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About 

our over: 

his painting, Fantaisie sur Tivoli 

(oil oncanvas,241.1 x 193.4cm), 

is one of four landscapes by 

Hubert Robert that were commissioned 

by Grand Duke Serge Alcxanderovitch 

in 1789. It displays Robert's typical 

combination of romantic rusticity and 

ancient ruins. The small round temple is 

based on the design of the temple of 

Vesta at Tivol i  where Robert and 

Fragonard enjoyed the hospitality of the 

Abbe de St. Non at the Villa d'Este in the 

summer of 1760. The temple was well 

known to tourists of the Roman area and 

had been the subject of artists' attention 

since the seventeenth century. 

The painting is in the collection of 
The Saint Louis Art Museum, Gift of 
Mrs. Frederic W. Allen. 

The Detective's Eye: 
Investigating the Old Masters 

If you relish detective work and puzzles 
about Old Master paintings, you will find 
much to enjoy in this illustrated catalog. It 
contains twenty-four paintings that have 
been reproduced on our Aldrichimica Acta 

covers, and five that have been on our 
catalog covers. ZIS,350-4 $12.95 

Editors: 
Stephen J. Branca, Alfonse W. Runquist, 
Ronald D. Theys, Sharbil J. Firsan 
Editorial Staff: 
Rick Biel (Layout), Cynthia Akey (Graphic 
Design), Sheri Fettig and Dawn M. Keough 
(Insert) 

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

··e do a lot of ion selective analysis, and 
our probes become coated with sample 

residue. It becomes very expensive to re­
place these probes every month, so it was 
important for us to clean our probes effec­
tively but safely with no interference to our 
testing. 

To clean and extend the life of your solid 
state !SE probes, try cleaning them with a 
mild abrasive such as a non-fluorinated tooth­
paste. Use your finger to apply the toothpaste 
and lightly rub the surface. After a sufficient 
amount of time, completely rinse the probe 
and recalibrate. 

Thank you, 
Michael DiMaggio, Chemist 

Huron Valley Laboratories, Inc. 
9324 Harrison 

Romulus. MI 48174 

you have an innovative shortcut 
unique laboratory hint you'd like 

to share with your fellow chemists? 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. 
Z l  5,000-2). 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 peri­
odic table on the front. We reserve the right 
to retain all entries for consideration for 
future publication. 
Teflon is a registered trademark of E.I. du Pont de Nemours 
& Co., Inc. 

Everything needed for direct aqueous ISE measurement with your ORION ISE meter is on the ISE 
recipe card. Applications include water quality, plating baths, food analysis, and many others. Ion 
selective methods have a reproducibility of ±2.0%. 
Chloride combination ISE: Fluoride combination ISE: 
Cl- electrode** 226,459-8 $506.00 F·electrode** 226,457-1 $536.00 
Fill solution* 44,307-7 48.00 Fill solution* 44,310-7 55.00 
ISA 44,320-4 44.00 TISAB 44,312-3 80.00 
Standard 44,313-1 39.00 Standard 44,317-4 38.00 
Reference: ASTM 0512-89 References: ASTM 03868-79, EPA 340.2 
Concentration range: 1.8 to 35,500ppm Concentration range: 0.02ppm to saturation 
Interferences: OH-, s-2, Br, 1-, CN , NH3, Sp3 

2 Interferences: OH 
.. ,SE combination electrodes have both the indicating and reference half-cells in one electrode. BNC connector. 
•_Bottles packaged in 5 x 50ml containers. All others are 475ml bottles. 

The patented design of ECO Funnels prevents volatile toxic air 
contaminants from evaporating into the work environment and, 
eventually, the open atmosphere. 
Advantages of ECO Funnel: 
• Prevents evaporation of waste solvent from containers and 

meets current new regulations 
• HOPE and PP construction resists laboratory solvents, acids, 

and bases 
• Funnel remains on waste collection bottle or carboy until it is full 
• Funnel lid connected to a shut-off ball that double seals the 

waste system 
• Funnel stem sealed to waste container cap prevents emissions 

from sides of stem 
• Pressure-equalizing tube prevents solvent trapping 

ECO Funnels are sized to fit the Nalgene® containers listed in the table below, but may also be used 
with other common containers. Order ECO Funnel and waste container separately. 

ECO Funnel Na/gene bottle/carboy 
Funnel capacity (L) Closure size Cat. No. Each Cat. No. Each 
4 (round bottle) 38-430 cap 226,821-6 $69.00 B8410 $13.80 
8 ( round bottle) 53B cap 226,822-4 69.00 B8535 22.20 
9 (rectangular carboy) 100mm 226,823-2 69.00 C6317 37.00 
20 (rectangular D.O.T. carboy) 70mm 226,824-0 85.00 226,820-8 83.75 

'' • 

Jai Nagarkatti, President 

Professor Dimitris S. Argyropoulos 
(McGill University-Paprican) kindly sug­
gested that we make this dioxa­
phospholane that is a phosphitylation 
reagent used in the quantitative analy­
sis of hydroxyl groups in lignins by 31 P 
NMR spectroscopy. The reagent pro­
vided excellent resolution of the various 
phenolic hydroxyl environments includ­
ing those belonging at the C5 con­
densed phenolic units. 
Granata, A.; Argyropoulos, D.S. J. Agric. Food 
Chem. 1995, 43, 1538. 

44, 753-6 2-Chloro-4,4,5,5-tetra­
methyl-1,3,2-dioxaphospholane, 
95% 1g $23.75; 5g $79.00 
Naturally, we made this useful assay 

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

Subscription Requests 
The Aldrichimica Acta is read by 
over 120,000 chemists worldwide 
and is published 3 to 4 times annu­
ally. The Acta features articles on 
research of current interest to 
chemists. There is no charge for a 
subscription. 

To request a subscription 
please call: 

USA & Canada: 800-558-9160 
or write: 

Attn: Mailroom 
Aldrich Chemical Company, Inc. 
P.O. Box 355 
Milwaukee, WI 53201-9358 

International Customers please 
contact your local Aldrich Office. 

ORION is a registered trademark of Analytical Technology, Inc. Nalgene is a registered trademark of Nalge Co. ECO Funnel is a trademark of California-Pacific Lab. 
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Abstract 

Asymmetric catalysis of metal carbene trans­
formations with unique chiral dirhodium(//) 
carboxamidesprovides highlyenantioselective, 
diastereoselective, and regioselective .1ynthe­
ses of lac/ones and lac/ams via cyclo­
propanation and carbon-hydrogen insertion 
reactions of diazoacetates and diazo­
acetamides. ConstructedJrom a dirhodium(lf) 
core with bridging chiral pyrrolidone, 
oxazolidinonc, or imidazolidinone ligands, 
these catalysts are especially effective for 
intramolecular tramjormations. Reactions 
characteristically occur with high turnover 
numbers, and products are .fcmned in high 
yield with enantiomeric excesses that are gen­
erally greater than 90%. 

Originating in investigations conducted 
nearly a century ago, 1 transition metal ca­
talysis of diazo decomposition has provided 
a diversity of transformations applicable to 
chemical synthesis. Commercial uses of 
this methodology arc well established for: 
the construction of chrysanthcmic acid es­
ters ( 1) in pyrethroid syntheses ( eq I );2 the 
preparation of cnantiomcrically pure ethyl 
2,2-dimcthylcyclopropanccarboxylatc (2) for 
the synthesis (eq 2) of cilastatin (3), an in 
vivo stabilizer of the antibiotic imipcncm 
(N-formimidoylthicnamycin);3 and the criti­
cal N-H insertion process (cq 3) that is the 
ingenious key step in the Merck synthesis of 
thicnamycin (5).4 Suitable catalysts possess 
an open coordination site at which elcctro­
philic addition to the diazo compound oc­
curs. 5 Extrusion of nitrogen gas from the 
resulting diazonium ion intermediate gener­
ates a highly reactive metal earbene whose 
reactivity resembles that of a metal-stabi­
lized carboeation. Transfer of the carbenc to 
the reacting substrate regenerates the cata­
lyst to complete the catalytic cycle. Since 
diazocarbonyl compounds, especially 
diazocstcrs and diazoamides, arc readily 

Michael P. Doyle 
Department of Chemistry 

Trinity University 
San Antonio, Texas 78212 

prepared and are generally stable at tem­
peratures s 100°C, 6 they arc the preferred 
substrates for these transition metal cata­
lyzed transformations. 

Dirhodium tetraacctatc is widely recog­
nized as the catalyst of choice for the vast 
majority of metal carbene reactions that 
occur with diazocarbonyl compounds. n First 
applied by Tcyssic and co-workers in 1973 
to reactions of ethyl diazoacctate with alk­
cnes, 10 this catalyst and its subsequently de­
veloped ligand variants have been employed 
for transformations as diverse as cyclo­
propanation, cyclopropcnation, insertion, and 
ylidc generation (Scheme 1).9•

11 16 By chang­
ing the dirhodium(II) ligand from acetate to 
pcrfluorobutyrate (pfb) or caprolactam (cap), 
catalyst applications have demonstrated 
enormous diastcrcosclectivity, regio­
selectivity, and chcmosclectivity. 11·211 Based 

EDA �OOEt 
I 

Aratani Cu 
catalyst 

N2CHCOOEt 

Arntani Cu 
catalyst 

H3CAH 

H3C COOEt 
2, 92% ee 

Hc�ooc �2 
3 

�s....,,,::... 
H C NH COOH 3 0 3, cilastatin 

R= 

� t-Bu 

eq 1 

eq 2 
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on electronic influences emanating from 
the dirhodium(II) ligands, Rh/pfb )4 is the 
most reactive and Rhz( cap )4 is the least 
reactive towards diazo decomposition. 
However, Rh/cap\ offers the highest level 
of substrate discrimination. Recent re­
views have documented the synthetic diver­
sity and versatility of these catalysts for 
reactions of diazocarbonyl compounds in 
both intermolecular and intramolccular 
transformations. 7-9 . i 1-16·20 

Chiral 
Carboxamidates 

Our development of efficient syntheses 
for carboxamidatc ligated dirhodium(II) has 
made possible the construction of a unique 
set of chiral catalysts whose applications 
have already demonstrated exceptional 
cnantiocontrol for intramolccular and cer­
tain intermolecular reactions of diazoace­
tatcs and diazoacetamidcs. 15-21 -25 In their 
novel design, exemplified by dirhodium(II) 
tctrakis[mcthyl 2-oxopyrrolidinc-S(S)-car­
boxylatc], Rh2(5S- M EPY)4, and its 

M c··" 02Me 

MeOi 
02Me 

Rh/5S-MEPY)4 

Rh/5R-MEPY)4 

cnantiomer  Rhz(5R-MEPY)4 , the 
dirhodium(ll) core is surrounded by four 
bridging amide ligands so that two nitro­
gen and two oxygen donor atoms bonded to 
each rhodium arc oriented cis (2,2-cis). The 
chiral center of the ligand is the carbon atom 
directly bonded to nitrogen so that the func­
tional attachment, COOMe in the case of 
Rh/MEPY)4 catalysts, lies in a spatial re­
gion that influences both the orientation of 
the bound carbene and the approach of the 
substrate to the carbene center. 

The X-ray crystal structure of Rh/5R­
MEPY)/CH3CN)2, in which acetonitrile 
ligands occupy the axial coordination sites 
(Figure 1 ), confirms these features of the 
catalyst."' The ligand carboxylate attach­
ments arc positioned with a clockwise orien­
tation on each end of the rhodium(II) 

X=C,N,O,Si,S 

Z-X = sulfides, amines, halides, ethers 

eq 3 

5, thienamycin 

Z ¼:
OR 

=.# = ' ' ROOCCH2X 
'Z

·H , Z alkyl aryl 
/ vinyl,OR' 

Z-X/ 
+ - / 

Z-X-CIICOOR 

ROOCCH=N2 
z 

+ == z 
ML0 � H COOR 

A Z = alkyl, vinyl 
H Z 

Scheme 1 

Figure 1. Two views of the X-ray structure of Rhi5R-MEPY)4(CH3CN)2 

MH 0 N •' COOR 
))<.H 

0 N ,, COOR I/ I/ Rh-Rh 
/I /I 

I/ 1/ Rh-Rh 
✓, ✓, 

6 

complex, offering open access to approach 
onto the axially-bound carbene ligand. Chiral 
dirhodium(II) carboxamidatcs that provide 
the highest levels of enantiocontrol arc con­
structed from 2-oxopyrrolidinc (6), 
oxazolidinone (7), and imidazolidinone (8) 

7 

Rh2Ci + 4HOAe eq 4 

ligands which possess a carboxylate group 
on the chiral center adjacent to the amide 
nitrogen. Each complex has the (2,2-cis) 
structural arrangement of ligands. Chang­
ing the structure of the ester R from me­
thyl to isopropyl to ncopentyl to octadecyl 
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generally has little effect on enantio­
selcctivity but does change the solubility 
characteristics of the catalyst; for example, 
6 with R = octadecyl is soluble in pentane. 

More than 20 structurally different chiral 
dirhodium(l l )  carboxamidates have been pre­
pared and characterized. In general, those 
with carboxylatc attachments provide higher 
cnantiocontrol than those with alkyl (Mc, 
i-Pr, or Bn) or aryl attachments in the same 
position. 26 Reactions that arc difficult to 
perform with Rh/OAc)4 often occur readily 
with chiral dirhodium(II) carboxamidates. 19 
The achiral dirhodium(II) caprolactamatc, 
Rh/cap)4, is a suitable model for the chiral 
carboxamidatcs and is generally the catalyst 
of choice to obtain raccmic mixtures for 
transformations that arc to be examined with 
the use of its chiral analogs. 

