubanes.2 

Ortho-lithiation of the derived bisamide 
provides access to 1 ,2 ,4,7-tetra­
substituted cubanes.3 Curtius rear­
rangement leads cleanly to 1 ,4-di­
aminocubane which on oxidation with 
dimethyl dioxirane affords the bisnitro 
derivative.4 

(1 ) Eaton, P .E .  Angew Chem., Int. Ed. Engl. 
1 992, 31,  1 421  and references cited therein. 
(2) Basl1ir-Hashemi, A. ibid. 1 993, 32, 612. (3) 
Eaton, P.E. ; Xiong, Y . ;  Zhou ,J .P .J. Org. Chem. 
1 992, 57, 4277. (4) Eaton, P .E. ;  Wicks, E .  ibid. 
1 988, 53, 5353. 

42, 1 24-3 Dimethyl 1 ,4-cubanedi­
carboxylate, 99% 

250mg $27.00; 1g $75.00 

Naturally, we added this i nterest­
ing cubane derivative to our l istings. 
It was no bother at al l ,  just a pleasure 
to be able to help.  
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THE SYNTHETIC POTENTIAL OF THE INTRAMOLECULAR 
PHOTOCYCLOADDITION IN ARENE�ALKENE 
SYSTEMS CONTAINING OXYGEN IN THE TETHER 

ABSTRACT 
The photochemistry of a rene -a lkene 
bichromophoric systems containing oxygen 
in the tether is reviewed. The emphasis is on 
the highly selective formation of intra­
molecular meta-plwtocycloadducts. Most 
interesting are (but-3-enyl) phenyl ethers 
which efficiently lead to 1 ,6-bridged 
dihydrosemibullvalene structures. The 
photoproductsare readily amenable to.further 
trans.formations, hence various poly­
carbocyclic skeletons, in particular poly­
cyclopentanoids, can be accessed via a short 
and effective synthetic route. 

The intramolecular arenc-alkcnc mcta­
photocycloaddition, discovered in 1 969 by 
Morri son and Ferree on photolys i s  of 
6-phcnylhcx-2-enes, 1 is of a very remark­
able, and perhaps unique, nature. In the 
i somcri zation process, occurring from the 
first excited s inglet state of the arcnc, ex ten­
sive bond reorgani zation occurs leading to 
the greatest increase in molecular complex­
i ty of any general rcaction .2 The value of the 
arcnc-alkene meta-photocycloaddition arises 
from its capacity to produce tetracycli c  reac­
tion products contain ing up to s ix  new 
stcrcocenters from a simple achiral arene­
alkcnc b ichromophorc, such as (£)- and 
(Z)-6-phenylhcx-2-cnc. 3 Moreover, the 
cycloadducts can be applied in the synthes i s  
of a variety of commonly encountered struc­
tura l  types ,  i ncl u d i n g  cy lopentane s ,  
cycloheptancs, bi cyclo[3 .2. l ]octanes. and 
bicyclof3 .3 .0]octanes. 

SELECTIVITY IN THE 
INTRAMOLECULAR 
ARENE-ALKENE META­
PHOTOCYCLOADDI'rION 

The photochemical reactivity of (£)- and 
(Z)-6-phenylhex-2-ene is very i nstructive as 
it clearly shows the selectivity attainable in  
the intramolccular arene-alkenc photocyclo­
add it ion reactions .  In general , meta­
photocycloaddition i s  preferred over ortho 
and para modes when the ionization potential 

of the alkene is s imilar to that of benzene 
(9.24 eV) .4 Ortho-photoaddition is generally 
the preferred process with relatively power­
ful donor and acceptor alkcnes. This predic­
tive rule was confirmed in a detailed study 
i nvolving orb i tal interactions by Houk.5 

Mattay developed a rule based on the Weller 
theory of electron transfcr.6 I t  was derived 
that alkcncs having poor electron-donor or 
electron-acceptor abi l i ties preferentially give 
mcta-cycloadducts in photoreactions with 
benzene i f  the free enthalpy of electron trans­
fer is h igher than 1.4- 1 .6 eV. When the 
alkene moiety carries alkyl substituents, meta­
photocycloaddition usually prevai ls .  

The regioselectiv i ty induced by substitu­
ents on the benzene ring is accounted for by 
the now general ly adopted reaction pathway 
i l lustrated in Scheme 1 . 7 On approach of the 
alkene to the meta-posi tions of the arene, the 
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vicinal carbon atoms become polarized prior 
to bond formation. Thus, at the carbon atom 
between the meta-posi tions a partial posi tive 
charge is developed, while the partial nega­
tive charge resides on the remaining vicinal 
carbon atoms. As a consequence, addition 
occurs excl usively  a t  the 2,6-posi tions 
(note 1) of benzenes having electron-donor 
substituents (e.g. OMe, 1) and at the 2,4-po­
si tions when the substi tuent is an electron­
acceptor group (e.g. CN, 2) (Scheme 1) .  

Accord ing to  thi s mechani sm, 
6-phenylhex-2-enes should preferably un­
dergo 2,6-meta-photocycloaddi tion. This is 
indeed the main reaction (70%) for (E)-6-
phenylhex-2-ene (3).4·8 The partial posi tive 
charge in i ntermediate i is stabilized by the 
alkyl chain, lead ing to the formation of 
diradical ii, which is supposed to exist along 
the reaction pathway. Subsequent reaction 
may give rise to two vinylcyclopropane iso­
mers. However, only closure of the 1 ,3-bond 
takes pl ace yi eld i ng pho toadd uct  5 
( 1 ,6-bridged dihydrosemibullvalene, endo­
methyl), as the adduct formed by closure of 
the 1 ,5-bond (I ,7-bridged dihydrosemi ­
bullvalene) would be severely strained. 

In contrast, (Z)-6-phenylhex-2-ene (4) 
only shows 1 ,3-addi tion, although no stabili­
zation is present in this mode.'·4·8 Intramo­
lecular meta-photocycloaddi tion v ia  inter­
mediates iii and iv affords both the angular 
triquinane 6 (5,6-bridged d ihydrosemi ­
bullval ene, exo-methyl) and the li near 
triquinane 7 (7,8-bridged di hydrosemi ­
bullvalene, exo-methyl) in a 1 :  I ratio (80%). 
The deviating behavior has been ascribed to 
steric hindrance between the (Z)-methyl group 
and one of the hydrogen atoms at the 2'-car­
bon of the side chain." It appears that the 
steric effect is stronger than the electronic 
effect. Methyl groups at other posi tions of 
the side chain affect the ratio 2,6 : 1 ,3 .  10 I t  
has repeatedly been shown that the arene 
substituents specifically direct the cyclopro­
pane formation, 1 1  but control of this feature is 
not straightforward. 

It should also be noted that the photo­
cycloadducts, on heati ng or even on pro­
longed irradiation, may undergo a vinyl­
cyclopropane-cyclopentene rearrangement. 
This isomerization is degenerate in the unsub­
sti tuted adduct, but i t  converts one adduct 
i nto another if substi tuents are present. 12 

In v iew of the reaction selectivi ty, the 
complexity i ncrease, and the versati le  trans­
formation of the adducts, a number of syn­
thetic applications of the photocycloaddition 
of arenes to alkenes have been reported. 
Recent reviews by Wender2h,9a, 1 3 and oth­
ers7·14 describe  elegant examples of i ts syn­
thetic utili ty. 

M uch less information is available for 
systems in  which the chain connecti ng the 
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two chromophores contains heteroatoms. In 
thi s context, we are mainly interested in the 
effect of oxygen. R eplacement of a methyl­
ene group by oxygen will alter the conforma­
tion of the side chain due to changed bond 
length (C-C: 0. 1 54 nm, C-O: 0. 1 41  nm), 
bond angle (C-C-C: 1 09°, C-O-C: 1 1 1  °), 
Van der Waals radius, and the absence of 
hydrogen atoms at posi tions 1 ', 2', or 3' . The 
flexibili ty of the side chain is increased, and 
thus steric problems may be relieved. More­
over, the presence of an oxygen atom pro­
vides a handle for further synthetic elabora­
tion of the photocycloadducts. 

The in tramolecular meta-photocyclo­
addi tion is most successful with molecules 
having a chain of three atoms between the 
arene and alkene moieties. We will, there­
fore, first review the photochemistry of such 
compounds in which an oxygen atom re­
places each of the me thy Jene groups (note 2). 
Next, we will bri efly comment on structures 
having a tether of more or less than three 
uni ts, but still including an oxygen atom. 
Furthermore, the tandem Norri sh Type I pho-

toreaction and intramolecular arene-alkene 
meta-photocycloaddition will be highlighted. 
Finally, some expedi tious entries i nto the 
synthesi s of polycyclopentanoids and other 
interesting polycarbocycli c  skeletons will be 
explored. 

ARENE-ALKENE 
BI<:HROMOPHORES CONTAINING 
A TETHER WITH ilXYGEN AT 
POSITION 3' 

Irradiation of phenethyl vinyl ether (8) in  
cyclohexanc affords a mixture of 2,6- and 
1 ,3-meta-adducts. 1 5 This resul t, obtained 
recently by Cornclisse c t  al . ,  differs from 
earlier reports. 1 6 Four photoproducts 9-12 
were detected in a ratio of 9 :  10 : 11 : 1 2  = 
56 : 1 6  : 1 : 4 (Scheme 2). Compound 9 is a 
2,6-meta-adduct and compound 10 i s  a 
1 ,3-meta-adduct. Photoproduct 11 is formed 
by a thermal [ 1 ,5)-sigmatropic hydrogen shift, 
a reaction often encountered in compounds 
of this type. 10 Adduct 12 is most likely the 
vinylcyclopropanc isomer of 10. 
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Naphthylcthyl vinyl ethers were investi­
gated by Gilbert. 17 Thus, the a-naphthyl 
compound 13 gave only one photoisomer 14  
v i a  an intramolccular 1 ,2-addition from the 
S1 state (Scheme 3). The �-isomer, on the 
other hand, was relatively stable under the 
same conditions. The differences in the pho-

tochcmical behavior reflect the differing  in­
teractions between the chromophores i n  the 
excited state, since in the a-isomer the arene 
fluorescence was quenched to 60% of that of 
1 -(2-ethoxyethyl)naphthol, whereas in the 
�-isomer only 1 5% quenching was observed 
compared to 2-(2-cthoxyethyl)naphthol. Ap-

parently, the meta-photocycloaddition is ob­
viated or it represents only a very minor 
reaction pathway. 