Dirhodium(II) carboxamidates are pre­
pared from Rh2(OAc)4 by a facile ligand 
substitution (cq 4). Using a Soxhlet extrac­
tion apparatus, the liberated acetic acid is 
trapped by sodium carbonate, thus driving 
the equilibrium to Rh

2
L: and requiring 

only a modest excess of the chiral ligand to 
effect complete substitution. Large-scale 
syntheses of both Rh/5S- MEPY\ and 
Rh/5R-MEPY)4 have been developed by 
Regis Technologies, Inc., who have also 
found that axial nitrile ligands stabilize these 
dirhodium(II) compounds and provide them 
with long shelf lives. Acyclic amides, such 
as those derived from amino acids, do not 
undergo facile ligand substitution, presumably 
because syn orientation of the amide carbonyl 
and N-H arc mechanistic requirements. 

Looking down the Rh-Rh axis (Scheme 
2), the rhodium face can be divided into four 

quadrants of which two are occupied by the 
ligands' chiral attachment (e.g., COOMc for 
Rh2(MEPY)J The third quadrant is filled 
by the carboxylatc group of the carbene 
leaving the fourth quadrant open for the 
substrate to approach the carbene center. 
Calculations have suggested that the pre­
ferred conformation of the carbcnc associ­
ated with Rh2(5R-MEPY). in the transition 
state for carbenoid transformations is that 
depicted in 9.26 For intramolccular reac­
tions catalyzed by Rh/5R-MEPY)4, the 
reacting substrate bond (Z) approaches the 
rhodium-bound electrophilic carbcne 
through a counterclockwise movement, 
whereas with Rh2(5S-MEPY)4 the move­
ment is clockwise ( 10). 

Alternative conformations that model the 
transition state have also been evaluated by 
computational methods and are higher in 
cncrgy.26 The importance of the ligand's 
carboxylate attachment appears to be asso­
ciated with both orientation of the carbcnc 
and its stabilization by dipolar forces since 
dirhodium(JI) catalysts with alkyl or aryl 
(i-Pr, Ph, or Bn), rather than a carboxylate 
attachment, always give significantly lower 
enantiocontrol . 2 1 •26 Surprisingly, di­
rhod i um( II) tctrakis [ N,N-dimcthy 1-2 -
pyrrolidonc-S(S )-carboxamide], Rh/ 5S­
DMAP)4, whose amide substituents were 
expected to have a stronger force of dipolar 
attraction, did not exhibit a higher level of 
enantiocontrol in metal carbenc reactions; 
X-ray structural analysis demonstrated that 
the ligand carbonyl groups, which were ex­
pected to interact with the intermediate 
carbene ( 1 1 ), were not in position to do so.27 
The N-acyl attachment of imidazolidinone 
ligands (8) further restricts substrate occu­
pation on the axial face of rhodium(II) and 
affords additional stcrcochcmical control 

<r-COOMe 

O-Rh-(N) N2CHCOOZ 

I T (-N2) 
0 C C

o

� Z E 
0 
0 
Me 9 

Rh2(5R-MEPY)4 

Scheme 2 

p 
0. 1 mo! % 

� 
0. 1 mo! % 

··•. Rh2(5R-MEPY)4 Rh2(5S-MEPY)4 

0 CH2Cl2 
O

Y
CHN2 CH2Cl2 

72% 75% 0 0 

for carbcnc transformations that will be evi­
dent in their applications. 

Enantioselective 
lntramolecular 

The effectiveness of Rh2(5S -MEPY). and 
Rhi5R-MEPYJ. catalysts for asymmetric 
induction has been demonstrated by the ex­
ceptional enantiocontrol that has been 
achieved with their uses in intramolccular 
cyclopropanation reactions of allylic 
diazoacetates,28 homoallylic diazoacetates,28 

and selected N-allylic28 and N-homoallylic 
diazoacctamidcs.29 With the simplest sys­
tem, 2-propcn-1-yl diazoacetate ( 1 2), use of 
Rh/5S-MEPY). and Rh/5R-MEPY)4 in cata­
lytic amounts as low as 0.1 mol % ( 1000 
turnovers) causes the formation of the cnan­
tiomeric 3 -oxabicyclo[3 . l . 0]hcxan-2-oncs 
( 13) with 95% ee in good yields following 
distillation ( cq 5). 

cis-Disubstitutcd diazoacetate systems 
( 1 4) undergo catalytic cyclopropanation with 
such high enantiocontrol that only one cnan­
tiomer could be detected by NMR methods 
with the use of chiral shift reagents, and this 
high level of cnantiocontrol (2: 94% cc) was 
independent of the 3-(Z)-substitucnt (eq 6). 

Similar high cnantiocontrol character­
izes trisubstituted allylic diazoacctatcs that 
include those prepared from ncrol (93% cc) 
and geraniol (95% cc), but with trans-disub­
stitutcd systems use of the Rh/ME PY). cata­
lysts provides cc's as low as 68% (eq 7). 
However, dirhodium(II) tctrakis[methyl 
1-( 3 -phcnyl propanoy 1 )im idazol idin-2-one-
4(S)-carboxy latc], Rh/4S-MPPIM)4, offers 
significant enhancements in the % cc, so that 
even with trans-disubstitutcd allylic diazo­
acctatcs ( 1 6), 2: 95% ec's can be achicvcd.3° 
Other significant challenges for selectivity 

Q 
II 

.. ....
.... 

0 
0 

'c z 

✓-- �. }�

--

0 H ,• 

-::-· 

11 

COOR 

eq 5 

(1S,SR)-13, 95% ee 12 (lR,5S)-13, 95% ee 
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enhancements can be met by an appropriate 
ligand modification on the dirhodium(II) core. 
One such example is the enhanced % ee ob­
served when Rhz(4S-MPPIM)4 is employed 
instead of Rhz(5S-MEPY)4 for intramolccu­
lar cyclopropanation of 2-mcthyl-2-propen­
l-yl diazoacetate ( eq 8). 30 

Extension of this methodology with 
Rhz(5S-MEPY)4 by Martin and co-workers 
to homoallylic systems has shown that there 
is a moderate reduction in cnantiosclcctivity 
(71-90% cc) for similarly substituted sub­
stratcs.28 However, they arc subject to more 
uniform cnantiocontrol than their allylic  
counterparts. For example, in contrast to 
results w i th 2 -methyl-2-propen- l -yl 
diazoacetate (cq 8),  3-mcthyl-3 -buten- l -yl 
diazoacetate gave the correspon d ing  
cyclopropanation product in  83% ee  using 
Rh/5S-MEPY)4• Results with N-homoallylic 
diazoacetamides29 generally paralleled those 
with homoallylic diazoacetatcs. The abso­
lute configurations of the bi cyclic cyclopro­
panc derivatives formed from homoallylic 
diazocsters and diazoamides are the same as 
those from their corresponding allylic sys­
tems, and a comprehensive mechanistic ex­
planation for this stereocontrol has been 
provided.28a Enantiomeric excesses of these 
and other products from intramolecular 
cyclopropanation were obtained with 
baseline enantiomer separation on chiral GC 
columns (±1-2%) or by NMR analysis with 
the use of chiral shift reagents (±3%). 

Among the pharmacologically relevant 
compounds whose syntheses have been re­
ported using this methodology, with either 
or both Rhz(5S-MEPY)4 and Rhz(5R-MEPY)4 
(Scheme 3), arc 1,2,3-trisubstituted cyclo­
propanes as conformationally restricted 
peptide isostcres for rcnin (20)3 1  and colla­
gcnasc32 inhibitors, presqualcnc alcohol 
(21 )31 from famcsyl diazoacctatc, and the 
GABA analog 3-azabicyclo[3 . l . O]hcxan-2-
one (98% ee) formed by intramolecular 
cyclopropanation from N-ally ldiazo­
acctamide.28" In addition, 6,6-dimcthyl-3-
oxabicyclo[3 . l .O]hcxan-2-one, a precursor 
to cis-chrysanthcmic and pcrmcthrenic ac­
ids, 28 has been produced in 98% cc. 

Followin g  from the demonstration by 
Martin and co-workers that diazoacetate es­
ters of chiral secondary allylic alcohols ex­
hibit diastcrcocontrol as high as 20: I with 
the appropriate match of Rhi5S-MEPY)4 or 
Rh2(5R-MEPY)/4 we have found that highly 
efficient kinetic resolution of raccmic sec­
ondary allylic diazoacctatcs in intramolccu­
lar cyclopropanation reactions is achieved 
using, optimally, dirhodium(II) tctrakis­
[methyl 2-oxazolidinone-4(5 or R)-carboxy­
latc], Rh2(4S-MEOX)4 or Rh/4R-MEOX)/5 

In reactions catalyzed by Rhz(4S-MEOX).p 

Rh2(5S-MEPY)4 
CH2Cl2 
73-88% 

Rh2q 1· oyCHNz C
H

2Cl2 
0 
16 

15, z 94% ee 

R = Et, i-Pr, i-Bu, 
Ph, PhCH2, 
Bu3Sn, I 

�R 
H H 

..... •· 
0 

0 
17 

eq 6 

eq 7 

Rh2(5S-MEPY)4 Rh2(4S-MPPIM)4 
R =  n-Pr 82% ee 
R = Ph 68% ee 

18 

95% ee 
96% ee 

H,q.,H 

0 
19 

eq 8 

Rh2(5S-MEPY)4 
Rh2(4S-MPPIM)4 

7% ee 
89% ee 

for example, ( I S )-cycloalk-2-en- l -yl 
diazoacetates undergo cyclopropanation (up 
to 40% isolated yields), whereas ( I R)­
cycloalk-2-en- l -yl di azoacctatcs form 
2-cycloalkenoncs and l-mcthylcnc-2-cyclo­
alkcncs, the latter being the products from 
intramolccular hydride abstraction from the 
ally I ic position alpha to oxygen (Scheme 4 ). 36 

The mirror image isomers arc formed 
from reactions catalyzed by Rh2(4R-MEOX).,. 
With acyclic raccmic  secondary allylic 
diazoacctatcs, cnanti omcr differentiation 
occurs through the fonnation of exo- and 
endo-diastereoisomers whose opposite pref­
erential configurations, (4R)-endo and (4S)­
exo from reactions with Rh2(4S-MEOX)4, 
demonstrate cnantiomcr differentiation 
(70-92% cc). 

Copper(!) catalysts that possess chiral 
scmicorrin or C2-symmctric bis-oxazolinc 

ligands arc generally effective for high 
enanti ocontrol in intermolecular cyclo­
propanati on of alkcn es, especi ally 
monosubstituted and I ,  l -disubstitutcd.37 39 
In contrast, chiral dirhodium(II) carbox­
amidatcs provide limited cnantiocontrol in 
these same reactions with diazoacctatc es­
ters.40 42 Neither Cu(!) nor Rh(II) catalysts 
provide effective diastereocontrol for reac­
tions performed with monosubstitutcd alk­
cncs except when diazoacctatc esters with 
bulky substitucnts arc used such as 2,6-di­
ler/-buty 1- 4-mcthy I phcny  I di azoacetate 
(BDA). 1 8  Most often, Cu(! )  and Rh(II) cata­
lysts produce mixtures of cis and trans 
cyclopropanecarboxylates. 

However, Rhz<5S-MEPY)4 and Rh/5R­
MEPY). arc effective catalysts for intermo­
lecular addition to tcnninal acetylenes of 
d i azocsters and -ami des  leadin g  to 
cyclopropcncs. 43 Diastcrcosclectivit ics 
achieved from the appropriate match of cata­
lyst configuration with d- or /-mcnthyl 
diazoacctatc (MDA) are 77 to 2:. 94% de 
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0 R2 N2CH JlO�R1 

i Rh2(5S-MEPY)4 
�: 0 2: 94% ee 
fi 

20, renin inhibitor 

Scheme 3 

96% yield ! Rh2(5S-MEPY)4 
�a: . .... � ,,.H 0 0 2: 94% ee 

21, presqualene alcohol 

z-0 'Rh2(4S-MEOX)4 Rh2(4S-MEOX)4 / �
o 

"-. H ••• F\ F\ ... H / Vuu N2CHCOO/\._/ \___/'.OOCCHN2 23 ( 1S,;,6S) 
0

1,;b 

/4., MOOXJ, 
'"'�: o'.':r,' '"'"' "'°� Q=z 23 (lR,2S,6R) 

23, 94% ee 
Rh2(4S-MEOX)4 

Q:)=o CH3 24, 95% ee 

.JJ<cooMe 0 N H I /  I /  Rh-Rh 
/ I / I Rh2(4R-MEOX)4 H3C H,C�o CH3 25, 95% ee 

Scheme 4 

0 H 

a:}=o 26, 95% ee 

H H )I.._ �·- rH MeOCH2CH::CH + Me O i-PrCHN _____ ,_ 1 eq 9 ff- Rh2(5R-MEPY)4 �0 
7I 2 CH2Cl2 -- H Mc 

H H O 43% H OMe 
d-MDA 27, 2: 94% de 

(e.g. , cq 9). Enantiosclectivities up to 2: 98% 
cc have been obtained with 3-mcthoxy-1-
propyne (reaction with N,N-dimcthyldiazo­
acctamide) and 3,3-dicthoxy- l-propync 
( reaction with methyl diazoacctate, eq I 0), 
yet cyclopropenation of 1-hcxyne occurred 
with 78% cc. 

N,N-Dimcthyldiazoacetamide provides a 
higher level of enantiocontrol than do 
diazoesters, but reactions generally occur in 
lower yields. The absolute configurations of 
the cyclopropcnc products have been 
established.43b U se of RhpS-MEPY)4 pro­
duces l -substitutcd-l -cyclopropcne-3-car­
boxylates having the (S)-configuration, 
whereas RhiC5R-MEPY)4 provides these 
cyclopropenc products in the (R)-configura­
tion. Diimide reduction or catalytic hydro­
genation of these enantiomcrically enriched 
cyclopropene compounds, produces the cor­
responding cis-disubstitutcd cyclopropanc 
esters exclusively in the moderate to high 
enantiomeric/ diastcreomerie cxc csscs 
achieved by cyclopropenation . This cata­
lytic methodology provides a direct route to 
chiral cyclopropcncs and, following reduc­
tion, to chiral cis-disubstitutcd cyclopro­
pancs of moderate to high optical purity, 
neither of which arc generally accessible by 
alternative catalytic routes. 

Recently, Davies has demonstrated that 
the chiral dirhodium(II) N-(arcnesulfonyl)­
prolinate catalysts developed by McKervey44 

arc effective for the highly cnantiosclectivc 
intermolecular cyclopropanation of vinyl­
diazoacctate esters with monosubstituted 
olcfins.45 Corey has employed this method­
ology (Scheme 5) in an efficient synthesis of 
the antidepressant sertralinc (29).46 How­
ever, the high cnantiocontrol with chiral 
dirhodium(II )  carboxylatcs appears to be lim­
ited to olefin addition reactions of 
viny ld iazoacetates. 

Highly Enantioselective 
intramolecuiar Carbon-Hydrogen 
insertion Reactions 

Dirhodiu m( I I )  compounds  arc the 
catalysts of choice for intramolccular car­
bon-hydrogen insertion reactions of diazo­
carbonyl compounds. 7-9 · 1 2• 1 1 • 1 5  Although 
there are notable exceptions, > > h.n .47 five­
membered ring formation is preferred, 1 1  and 
rcgioselcctivity is generally subject to spe­
cific electronic effects. 1 7· 1 9·48 Early applica­
tions ofRh,(5S-MEPY)4 and RhpR-MEPY)4 
to alkyl diazoacetatc decomposition have 
demonstrated the feasibility of these cata­
lysts for highly cnan tioselcctivc and 
regioselcctive C-H insertion reactions 
( e.g. , cq 11 ).49 I nsertion into a C-1--l bond a 
to an ether oxygen is a facile process.4' With 
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R = benzyl (Bn), hydrogcnolysis generates 
the 4-hydroxy derivative (3 1 ,  R = H). With 
primary alkyl diazoacetates other than 30, 

C-H insertion reactions catalyzed by Rh2(5S­
MEPY)4 or Rh}5R-MEPY)4occurwith selec­
tivities that arc < 70% cc. However, the use 
ofRhz(4S-MPPIM)4 or Rhz(4R-MPPIM)4 sig­
nificantly enhances cnantiocontrol, provides 
exceptional regiocontrol, and as is exempli­
fied in Scheme 6, provides a facile route to 
( + )- or (-)-enterolactone and other lignan 
lactones. 50 Enantiomcric excesses of these 
and other products from intramolecular C-H 
insertion were obtained with baseline 
enantiomer separation on chiral GCcolumns. 

(EtO)zCHC::CH + N2CHCOOMe Rh2(5S-MEPY)4 

CH2Cl2 
42% 

/L�Me 
eq 10 

This methodology has been extended to 
C- H insertion reactions of secondary 
cycloalkyl diazoacetates where diastereo­
selectivity in the formation of cis- and trans­
fused bicyclic lactones is a critical control 
feature.5 1 Use of Rhz(5S-MEPY\ or its 
enantiomer produced insertion products with 
a high degree of enantiocontrol, but 
diastereocontrol was only 3:1 (e.g., eq 12). 
However, both high enantiocontrol and nearly 
complete diastereocontrol were achieved 
with recently developed dirhodium(II) 
tctrakis[ methyl l -acctylimidazolidin-2-one-
4(S)-carboxylate], Rhz(4S-MACIM)/8, A =  
R = Mc). The oxazolidinone analog of 
Rhz(5S-MEPY)4, Rhz(4S-MEOX)4, facili­
tated high enantiocontrol but significantly 
lower diastcrcocontrol: (36)/(37) = 55/45. 

Similarly high enantio- and diastereo­
sclcctivitics have been achieved with cyclo­
pcntyl through cyclooctyl diazoacetates, with 
cis- or trans-4-alkylcyclohexyl diazoacetatcs 
where preferential insertion into equatorial 
C-H bonds (e.g., 38 and39) has been demon­
strated,5 1 ·52 and with 2-adamantyl diazo­
acctatc ( 40 ). 53 In these cases, however, 
Rhz(MEOX)4 catalysts provided the highest 
levels of enantiocontrol. Exceptionally effi­
cient enantiomer differentiation is also pro­
vided by Rh2(MEOX)

4 
catalysts in reactions 

involving racemiccis- and trans-2-methyl­
cyclohexyl diazoacetates (up to 99% ee).54 

High cnantio- and diastcrcocontrol in 
Rhz(MEPY).-catalyzed C-H insertion reac­
tions of glycerol-derived diazoacctatcs 
(e.g., 4 1 )  have provided a convenient syn­
thesis of pure 2-dcoxyxylolactonc ( 44, 
Scheme 7).55 The reactant diazocster was 
conveniently prepared from commercially 
available 1,3-dichloro-2-propanol. As little 
as 0.1 mo! % of the catalyst was required to 
effect complete reaction ( I 000 turnovers). 

The success of these C-H insertion reac­
tions is based on ether oxygen activation of 
adjacent C-H bonds. '3 ·48·56 In the absence of 
a-ether oxygens, cnantiosclcctivity remains 
high but diastcrcocontrol using Rh/MEPY\ 
is much lower. However, Rhz(4S-MPPIM). 
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(EtO)iCH H 
28, 298% ee 

H�COOMe Ph �COOMe N2 pentane 
79% Ph/ �-

Ph 
94% ee 

RO 

7 
N2CH

Y
O 

0 
30 

Cl 
Cl 

29, sertraline 

Scheme 5 

Rhi(5S-MEPY)4 

CH2Cl2 
62-73% 

RO. .. 90 
0 
31 

R = Me 91% ee 

�
COOH 

__ 

MeO 

H
�

O 

� .... HO 
34, (-)-enterolactone 

Et Bn 

Scheme 6 

89% ee 
87% ee 

0 

N2CH
)l_O 

MeO 32 

63% j 
Rh2(4R-MPPIM)4 
CH2Cl2 

lo 
�/ 

MeO 
33, 93% ee 

eq 1 1  



35 

Rh2(OAc)4 
Rh2(5S-MEPY)4 
Rh2(4S-MACIM)4 

Rh2L4 
CH2C12 
65-70% 

H 
H3C�

O v-r 
H 

Rh2(4S-MEOX)4: 38, 98% ee 

cb=o + cb=o 
H H 
36 37 

40% 
75% (97% ee) 
99% (97% ee) 

39, 95% ee 

60% 
25% (9 1% ee) 

1%  (65% ee) 

40, 98% ee 

eq 12 

RO RO Rhz(5R -MEPY)4 �o po 
CH2Cl2 R + 
65-81%  H 

41 

tl 
Cl

=>--
OH 

Cl 

� o0cHN2 

0 
45 

Rh2(4S-MPPIM)4 
Rh2(4S-MACIM)4 
Rh2(5S-MEPY)4 
Rh2( 4S-MEOX)4 

H OR 
42: R = Me, 97% ee 

R = Bn, 94% ee 
42 43 
93% 7% R - B  ! H2, - n Pd(OH)z/C 

83% 
HO

�
O 

H 
44, 2-deoxyxy/olactone 

Scheme 7 

y 9 
. 

Rh2L: + 0 
CH2C12 

0 0 
46 47 

yield, % 
8 1  97 (99% ce) 3 
8 1  94 (86% ee) 6 (36% ee) 
70 78 (98% ee) 22 (71 % ee) 
75 69 (98% ee) 3 1  (92% ee) 

o.CH3 o-{
o Rh2(4S-MACIM)4 (fro + 

()(.lo CH2Cl2 CHN2 68% H 48 49 (90% ee) 50 

eq 13 

eq 14 

provides extraordinary diastereoCl,ntrol and 
impressive enantiocontrol, as exemplified 
in the reactions of 3-penty I diazoacctatc 
( cq 13 ). 30 These results suggest that the high 
level of stcrcocontrol characteristic of C-H 
insertion reactions for cycloalkyl 
diazoacetates can now be successfully ex­
tended to acyclic diazoacetates. 

Tertiary alkyl diazoacetates also undergo 
facile C-H insertions catalyzed by chiral 
dirhodium(ll)  carboxamidatcs, but here 
regiocontrol is an important considcration.57 

Enantiocontrol, which is highly dependent 
on the chiral ligand of the catalyst, is greatly 
enhanced by the use of Rh2(4S-MACIM)4 
(eq 14; 49:50 = 90:10). Regioselectivity, 
even when competitive C-H insertion is with 
an electronically unfavorable primary C-H 
bond, varies with the catalyst and applica­
tion, and conformational restrictions may be 
responsible for overriding e le ctronic 
preferences. 1 9  

Although 5-membered ring formation 
is usually preferred, conformational influ­
ences and/or heteroatom activation of a C-H 
bond for insertion can cause selective pro­
duction of 4-mcmbercd rings . 1 7  For 
diazoacctamidcs, 5-mcmbcred ring for­
mation is preferred, whereas �-lactam for­
mation is virtually exclusive in catalytic 
reactions with diazoacetoace tamidcs. 
Diazo decomposition of N-tert-butyl-N­
alkyldiazoacetamides catalyzed by chiral 
dirhodium(II) carboxamidatcs results in 
the production of mainly or exclusively y­
lactams in up to 78% ce .58 Since the 
conformational flexibility accorded to acy­
clic N-alkyldiazoacetamides provides fa­
vored access to �-C-H bonds for insertion 
to form y-lactam derivatives, we expected 
that diazoacetamides derived from cyclic 
amines would prefer �-lactam production. 
As is evident in equations 15 and 1 6, this 
regiocontrol has been realized in selected 
cascs.59 Use of Rh)5R-MEPY), provided 
the cnantiomers of 52 and 54 with the 
same high 01,, ee values as were achieved 
with the use of Rh2(5S - MEPY)4. Product 
yields for these and previous reactions 
were determined after distillation or 
chromatography. 

The most common and generally success­
ful methodology for the synthesis of 
diazoacetates and N,N-disubstituted diazo­
acetamides is a three-step procedure involv­
ing condensation with diketenc (or with its 
acetone adduct), followed by diazo transfer, 
most often from a sulfonyl azide, and subse­
quent deacylation (Scheme 8 ) . 1 7- 1 9 -2" · ' .1  

Aldrichimica Vol. 29, No. I ,  1996 9 



Although the first step is generally successful 
with primary amines, suhscquent diazo trans­
fer and dcacylation, which arc often made to 
occur in one pot, arc severely limited. A 
variety of azidcs, including methanesulfonyl 
azidc (not distilled),60 p-acetamidobcnzcne­
sulfonyl azidc,6 1 and p-dodccylbenzene­
sulfonyl azide62 have been employed for 
diazo transfer, the latter to reduce to a mini­
mum the concern over impact sensitivity. 

The Corey-Myers proccdurc63 using 
p-toluenesulfonylhydrazone (55) provides 
direct access to diazoacetates from alcohols 
without necessitating the use of azidcs. 
However, this reagent is ineffective with 
amines. A recently reported diazoacetylating 
reagent, succinimidyl diazoacetate (56),64 is 
especially effective with amines and phenols, 
but reactions with alcohols do not occur 
unless the alkoxide is employed. Other 
methods are also availablc,6•9 but these comp­
lements have provided access to all but one 
of the diazoacctatcs and diazoacctamidcs 
that have been employed in our investigations. 

and Reuse 

A polyethylene-bound, soluble, recover­
able dirhodium(II) 2-oxopyrrolidinc-5(S)­
carboxylatc, PE-Rh/5S-PYCA\, has been 
prepared from Rh/5S-MEPY)4 and demon­
strated to undergo highly cnantioselcctivc 
intramolecular cyclopropanation and C-H 
insertion reactions even at 80°C.65 The 
catalyst was recovered and reused seven 
times without significant loss of enantio­
controL Catalyst effectiveness in reuse is 
optimized by treating the spent catalyst 
with as little as 3 mo! % of the chiral 
ligand. Chromatographic purification of 
chiral dirhodium(l l )  catalysts or their sepa­
ration from organic products has been 
achieved in moderate-scale syntheses at 
Regis Technologies, Inc. 
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3-Formylchromone as a Versati le 
in  Heterocycl i  Chemist 

Introduction 

Since 1973, when a convenient synthesis 
of 3-formylchromone ( 1 )  by the Vilsmeicr 
method 1 was first reported, the potential of 
this molecule in the synthesis of fused het­
erocyclic systems has attracted the attention 
of chemists worldwide. Much of the syn­
thetic utility of 1 derives primarily from the 

1 
3-Formylchromone 

reactivity of its three electron-deficient cen­
ters at C-2, C-4, and the C-3 formyl group. 
3-Formylchromone can serve as a Michael 
acceptor with concomitant opening of the 
pyrone ring. It can act as a heterodiene as 
well as an ideal dienophile. Bifunctional 
nucleophiles can react at any two of the three 
active centers to provide a fused heterocy­
clic compound directly. It is also possible to 
use two different nucleophiles to obtain a 
new heterocycle. 

This review will cover the synthetic 
exploitation of nucleophilic additions, cy­
cloadditions, cyclocondensations, and other 
important reactions with 3-formylchromone 
as well as methods for its preparation. 

� H  

�OH 

2 

HC0
2
Etor 

HCO2COCH
3 

eq 1 

�OMe 

�OH 

3 

-CH3SOH 

NaH 

0 

(CMe 

OH 

3 

4 (88%) 5 (69%) 

6 (51%) 1 (63%) 

Scheme 1 

0 0 
1) DMF, 

POCJ3 cc( H  
2 )  H20 

0 
eq 2 

1 (61%) 
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An earlier review on the synthesis, proper­
ties, and reactions of 1 appeared in 1983;2 

however ,  the c ontinuing in terest  in 
3-formylchromone prompted this compre­
hensive review which covers the recent 
literature to 1994. 