!fa polar substituent in the naphthyl enti ty 
is present, such as in the cyano derivatives 1 5  
and 16, ready conversion was noted and again 
the major photoproducts were the correspond­
ing ortho-adducts 1 7  and 1 8." 

When the oxygen at posi tion 3' i s  part of 
an ester func t i on ,  s uc h  as  in v i n yl 
phenylacetate, no meta-photocycloaddition 
occurs. Traces of photoproducts were de­
tected, but the compound appeared to be 
largely photostablc. 19 

OXYGEN AT POSITION 2' 
The s implest compound in this series, 

benzyl a l ly] ether (19), exhib i ts mainly 
1 ,3-rcgioselcctivi ty, furnish ing the mcta­
cycloadducts 20 and 21 1

', (Scheme 4). A 
minor reaction pathway led to the 2,6-meta­
photocycloadduct 22. The ratio of20 : 21 : 22 
was 2: 2 :  l (59%). Blakemore and Gilbert, 1

<Jh 

as well as Neijencsch and Cornclisse,20 stud­
ied a numberofarcnc-alkene bichromophorcs 
containing oxygen at posi tion 2'. 

The bcnzyl ether 23 in the (£)-confi gura­
tion afforded a s ingle 2,6-adduct 24 having 
the methyl group in  the e11do-position (29% ). 
The (Z)-i somcr 25 gave two 1 ,3-meta-ad­
ducts, 26 (30%) and 27 (58%), respectively, 
carrying an exo-methyl group.20 These re­
sults arc ful ly comparable to those obtained 
for the carbon analogues, (E)-6-phenylhex-
2-ene and (Z)-6-phenylhex-2-ene, respec­
tively, as discussed before. Speci fi c  1 ,3-at­
tack also occurs for the trisubstituted alkene 
28 and the l inear triquinane 29 i s  i solated as 
the sole photocycloadduct. 1

<Jh 

Methyl and mcthoxy substituents at the 
ortho posi tion should stabi l ize the polarized 
1 ,3-intermediates. As expected, compounds 
30 and 31 led to cycloadducts 32 and 33, 
respectively (Scheme 5). However, in both 
cases, the respective photoi somcrs 34 and 35 
were also formed, presumably involving 
1 ,2-photocycloaddi tion and disrotatory ring 
opening of the thermally labile primary or­
tho-cyc loadduc t  ( e . g . ,  36) to give the 
cyclooctatricnc i somer 37. Intramolecular 
disrotatory photocycl ization (ratio 32 : 34 = 
4 :  1 ,  60%; ratio 33 : 35 = 2. 25 : 1 ,  68%) then 
leads to the observed photoi somcrs. 1% 

Blakemore and Gi lbert also examined the 
photochemistry of benzyl a l ly  I ethers carry­
ing geminal dimethyl groups at the olefin 
terminus. The ortho position was either 
unsubstituted (38) or carried a methyl (39) or 
a mcthoxy ( 40) group. In a l l  cases, the major 
reaction products were the l inear triquinanes 
41 , 42 and 43, respectively. At very low 
conversions of the bichro mophores other 
photoisomers were detected, but these rap­
id ly disappeared on conti n ued irradiation. 
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Isolated compounds were derived either from 
an ' ene' type addition21  (for 38) or from 1,2-
addition (for 39 and 40). Surprisingly, the 
(Z)-bichromophore 44 afforded both I ,3-ad­
ducts 45 and 46 in 12% and 40% yield, 
respectively .20 

The effect of a trifluoromethyl group in 
the meta position was studied by Neijenesch. 20 

The (£)-derivative 47 yielded the 2,6-meta­
photocycloadducts 48 (28%) and 49 (2% ),  
together with the I ,3-meta-photocycloadducts 
50 ( I 0%) and 51 (8%) (Scheme 6). Although 
the trifluoromethyl group should favor the 
2,6-meta-photocycloaddi tion relative to the 
parent compound 23, I ,3-meta-photocyclo­
addition effectively competes leading to a 
rather complex reaction mix ture. In contrast, 
the (Z)-isomer 52 leads only to the I ,3-
adducts 53 (23%), 54 (37%), and the more 
strained adduc t 55 (15 % ) .  Th e same 
regioselectivity was found in the photoreac­
tion of the homologue 56 giving rise to 
adducts 57 (17%) and 58 (46%) . The pres­
ence of other elec tron-withdrawing groups, 
such as cyano in position 3 or fluoro in 
position 4, only led to polymer formation. 

Since none of the (Z)-compounds give 
2,6-meta-adducts, it appears that replace­
ment of a methylene group in position 2' by 
an oxygen does not relieve the steric strain 
exerted by the (Z)-methyl group during alk­
ene-arene interaction. On the other hand, the 
oxygen atom does influence the product ratios. 

W agner ex amined the  fl uorinated 
acetophenones 59, 60, and 61,  which gave 
rise, in al l cases, to a mixture of two isomeric 
tricyclo[6.3.0.0]undecadienes, such as 62 and 
63 derived from 59 ( total chemical yields 
av eraged 60 % a t  25 % c onv ersion) 22 

(Scheme 7). The overal l process resul ts from 
an intramolecular 1,2-photocycloaddition of 
the double bond to the n, n*- triplet of ben­
zene on irradiation at wavelengths above 
290 nm to form 64, which then undergoes 
electrocyclic rearrangement to 65 followed 
by (2n+2n)-photocyclization. 

The 254 nm induced reac tions of indanes 
(66, 67) and tetrahydronaph thalenes (68, 69) 
nicely illustrates the considerable influence 
of the ether linkage on systems in which the 
b enzyl ic posi tion is constrained1 Yt>·23 

(Scheme 8). The indanyl compound 66 pro­
duced linear triquinane 70 (70%), while the 
bridged annular isomer 71 was only detected 
in small amounts from preparative irradia­
tions at low conversions. 19h I n  contrast, the 
dimethyl derivative 67 gave both isomers 72 
and73(ratio72 : 73 = 2.3 :  1,98%). The ratio, 
however, changes with time, probably as the 
resul t of the greater photolability of the angu­
l ar compared to the linear isomer. 

Surprisingly, the angular triquinane 74 is 
favored over the linear isomer 75 on irradia­
tion of the tetrahydronaph thalene derivative 
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91 : A 1 = Me; R2 = R3 = A4 = A5 = H  
92 : A 1 = OMe; R2 = A3 = R4 = R5 = H  
93 : R 1 = A3 = A4 .. R5 = H; R2 = Me 
94 : R 1 = R2 = R4 = R5 = H; A3 = Me 
95 : R1 "' R4 = Me; R2 = R3

= R5 = H 
96 :  R1 = R2 = fl3 = R4 • H; A5 = Me 
97 : A 1 = R 2 = R4 = H; R3 = Ff  = Me 
98 : A 1 = R 4 = H; R2 = fl3 = R5 = Me 

99 : R 1 = Me; R2 = R3 = R4 - R5
= H 

100 : R 1 = 0Me; R2 = R3 = R4 = R5 = H  
101 : R 1 = R3 = R4 = A5 = H; R2 = Me 
103 : R 1 = R2 = A4 = R° = H; R3 = Me 
104 : R 1 = R4 = Me; R2 = R3 = R5 = H  
105 : R 1 = R2 = R3 = R4 = H; Rs = Me 
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. � .,Rs . A��◊ 
102 : A3 = Ff = H  
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1 09 1 1 0  1 11 

Scheme 1 0  

'.{table 1 .  lntramolecular meta-photocycloaddition of bichromophores 91 -98 
containing electron-donating arene substituents. 

Compound Adduct Yield (%) 
91 99 79 
92 100 21 
93 101 + 102 75 

(1.2 : 1 )  
94 1 03 82 
95 104 36 
96 105 55 
97 106 47 
98 107 + 1 08 36 

(1 .2 : 1 ) 

68 (47%). Dimethyl substi tution of the alk­
ene again markedly affects the photoreaction 
and promotes 1 ,2-cycloaddi tion to give the 
isomer 76 in low yield (1 7%). 

I t  should also be noted that benzyl acry­
late, in which oxygen in 2'-posi tion is part of 
an e s te r  func t ion ,  docs n o t  produce 
mcta-photocycloaddi tion. 19 

OXYGEN AT POSITION 1 '  
Irradiation o f  the alkyl phenyl ether 77 

leads to adduct 78, derived from 2,6-meta­
photocycloaddi tion, in high yield (82% ). The 
alkoxy tether indeed maximizes the s tabili­
zation of the developing posi tive charge in 
the S 1 s ta te on approach of the addends24 

(Scheme 9). S tructure 79 was assi gned to a 
second photoisomer of 77. This compound 
probably arises from ini tial i n tramolecular 
1 ,2-addi tion, followed by disrotatory ring 
open i ng  of the the rma l ly  l ab i l e  
I l -oxatricyclo[6 .3 .0.01 •6] un deca-2,4-diene 
(80) and [21t+21t] -photo cycl i zation of 
I l -oxab icyclo[6 .3 .0] undeca-l ,3 ,5-triene 
(81). Elcctrocycli c  rearrangemen ts follow­
ing in i tial 1 ,2-photocycloaddition (irradia­
tion at wavelengths above 290 nm) also occur 
when acetyl groups are present in ortho or 
para positions of the arene (via the 1t,1t*­
triplet of the benzene ring).25 The resul ts are 
comparable to the photocycli zations of flu­
orinated acetophenones having oxygen at 
position 2'.22 

A methyl substituen t on the alkene, as in  
82, markedly reduces the efficiency of  for­
mation of the 2,6-mcta-photocycloadduct 83 
(55%) compared wi th the parent compound. 
This may be due to the s teric repulsion be­
tween the methyl group and the arene meta 
posi tion. This feature may induce a degree of 
asymmetric distortion of the six-membered 
ring in a manner similar to that proposed to 
account for specific 1 ,3-closure to a cyclo­
propanc in additions of chloroethenes to the 
benzene ring.26 

Bichromophorc 84 in the (£)-configura­
tion affords a mix ture of photoproducts as 
well as much polymer formation. The main 
reaction product 85 (33%) results from the 
expected 2,6-mcta-photocycloaddi tion ( endo­
mcthy 1 ). w 

The dimethyl homologue 86 showed very 
similar behavior leading to adduct 87 as the 
major photoproduct (39% ). This is the first 
example of a compound with a (Z)-methyl 
group yielding a 2,6-meta-adduct on irradia­
tion . Apparen tly, the strong 2,6-directing 
effect of the alkoxy group-stabilizing the 
polarized intermediate-overcomes the s teric 
hindrance between the hydrogen atoms of the 
(Z)-methyl group and the lone pair orbi tals on 
oxygen (or the hydrogen a toms of the me th­
ylene group in posi tion 2'). 
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Irradiation of cyclopentene derivative 88 
afforded the expected 2,6-product, l inear 
triquinane 89.27 I n  contrast, the cyclohexcne 
derivative 90 only led to a complex reaction 
mixture. 