3-Formylchromone can be synthesized 
by the reaction of o-hydroxy-w-formyl 
acctophenone (2) with ethyl formatc3 ·4 or 
acetic-formic anhydride (eq 1).5 Compound 
1 can also be obtained in four steps starting 
with sodium methylsulfinyl-methide and 
methyl salicylate (3)  (Scheme 1 ). The 
o-hydroxy-w-( methylsu lfiny I )acetophenone (4) thus produced is treated with formalde­
hyde, in the presence of base, to give 
3-(hydroxymcthy I)-3-( methyls ul fi ny I )-4-
chromanone (5). Thermal elimination of 
CH1SOH gives 3-hydroxymethylchromone (6)," which is read ily oxidized to 3-
formylchromone. 

By far the most convenient method of 
synthesizing 1 is by the Yilsmeier-Haack 
reaction as shown in equation 2. u,x 
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7 (74%) 
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CN 

NCCH2C02H I C5H5N 
0 

eq 4 

8 (56%) 
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CO2Et 
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-

Reactions 

Nucleophilic Addition 

Eto2c COMe 

: B  base 

:s 

The majority of reactions with 3-formylchromone 
are nucleophilic additions leading mainly to condensa­
t ion products. These additions can be classified into 
the following two types: reactions with monofunc­
tional nucleophiles and reactions with bifunctional 
n ucleophiles. 

(i) Reactions with monofunctional 
nuc/eophiles 

With active methylene compounds 
Active methylene compounds readily react with 

in the presence of base. For example, reaction ofl with 
malonic acid (eq 3) or cyanoacetic acid (eq 4) in the 
presence of pyridine followed by decarboxylation gives 
trans-13-( 4-oxo-4H-l-bcnzopyran-3-yl)acrylic acid (7), 
which displays antiallergic activity,9 and tra11s-l3-(4-oxo-
4H-l-benzopyran-3-yl)acrylonitrile (8),Hu 1 respectively. 

Base-catalyzed condensation of 1 with ethyl 
acetoacetate, 2,4-pentanedione, or ethyl benzoylacetate, 
provides the expected condensation products, 9a-c, 
respectively (Scheme 2). Further reaction of 9a with 
ethyl acetoacetate in the presence of piperidine-EtOH 
gives the substituted benzophenone 10, which can also 
be obtained directly with excess ethyl acetoacetate as 
indicated in Scheme 2 . '2 The fonnation of 10 is 
rationalized in Scheme 3. 
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The reaction of 1 with excess 2,4-
pentanedione in the presence of ammonium 
acetate in boiling ethanol gives the pyridine 
analog 11 (eq 5). 1 3  

Condensation of 1 with oxindole 1 4a or 
barbituric acid 14 provides the expected 
monoadducts 12 ( eq 6) and 13 ( eq 7); 
however, when dimedone is used the 2: 1 
adduct 14 is formed (eq 8).3 Analogous 
reactions of 1 with N-acetylglycine, 1 5a 

N-benzoylglycine, tsb rhodanine, 156 or 3-aryl-
2-methyl-4-(3H)-quinazolinone ( 1 5) 16 leads 
to condensation products 16 ( eq 9 ), 1 7 ( eq 10), 
and 18 (eq 11). 

In the presence of pyridine, amides such 
as malonodiamide and cyanoacetamide react 
with 1 to produce pyridones such as 19a 
(eq 12) and a mixture of 19a and 19b (eq 13). 17 

Iwasaki and co-workers 1 8  reported a fac­
ile route to 2,3-disubstituted chromones via 
O-silyl-3-formylchromonc tritlate20 formed 
by reaction with one equivalent of 1-butyl­
dimethylsilyl triflatc at 160 °C. This salt 
reacts rapidly with silyl enol ethers to give 
adducts 2la-c (Scheme 4). Although the 
yields of 2 1a-c arc low, they can be im­
proved by reaction of 1 with excess ethyl 
acetate or ethyl propionate in the presence 
of two equivalents of tritlate and 1.3-2.2 
equivalents of 2,6-lutidine. In this way, 
22a and 22b are obtained in >90% yields 
(Scheme 5). U se of less than 1 .3 equiva­
lents of lutidine or more than 3 equivalents 
results in elimination, giving 23a and 23b. 
A second group can be introduced into the 
C-2 position of 22a and 22b by further 
silylation and subsequent reaction with 
silyl enol ethers (Scheme 5). 

1 + RCH2C02Et 
22a: R H 

b: R = Me 
(excess) 

22 

OSiMe2t-Bu 
C02Et 

R 

< 1.3 equiv 

or> 2.2 equiv 

OS1Me2t-Bu 
=( 

R' 

Scheme 5 

0 

cxn
C02Et 

0 

23a R = H 
b: R = Me 

a&;:,'�" 0 R1 

24a: R ;  H , R '= i-Pr 
b: R = H , R '=OMe 
c: R = Me, R '= i-Pr 
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With nutrnr,t>n rmclEtOritmres 
3-Formylchromonc readily reacts with 

primary aromatic amines to give a mixture 
of the anil 25 and the 1 ,4-adduct 26, formed 
by further addition of the amine to 25 
( cq 14 ). 19,2oa However, if moisture is present 
some of the anil hydrolyzes and the liberated 
amine adds to the unchanged 25, thus enrich­
ing the yield of the 1,4-adduct. The pure anil 
can be obtained by performing the reaction 
in the presence of p-toluenesulfonie acid 
( cq 15). p-Methyl- and p-bromoanalogs of 
25 have also recently been prepared using 
this procedure.20b The I ,4-adduct 26 is stabi­
lized by a hydrogen-bonded kctoaminc 
interaction as indicated in equation 1 4. Any 
base strong enough to remove this hydrogen 
bonded proton causes elimination of the C-2 
amino substituent. Aromatic amines arc not 
strong enough bases to deprotonatc 26, and 
thus these crystalline adducts arc stable in 
their presence. 

For stcric reasons, secondary aromatic 
amines do not add to 25. Primary aliphatic 
amines arc too strongly basic to form the 
adduct. For example, 11-propylaminc caused 
instant decomposition of the aromatic amine 

adducts 26. Secondary nonaromatic amines 
like dimethylaminc and pipcridinc form ad­
ducts only in solution, as evidenced by UV 
absorption analysis. However, after solvent 
evaporation these adducts break apart. 

Anils 25 arc very reactive toward alcohols, 
phenols, and thiols, often producing inter­
esting C-2 addition compounds as well as 
new heterocyclic rings. Alcohols readily 
add to 25 to give crystalline adducts. How­
ever, due to stcric hindrance, I-butyl alcohol 
gives an unstable adduct. When heated, 
these alcohol adducts undergo elimination 
to the corresponding anils. While thiophcnols 
give stable solid adducts, adducts derived 
from phenols arc stable only in solution. 

Thiols add to anils in higher yields than 
alcohols. Occasionally, the thiol adducts 
undergo further reaction to produce hctcro­
cyclcs. For example, Fitton and co-work­
crs2 1  reported that reaction of 25 (R = OMc) 
with thioglycolic acid or its ethyl ester in 
boiling benzene for 15 minutes gave the 
adducts 27a and 27b, respectively, as well as 
fused thiazcpinone 28 ( eq I 6 ). When the 
reaction was prolonged for 20 hours only 28 
was isolated (cq 17). Significantly, the same 

authors reported the formation o f  
thiazolidinonc 2 9  in 34% yield when 27 was 
heated at reflux in toluene for 20 hours ( eq 
I 8).21 The nature of the substituent at the 
para position in the amine portion of the anil 
affects this cyclization since an electron 
withdrawing group in 25 (R = Cl) gave no 
cyclization product. 

When 3-formylchromone ( 1) is treated 
with secondary amines like pipcridine, an 
unstable 1 ,4-adduct 30 is formed 
(Scheme 6). This adduct undergoes base­
catalyzed deformylation to give the enamino 
ketone 3 1.72 Enamino ketones are useful 
intermediates for the synthesis of  
chromones,23 3-halochromones,23 and 
o-hydroxyphcnylpyrazo !cs. 24 

Reactions with bifunctional 
nucleophiles 

Reaction of 1 with bifunctional nuclco­
philcs (e.g., Nu,-Nu2) results in the formation 
of a new hetcrocycl ic ring. Thus, reaction of 
1 at the formyl carbon gives, initially, inter­
mediate 32 which, following intramolccular 
attack by Nu2 at the reactive C-2 position, 
results in ring-forming/ring-opening, as 
shown in Scheme 7. 

An example of this generalized scheme is 
the reaction of 3-formylchromonc with hy­
drazine to give initially hydrazonc 33a, which 
then reacts further at the C-2 position to give 
4-(2-hydroxybenzoyl)pyrazole (34a). 25a 

Similarly, reaction with a number of aryl 
hydrazincs gives hydrazones 33b-e26 which 
arc converted under varying conditions to 
the corresponding pyrazolcs 34b,c 
(Scheme 8).25" Other i nteresting hydrazincs, 
acid hydrazides, and even thiosemi­
carbazidc have recently been reported to 
react with 1 to produce hydrazones.25b 

Pyrazole 34b is a useful intermediate in 
the synthesis of other heterocyclic systems 
such as bcnzofurans and coumarins. For 
example, reaction of 34b with ethyl 
bromoacetate and K2CO3 in acetone results 
in the phcnoxy ester 35. Treatment of 35 
with NaOMe/McOH gives 3-(l-phenyl-l H­
pyrazol-4-yl)bcnzofuran-2-carboxylic acid 
(36) after hydrolysis of the ester group dur­
ing aqueous workup (Scheme 9).27 

A similar sequence of reactions of 34b 
with phcnacyl bromide under phase transfer 
catalysis (PTC) conditions furnishes 2-bcn­
zoyl-3-( ] -phenyl-] H-pyrazol-4-yl)bcnzo­
furan (37) in 80% yield (Scheme 10).28 
3 -Phenyl-4-( I -phenyl- ! H-pyrazol-4-yl)­
coumarin (38)29 is synthesized by reaction of 
34b with phenylacctyl chloride under iden­
tical PTC conditions. Compound 38, pos­
sessing a reactive conjugated tricne system, 
undergoes photocyclization, as expected, to 
give the novel fused hctcrocyclic system, 
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34b 

R = NH,,H 

43 R = NH, 
44 R = H  

3-phenylbcnzo[g]( 1 ]bcnzopyrano[ 4,3-e ) ­
indazol-8(3H)-one (39) (Scheme 10).29 

Reaction of 1 with guanidine provides a 
mixture of 2-amino-5-(2-hydroxybenzoyl)­
pyrimidine (route a, 41) and 2-amino-5-
hydroxy-5H [  I )-bcnzopyrano [ 4 , 3-c/] ­
pyrimidine (route b, 43) via the intermediate 
40 as shown in Scheme 11.3031 Similarly, 
reaction of 1 with fonnamidine gives, as 
expected, pyrimidine 42 and bcnzo­
pyranopyrimidine 44.32 Oxime 45, formed 
from 1 and hydroxylamine, reacts with guani­
dine to give 2-amino-(5H)-[ l ]bcnzopyrano­
[ 4,3-c/] pyrimidine-5-one ( 46) (Scheme 12). 11 

o-Phcnyl enediaminc was init ia l ly re­
ported to react with 1 in boi l i ng benzene 
providing anil 47 which then ring-closed 
to diazepinonc 48 (Scheme 13). 1

' Dehy­
drogenation of 48 by chlorani l ,  air, or 
nitrobcnzene reportedly provi ded 49. 35· "' 

The actual sequence of reactions with 
o-phenylenediamine and 1 was later reported 
to fol low the path outl ined in Scheme 14. 
The initially formed product dihydrotctra­
aza[ 1 4  ]annul ene (50) was determined by 

II 
PhCH2 C CI 

-
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�N
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Ph 
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:-J( 
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�Oji 
55 

Me 

56a: R ;  Me 
b: R ;  Et 

Me 

58a: R ; Me 
b: R ; Et 

C02R 

Me 

Scheme 16 

eq 19 

EtOH 

eq 20 

C02R 

Me 

' H  NMR analysis. Oxidation of50 produced 
3-(2-benzimidazolyl)chromone (51 ). The 
structures for 50 and 51 were established 
by X-ray crystallography. 38 

N-substitution of o-phenylenediamine 
also results in benzimidazole-type products. 
Winkler and co-workers reported that reac­
tion of I with N-phenyl-o-phenylenediamine 
provides 3 -( l -phenyl-2-benzimidazolyl)­
chromonc (52) (eq 1 9).37-38 

Condensation of o-aminophenol with 1 
leads to 3 -(2-hydroxyphenyl)iminomethyl­
chromone (53), which on crystallization 
with ethanol produces 54 by 1,4-addition 
(Scheme 15). 37·3 8  

When 1 is refluxed with benzil and am­
monium acetate in glacial acetic acid, 
4,5-diphcnyl-2-( 4-oxo-4H-l -benzopyran-3-
yl)imidazole (55) is obtained (cq 20).39 

Pyridines are formed when 3-formyl­
chromone is condensed with methyl or 
ethyl aminocrotonatc giving ini t ially 
dihydropyridines 56 and 57, which arc 
readily oxidized by MnO2 to 58 and 59, 
respectively (Scheme 1 6). 4o.4 , 

N � 
co:O 

H 

O OEt HO'() 
54 

Fused-ring pyridincs 60 can be prepared 
by treating 1 with cnaminonitriles and 
cnaminokctoncs, such as 3-aminocrotono­
nitrilc and 2-amino-4-oxopent-2-cne. Oxi­
dation with CrO

3 then gives 6 1  (Scheme 17).42 

Reaction of 3-formylchromone with 4-
am ino-3-mercapto-5-phcny 1-1,2,4-triazole 

Me 

Me 

Me 

57a: R ;  Me 
b: R ;  Et 

59a: R ;  Me 
b: R ;  Et 
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under phase transfer conditions yields the 
ring-opened thiadiazepine 63 via the inter­
mediate 62 (Scheme 18).43 

(i) As a Heterodiene 
3-Formylchromonc behaves as a hctcro­

dicne in [ 4+ 2] cycloaddition reactions. Such 
reactions arc facilitated by the electron with­
drawing carbonyl group at the a-position of 

+ 

the heterodiene system. Thus, treatment of 
1 with ethoxyethylene in dichloromethane 
at room temperature gives a mixture of two 
adducts 64 and 67 ( eq 2 I ), 44 formed by endo 
and exo addition of the dienophile, with the 
fonner predominating. Similarly, reactions 
with n-butoxyethylene, t-butoxyethylene, 
and 2-methoxypropene give mixtures of endo 
and exo cycloadducts (cq 21 and 22) with 
endo products predominati ng. 45 Not  
suprisingly, a quantitative yield of  a single 
cycloadduct 72 results when 1 is reacted 
with I ,  1-dimethoxyethylene ( eq 23 ). 46 

Reaction of 1 with dihydropyran at I l 5°C 
produces the isomeric tetracyclic compounds 
pyrano[2' , 3  ' : 6 ,5]pyrano[ 4 ,3-b ][ I ]benzo­
pyranones 73 and 74 (eq 24) in which the 
enol ether geometry is retained;45 once again 
73 slightly predominates over 74. 