The influence and directing effects of 
arene substi tuents on the intramolccular 
photocycloadditions of (but-3-enyl) phenyl 
ethers have been studied in detail by Gilbert's 
and our research groups.24·27 Let us first 
consider compounds 91-98 carrying elec­
tron-donating groups (Scheme 10). The re­
sults are summarized in Table I .  I t  is evident 
that the cyclopropane ring closure is specifi­
cally controlled as, except for 93 and 98, only 
the 1 ,6-bri dged dihydrosemibul lvalenes 
99-101 and 103-107 are formed and not the 
more strained I ,?-bridged isomers. 

Two orientations (109 and 1 10) exist for 
the tethered alkene when the arcne carries a 
substi tuent in  the ortho position. The 2-mcthyl 
and 2-methoxy derivatives 91 and 92 arc 
especially interesting because the competi­
tion between the 2,6-control by the tether and 
the 1 ,3-directing influence of these electron­
donor groups can be explored. 

However, as for intermolecular systcms,28 
methyl substi tuents on the benzene ring do 
not compete effectively with the directing 
power exerted by the alkoxy group. Further­
more, they have li ttle effect on the effi ciency 
of the intramolecular 2,6-mcta-photocyclo­
addition. On the other hand, the 2-methyl 
group controls the preferred orientation of 
the precursor, hence reaction occurs from 
only conformer 109 for the 2,6-addition. 
This i s  probably the result of repulsive steric 
interactions between the ortho-mcthyl group 
and the methylene units in the tether. An 
increase in  the donating abil i ty of the sub­
stituent in position 2,  as in 92, favors the 
ortho mode of photocycloaddit ion to give the 
tricyclo[6. 3 .0.0]undecadiene 1 1 1 .  

A methyl substituent in meta position of 
the arene also leads to two possible orienta­
tions of attack. Since there arc no steri c 
influences to discriminate between the orien­
tations, the 2,6-meta-photocycloaddition of 
93 and 98 occurs from both conformations 
with similar efficiency (adducts 101 and 102 
from 93; adducts 107 and 108 from 98). The 
4-methyl substituent in compound 94 has no 
substantial influence. As expected, the stcric 
interactions arising from the 2-methyl group 
in  the dimethyl bichromophore 95 dictate a 
preferred orientation in  the precursor con­
former and only one 2,6-meta-photocyclo­
adduct (104) is formed, albeit in rather low 
yield. The presence of a methyl group on the 
alkene (compounds 96 and 97) also leads to 
reduced yields of the cycloadducts 105 and 
106, respectively. 

Next, it is of interest to examine com­
pounds 1 12-120 carrying electron-withdraw-
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1'12 : R1 •Cf3 ; R2 = R3= H  
113.: R1 = R3 = H ; R2 • CFs 
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Table 2. Photoreactions of blchromophores 1 1 2-120 containing electron­
withdrawing arene substituents. 

Compound 

1 1 2  
113 
114  
115 
116  
1 17 
1 18 
119 
120 

i ng subs ti tucnts on the benzene r i ng 
(Scheme 11). The results are summarized in  
Table 2.  The presence of a trifluoromethyl 
group at pos i t ion 2, as i n  1 12 ,  docs not 
influence the rcgiochcmistry of the intramo­
lccular reaction, as the directing effect of 
the alkoxy tether is much more pronounced 
than  the  3 ,5-d i rect i on of a t tack by  
tri fluoromcthyl . Cycloadduct 12 1  was ob­
tai ned in 43% yield. 24·27 The posit i onal 
isomers 113  and 1 14 ,  however, di d not give 
clean photorcactions. 

It is surpri s ing that the photostablc 
3-cyano-substi tuted bichromophorc 1 16 docs 
not u ndergo e ffi ci ent i ntramolecular  
meta-photocycloadditi on, as  i n  the intermo­
lecu l a r  addi t i ons of cycl oa l kcncs to  
3-cyanoani solc.29 Indeed, the 2,6-directing 
effect of the alkoxy group should be rein­
forced by the nitrilc substitucnt. A possible 
explanation is that the reactive S 1 state i s  
depopulated via intcrsystem crossing, which 
should not occur in anisolc. Indeed, arene­
alkcnc b ichromoph ores, wh i ch have a 
3-cyanoanisole moiety, do undergo ready 

Photoreaction 
meta: 1 21 ( 43%) 

mixture 
mixture 

ortho: 1 22 (90%) 
no reaction 

ortho 
ortho 

no reaction 
mixture 

intramolccular mcta-photocycloaddition even 
in sunl ight .30 The same rati onale is appar­
ently operative for the 3-carbomcthoxy-sub­
stitutcd bichromophorc 1 19, which was es­
sentially unaffected by 254 nm i rradiation 
and was recovered almost quanti tatively af­
ter I 4 days exposure. 

I rradiati on of compounds contai ni ng 
cyano and carbomcthoxy groups in positions 
2 ( 1 1 5  and 1 18, respectively) and 4 ( 1 17  and 
120, respectively) at varying wavelengths 
di d not give r ise to mcta-photocycl o­
addi tion.2% Instead, ortho adducts appeared 
to be the primary photoproducts, although all 
attempts to detect them were unsuccessful .  
The isolated compounds have an appropri­
ately substituted l l -oxatri cyclo!6.3.0.0 1A] ­
undeca-2,5-dicnc structure, as i l lustrated for 
compound 117, which afforded 122 in 90% 
yield. I t  was suggested that the ini tial ortho­
cycloadduct 123 undergoes extremely rapid 
clisrotatory thermal ri ng opening to yield the 
cycloocta- 1 ,3 ,5-tricnc 124, which then readily 
gives disrotatory photocyclization. These 
results arc in complete agreement with the 
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observations of Wagner for the correspond­
ing 2- and 4-acctyl bichromophores (e.g . .  
125). From these findings it i s  evident that 
the photoreaction of bichromophores carry­
ing electron-withdrawing substituents with a 
carbonyl or a cyano unit proceeds by way of 
the triplet rc,rc*-state of the arene moiety. 

Naph thy l  ethers 1 26 and 1 27 are 
photostablc27 (Scheme 12). Irradiation of the 
i ndanyl bichromophorc 128 led lo the forma­
tion of four compounds, namely 129, 1 30, 

131 ,  and 132 i n  a ratio of 2.2 : I : 4. 1 : 0.8 
( 50%; ) .  Adduct  1 29 res u l ts from 
2,6-mcta-photocycloaddition, while the mi­
nor adduct 1 32 is  formed by a 1 .3-meta-photo­
cycloaddition. The other reaction products 
arc dienes derived from the meta adduct 129 
by a thermal [ 1 ,5 J-hydrogen shift ( diene 1 30) 
and two successive photochemical [ 1 ,3 ] -hy­
drogcn shifts (dienc 131) .  

The tctrahydronaphthalcnc derivative 1 33 
gave photoproducts 134 and 1 35 in a ratio of 

1.5 : 1 (30% ). In an analogous manner, as 
observed for 129, the initial 2,6-meta-photo­
cycloadduct 134 underwent an in situ ther­
mal (1,5]-hydrogen shift to afford diene 135. 
Thus, annulation of the arene does not 
hamper the 2,6-mela-photocycloaddition 
i mposed by the alkoxy chai n ,  but the re­
spective photocycloadducts are prone to 
undergo rcgioselective cyclopropane bond 
cleavage affording more stable d icne s truc­
tures . Surpri s ingly,  the positional i somers 
136 and 137 only led to complex reaction 
m ixtures. 

As i ndicated previously, the yields quoted 
are based on the amounts of photosubstrates 
converted during irradiation. In our hands, 
yields of the desired photoproducts were best 
for conversions between 60% and 80%. Pro­
longed irradiation (unti l disappearance) of 
the starting material usually leads to en­
hanced decomposi tion of the reaction prod­
ucts and to much polymer formation. How­
ever, in troduction of an allylic substi tuent, 
such as in 1 38-140, dramatically i ncreases 
the efficiency of the intramolccular meta­
photocycloaddition of (but-3-cnyl) phenyl 
ethers3 1  (Scheme 13). Thc 2,6-rcgiosclcctivity 
and specific cyclopropanc bond formation on 
irradiation of 138 led to an epimeric mixture 
of the 2,6-meta-adducts 141 and 142 in a ratio 
of 7 : I .  Irradiation of 139 and 140 afforded 
1 4 3  and 144 ,  respec t ive ly ,  as s i ng le  
photoadducts. Quantitative conversion of 
the substrates was in all cases readily achieved 
and y ields of the isolated reaction products 
were between 80% and 90%. The highly 
efficient complcxation of the alkene with the 
excited arcne i s  evidenced by the almost 
complete fluorescence quenching compared 
to anisole. 30 

ARENE-ALKENE 
lHCHROMOPHORES CONTAINING 

TETHER OF MORE OR LESS 
THREE UNITS 

In an extensive compilation published i n  
a recent review b y  Cornelisse,7 eight entries 
pertain to a chain of four atoms, two entries 
to a tether-length of five atoms, and three 
en tr i e s  re late to two atoms .  M eta­
photocycloaddition was generally not ob­
served and the presence of an oxygen atom 
replacing a me thy Jene group, such as in com­
pounds 145-146, 16h,c 1 47-150, 10 and 151, 1 6h 
had no effect (Scheme 14) .  It may be pointed 
out that the alkencs are part of either acrylate. 
vinyl ester, or v inyl  ether groups. Diether 
145 gave very inefficient l ,4-addi tion (ad­
duct 152) along with excessive polymer 
formation. Vinyl ether 1 46 afforded the 
2,4-meta-photocycloadduct 153 as the ma­
jor reac t ion p roduc t, a l ong  w i th the 
1 . 3 -meta-photocycloadducts 154 and 155 
i n  a ratio of 7 : 5 .  
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TANDEM NORRISH TYPE I 
PHOTOREACTION AND INTRA­
MOLECULAR ARENE-ALKENE 
META-PHOTOCYCLOADDITION 

We have discovered that 254 nm irradia­
tion of norbornan-2-ones, substituted with 
phenoxymethyl or benzoxymethyl groups at 
C(6), gives rise to a novel type of photo­
chemical tandem reaction.32 Thus, 6-(exo)­
phenoxymethyl-5-(endo)-hydroxymethyl­
norbornan-2-one (156) is first converted by a 
Norrish Type I reaction [regiospecific cl eav­
age of the C( I  )-C(2) bond followed by ab­
straction of the endo-oriented C(7)-hydrogen 
atom] to the y,8-unsaturated aldehyde 157 in 
equilibrium with the corresponding lactol 
158 (Scheme 15). This intermediate can be 
regarded as a benzene ring substituted with a 
(cyclopent-2-enyl )methoxy group; hence, 
this compound belongs to the class of arene­
alkene bichromophores containing oxygen at 
position I '  in the tether. We observed that the 
Norrish Type I reaction is followed by an 
intramolecular 2,6-meta-photocycloaddition 
resulting from the strong directing effect of the 
alkoxyehain, as alreadyexplainedbefore. After 
oxidation of the crude reaction mixture with 
pyridinium dichromate, lactones 159 (residual 
Norri sh Type I product, 35%) and 160 (tandem 
reaction product, 28%) were isolated.32 

The structure of photocycloadduct 160 
was fully elucidated by a detailed NMR 
study .33 I t  i s  a hexacyclic compound contain­
ing nine contiguous stereocenters. Due to the 
stereochemical features (already present in 
the  norbornan-2-one), t h e  mode and 
regioselectivity of both the Norrish Type I 
reaction and the  arene-al kene photo­
cycloaddition, the incorporation of the alk­
ene in a five-membered ring, and the steric 
constraints and the specific formation of the 
cyclopropane ring, the tandem reaction gives 
rise to a single photoadduct. The formidable 
increase in complexity occurring during the 
one-pot photoisomerization of a rather simple 
norbornan-2-one to a com plex l inear 
triquinane can be appreciated. 

The tandem reaction was also provoked in 
6-( exo )-benzoxymethyl-5-( endo )-hydroxy­
methylnorbornan-2-one (161), the homologue 
of 156. Irradiation and oxidation gave the 
Norrish Type I photoproduct 162 (35%) to­
gether with the tandem reaction products 163 
and 164 in ratio of 1.4 : 1 (25% ). It is quite 
intriguing that the meta-photocycloaddition 
still takes place since four units, including an 
oxygen atom, intervene between the arene 
and the alkene chromophores . This is per­
haps the first example of an efficient in­
tramol ecular arene-alkene m eta-photo­
cycloaddition when the tether contains more 
than three units. We further examined the 
effect of methoxy and trifluoromethyl sub­
stituents at different positions.27 All results 
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were in accord with the polari zed model 
discussed before. The h ighest y ield (64%) 
was observed for the trifluoromethyl group 
in the ortho position. I t  should also be 
mentioned that the epimeric norbornan-2-
ones ,  h av i n g  the phenoxymeth y l  or 
benzoxymethyl groups at C(6) in endo­
configuration, did not produce meta-photo­
cycloaddit ion s ince the two chromophores 
cannot suffic iently i nteract .  

ACCESS TO 
POLYCYCLOPENTANOIDS 

The general synthetic usefulness of the 
i ntramolecular arene-alkene meta-photo­
cyc loaddi  t i on  rema in s  esse n t i a l l y  
unexploited. I t s  most attractive aspect from 
a synthetic viewpoint is the creation of fused 
five-membered rings (polycyclopcntanoids). 
In arcne-alkene bichromophorcs with a tether 
containing oxygen. the intramolccular meta-

photocyc loadd i t ion  generates  e i ther  
diquinancs or  triquinanes ( in  most instances 
l inearly fused) depending on whether the 
alkenc is acycl ic or incorporated into a five­
membered ring. Moreover, the tether occurs 
as an ex tra he terocyc l i c  r i ng  in the  
cycloadducts, while a three-membered ring 
is also present. Although polycycl ic struc­
tures of this type have extremely interesting 
synthetic features. applications have emerged 
only recently. 

The cyclopropane ring i s  evidently a ver­
satile handle for further elaboration and, there­
fore, it is manipulated for most synthetic 
applications. Di fferent methods have been 
developed for cleavage of the al lyl ic cyclo­
propane bonds. 7·9 In the bichromophoric 
series containing oxygen at position l '  in the 
tether, the 2 .6-mcta-photocycloaddition 
leads, in general ,  to a cyclopropyl ether func­
tion . Th is feature allows for straightforward 

ring opening under conditions where elec­
tron deficiency is created at the cyclopropane 
carbon atom carrying oxygen. Consequently, 
acidolysis should occur smoothly .  

The synthetic potential wi l l  be  highl igh ted 
by a short description of some selective con­
versions of a s imple 2,6-meta-photocyclo­
add uc t ,  such  as 78 (2-oxatetracyc lo ­
[5 .4.0.0 1 •805· 1 1 ]undec-9-ene, IUPAC number­
ing) (Scheme 16). Thermolysiscauses a [ 1,5]­
hydrogen shift leading to the diquinane 165 
(72%).27 Obviously, bond C(7)-C(8) i s  
cleaved because ofi ts ally l ie disposition with 
regard to the double bond in 78 and the 
hydrogen being transferred. Hydrogenolysis 
of 78 in the presence of palladium on carbon 
gave two reaction products, 2-oxatricyclo­
[5 .4.0.05· 1 1 ] undecane (166, 66%) and 2-
oxatricyclo[6.3.0.05· 1 1 ]undecane ( 167, 11 %). 
Compound 166 is formed by preferential 
opening of the al lyl ic cylopropane bond 
C( l )-C(8), although hydrogenolysis also oc­
curred to a minor extent via cleavage of the 
C( I )-C(7) bond. 

Treatment of 78 with d i lute hydrogen 
chloride in aqueous acetone afforded com­
pounds 168 and 169 in a ratio of 6 : I (90% ). 
The methylated homologues (see Table I )  
gave comparable results. Thus, the non­
al ly l ic cyclopropane bond C( I )-C(7) was 
rcgioselectively cleaved during acidolysis .  
The special nature and the fac i li ty of this 
reaction are evident from comparison with 
the s i mp le  analogue 170.34 W h i le the 
acidolysis of 78 was complete after IO min­
utes at room temperature, the transformation 
of 170 to the unsaturated bicyclic ketones 
171 and 172 under the same conditions re­
quired boil ing for several hours (80% ). Even 
more striking is the fact that compounds 171 
and 172 result from cleavage of an al lyl ic 
bond. Obviously ,  theoxyethylene unit bridg­
ing the diquinane structure in 78 i ncreases the 
strain and weakens the non-al ly lie cyclopro­
pane bond. 

This characteristic acidolysis occurs not 
only in s imple meta-photocycloadducts, such 
as 78, but was also observed for the complex 
l inear triquinane 160.27 Detailed NMR analy­
sis led to complete elucidation of the struc­
ture of the lactol 173.33 Such a conversion 
gives d irect access to the bu llerane skeleton, 
represented by the natural ly occurring 
( + )-ccrapicol 17 4.15 

Final ly, it should be noted that com­
pounds such as 168 contain a �.y-cnone func­
tionality which is a wel l-known photochemi­
cally active entity. Irradiation of 168 at 300 
nm in methanol gave the bicyclo[3.2.0]hept-
6-enes 175 and 176 in a ratio of 1.4 : 1 
(80%).'7 Thi s  result was confirmed by the 
s imi lar reactiv i ty observed for the methyl­
ated homologues, which revealed that no 
rearrangement took place. I t  i s ,  therefore, 
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mos t  l i ke ly tha t  photolysis of 168 occurs 
via elimination of carbon monoxide to an 
i n termedia te cyc lohep ta-1 ,3-diene, which 
is i m m e d i a te l y  c onver ted to the  
dias tereomeric compounds 175 and 176 by 
in tramolecular [2n+2n]-photocycli zation . 