Similarly, [4+2) cycloaddition of 1 with 
keteneacetals 75, derived from I ,2-
diarylcthane-1,2-diols 78, gives a mixture of 
cycloadducts 76, which on acid-catalyzed 
methanolysis, undergo transesterification 
and retro-Claisen defonnylation giving 77 
and regenerating the 1,2-diol 78. When the 
keteneacetal derived from (S,S )-hydro­
benzoin was used, the optically enriched 
methyl 3,4-dihydro-4-oxo-2H-[ I )benzo­
pyran-2-yl acetate (77) was formed. The 
byproduct 78 was recycled as shown in 
Scheme 19.47 

(ii) 
3-Formylchromone can also function as 

a dicnophilc in [4+2] cycloaddition. Thus, 
treatment of 1 with 2,3-dimcthylbutadiene 
in boiling dichloromcthane containing a cata­
lytic quantity of TiC14 gives a mixture of 

-

1 + 

+ 

1 + 
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eq 25 

eq 26 

85 (44%) 

Scheme 21 

trans- and cis-2 ,3-dimethyl - l  , 4, 4a,9a­
tetrahydroxanthone (81 and 82), resulting 
from eye l oaddi t i on-de carbonyl ati o n  
(Scheme 20).48 The reaction of 1 with l ­
methoxy-3-(trimethy lsilyloxy)-1,3-butadi­
ene (83) gives a quantitative yield of the 
isomeric cycloadducts 84 in the absence of a 
Lewis acid catalyst (Scheme 2 1). Treat­
ment of the mixture of these adducts with 
tctrabutylammonium fl uori de causes 
desilylation, decarbonylation, and aromati­
zation to give 2,4'-dihydroxybenzophenone 
(85) in 44% yicld.48 

Within the context of 1,3-dipolar cy­
cloaddition, 3-formylchromone functions as 
both a precursor for 1,3-dipolcs such as 86 
( eq 25) and 87 ( eq 26)4'J.so and as an activated 
olefin substrate for cycloaddition--as in its 
reaction with diazomcthane (Scheme 22). A 
mixture of products results from this reac­
tion. 3-Acetyl-2-methylchromone (88) (2%), 
3 , 3a-dihydro-9-oxo-9 H-furo[3 , 4-b] [ I ]­
benzopyran (89) (16%) and 9-oxo-9H-[1]­
benzopyrano[2,3-djpyrazole (90) (2%) were 
isolated. 5 1  

Wallace and co-workers52 reported a 
one-step annulation procedure, wherein 1 
reacts with 2-i odoethanol to produce 
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tetrahydrofuro[2,3-b ][ I ]benzopyran-4-onc 
(93) as shown in Scheme 23. 

Fused pyridine derivatives 94-100 14" arc 
obtained when 3-formylchromonc is reacted 
with a variety of acyclic, alicyclic, and het­
erocyclic cnamincs in acetic acid, pyridine, 
or DMF as shown in Scheme 24. 

A cyclocondensation reaction occurs 
when 1 is reacted with dichlorokctcnc, elimi­
nating HCl to give the tripyran 1 0 1  (eq 27).51 

Miscellaneous Reactions 
3-Formylchromone undergoes a very in­

teresting reaction with acrylonitrilc/ 
iodotrichlorosilane to give directly the 3-
aminoprop-2-cnal derivative 102 in 45% 
yield (eq 28).54 

Nohara and co-workers55.s6 reported a 
novel route to 3-halochromoncs. Reaction 
of 1 with NaOCl in acetic acid at room 
temperature gives 3-chlorochromone ( 103) 
in 86% yield, along with a small quantity 
( I %) of 2-acetoxy-3,3-dichlorochromanonc 
(104) (cq 29). However, when 1 is treated 
with NaOBr, 3-bromoehromone ( 105) and 
2 ,2 ,3  ' ,5'-tetrabromo-2 ' -hydroxyaecto­
phenone ( 106) are produced in 9% and 30% 
yields, respectively (eq 30). Product 1 06 
obviously arises out of a radical reaction. 
When the same reaction is carried out in the 
dark, ostensibly to avoid fonnation of radi­
cals, 1 05 is obtained in 32% yield, along 
with 2-acetoxy-3 ,3-di bromochromanonc 
(107) in 29% yield (eq 31). 

Conclusion 

The above discussion demonstrates the 
versatility of 3-formylchromone, and mol­
ecules derived from it, as starting materials 
for preparing novel heterocyclic systems. 
The chemistry of 3-formylchromonc is in­
deed rich, and its exploration is increasing 
worldwide. 
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About 

our Cover: 

T
he painting on our cover, Fete 
Galante ( oil on canvas, 54.3 x 
66 cm), was painted by Jean­

Baptiste JosephPater( 1 695- 1 736). Pater 
was a close follower of Jean-Antoine 
Watteau, a compatriot from Valenciennes 
and eleven years Pater's senior, with 
whom he worked for two periods of time. 
Together they shared an unreal, dream­
l ike, e lusively musical imagery as their 
common characteristic. Less profoundly 
provocative than Watteau, Pater's work 
achieved a decorat ive delicacy all his 
own of which this painting i s  a fine 
example.  Typically, Pater's imagery in­
cludes elegantly dressed ladies, gentle­
men, and children amusing themselves 
with conversation, music, and wine i n  
pastoral settings embel l ished with deco­
rative sculpture. 

The painting is part of the collec­
tion of French paintings at The Saint 
Louis Art Museum. 

The Detective's Eye: 
Investigating the Old Masters 

If you relish puzzles and detective work 
on paintings by the Old Masters, you will 
find much to enjoy in this i l lustrated book. 
It contains over 55 paintings, many of 
which have appeared on the covers of our 
Aldrichimica Acta and Aldrich Catalog/ 
Handbook. Z18,350-4 $ 1 2.95 

Aldrich warrants that i ts  products conform to the 
information contained in this and other Aldrich 
publications. Purchaser must determine the 
suitability of the product for its particular use. See 
reverse side of invoice or packing slip for additional 
terms and conditions of sale. 
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Lab� 
Notes 
We routinely use TLC as a means to 

screen our column chromatographic 
fractions. To enhance the screening effi­
ciency, we designed a novel TLC develop­
ing chamber (shown below) .  1 The 
chamber is  constructed from a 1 00mm 
Pyrex@ tube and designed for 2.5 x 7.5cm 
plates which are developed horizontally. 
This al lows for up to I O  fractions to be 
spotted 7mm apart along the longer edge 
of the plate. This technique offers sev­
eral advantages over the traditional way 
of screening fractions: 

• Rapid analysis. 
• Highly efficient use of the TLC plate. 
• Unlike beakers and jars, tube wall 

provides a straight base for even 
solvent flow. 

• Very little solvent is required. 

Thank you, 
Samuel G. Levine 

Department of Chemistry 
North Carolina State University 

Raleigh, NC 27695 

( 1 )  Levine, S.G.  J. Chem. Educ. 1 996, 73, 77. 
Pyrex is a registered trademark of Corning Inc. 

Aldrich has produced a horizontal TLC 
development chamber based on Professor 
Levine' s  design .  

Cat. No. Each 

TLC development chamber 
95.5mm L x 25.4mm o.d. 

227,862-9 $14.95 
Silica gel 2.5 x 7.5cm glass plates 

with fluorescent indicator 
227,863-7 $47.00/25 

Silica gel 20 x 20cm plates 
with fluorescent indicator and polyester 
backing 

212,278-5 $72.00/25 

Do you have an innovative shortcut 
or unique laboratory hint you 'd  l ike 

to share with your fellow chemists? 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. 
Z 1 5 ,000-2). If we publish your Lab Note, 
you will also receive an Aldrich periodic 
table turbo mouse pad(Cat. No. Z24,409-0) 
l ike the one pictured above. It is Teflon@ 

coated, 8½ x I I in . ,  with a ful l-color 
periodic table on the front. We reserve 
the right to retain a l l  entries for future 
consideration. 
Teflon is a registered trademark of E.I. du Pont de 
Nemours & Co. , Inc. 

Introducing ... 
The New Aldrich 
Kugelrohr 
The Aldrich Kugelrohr disti l l ation 
apparatus has been a favorite with 
chemists s ince i t  was first introduced 
in 1 973. In 1 993, Aldrich began 
development of an i mproved apparatus 
with enhanced safety and performance 
features that help meet the needs of 
today' s  modern laboratories: 

• Fully grounded, l eakproof stainless 
steel air bath oven 

• Reliable, sparkless electric drive 
• Digital thermocouple controller 

option 

See the All New Kugelrohr in 
the Techware insert section of 
this Acta. 
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other 

Jai Nagarkatti, President 

Professor Philip DeShong at the 
University of Maryland suggested that 
we offer this nucleophilic fluorination 
reagent. It is an anhydrous, non-hy­
groscopic, crystalline salt that is soluble 
in most organic solvents. Since solu­
tions of this reagent a re not basic, 
reaction yields are typically higher for 
fluoride displacement of halides or sul­
fonates than with traditional sources of 
fluorine anions. 
Pilcher, A.S. ; Ammon, H.L . ;  DeShong, P. J. Am. 
Chem. Soc. 1 995, 1 1 7, 5 1 66 .  

44, 1 45-7 Tetrabutylammonium 
triphenyldifluorosilicate, 97% 

5g $28.75; 25g $96.00 

Naturally, we made this useful re­
agent. It was no bother at all, just a 
pleasure to be able to help. 

Subscription Requests 
The Aldrichimica Acta features 
review articles on research of cur­
rent interest to chemists. It is 
published 3 to 4 times annually, and 
is read by about I 00,000 chemists 
worldwide. Subscription to the 
Acta is free. To request a subscrip­
tion, please call: 

800-558-9 1 60 (USA& Canada) 
or write: 

Attn: Mailroom 
Aldrich Chemical Co., Inc. 
P.O. Box 3 55 
Milwaukee, WI 5320 1 -9358 

International customers, please 
contact your local Aldrich office. 
The Aldrichimica Acta is also avail­
able on the Internet at http:// 
www . s i a l . c o m /a I d  r i c h / a c t a /  
acta_cvr.htm. 
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Nonnatural Prod I 

Dedicated to Professor Philip E. Eaton on the occasion of his sixtieth birthday 

Professor Philip E. Eaton 

� 
� 

eq 1 

hv 

85% 95% 

l 
1 0% KOH 

95% 

cumene �o� 
1 52° o 
55% Br 

(H,C),COOC \\ 0 

1 . SOCl2 
�

o� 
2. (CH3)3COOH/pyr - O 

Br 
95% HOOC 

1 .  SOCl2 

�COOfl 
2 .  (CH3)3COOH I pyr 

� 55% � 3. diisopropylbenzene. 150° 

ca. 30% 

Scheme 1. Synthesis of cubane. 

Robert E. Hormann 
Rohm and Haas Company 

Research Laboratories 
727 Norristown Road 

P. O. Box 904 
Spring House, PA 1 9477-0904 

E-mail: rsireh(gJrohmhaas.com 

Blocks 

It doesn' t take long before a student of 
organic chemistry becomes acquainted with 
the beauty and marvel of cubanc, and fasci­
nation with this extraordinary molecule con­
tinues more than three decades after its 
discovery. Before then. it was said that this 
was one carbocyclc that could 110t be synthe­
sized. It took the vision and persistence of 
Philip Eaton to forge this molecule and, as a 
consequence, redefine the limits of syn­
thetic and structural chemistry, as he has 
done since then so many times and in such 
breathtaking ways. 