CONCLUSION 
In general, the in troduction of an oxygen 

atom in to the chain linking two chromophores 
generally enhances the efficiency of in tramo­
lecular photocycloaddi tions. 36 The increased 
cha in  fle x i b i l i ty in arcne-a lkcne  
bichromophores containing oxygen in the 
tether allows better overlap, enhancing meta­
photocycloaddition. The selective formati on 
of meta-photocycloadducts results from a 
delicate balance between the direc ting ef­
fects of the tether and of arene substi tuen ts ,  
and subtle s teric features involving alkenc 
substi tuents and atoms in the tether. The 
influence of an alkoxy chain as a subs ti tu­
ent on the aromatic rin g  is qui te pronounced, 
while the h ighest  efficiencies arc noted 
when s ui table groups are i n troduced in  
allylic pos i ti on ,  showin g  the importance of 
conforma ti onal effec ts . Al l reported re­
sul ts are in agreemen t wi th the polari zed 
benzene m odel.7 

Further transforma tions of the cyclo­
adducts profi t from the presence of ei ther the 
cyclopropanc ring carrying a vinyl or an e ther 
group, or other functionalities. Thus, a num­
ber of naturally occurring skeletons can be 
accessed from readily avai lable aromatic 
substrates in only a few reaction s teps. The 
described photochemical method has a par­
ticularly promising synthetic potential for 
s h or t  and  e ffi c i e n t  c on s truc ti on of 
polycyclopen tanoids. 
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Notes: 
( I )  I t  is imponant to use a consistent numbering 

system in order to avoid confusion. Since the 
meta-photocycloaddition is also named 1 ,3-
addition, as opposed to 1 ,2- ( ortho) and 1 ,4-
(para) addition, confusion may arise when 
substituted arenes are used. It is therefore 
appropriate to denote the reaction type as 
' meta-photocyc loadd i t ion ' ,  wh i le the 
numbers of the carbon atoms of the arene ring 
arc used for identi fy ing the positions of 
addition. For example, the major mode of 
intramolecular meta-photocycioaddition of 
alkoxy -substitutcd arenes is  2 ,6 .  When 
substitution patterns of i ntramolecular 
photocycloadducts have to be compared, the 
use of IUPAC n u m beri n g  is often 
inconvenient. With reference to the arene 
numbering, the carbon (or oxygen) atoms in 
the tether and the alkene are designated as I ', 
2', 3', etc., stai1ing from the pointofattachment 
to the arene ring. 



(2) I rradiations arc carried out at 254 nm unless 
specified otherwise. It is most convenient to 
use an apolar solvent such as pentane or 
cyclohexane. When solubility problems arise, 
a more polar solvent (such as ethyl acetate) 
may be admixed in small quantities. In polar 
solvents the formation of complex mixtures is 
observed. If several photocycloadducts arc 
formed, initial ratios arc usually given (i.e. at 
the shortest exposure time for accurate 
integration of reaction products). In most 
cases the yields are not optimized, but values 
q uoted are corrected for amounts o f  
bichromophores unconverted. 

ABOUT THE AUTHOR 
Den i s  De Keuke le i re was born i n  

Beerlegem, Belgium.  H e  received h i s  B.S .  
degree in chemistry in 1 966, h is  Ph .D. de­
gree in organi c  chemistry in 1 97 1  and his  
Habil i tation in  1 982 from the University of 
Gent, Belgium, for work on hop and beer 
bitter acids. After postdoctoral research 

with Professor George Hammond at the Cal i ­
fornia Insti tute o f  Technology, Pasadena, 
California and stays at the Un iversities of 
Geneva (Professor Schaffner), Bonn (the 
late Professor Snatzke) and Zurich (the late 
Professor Schmid), he joined the staff of the 
Laboratory of Organ ic  Chemistry at the Un i ­
versity of Gent as  research associate of the 
National Fund for Scientific Research (Bel­
gium). In 1 99 1  he was appointed as profes­
sor at the Faculty of Sciences, Laboratory of 
Plant Biochemistry and in  1 992 he took the 
chair of Pharmacognosy and Phytochemis­
try i n  the Faculty of Pharmaceutical Sci ­
ences at the University of Gent. 

Professor De Keukeleire has carried on 
research in a number of areas connected with 
phytochemistry and photochemistry for over 
25 years. H i s  interests include photochemi­
cal construction of biologi cally active poly­
cyclic molecules, along with i nvestigation 
of various aspects of hop and beer chemi stry. 

He is the author of Chemistry and Analysis of 
Hop and Beer Bitter Acids (Elsevier, 1 992) 
and co-author of Luminescence Techniques 
in Chemical and Biochemical Analysis 
(Dekker, 1 99 1 ). 

Recently, he started a research project 
aimed at isolating and identifying pharma­
cologically active substances from plants 
used in traditional medici ne .  His research 
activities, which have been published i n  over 
1 00 papers i n  in ternational scientific jour­
nals, have been honoured with a number of 
prizes and awards. 

Professor De Keukelcire, who holds the 
title of European Chemist, is associated with 
major professional societies, in terested in  
various aspects of  chemical education and 
active i n  the popularization of sciences. He 
i s  acting treasurer-general of the Royal Flem­
ish Chemical Society and editor-in-chief of 
the monthly Chemic Magazine.  

Four New Aryl Triflates for Cross-Coupling Reactions 
Aryl triflates undergo cross-coupling reactions with 

different o rganometa l l ic compounds with h ig h  
regioselectivity under mild conditions and tolerate the 
presence of various functional groups. 1 ·3 

( 1 )  For a recent review on the synthetic application of aryl triflates see: 
Ritter, K. Synthesis 1993, 8, 735. (2) For palladium-catalyzed cross­
coupling reactions of organoboron compounds with aryl triflates see: 
Suzuki, A. et al. J. Org. Chem. 1 993, 58, 2201 .  (3) For palladium­
catalyzed coupling reactions of aryl triflates with organostannanes see: 
Stille, J.K. et al. J. Am. Chem. Soc. 1987, 109, 5486. 
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The Trouble with Synthesis1 

ABSTRACT 
Chemical syn thesis is defined as the 
intentional construction of molecules by 
means of chemical reactions. The motives of 
chemists for engaging in synthesis are 
discussed, together with desirable develop­
ments in the art of synthesis and in the 
publication of its results. 

I am honoured to give this lecture, named 
after my good friend Jerry Pricc.2 On two 
important occasions he has given kind help 
to our researches; and I wil l do the best I 
can with this thank-offering. It i sn ' t  the 
first time that I have given a lecture named 
after a l iv ing man, but the previous one was 
for my teacher Robert Robinson and I was 
very apprehensive about what he might say 
afterwards .  

Chemists have been using the word "syn­
thesis" for more than 250 years, so that it 
predates not only the idea of molecular struc­
ture but even Dalton's atomic theory. It come� 
from the Greek and it means "putting to­
gether". As with many other terms that we 
use, including organic and inorganic, we 
have been saddled with a not loo appropriate 
word to describe an activity. If we took the 
word seriously, we would  apply it only to 
addition reactions l i ke the dicne synthesis or 
catalytic hydrogenation; and if we ever de­
mote "synthesis" in favour of some less l im­
iting word l ike "construction" ,  the category 
ofaddition reactions might not be a bad home 
for it. In truth, nearly all our syntheses de­
pend as much on breaking old bonds as on 
forming new ones. 

There arc very few words that don ' t  ac­
quire new meanings as they grow older, and 
synthesis is no exception. It docs not mean 
making new compositions of matter, new 
molecules; for it happens that Nature and 
especial ly l iving Nature has exhibited to the 
chemist a very large variety of molecules .  
They are there, they arc not new; but if  we can 
make them from something else we say that 
we have synthesized them. And sometimes we 
proudly call our synthesis a total synthesis. 

Briefly, we are then c laiming that if  we 
were given adequate supplies of al l thcchcmi-

cal clements composing our compound, we 
could make a specimen of the compound 
total ly derived from the matter supplied. In 
practice, nobody ever executes a total synthe­
sis and few of the raw materials used have, in 
fact, been made from their clements. Nine­
teenth century chemists, notably Berthelot, 
have shown the way from the elements to the 
simpler and more abundantly avai lable com­
pounds (often in miserable yields and quite 
unpractical conditions) and the vast network 
of transformations relieves the modern chem­
ist even of the need to veri fy that there is a 
notional connection between the raw materi­
als and their constituent clements. 

But synthesis of compounds from ele­
ments is not peculiar to human beings. Other 
organisms can assimi late elemental hydro­
gen, ni trogen, oxygen, and sulfur and incor­
porate them into a wide variety of com­
pounds. So if we claim to have made the first 
total synthesis of a natural product we are 
reduced to the rather feeble defence that no 
organism is known to assimi late elemental 
carbon (or phosphorus). I would not bet very 
heavily against the discovery of an organism 
that wi l l  cat buckminsterful lerene (which is 
undoubtedly elemental carbon), and as for 
phosphorus it combines spontaneously with 
oxygen to form compounds that many organ­
isms wi l l  certainly assi mi late. It is better to 
admit at once that total synthesis is by restric­
tion a human activity. 

This rejection of competition, or even 
help, from other organisms in the execution 
of chemical synthesis is another nineteenth­
century legacy. The first and s l ightly dubious 
synthesis of a natural product-Wt)hlcr' s  
urea-was considered important as  a demon­
stration that compounds produced by l iving 
things arc in no way different when human 
beings produce them with no help from other 
organisms. The doctrine of vital ism, with i ts 
idea of a mysterious force pervading l iving 
matter and di fferentiating i t  from the non­
l iving, is sti l l  alive and vocal ;  even among 
scientists it died hard. 

For example, one might have thought that 
Louis Pasteur's lovely experiment with racc­
mic acid, when by intel l igent inspection of 
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one of its sal ts he was able to separate the 
crystals of 'natura l '  tartratc from those of its 
mirror image, would have persuaded him 
that optical activity in the disperse state is not 
a prerogative of life. Alas ,  he thought that 
raccmic acid was a product of l i fe .  His racc­
mic acid had come from grape juice via a 
factory where some of the tartaric acid in the 
j uice had been raccmized by boi l ing it down 
in copper pans. When presented with a truly 
synthetic raccmic specimen of malic acid, he 
would not even try to resolve it , though by 
that time he had a method which would 
certainly have worked. Again, he made beau­
tiful experiments to show that, as he put it , 
'fermentation is l i fe without oxygen ' ;  but his 
vital is tic prejudice was probably what pre­
vented him from making Buchncr's experi­
ment' and showing, 30 years earlier, that 
l i feless fi ltrates could also ferment. 

We need no more demonstrations that the 
molecules of l ife arc the same, and have the 
same biological actions however they were 
made. So that excuse for indulging in chemi­
cal synthesis has long lost its plausibi l i ty .  
Indeed, with our present knowledge o f  the 
chemistry of l i ving things and its essential 
unity with the chemistry that we practise, I 
can see no reason why we should not wel­
come enzymes and microbes as friends and 
colleagues. S ince they work for even less 
money than graduate students, perhaps we 
should at least acknowledge them in publica­
tions. Nevertheless, synthesis di rected by the 
human mind remains a most popular and 
respected activity among chemists, so what 
other excuses can we offer? 

It i s  well worth looking at the proposition 
that chemical synthesis is an art form, need­
ing no justification because it permits sel f ­
expression i n  its creators and produces aes­
thetic pleasure in those who examine its 
products. The greatest of synthetic chemists, 
Robert Burns Woodward, won the Nobel 
prize in 1 965 for - 1 quote - his contribu­
tions to the art of organic synthesis. He 
accepted the description at the time, but there 
was no mistaking the Committee ' s  under­
tone that synthesis may be more of an art than 
a science, and it is a fact that the prize has 
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been awarded specifically for synthesis only 
four times during the 92 years s ince the first 
pri ze was awarded, ifoneexcludcs the Bosch­
Haber ammonia synthesis, which was not 
original. 

If chemical synthes is  is an art, which 
recogn ized arts are nearest to i t?  I think, i n  
their different ways, architecture and chess .  
An architect's constructive i magi nation works 
under constraints imposed by the materials 
and labour that must be used. A grandmaster 
of chess creates masterpieces in the face of 
tough and tenacious opposition. The chemist 
has materials, an imperfect knowledge of their 
possibilities and limi tations, and an opponent 
- the truth - who sometimes changes during 
the work into a teacher and fiiend. 

There are others who thi nk of synthesis as 
a manifestation of human arrogance, though 
they usually call it aspiration or endeavour. 
Elaborate expeditions are launched for the 
essentially useless feats of treading on the top 
of a high mountain or on the surface of the 
moon, or synthesizing a vitamin that will 
always be easier to get from microbes .  
Woodward certainly had that feel ing very 
strongly; when he and Eschenmoser had com­
pleted the epic synthesis of Vitamin  B 1 2,  he 
insisted on completing the final steps with 
totally synthetic material, though they had 
already been executed by partial synthesis .4 

And Robert Robinson, no mean mountaineer, 
certainly had the climber's approach to many of 
his syntheses. 

Comparisons apart, there is no doubt that 
chemical synthesi s  can be an immensely 
challenging,  endlessly frustrating, totally 
stimulating exercise. Art, science, or sport, i t  
holds i ts devotees; and because i t  is a rather 
expensive activity they have to offer what 
inducements they can to those who alone can 
provide the money. Such providers usually 
i nsist that the synthesi s  should have some 
purpose: the situation is perhaps the same as 
that of the old alchemists who really wanted 
to get on with their science - they called i t  
the hermetic art, by the way but who had 
to dangle the prospect of unl imited gold i n  
front of  the medieval prince or baron who 
then filled the role of the research councils .  

A pretext popular i n  the early years of this 
century claimed that synthesis was the final 
proof of structure. I can remember Robert 
Robinson advancing it when I asked him why 
he wanted to synthesi ze cholesterol . The 
trouble about that excuse was that structures 
in those days were deduced mainly by i nter­
preting chemical degradations . The reactions 
used in synthesis were subject to the same 
interpretation and to s imi lar mistakes. Nowa­
days, there arc many examples of natural 
products that cannot be crystalli zed so as to 
allow the not quite i nfal l ible method of X-ray 
diffraction to be used, and the structure i s  
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derived from computer analysis of pulsed 
NMR spectra. In some of these cases, synthe­
sis has indeed provided final proof that the 
structures deduced were wrong. So the old 
excuse can be usefully  revived on sui table 
occasions. 

A different l ine of persuasion, and rather 
easier to sell, is the notion that by solving a 
difficult problem of synthesis the chemis t  is 
l ikely to be forced to invent new methods. 
Robinson would not have i nvented the ring 
extension that bears h is  name,5 I would not 
have i n ven ted the reduc t i on  of  2-
mcthoxynaphthalcnes to 2-tctralones,6 and 
Birch would not have extended this reduction 
to the  m uch more genera l l y  useful 
methoxybenzencs7 if we had not all been 
working on the synthesis of steroids. The 
triggering event for Woodward' s  generali za­
tions on orbital symmetry was a reaction in  
the Bi, synthesis that did not go  in  the sense 
cxpccted .8 But the truth is that i nvention, 
with i ts attendant uncertainty, is a last resort 
for most synthetic chemists whose goal is a 
natural product. The more reactions we dis­
cover, the truer this becomes; and i f  in the 
future we entrust the planning of syntheses to 
computer programs we shall be absolutely 
dependent on known reactions, the more 
reliable the better. The reactions we know 
now were, and sti l l arc, largely discovered by 
accident; and in  the days when structures 
were deduced by chemistry instead of by 
spectra, natural product chemistry was a very 
fertile source. Now, new reactions are qui te 
often found by speculative but not purpose­
less search in particular areas of chemistry. 
Corey is the master of this genre, but now 
there are many others. 

That brings me to the distinction between 
a reaction and a synthesis, and the best ex­
ample I can think of comes from the first half 
of this century. R ichard Wills tatter wanted to 
make cyclooctatetraenc to compare i ts prop­
erties with those of benzene. That, in 1 905 , 
was a novel and indeed pioneering excuse for 

synthesis :  making a molecule for i ts theoreti­
cal i nterest. This pretext has been magnifi­
cently extended in recent years to create what 
might be called the chemistry of funny shapes: 
prismanc, cubane, and dodecahedranc arc 
only the more symmetrical examples among 
a host of bizarre and practically useless mol­
ecules that have exacted hard labour from a 
m uch l arger host of postgraduate and 
pos tdoctoral  s tuden t s .  But to m ake  
cyclooctatctraene was at the  t ime  a genu­
inely valuable exercise. Wi l l statter wisely 
chose the l i ne of least effort (Fig. 1 )  and 
started from an alkaloid provided by the 
bark of the pomegranate tree. By already 
k n o wn c h e m i s try  he a r r i ved  a t  
N-mcthylgranatenine, and to this h e  ap­
pl ied the long-known techniques of ex­
haustive mcthylation, addi tion of hrominc, 
and alkylation of amines. The final exhaus­
tive methylation gave h im  his product. 

Now this was a classic synthesis .  It 
fol lowed a preconceived plan, it used known 
reactions, it gave a miserable overall yield, 
and it took nearly I O  years to finish .9 It also 
proved its point: benzene and cyclooctatctracnc 
have completely different properties. 

In 1 940, J .W.  Reppe and his team were 
studying industrially useful reactions ofaccty­
lenc, taking advantage of techniques for safely 
handling thi s  potentially explosive gas. When 
acetylene was pressed i n to a warm suspen­
sion ofnickel cyanide and calcium carbide in  
tetrahydrof uran (THF), the product was cyclo­
octatetracnc i n  up to 90% yield 10 (Fig. 2). 

Was this a synthesis?  Technically, i t  
fulfils the most rigorous criteria. I t  can even 
be called a total synthesis ,  which Willstatter's 
was not; i ndeed, it is only two steps from the 
clements, s ince acetylene can be made from 
carbon and hydrogen. Also, hoth steps arc 
pure addi tions: i t  is truly a putting together. 
But I will bet that Reppe thought of it as a 
reaction of acetylene, and I would disqualify 
it as a synthesis because there was no purpose 
to make cyclooctatctraenc. 

Me;iN · /.. 

Willstatter, 1905-1913 0 
Mel; 

� .. ,...,.. Ag20; heat y 
Me;iN 

Figure 1. Synthesis of cyclooctatetraene. 
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From some poin ts of v iew i t  i s  no dis­
grace to have a reaction rather than a syn­
thesis .  Turn ing again to the l i s t  of  Nobel 
prizes in chemi s try, we find half a dozen 
laureates - Grignard, Sabatier, Diels, Alder, 
Brown,  Wi tti g whose c i ta ti ons refer to 
the d iscovery of reac tions, and a l arger 
number who s tudied their  mechanisms or 
s tereochemi s try. 

I think we have come far enough now to 
attempt a modern defin i tion of chemical syn­
thesis as the intentional construction of mol­
ecules by means of chemical reactions. And 
i t  is my purpose now to show the i n ten tions 
and the reactions in terfering wi th each other. 
The Why and the How, in other words, arc 
inseparable except in those syntheses that arc 
purely arti s tic or sporting and, therefore, 
have any How and no Why. 

A nice example comes from the 1 960s. A 
team in the Uni ted S tates was s tudying the 
sex attractan t of the female American cock­
roach .  Warm air was passed over a very large 
number of these animals and then through a 
cold trap. By further refining, a minute 
amount of active material was ob tained and a 
s tructure was proposed 1 1  on the basis of phys i ­
cal measurements (Fig.3). There was then, 
as now, a considerable number of chemists 
looking hungril y  for an excuse to syn thesize 
something, and the effec t of thi s  s tructure 
was rather l ike that of a dead horse dropped 
in to a lake of p iranha fish . Herc was a small 
molecule asking for the application of up-to­
date reactions, and the excuse for synthesiz­
ing i t  was the most grantworthy: an adequate 
supply of the s tuff, obviously no t available 
from natural sources, migh t  plausibly play i ts 
part in con trol l ing a noxious pest. Wi th in 
three years, s ix  approaches were reported, al l  
most ingenious.  Two of them 1 2· 1 3 were suc­
cessfu l ,  the others were honourable near 

mi sses. So the molecule was well and truly 
synthesized and the compound became readi ly 
available. There was only one snag - the 
proposed s tructure was wrong and the syn­
thetic material i nactive. A lady I know 
remarked at the time that, al though thi s  mol­
ecule wasn't very good at attrac ting male 
cockroaches, i t  certain ly attrac ted a lot of 
organic chemis ts .  Perhaps i t  would  be kinder 
to say that synthesis here was the final proof 
of non-s tructure. And there arc happier 
endings to many another s tory of thi s  k ind ,  
for example, i n  the fields of perfumes and 
flavours, where a component  presen t only 
in  traces may have a dominan t effect. I n  
such cases the versati l i ty and power of  
modern syn theti c  methods, ac ting on  infor­
mation provided by modern analytical meth­
ods and motivated by the economic or 
biological i mportance of the target, can be 
i nvaluable .  