Philip Eaton's higher education began at 
Princeton, and in 1957 continued at Harvard 
in the laboratory of Peter Yates, where he 
wrote his dissertation on the subjects of 
"fsomerizations in the Dicvclopentadiene 
Series, Acceleration o( the Diels-A!cler Re­
action hy Lithium Chloride, and Studies in 
the Chemistrv of' Pcrchloro Co111pou11d.1· ", 1 

indeed, enough material for several theses' 
These were seminal studies on the effect of 
Lewis acids upon the rates and selectivities 
of the Diels-Alder reaction. and greatly clari­
fied the nature and scope of this renowned 
mode of catalysis ( eq 1 ) .2 After his appoint­
ment at the University of California-Berkeley 
in 1960. Eaton studied, among other things, 
the [2 t 2] cycloadditionsofcyclopentenoncs.3 
The groundwork for cubane synthesis was 
thus being laid in other ways. as the Eaton 
group had discovered how to steer the Dicls­
Akler reactivity ofcyclopentadienone ketals, 4 

the source of all eight cubanc carbons. 
In 1964, Tom Cole. now President of 

Atlanta University, was still in his first year 
of graduate school at the University of Chi­
cago. the new location of the Eaton group 
since 1962, when he prepared a cubane for 
the first time ( d imethyl 1,4-cubanc­
dicarboxylate). An extremely effective [2 t 2] 
cycloaddition would form the cage. and the 
now famous final Favorskii reaction would 

Aldrichimica Vol. 29, No. 2, 1996 31  

ggama
Nonnatural Products Nonpariel
Dedicated to Professor Philip E. Eaton on the occasion of his sixtieth birthday
Robert E. Hormann
Rohm and Haas Company
Research Laboratories
Spring House PA



snap the cube shut (Scheme 1).5 Reflecting 
on the cubane synthesis, Roald Hoffmann 
wrote: 6 

There is a high logic in synthetic 
strategy. The design of a multistep syn­
thesis resembles the making of a chess 
problem. At the end is cubane�the mat­
ing situation. In between are moves, with 
rules for making them. The rules are 
much more interesting and.free than those 
of chess. The ,ynthetic chemist 's prob­
lem is to design a situation on the chess­
board, ten moves back, which has the 
most ordinary appearance. Butfiwn that 
position, one player (or a team of chem­
ists), by a clever sequence of moves, 
reaches the mating position no matter 
what the recalcitrant opponent, the most 

formidable opponent of all, Nature, does. 
Eaton and Cole had won the match. 
"No synthesis of a new ring system can 

be considered complete until the parent hy­
drocarbon has been prepared and character­
ized," Eaton later wrote.7 Indeed, cubane 
itself was obtained by radical decomposi­
tion of the corresponding tert-butyl perester. 8 

Since then, numerous subtle improvements 
have enabled the preparation of this cage 
structure in kilogram quantities; however, 
the basic synthetic sequence remains true to 
the original conception in all its essential 
details. Richard Hudson, a student of Eaton 
and colleague of Tom Cole, described the 
atmosphere at the time this way:9 

I remember that Saul Winstein came 
to Chicago as the Kharasch Lecturer 
during our first winter in the Eaton lab 
and was treated to the first NMR spec­
trum of cu bane as the spectrum was being 
observed. Professor Winstein could not 
imagine what the fi1ss was about as he 
observed the single peak, thinking that 
for some strange reason, five or six stu­
dents were crowded around Professor 
Eaton to observe the NMR spectrum of 
benzene. Professor Eaton and Tom Cole 
were using an old A-60 at maximum am­
plification to determine the 13C-H cou­
pling in cubane. In those days, we simply 
ran the pen over the noisy spectrum many 
times until the noise in the spectrum 
averaged and we could see the peaks. 

Professor Closs had been walking 
around with Professor Winstein to show 
him the department and introduce him to 
people. They stopped in the NMR lab and 
the rest of the story is related above. 
Professor Winstein was shocked and 
pleased to be looking at the first NMR 
spectrum of cubane, and, as I recall, 
demanded to know the whole story on the 
spot. So, Professor Closs 's tour came to 
an end! 

C%J 
Scheme 2. The first four members of the prismane series. 
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Scheme 3. Synthesis of pentaprismanecarboxylic acid. 

The Homologous Series 
In the 1840s, the French chemist Charles 

F. Gerhardt systematized the notion of the 
homologous series: compounds that differed 
by a fixed number of methylene groups but 
were otherwise alike. This idea formed one 
basis for the classic systematic organization 
of chemical structures in Beilstein 's 
Handbuch der Organischen Chemie. '0 Eaton 
expanded the idea structurally to include 
cage systems, and infused physical meaning 
into the concept by the incremental pertur­
bation of carbon hybridization and bonding. 
After cubane had been mastered, the natural 
extension would be to a series of prismanes 
(Scheme 2). 

The synthesis of pentaprismane was 
achieved by Or, Branca, and Eaton in 1981. 1 1  
The strategy retains the flavor of the cubanc 
preparation, but the route to pcntaprismanc 
requires a bit more work to span the addi­
tional cyclobutanc bridge (Scheme 3 ). An 
a-substituted ketone required for the final 

Favorskii contraction step was obtained af­
ter skillful manipulation; years later, Eaton 
and Spitz developed a very efficient solution 
to this general problem (vide infi·a). Reduc­
tive decarboxylation of pcntaprismane­
carboxylic acid to pcntaprismanc itself was 
accomplished as in the cubanc synthesis in 
42% yield. 

One docs not always know at the outset 
that an Eatoncsquc structure is stable enough 
to make, nor if the architecture is even 
accessible by available methods of con­
struction. These arc the very reasons for 
sclcctiou of a particular structure. Conse­
quently, the synthesis of such nonnatural 
products can be an extraordinary test of will 
and fortitude. Fortunately, the rationality of 
the homologous series tempers this chal­
lenge. Consider the propcllancs (Scheme 4 ). 
The [4.2 .2] system, prepared first, and the 
[3. 2 .2] system arc stable for hours at 
160 °C. " This can be quite encouraging for 
the chemist nominated to take on the [2.2.2] 
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Scheme 4. [4.2.2]-, [3.2.2]-, and [2.2.2]propellane systems. 

Dodccahedranc represented a towering 
synthetic challenge, and therefore a com­
pletely natural one for Philip Eaton to tackle. 
After years of steroid chemistry, the syn­
thetic community had become better 
acquainted with how to manipulate five­
membered rings. The Eaton group was in the 
thick of the battle (Figure 1 ). 19 Randall 
Millikan captures the spirit in an interchange 
between Professor Eaton and postdoctoral 
fellow Steve Branca, now Vice President of 
Chemical Manufacturing at Aldrich:20 

Scheme 5. Tricyclo[2.2.2.2]decane and [n.2.2.2]paddlane. 

S teve ,  working at the t ime on 
peristylane- and pentaprismane-related 
problems, presented a total .1ynthesis of a 
natural product at our group meeting, 
and introduced the "Branca Scale " for 
evaluating a total synthesis according to 
three categories: Conceptual elegance, 
technical aplomb, and the lack of 5-
membered rings�which were peculiarly 
absent in the target under discussion. 
This amused all present, hut Professor 
Eaton was not about to let this be the last 
word. While S teve was describing a 
crucial step near the end of the synthesis, 
Professor Eaton inquired about the sol­
vent. Branca replied innocently "THF", 
whereupon Professor Eaton took great 
satisfaction in replying, "There 's the cru­
cial 5-membered ring 1 " 

Fire Earth Air 

V 
Water 

0 
Celestial 
Element 

Scheme 6. The Platonic Solids. In the Eaton labs, the approach to 
dodecahedrane would not be one of mass 
action of scores of students and co-workers, 
(after all, cubane was made by one student 
and pentaprismane by only a few), nor one 
of sheer force of will on an anemic strat­
egy. If the synthesis of dodccahedrane 
were to be achieved, it would have to be 
through ingenuity. 

system. It is a good thing, too, for it turns out 
that [2.2.2]propellane dimethyl amide has a 
half-life of only 28 minutes at room tem­
perature, and its existence could well be 
overlooked under standard conditions of pre­
parative organic synthesis. 1 1 

A long-standing goal of physical organic 
chemistry has been understanding planar 
tetravalent carbon. Tricyclo[2.2.2.2]decane 
is a prime theoretical construct for examin­
ing this situation (Scheme 5). If perhaps not 
a realistic synthetic target (with a projected 
strain energy of over 300 kcal/mol!), 1 4  it 
would certainly be a superb synthetic trajec­
tory, as Eaton had argued, and the philoso­
phy of incremental change presented by the 
homologous series of [ n.2.2.2]paddlanes was 
the way to go. With successively smaller 
and smaller rings, one could systematically 
observe the changes in carbon hybridization 
and determine the point at which these "con­
tortionist" molecules could simply take no 
more strain. Incidentally, the smallest 
paddlane made by the Eaton group thus far is 
the [ I 0.2.2.2) system, which has already 
shown signs of strain even with a still rather 
lengthy connecting chain. 1 5 

Platonica Chimica Acta 
According to Plato' s  metaphysical, geo­

metric theory of matter, the four terrestrial 
material principles of fire, earth, air, and 
water were associated with the four regular 
solids: the tetrahedron was associated with 
fire, the cu be with the earth, the 
octahedron with air, and the 
icosahedron with water 
(Scheme 6).16 It would take 
over two millennia for the mod­
em atomic theory to develop, 
and for chemists to replicate the 
Platonic elemental symbols (at 
least the three that arc possible) 
using the atomic clements of 
carbon and hydrogen. A tetra­
hedron was made in 1978, 1 7 and 
of course, the cube had been 
prepared in 1964 as described 
previously. But Plato spoke of 
yet another element, a celestial 
or heavenly one, which came to 
be represented by the dodeca­
hedron. With the twentieth cen­
tury waning, chemistry was still 
awa iting the synthe sis of 
dodecahedrane. 1 8  

Figure 1 .  The assault on  dodecahedrane as 
depicted by Eaton co-workers (ca. 1 980). 
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Two general strategics were pursued 
(Scheme 7). One was based on the critical 
intermediate hcxaquinaccnc , and would 
require stitching in four additional carbon 
atoms to form the cage. 1 8•21 This route was 
eventually supplanted by a second approach 
that was based on pcristylane, a colonnade­
like molecule on which Eaton envisioned 
laying a cyclopcntanc roof. 18 ·22 

As Roald Hoffmann wrotc:21 

A chemical synthesis is obviously a 
building process. One theref'ore sees 
architectonic considerations and the aes­
thetics  of' architecture jlguring 
prominently ... Synthesi.1· is a building pro­
cess, but what a marvelous, "hands-off" '  
kind of' building! 

True to his chemical tastes, Eaton has 
also maintained an abiding interest in art and 
architecture, whether it be in the design of 
new laboratories in the Searle and Kent 
buildings at the University of Chicago, or his 
home in Indiana. 

Connection of the final carbon-carbon 
junctures between peristylanc and its roof 
evaded synthesis, however, and so did 
dodecahedrane, until Leo Paquette and his 
group at Ohio State University secured the 
structure through their own landmark syn­
thesis reported in 1983.24 In the meantime, 
however , practical syntheses for both 
hexaquinaccnc and peristylanc were devel­
oped, an cnom1ous amount was taught to the 
chemical community concerning cyclo­
pentannulations, and the exercise formed 
the training ground for a number of dedi­
cated and inspired students and postdocs 
who have gone on to successful careers. 

Hot Picks 

There was a time when The University of 
Chicago football team led the Big Ten, but 
sports at this extraordinary institution have 
not always thrived. The late Robert M. 
Hutchins, former University of Chicago 
chancellor, promoted the pursuit of intellec­
tual goals almost to the exclusion of physical 
rejuvenation. University of Chicago stu­
dents are well-acquainted with the Hutchins 
dictum: "Whenever I feel the urge to exer­
cise coming on, I lie down and rest until it 
passes over. "2' 

hexaquinacene peristylane 

Scheme 7. The hexaquinacene- and peristylane-based strategies for 
dodecahedrane synthesis. 

d7 �I 
trans-2-cycloheptenone [2.2.2]propellane cubene 

Alas, sports in the chemistry department 
also had setbacks. When one Eaton student 
broke his ankle while running to catch a 
flyball, baseball was effectively discontin­
ued in the group, and students reconsidered 
their involvement in any athletic activity 
involving airborne projectiles. Creative er­
gonomic arrangements were always found 
to facilitate uninterrupted laboratory activ­
ity for sports-injured chemists in our group. 

homocubene cubanediyl cubylcarbinyl 
radical 

cubyl 
cation 

Scheme 8. Reactive molecular species. 
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Scheme 9. Instructive molecular rearrangements. 

Conditions 

Starting Material 

Years later, across town from Hyde Park, 
the Chicago Cubs would play late afternoon 
baseball. The game times then were 
perfectly suited for a virtually complete day 
of lab work and evening work, and most 
suitably to our research advisor, watching 
baseball was a far better alternative to 
playing it. Perhaps to guide his students 
toward more cerebral forms of entertain­
ment, the Professor would freely pass out 
opera tickets, which were duly appreciated. 

Products 
eq 2 

Far from being placid, chemistry is an 
exciting field, and all the more so when the 
molecules under study barely hold together. 
Highly reactive molecules and fleeting inter­
mediates have a long tradition in the Eaton 
laboratories (Scheme 8). It began with /runs-
2-cyc looctenonc, 26 an d /runs-2 -cyc l o ­
hcptcnone,27 prepared by Kang Lin, and 
continued with the [2.2.2]propellanc system. 
When cubanc chemistry was taken up again 
in the mid-l 980s, the Eaton group began to 

use this scaffold as a tool to study interme­
diates of unusual geometry. Bredt' s  rule 
was challenged with the twisted double bond 
of homocubcnc,28 and cubcne2" tested ex­
treme double bon d pyramidalization . 
Cubanediyl3° addressed the issue of trans­
cage bonding, and cubylcarbinyl  radical3 1  

was found to be one of the fastest radical 
clocks known. Sometimes an intermediate 
turned out to be much tamer than expected 
(e.g., the cubyl cation).32 Whether or not 
expectation coincides with experimental fact, 
all of these structures and their observed 
reactivities teach us a great deal about the 
nature of bonding. 