Al l  this is jus t  part  of the bal let  between 
Chemistry and Nature that has been danced 
now for more than a hundred years . Nature 
produces some thing that humani ty wan ts or 
needs, but doesn't make enough of i t; or, i f  
she  does, makes i t  too expensive to extract or 
makes it in a country whose people charge 
too much for i t. Europe once imported indigo 
and madder, both ancient dyes tuffs from 
plan ts, from the Eas t and Middle East. Chem­
i s try found out how to make both from coal 
tar, a by-produc t of the coke ovens and the old 
gasworks; i n  fact, the frac tion of coal tar 
containing anthracenecame to be called 'Tur­
key Reel oi l " .  The old indigo syn theses have 
some fascinating chemistry that is a l i t tle 
obscure even now. In that case, Chemis try 
won. What it clicl, of course, was to use clcacl 
plan ts - coal - instead of l ive ones. But 
sometimes, Chemistry switches from one 
l ive plant to another, as when the turpen tine 

from pine trees becomes the raw material for 
making  the perfumes of flowers. 

It was my lot to take part in several of 
these dances, but the most en thral l ing was the 
first: penici l l in .  My wife and I were graduate 
s tuden ts at Oxford when the first concen­
trates from Fleming's fungus were painfu l ly 
got together a t  the School of Pathology, and 
when the first trials wi th human patients were 
made at the Radcl i ffe Infirmary. At the 
Dyson Perrins Laboratory, Robinson accepted 
the chemical challenge and the nucleus of the 
team was formed: Ted Abraham and Erns t 
Chain from Pathology. and Wi lson Baker 
wi th Robert from the Dyson Perrins. By 
1 943, when we joined the team, the scene was 
set. Herc was a chemical subs tance we 
didn't know then what it was - enormously 
effective against  bac terial infections i nclud­
ing some that sulfonamides could not cure, 
and obtainable only in traces and wi th great 
labour from the broth in which an obscure 
mould had grown .  Chemis try had scored a 
notable success in the figh t against  bacterial 
disease when it clevelopccl the sulfonamides. 
Perhaps it could find ou t the s tructure of 
penici l l in  and then synthesize i t. In time of 
war, even a costly syn thesis ,  i f  it could pro­
duce enough, would serve. 

The carbon in penici l l in (Fig. 4) occurs in 
three blocks. During 1 943, they were al l  
iden tified and the variab i l i ty of the side chain 
was es tabl ished. I guessed the s tructure of 
another par t - penici l lamine - and did the 
synthesis and optical resolu tion in s ix weeks. 
Before the year's end, synthesis could be 
concen trated on two di fferen t but almost 
equivalen t s tructures. The i n ternational ef­
fort  that extended over the next three years is 
recorded in The Chemistry of Pcnicillin, 14  

published in  1 949. There was so much work , 
and i t  was so bad l y  abs trac ted ,  tha t  
rediscoveries of some of i t  were being made 
20 years la ter, and for all I know s ti l l  arc. But 
the l imi t of success was a synthesis in about 
0- 1 % yield. 

Meanwhi le, Nature wi th human aid was 
not idle. Better nutrient media were found for 
the mould, techniques were perfec ted for 
growing i t  in deep tanks ins tead of in any­
thing shallow that could be s teri l ized and 
plugged. Better s ti l l ,  another species of 
Penicillium was found to ou tperform the 
Fleming s train ;  and best of a l l ,  when mutants 
were induced and selec ted, the yields wen t up 
by three orders of magn i tude. Wi th more 
penici l l in in the broth, ex traction procedures 
became simpler: penici l l in became cheap as 
well as abundant. Even penic i l lamine, when 
i t  turned ou t to be useful i n  lead poisoning  
and i n  some o ther di sturbances of metal 
metabol ism, was eas ier to make by degrad­
ing  natural penic i l l i ns  than by syn thes is .  
And when,  i n  1 957,  John S heehan's pcrsis-
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tence produced a rational synthesis of peni­
ci l l in ,  15 this was far from viable economi­
cal ly .  Thus far, Nature had won hands 
down; b ut the balance was restored i n  a 
rather curious way . 

It was discovered that certain conditions 
of fermentation could produce a penici l l in  
with no side chain, and that this could be 
provided by chemistry with any s ide chain 
desired. 1 6  And some of these side chains gave 
penici l l ins with superior properties . At 
present, most of the peni cil l ins used i n  medi­
cine arc hybrids, half natural and half syn­
thetic. So the ballet has finished in  a trium­
phal pas de deux. But with many (not all) of 
the useful antibiotics, Nature is still supreme, 
though that has not prevented chemists from 
trying to synthesize them . 

During the period of whi ch I have been 
speaking, biochemists began to learn about 
the actual chemical processes of life. This 
development was generated partly by better 
methods of separating and identifying small 
amounts of material, but above all i t  owed its 
impetus to the avai labi l i ty of stable and ra­
dioactive isotopes and of the analytical tech­
niques to detect and measure them. It became 
possible to study the actual workings of a 
living cel l ,  and I well remember the excite­
ment of reading Rudolf Schoenhei mcr's Ii ttle 
book, The Dynamic State of Body Constitu­
ents, in which he shows that throughout our 
lives we have little more stability or perma­
nence than a flame. More to the present 
point, it became possible to put loaded ques­
tions to a living organi sm, or to one of i ts 
functional systems, by presenting it with an 
isotopically labelled version of something 
that it would eat . And the more that was 
understood about the chemistry of the organ­
ism, the more subtle became these questions, 
and organic synthesis began to play an ever 
more useful part in  loading them . 

For work of this kind, synthesis is often 
delimited by which isotopes arc wanted for 
labelling and at which position. I have had a 
long love affair with mevalonic acid, the 
precursor of terpenoids (Hg. 5). Al together, 
we labelled this molecule in 1 7  di fferent 
ways using ten different syntheses, eight of 
them novel at the time; and very recently we 
added an eleventh synthesis for an ei ghteenth 
labell ing mode. There were compel l ing rea­
sons for choosingcach of these syntheses, hut 
I have time for only one example. Here, the 
label had to be "C and a h igh proportion of 
molecules had to have isotopic atoms at both 
label l ing positions. 17 

The reason behind this requirement was a 
skeletal rearran gement occurr ing when 
lanosterol, a precursor of cholesterol, is 
formed from squalcne or rather, as is now 
known, from squalenc epoxidc. The question 
to answer was whether the rearranged methyl 
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Figure 4. The first synthesis of penicillin. 
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Figure 6. Labelled mevalonic acid and its incorporation into lanosterol via squalene. 

group in lanostcrol came from position A or 
position B in squalene (Fig. 6). Six mol­
ecules of mevalonic acid go to make one 
molecule of squalcne and the pattern of i n­
corporation was known. Ordinary isotopic 
labelli ng of the migrating group would not 
distinguish between the two modes of rear­
rangement because of the symmetry of the 
squalenc molecule about i ts midpoint. The 
same symmetry would defeat ordinary double 
labell ing at both the migrating group and its 
receptor position. But if the statisti cal distri­
bution of the two labels was skewed hy 
dilution with non-isotopic mcvalonic acid, 
an i ntramolccular rearrangement wi thin a 
group o f  atoms  ori gi nati n g  from one 
mcvalonic acid molecule would produce an 
excess of lanostcrol doubly isotopic al adja­
cent positions, and chemical degradation of 
this lanostcrol to separate those two carbon 

atoms would allow measurement of that ex­
cess. That was the basis of the experiment 
and the imperative for synthesis (Fig. 7) .  

One i nterest ing effect of isotopic synthe­
sis is to take us back closer to the classic ideal 
of synthesis from the clements . Herc, we had 
to start from isotopic potassium cyanide. By 
one-carbon chemistry this was turned into 
mcthyl-lahcllcd acetyl chloride. whi ch was 
treated, in ether, first with triethylaminc al 
reflux and then with l i th ium aluminum hy­
dride at -70 °C. In this three-step reaction, 
kclcnc i s  formed fi rst and di rncri zcs to 
diketcnc. which is reduced to4-hydroxyhutan-
2-onc lahelled al positions I and 3. To skew 
the distribution of isotopic species, this was 
di luted wi th about an  equal wei ght o f  
un labelled 4-hydro x y h utan-2-one, then 
treated twi ce with kctcnc:  once lo acctylate 
the hydroxy group, then in the presence of 
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Figure 8. Industrial synthesis of Nylon 6-6. 

boron trifluoride to form a P-lactone which 
yielded the labelled mevalonic acid on hy­
drolysis .  Curiously, this synthesis resembles 
quite closely the biosynthesis of mevalonic 
acid, with ketene taking the place of acetyl­
coenzyme A; but we could not have claimed 
i t  as a biomimetic synthesis since that hor­
rible word had yet to be invented. As it 
happens, this is also one of the best ways to 
make unlabelled mevalonic acid in quantity 
if  the hydroxybutanone is prepared less ex­
otical ly .  

I should not leave the subject of isotopic 
synthesis without mentioning tachosynthesis, 
i n  which the 20-minute half- l i fe of the 
positron-emitting carbon- I I has forced the 
development of a fascinating branch of 
chemistry requiring an ion accelerator, a 
radiochemical laboratory, and a hospital in 
close prox imity to each other, and subordi­
nating all other considerations to one impera­
tive - speed. 1 8  

Probably, most of the chemical synthesis 
done today is  carried out in industrial labora­
tories, much of it aimed to produce new 
pharmaceuticals, agrochemicals, additives, 
and materials of many uses. One major 
reason for aiming at a particular type of 
molecule i s  that a competitor has, or is sus­
pected of having, a successful product of that 
type and this generates what I cal l interstitial 
synthesis - trying to find loopholes in a 
patent, for example. Again, industrial labo­
ratories usually have screening programs de-

signed to review large numbers of com­
pounds in search of some desired property. 
When one compound is so detected - and 
rather seldom has it been made with that 
particular property in view - a program of 
synthesis may be directed to variations on the 
theme compound. The synthesis, unlike the 
screening, is not entirely random; but above 
all, the object is to maximize the number of 
compounds made and to minimize the time 
taken. Thi s puts a premium on known and 
reliable synthetic methods and it discourages 
both innovation and the exploitation of unex­
pected findings. In contrast, when a candi­
date for commercial development arises some 
very interesting synthesis is often initiated, 
since the object here is to find the shortest, 
cheapest, cleanest route to the target. Irrno­
vation becomes desirable, bold short cuts are 
tried, and some of these syntheses are among 
the neatest pieces of chemistry I know. The 
synthesis of Nylon 6-6 from propene, ammo­
nia, air, hydrogen, and water (Fig. 8) is 
beautiful in i ts seeming simpl icity, but our 
academic standards would disqualify i t  be­
cause all of i t  was not found out by the same 
people. 

The larger the scale, and the cheaper the 
product has to be, the more factors must be 
taken into consideration when choosing the 
winning method or, not infrequently, for 
rejecting them all . Problems about pollution 
from the by-products of a process arc nowa­
days taken into consideration in the planning, 

not tackled retrospectively. And no nonsense 
about the pure ideal of total synthesis l imits 
the choice of raw materials or methods. 
Anyone who has helped to p lan an indus­
tri al synthesis tends to pity the poverty of 
the criteria that an academic synthesis must 
meet. Work of this sort ought to be held in 
greater respect and published more often 
than, alas, it i s .  

Returning to  the rarefied atmosphere of 
academic synthesis, we can identify some 
different constraints. For the most part, 
synthesis in university laboratories is ex­
ecuted by learners: graduate students and 
inexperienced postcloctorals .  It has become 
accepted that the supervisor's role is to plan 
and inspire, not to participate. As one who 
has been a bench worker almost continuously 
for 60 years and who has been learning all 
that time about the best ways to carry out 
chemical experiments I find this sad, though 
I know the constraints on the supervisors. 
The effect has been to stereotype practical 
methods and to l imit the choice available. I 
am far from decrying the values of chemical 
synthesis as intellectual training, but I know 
that in its practice, the hands and brain must 
work together as in few other disciplines. 
Every experiment is a new experiment, no 
matter how often others - and you - may 
have clone it before. To put it no higher, the 
use of stereotyped procedures tends to add to 
the expense of research as well as being of 
less benefit to the trainee. 

Perhaps thi s  i s  the place to comment on 
the publication of chemical syntheses. It has 
becomeeustomary- 1  blame Bob Woodward 
more than any other for making it so to 
report a synthesis in a preliminary note or in 
a sequence of notes, and to defer ful l  publica­
tion with proper description of intermediates 
and methods for years or for ever. Some of 
Woodward's best syntheses were never re­
ported in detai l , and never wi l l  be. And i f i n  
the beginning this was principally a disease 
of multi stcp synthesis, it h as spread to the 
reporting of new reactions and of the increas­
ing number of compounds that are synthe­
sized for specific purposes such as catalysis 
or complexation. These are useful activities; 
but as time goes on the value of a chemical 
paper tends to reside more and more in what 
was actually done and made, not in why it was 
done. As i t  is, there are now thousands of 
claims to novel compounds that are verifi­
able only by the repetition of the work, be­
cause it cannot be done by comparison or 
analysis of published properties. It i s  a poor 
tribute to chemical synthesi s to say that it has 
been pouring a large volume of unpurified 
sewage into the chemical l i terature, but that 
is too near the truth for comfort. I do not 
know what can be done about this ,  though I 
would support a conspiracy of editors to 
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refuse to publish a preliminary note if the full 
publ ication from a previous note was still 
outstanding after an agreed interval. 

Now, what of the future of chemical syn­
thesis? There is no doubt that it remains a 
most popular activity: picking up at random 
a recent Chemical Communications I found 
that 40% of the articles had to do wi th synthe­
sis or synthetic methods. Clark Stil l has 
pointed out that there is practically no i mag­
inable small molecule of reasonable stabi l i ty 
that cannot be made by existing methods in  
sufficient quantity to examine i ts properties 
- given enough time, money, and effort. 
Advance in photochemistry, in free-radi cal 
chemistry, and in the use of auxil iary ele­
ments, notably s i l icon, offer an almost em­
barrass ingly wide choice of procedures ;  and 
Corcy19  has pioneered effective, program­
mable rules for combining them into strate­
gies for synthesis .  Much attention is rightly 
being given to stcrcospecific synthes i s  and 
the control of chirali ty. Success here has 
come from better understanding of preferred 
conformations during reactions, from the 
now pred i ctab le  s tereochc m i s try of  
electrocycli c  reactions, and from the much 
greater use of transition and other elements to 
hold reactants in  desired conformations or to 
coordinate reagents on the same metal atom. 

To i l lustrate the advance of chiral cataly­
s is over the years one can go back to the 
original example of absolute asymmetric 
synthes i s  (Fig. 9). Bredig20 found in  1 9 1 2  a 
smal l  ani soch i ral i ty2 1  in mandelonitr i lc 
formed from bcnzaldehydc and hydrogen 
cyanide in the prcscnccofwhat sccms lo have 
been a crude preparation of cinchona alka­
loids. The industrial importance of a related 
mandcloni trile stimulated a search for more 
efficient chiral catalysts and the best of them 
gave an i mpressive rcsult22 even when ap­
plied to bcnzaldchyde rather than the tar­
geted 3-phcnoxybenzaldchydc, which was 
sti ll better. One could only wish it possible to 
find such catalysts by prediction but, alas, 
our powers in this direction arc still infantile. 

Other advances have nearly perfected the 
art of the protecting group. Name any func­
tional group that you want to shield tempo­
rari ly  from your operations on another part of 
the molecule and there is a menu of reagents, 
artfully  tuned for ease of attachment and 
selectivity of removal. Add to these the 
selective reagents that discriminate between 
s imilar functional groups and you have so 
many acronyms that you already need a glos­
sary to sort them out. 

So far, so good .  Now let us look at the 
other face of the coin. We are in danger of 
being l imited by our own powers. In the 
chemistry of natural products it is becoming 
rather unusual to carry out any chemistry on 
a product that you i solate. Spectroscopy or 
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Figure 9. Asymmetric synthesis ofmandelonitrile. 
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ribonucleotide in full armour 
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Figure 10. Protected and activated ribonucleotide. 

X-ray diffraction gives you the answer to the 
structural problem, and if you need to modify 
the structure you use well understood reac­
tions. But in the days when it was actually 
necessary to do some chemistry to solve the 
structural problem, natural product chemis ­
try was one of  the most proli fic  sources of 
new reactions. I suggest that thi s  was be­
cause the people trying the reactions did not 
know what to expect. S imilarly, if you plan 
a synthesis and leave i ts execution to less 
skil led people who have been told what to 
expect, you arc l ikely to miss observations 
and opportunities that you would not miss if 
you allowed yourself to be taught by the 
experiments instead of trying to teach Nature 
how she should behave. And if you boast too 
loudly that you can devise a synthesis of 
anything, those who use your work may 
relegate you to the rank of a technici an :  oil in 
the machinery, indispensable but expend­
able. It is better to have good reasons of your 

own for your syntheses - reasons that others 
accept but do not choose. 

The infrastructure of knowledge and ana­
lytical technique on which we base our present 
syntheses is h ighly impressive, but I suspect 

indeed, I hope - that in the future it may 
come to be regarded m uch as we regard the 
mechanisms drawn by Heath Robinson or 
Rowland Emctt: quaint .  It is n ice to have a 
choice of protecting groups, but using one 
means two more steps in the synthesis .  Also, 
some protecting groups and some reactions 
arc so expensive that there is no chance of 
their being used outsi de a chemical or bio­
chemical laboratory. How much better i f  we 
begin to regard their use as an imperfection, 
an artistic failure if you l ike, and try to 
el iminate them. The methods which we use to 
synthesize the oligopcptidcs or oligonuclcoti­
dcs (Fig. 10) needed by our friends the biochem­
ists and molecular biologists are by present 
standards most ingenious, but they do some-



· . . ·· lj� Ph 
, -- ,; '"� \,-, 

s;..: .· · . . · . .  , · •. >  < .•· • · \ )/ 
M
. 
eO 

o•\
• ·· 

.• 

times remind me of a medieval knight buckling 
on a hundredweight of armour before being 
hoisted onto a carthorse to go into battle. 

We have before us all the time the example 
of the enzymes, which handle substrates with 
many unprotected functional groups and select 
unerringly  their target group because their spe­
cific catalysis is based not on obstructing the 
wrong reaction but enormously accelerating the 
right one. Perhaps there is a prospect of things 
to come in Corey's development of the so-called 
CBS catalysts23 (Fig. 1 1). These chiral oxaza­
borolidines do not themselves reduce carbonyl 
groups, and diborane in  tetrahydrofuran is a 
poor reductant, but the two together form a 
complex that reacts fast and with h igh 
anisochirality. The analogy of the catalyst to an 
enzyme and of diboranc to a cocnzyme is quite 
close, and the only thing lacking here is further 
catalysis of the reaction by specific binding of 
the substrate. As i t  is, the sclectivi ty is achieved 
by obstruction, not positive binding. 

We have not had as much time as the 
enzymes to develop their approach to synthe­
sis - not by some seven powers of I O  but 
we are supposed to be more purposeful . And 
we have to use the old methods of synthesis 
to construct the new world of specific cataly­
sis, and we have not at present much idea of 
what we should be making. We need to know 
a lot more about intermolecular associ ations; 
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and enzymes, though they certainly have a lot 
to teach us, are not very talkative. Sti l l ,  I 
suppose we shal l learn; and lucki ly there arc 
many excellent reasons why we should make 
the attempt: the problem is not How or Why, 
but What. May I live to sec, and better to 
share, more than the l imi ted success that so 
far has been ach ieved. 
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