Molecular Gymnastics 

Anyone who has heard an Eaton lecture 
has appreciated its beauty and clarity of 
delivery, and anyone who has studied under 
Professor Eaton has certainly been as much 
impressed by the quality and intensity of his 
pedagogics as by his scholarship. A take­
home assignment in his course on total syn­
thesis would invariably be returned with 
comments that would send the student back 
to the library for additional research. This 
would be followed by yet another round of 
corrections from the Professor so that by the 
end of the course, palytoxin had been pre­
pared--at least on paper! Strained mol­
ecules, fascinating in their own right, also 
tend to display unusual chemistry, and the 
efforts to understand their reactivity and 
rearrangements also served as superb peda­
gogical exercises not only for his own stu­
dents, but also for several generations of 
students of organic chemistry in general. 
Scheme 9 offers but a glimpse of the re­
markab lc rearrangement chemistry of 
Eaton molecules.28•31•33 

Experimental Measurements 

Of course, given inputs for all the vari­
ables of the classical synthetic formulation 
(eq 2), it is always possible to rationalize 
why the reaction in question happens to take 
the course that it does. Explanations which 
arc comprehensive or quantitative, however, 
arc held in especially high regard. But when 
one is in the midst of assigning structures to 
the products of reactions like those of 
Scheme 9, the intellectual exercise of mecha­
nistic chemistry becomes absolutely gruel­
ing. Lengthy sessions in which professor 
and student would sit thoughtfully , si­
lently staring at a freshly acquired NMR or 
mass spectrum are legendary. Disbelief 
abounds. This is an extremely important, 
but less appreciated, hallmark of nonnatural 
product synthesis. 
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As a teacher, Eaton impressed upon his 
students the absolute need for experimental 
verification. Work from his own laboratory 
and from his collaborations with illustrious 
physical, analytical, and theoretical chem­
ists resulted in answers to many of the 
ipechanistic and other physical chemistry 
questions raised by these molecules. 
Throughout his career, Eaton has enjoyed 
travel, which in turn has fostered numerous 
collaborations, many of them international. 
The few article titles shown below illustrate 
this point: 34 

Photodimerization of Cyc/opentenone. 
Singlet or Triplet? 
P. Eaton, W. Hurt 

The Electronic Structure of 
Pentaprismane as Revealed by its 
Photoelectron Spectrum 
E. Honegger, P. Eaton, B.K.R. Shankar, 
E. H cilbronncr 

The Geometries of Pentaprismane and 
Hexaprismane. Insights From Molecular 
Mechanics 
N. Allinger, P. Eaton 

Bond Lengths and Quadratic Force Field 
for Cubane 
L. H edberg, K. Hedberg, P. Eaton, 
N. Nodari, A. Robictte 

Kinetic Acidity of Cubane 
R. Dixon, A. Streitweiser, 
P. Williams, P. Eaton 

On the Nature of Cubyl Cation 
P. Eaton, J.P. Zhou 

Long-Distance Electron Transfer Through 
Rodlike Molecules with Cubyl Spacers 
B. Paulson, K.  Pramond, P. Eaton, 
G. Closs, J. Miller 

Formation of the Radical Anion of Cubene 
and Determination of the Heat of F orma­
tion, Heat of Hydrogenation, and Olefin 
Strain Energy of Cubene 
P. Staneke, S. lngemcnn, P. Eaton, 
N. Nibbering, S.Kass 

Eaton's molecules have spawned quite a 
number of independent investigations by 
other chemists as well. 

Esotericism and Pragmatism 

"The .1ynthesis of" suhstances occur­
ring in Nature, perhaps in greater mea­
sure than activities in any other area of" 
organic chemist1y, provides a measure 

of the condition and power of the 
science .. . lt can scarcely he gainsaid that 
the successful outcome of" a ,ynthesis of" 
more than thirty stages provides a test of" 
unparalleled rigor of" the predictive ca­
pacity of the science, and o(the degree of 
its understanding of" its portion of the 
environment. "35 

If these oft-quoted words of R. B. 
Woodward arc sufficient justification for 
natural products synthesis, then they cer­
tainly apply a fortiori to the synthesis of 
nonnatural products, not only because they 
test the "predictive capacity of the science", 
but also because they invigorate the science 
and have practical applications. 

Whether making natural products in an 
academic environment or performing poly­
mer synthesis in an industrial lab, one may 
turn t o  n umerous practical synthetic 
procedures and intermediates that have origi­
nated in the Eaton labs (Scheme 10). The 
utility of cyclopentadicnonc ketals4•36 is 
well-known to a large degree as a result of 
cubane and pcntaprismane; quite a few 

COOCH3 

H,cooc 8 r Br 

cyclopentanoids, previously hard to come 
by, now have practical syntheses as a result 
of the dodecahedrane effort at Chicago.22•37 

Functionalized nortwistbrendanes arc ex­
tremely interesting intermediates. 38 Acety­
lcnic ketoncs were developed by the Eaton 
group in its early years, 39 as was a useful 
alkyllithium for hydroxypropylation.40 Jobe 
and Eaton's preparation of 2-hydroxy­
methylene eyelopentanonc was a vast im­
provement over previous methods, 41 and 
"Eaton ' s  reagent", a mixture of methane­
sulfonic acid and phosphorous pentoxide, is 
a terrific alternative to polyphosphoric acid.42 

Spitz and Eaton developed cis, cis-1,3,5-
t rihydroxycyclopentanc as an elegant 
auxiliary for bridgehead functionalization 
of non-cnolizablc ketoncs (eq 3).43 Wicks 
and Eaton developed dimcthyldioxiranc as a 
reagent for the direct conversion of isocyan­
atcs to nitro compounds (eq 4).44 

Since the mid-I 980s, Eaton chemists have 
developed an enormous body of informa­
tion on the functionalization of cubane,45 

which has led to indispensable strategics 
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Scheme 10. Useful synthetic intermediates. 
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for substitutions in arenes and cyclopro­
pancs. One may speak fundamentally of two 
related methods, even though there arc varia­
tions and valuable adjunctive methodolo­
gies too numerous to describe here; a third 
method is described in the accompanying 
article . The first two strategics involve 
organometallic dcprotonations. The first, a 
mctallation/transmetallation, relics on 
alkyllithium orthodeprotonation ofan amide­
bearing cubanc, followed by trapping of the 
small equilibrium quantity of deprotonatcd 
species with a mercury halide, or alterna­
tively with an organotin, organosilicon, or 
zinc halide (eq 5 ) . 46 The resultant 
organomercury compound may itself be re­
cursively mcrcuriated at additional sites, sub­
stituted with a halide, or exchanged again for 

lithium and subsequently with any of a wide 
range of clectrophiles. Applied to benzamides, 
this methodology permits efficient simulta­
neous ortho, ortho' substitution ( eq 6). 47 

The second strategy, ortho magncsiation, 
also relies on orth9 dcprotonation but this 
time by R2NMgBr (a Hauser Base) or 
(R2N\Mg, long-known reagents revived to 
an even longer life of utility (eq 7). Applied 
to arenes, this procedure permits the use of 
an unprotected carboxyl group or even an 
ester group as the activating functionality 
(eq 8).48 This is extremely useful in light of 
the hydrolytic stability of the amides tradi­
tionally used in ortho lithiation. As a result 
of these and other developments, cubancs 
can be prepared essentially at will with 
virtually any substitution desired-a 
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Scheme 1 1 .  High-energy cubanes. 

remarkable collective achievement of 
Eaton' sstudcnts, postdocs, and collaborators. 

Why cubancs? Eaton himself, as well as 
others, have argued convincingly for their 
application in medicinal chemistry and ma­
terials scicnce.45 The case for medicinal 
chemistry is based on the rigid and unique 
presentation of a phannacophore in three­
dimensional space, as well as the potential 
for generation of highly reactive species in 
vivo. Indeed, cubylmcthylamine has been 
utilized to help sort out the mechanism of 
monoamine oxidase inhibition.49 The argu­
ment for application in materials science 
also lies in the rigidity and strain energy of 
cubanes. Applications in optics certainly 
come to mind. Cubanes arc high-energy 
materials, and polynitrated cubanes are some 
of the highest energy materials known, with 
uses as propellants or explosives. Thanks to 
the Eaton group and to other groups (accom­
panying article) molecules of this class are 
being made available (Scheme 1 1). 50 It 
remains for the chemical community to de­
termine how to use them productively. 

Supranatural Products 

The road less traveled is all the more 
toilsome when it is a nonnatural one, and all 
the more impressive when one such as Eaton 
has traversed it. Still, there lies ahead an 
cxpansivcvista (Scheme 1 2),45·5 ' as Berthelot 
envisioned more than a century ago with 
astounding clarity: 52 

Thus, synthesis extends its conquests 
fi'om the elements up to the domain of the 
most complicated substances without our 
being able to assign any limit to its 
progress. Indeed, if we envision in our 
minds the almost infinite number of or­
ganic compounds, from the substances 
which our art knows how to produce, 
such as [hydrocarbons], alcohols, and 
their derivatives, up to those which still 
exist only in nature, such as the sugars 
and the nitrogenous principles of animal 
origin, we passfrom one term to the other 
by insensible degrees, and we cannot see 
any absolute barrier or break that we 
may with any appearance of certitude 
fear to find unsurpassable. 

If patterns of bonding and reactivity 
permit an indefinite, if perhaps not infi­
nite, number of molecular possibilities, 
we find ourselves thoroughly humbled in­
deed. Y ct it is still the goal of organic 
synthesis to widen this envelope, and we 
arc fortunate to have scholars like Phil 
Eaton with the courage and persistence to 
try this in the most unusual ways-and 
succeed. Happy Birthday, Phil. We sin­
cerely wish you many more to come. 
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Scheme 1 2. Just a few supranatural products in various stages of realization. 
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New Peptide Coupling Reagents 
an effective "peptide-coupler". That is, an 
N-hydroxy moiety and a tertiary amine moi­
ety.9 An intermediate, incorporating a neigh­
boring group effect, was postulated. 

u.� 
U,,7 U,N Ct�? II 

,N  ,N + PF6 -
N 

N N N 7 NMe2 
N 
I 

OH o-{ OH 
NMe2 

HOAt HATU HOBt 

1 -H ydroxy-7-azabenzotriazole ( HOAt) and O-(7-
azabenzotriazol- 1 -yl) - N, N, N ', N '-tetramethylu ronium 
hexafluorophosphate (HATU) are now available in research 
quantities from Aldrich. 1 

The most commonly employed peptide coupling re­
agent, 1 -hydroxybenzotriazole (HOBt), has long been 
known to inhibit side reactions and reduce racemization.2 A 
flurry of publications have recently appeared describing the 
advantages of employing HOAt or its uranium and phos­
phonium salts in peptide coupling reactions.3·9 

In fact, in solution-phase peptide coupling comparison 
studies with HOBt, HOAt was reported to be a more effi­
cient additive. It accelerates coupling processes, reduces 
racemization, and at the same time functions as a color 
indicator for measuring reaction progress.9 

The improved results were explained as a consequence 
of the incorporation of two key features in the structure of 

Similar improvements over HOBt and its 
uronium and phosphonium salts were re­
ported in solid-phase peptide coupling re­
actions. 8 As an added benefit, HO At and 
its uronium analog HATU allow automated 

N I 
7 ? 

R2N • • · •  7=0 
R 

intermediate 

solid-phase syntheses of peptides containing hindered 
amino acids. This is particularly effective when used in 
combination with the tertiary amine, 2 ,4,6-collidine (2 ,4 ,6-
trimethylpyridine, Aldrich Cat. No. 1 4,238-7). 6 

References: ( 1 )  HOA! and HATU are sold under.agreement with PerSeptive 
Biosystems. (2) Koenig, W.; Geiger, R. Chem. Ber. 1 970, 103, 788. (3) 
Carpino, L.A. et al. J. Org. Chem. 1995, 60, 3561 . (4) Musiol, H. -J. et al. ibid. 
1994, 59, 6144. (5) Angel l ,Y.M. et al. J. Am. Chem. Soc. 1995, 1 17, 7279. (6) 
Carpino, L.A. et al. Tetrahedron Lett. 1994, 35, 2279. (7) Carpino, L.A. ;  EI­
Faham, A. J. Org. Chem. 1994, 59, 695. (8) Carpino, L.A. et al .  J. Chem. 
Soc., Chem. Commun. 1 994, 201 . (9) Carpino, L .A. J. Am. Chem. Soc. 1 993, 
1 15, 4397. 

44,545-2 1 -Hydroxy-7-azabenzotriazole, 98% (HOA!) 
1 g  $20.00; 5g $85.00; 25g $385.00 

44,546-0 0-(7-Azabenzotriazol-1 -yl)-N, N, N', N'-tetra­
methyluronium hexafluorophosphate, 
97% (HATU) 

1g $26.00; 5g $120.00; 25g $530.00 
36,244-1 1 -Hydroxybenzotriazole, contains <5% water 

(HOB!) 10g $1 5.80; 50g $52.70 
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Oxalyl Chloride in  Photochemi 

Chlorocarbonylation of Cage 

I 

pounds 
Dedicated to Professor Philip E. Eaton on the occasion of his 60th birthday 

Introduction 

The elegant synthesis of  cu  bane by Eaton 
and Cole in 1964 opened up a new era in the 
exploration of nonnatural "platonic" com­
pounds. ' This compound, previously thought 
impossible to synthesize, possesses a unique 
structure and a very high strain energy de­
rived from its unusual bond angles and 
lengths. 1 •2 

Despite intensive interest in cubanes in 
academic research, industrial applications 
have not progressed significantly, mainly 
due to the short supply of cubanc com� 
pounds. The real challenge, to functionalizc 
the cubane skeleton, was surmounted in the 
last decade. Eaton and Castaldi used a 
bri 11 iant approach, a reverse trans metal lation, 
to replace the acidic hydrogens of cubane 
with functional groups ortho to the amido 
groups. 3 This approach was modified by us 
at ARDEC, employing cubyl Grignard in­
termediates to give a wide variety of sub­
stituted cubanes in much simpler and larger 
scale proeesses.4 

In this review, we present a photochemi­
cal approach for the synthesis of a variety of 
polysubstituted cubanes. The synthetic po­
tential of photochemical chlorocarbonylation 
and its extension to adamantanes and other 
compounds are also discussed. 5 

By classical methods and employing 
ortho-directed metallation, the synthesis of 
1 ,3  , 5, 7 -cubanetetracarboxyl ic acid ( 1 )  
requires more than twenty synthetic steps 
statiing from commercially available I ,4-
dicarbomethoxycubane6 Similarly, synthe­
sis of 1,3 ,5, 7-adamantanetetracarboxyl ic 
acid (2) from Meerwein's ester requires 
several lengthy synthetic steps and time­
consuming processes. 7 

These tetrasubstituted cage hydrocarbons 
with tetrahedral symmetry are potential pre­
cursors for "energetic materials", 
dendrimcrs, star-shaped macromolecules, 
and molecules of interest in combinatorial 
chcmistry.2 They can now be prepared in 
one step by the photochemical reactions of 
oxalyl chloride and readily available start­
ing materials (Figure I). 
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Mechanistic Aspects of Chlorocarbonylation 

Investigations of the chlorocarbonylations of cyclopentanone, 
cyclobutanonc, 3-pentanonc and 3-methylbutanoic acid led to a 
more complete understanding of the nature of these proccsscs.8 
Chlorocarbonylations of these reactants can give a number of easily 
identified isomeric substitution products. For example, a­
chlorocarbonylation of cyclopcntanone would yield, after 
methanolysis, methyl 2-oxocyclopcntanecarboxylate; �-substi­
tution would afford m ethyl 3 -oxocyclopentanecarboxylate9a (3). 
Keto ester 3, an important intermediate for the synthesis of 
agrochemicals, is difficult to prepare by current methods .% 
Similarly, the synthesis of  the pharmaceutically important inter­
mediate, m ethyl 3-oxocyclobutanecarboxylate (4), is a multistep 
process using conventional methods. 1 0  

Irradiation of eyclopentanone in oxalyl chloride for 24 hours, 
followed by cstcrification with methanol, gave 3 only�no evidence 
for the formation of the a-substituted product was observed. This 
suggests that the resonance s tability of the a-radical does not play 
a decisive role in the regiosclcctivity of this chlorocarbonylation. 
As is the case with most photochemical reactions, the yield of 3 was 
highly dependent on reaction temperature, concentration, and wave­
length of the light used. The best yield (60%) was obtained when the 
reaction was run at 0-5°C and a concentration of O. I -0.2M in a quartz 
flask placed in a Rayonct photochemical reactor (each lamp 2.2W, 
253 7A).'' 

Similarly, photolysis of cyclobutanonc in oxalyl chloride fol­
lowed by estcrification produced 4 as the major product. In this 
case, with only two � hydrogens present, chlorocarbonylation was 
much slower than when cyclopentanone was used; after 24 hours of 
irradiation only 50% of cyclobutanone had been consumed. The 
slower reaction rate and lower yield (10-20%) may be attributed to 
the increased C-H bond s trength in the smaller four-membered ring 
ketone, and the proximity of the �-position to the carbonyl group. 1 1  

Chlorocarbonylation was extended to two acy­
clic compounds, 3-pentanonc, and 3-methylbutanoic 
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acid. These compounds were chosen based on the 
anticipated differences of the C-H bond reactivities 
and the ease of characterization of the reaction 

Cl• + •COCOCI hy..(365 nm} (COClh 
hv (253 nm} 

eq 1 

products by NMR spectroscopy. Photochemical 
chlorocarbonylation of 3-pentanone with oxalyl chlo­
ride proceeded slowly at room temperature, and 
after 24 hours of irradiation followed by mcthanolysis 
the mono- and dicarbonylated products, methyl 4-
oxohexanoatc (5) and dimethyl 4-oxopimelate (6), 
were obtained in an 8: I ratio.5' 

R•H + 

+ 

When a mixture of 3 -methylbutanoic acid and oxalyl chloride 
was irradiated at room temperature for 24 hours, substitution oc­
curred preferentially at the y-position resulting in the formation of 
dimethyl 3 -mcthylglutaratc (7) after methanolysis.5' Clearly, attack 
took place at the least hindered y- rather than �-position, which 
would have been expected to give rise to a more stabilized tertiary 
radical. Moreover, statistical factors (six y-hydrogcns versus one 
�-hydrogen) also favor substitution in the y-position. 

In free-radical substitution reactions with oxalyl chloride and 
derivatives, it is commonly accepted that the overall process is 
initiated by the dissociation steps shown in equation 1.8 Subsequent 
steps likely involve abstraction of a hydrogen atom from the 
substrate molecule by either a chlorocarbonyl radical (eq 2) or a 
chlorine atom, followed by the chain propagation step depicted in 
equation 3 .  

Our data suggest that either the electrophilic chlorocarbonyl 
(ClCO") or chlorine (CT) radical, perhaps as a complex with oxalyl 
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+ co + HCI eq 2 

(COCl)2 R-COCI + •COCI eq 3 

chloride, preferentially abstracts a hydrogen from the least electron­
deficient carbon atom distant from the carbonyl group. In the case 
of 3-mcthylbutanoic acid, despite the familiar decrease in C-H bond 
strength from primary to secondary to tertiary, the substitution 
occurs at the methyl group. This preference, which may also be 
reinforced by stcric effects as well as statistical factors, infers a 
kinetically-controlled process for these reactions. 

The preceding studies illustrate the remarkable regiosclectivitics 
of photochemical chlorocarbonylations of certain carbonyl com­
pounds. The methodology can be used to introduce a chlorocarbonyl 
group at a remote site (� or y) and makes possible the efficient 
synthesis of compounds that arc otherwise difficult to prepare. 

Chlorocarbonylation of Cubanes 

Cubane and its derivatives belong to a class of strained cage 
compounds which have been at the forefront in the search for new 



high-energy materials over the past de­
cade.2· 1 2  The cubane structure, in which 
functional groups would possess unique spa­
tial arrangements in a rigid framework, 
should have applications in pharmaceutical 
and polymer chemistry. Other potential 
applications of current interest arc in the 
areas of dendrimer and combinatorial chem­
istry. Anionic reactions as well as radical 
and cationic reactions have been used in the 
synthesis of substituted cubanes, although 
the cubyl radical1 3 and cubyl cation14 have 
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�
EWG 

Figure 2 
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COCI
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unfavorable, nonplanar geometrics. The 
multifunetionalization of the cubanc skel­
eton, however, remains a challenging task 
for organic chemists. 

By virtue of the cubane geometry and its 
exceptionally high strain energy ( 165 Kcal/ 
mol), the carbon-hydrogen bonds in cubanc 
contain a high s-charactcr. Ortho-Dirccted 
mctallation of amidocubanes has until now 
been the dominant approach to the synthesis 
of the polycarboxycubancs. 15 However, the 
lengthy reaction sequences required have 
limited the usefulness of this approach. 

Other e lectron-withdrawing groups, 
notably carboxyl groups, can also have a 
profound effect on the rcgiosclcctivity of 
photochemical chlorocarbonylations. 1 " This 
observation was provisionally interpreted in 
terms of an electron-withdrawing field ef­
fect of the carboxyl group resulting in re­
tarded cleavage of the a C-H bonds, and thus 
leading to predominant chlorocarbonylation 
at the �-positions ( Figure 2). 
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Cubanecarboxylic acids have now been 
synthesized by photochemical chl oro­
carbonylation. 1 7 Mixtures ofpolysubstitutcd 
cubanes can be obtained easily in a single 
operation from carboxycubane. In this meth­
odology an electron-withdrawing group (or 
polar group) is used to direct substitutions 
predominantly to positions other than the 
ortho position. For example, a solution of 
carboxycubane 8 and oxalyl chloride was 
irradiated in a Rayonct photochemical reac­
tor at 35-40 °C and the progress of the 
reaction was monitored by 1 H NMR. The 
starting material was completely consumed 
in 30  minutes and 1,2-, 1,4- and 1,3-disubsti­
tuted cubanes 9, IO, and 11 were formed in 
approximately a I :  I :3 ratio. 5b This ratio is 
explained by statistical factors (three ortho, 
three meta, and one para position) and polar 
effects. 1 8 The electrophilic chlorocarbonyl 
or chlorine radicals preferentially abstract a 
hydrogen from the least electron-deficient 
carbon atom. Steric influences on the sub­
stitution pattern are minimal since the cu bane 
skeleton contains long C-C bonds ( 1.57 A) 
and wide external C-C-H angles ( 126°). 1 

The conversion of disubstituted cubanes 
to tri- and higher substituted cubanes fol­
lowed a similar course (Figure 3 ). After an 
irradiation period of 8 hours, the I H NM R 
spectrum of the reaction product was con­
sistent with the presence oftetrasubstituted 
cubanes 13, 15, and 16 in an approximate 
55: I 0: 35 ratio, respectively. Compound 
13, in which chlorocarbonylation occurred 
at the alternate I, 3, 5, and 7 positions, was 
the major product and was separated from 
other isomers in 40-50% yield by triturating 
the reaction mixture with ether. sb 

The rates of substitution decrease as the 
reaction progresses. After 18 hours of 
irradiation, pentasubstituted cubane 17 was 
obtained with only trace amounts of hexa­
and heptasubstituted cubanes (GC-MS). 
Assignment of the structure of the C3 V sym­
metrical 17 (R = COOMe) was based on the 
simplicity of its proton NVI R spectrum, 
which showed a single resonance at 4.64 
ppm for the cubane protons.'b The origin of 
17 must be the tetrasubstituted cubane 16. 
Compound 16 is the only one of the three 
tetrasubstituted compounds in which substi­
tutions occur ortho to only one carbonyl 
group. In compounds 13 and 15 the 
unsubstituted carbons arc ortho to three and 
two carbonyl groups, respectively. 

Compounds 15 and 17 were obtained in 
much better yields (36%, and 45% respec­
tively) from the photochemical reaction of 
commercially available 1, 4-dicarbo­
mcthoxycubane and oxalyl chloride, fo l­
lowed by esterificat ion with methanol 
(Figure 4). 5b 
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Interestingly, the photochemical reac­
tions of compounds 1 3  or 1 5  with oxalyl 
chloride at higher temperatures and for longer 
reaction times gave only chlorinated prod­
ucts. When a solution of 1 3  or 1 5  in oxalyl 
chloride was irradiated for two days at 60 °C, 
chlorocubancs 18 and 19 were obtained in 
28% and 35% yields, rcspcctively. 5b 

The chlorination might be due to an in­
creased concentration of the chlorine radical 
formed from cleavage of •CO-Cl under the 
reaction conditions (cq I ). The amounts of 
chlorinated products also increase under 
Pyrex "/sunlamp and reflux conditions. The 
increase may be attributed to the predomi­
nant carbonyl-chlorine bond cleavage of 
oxalyl chloride at longer wavelengths (365 
nm) and higher temperatures. 

An important application of the chloro­
carbonylation methodology is the function­
alization of nitrocubanes. Considerable 
effort in recent years has been directed to­
ward the synthesis of polyfunctionalized 
nitrocubanes because of their potential uses 
as explosives, propellants, fuels, and bind­
ers. 12 Irradiation of 1,4-dinitrocubane (20) 
with oxalyl chloride (Rayonet, 0-5 °C, quartz) 
produced, after cstcrification with metha­
nol, 2-carbomcthoxy-1,4-dinitrocubanc (2 1 )  
and 2-chloro-1,4-dinitrocubane (22) in 84% 
and 16% yields, respectively. sh. 25 

Increasing the polarity of the directing 
groups increases the rcgiosclectivity of the 
substitution (Figure 5). For example, 
ehlorocarbonylation of nitrocubane gave 
predominantly 1-n itro-3 ,5, 7-tris( chloro­
carbonyl)cubane with very minor amounts 
of other tetrasubstituted isomers ( ' H  NMR). 
However, attempts at photochemical chloro­
carbonylation of 1,3,5, 7-tetranitrocubanc un­
der various reaction conditions failed. The 
lack of reactivity of the tetranitrocubane 
toward photochemical substitution could be 
due to a combination of increased C-H bond 
strength relative to the monosubstituted 
cubanes and a large polar effect arising 
from three nitro groups that surround each 
C-H bond. 

Chlorocarbonylation of 
Adamantanes 

There has been renewed interest in the 
chemistry of adamantanes since some of 
their derivatives, particularly nitro­
adamantanes, have promise as high-density 
energetic materials. 1 9  Recent interest in 
adamantancs also extends into the areas of 
host-guest compounds,2 1b combinatorial 
chem istry, optica l ly active organic 
molecules,2°h and dendritic macromolccules.2 1  

Several approaches have been applied to 
the synthesis of 1,3,5,7-adamantane-
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tetracarboxy lie acid.22 The most recent 
method requires multiple synthetic steps 
involving high-pressure and high-tempera­
ture bomb reactions, and, therefore, is greatly 
limited for scaled-up production. 7 The direct 
functionalization of adamantanes is most 
often achieved by ionic substitution which 
gives predominantly bridgehead products, 

whereas free-radical processes genera lly 
yield both bridgehead and bridge products. 
Positional se lectivity (relative reactivity of 
bridgehead I-I /bridge H )  for ch loro­
carbonylation is 3.7/1 for adamantane.21 

The photochem ical reaction of 
adarnantane with oxalyl chloride followed 
by methanolysis produced only a small 
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amount ( <5%) of 1 ,3,5, 7-tctracarbomethoxy­
adamantane (24) along with many other 
products.sd, 24 Given this less-than-satisfac­
tory precedent, we reasoned that the 
prepositioning of a carbonyl function at a 
bridgehead i ncreases the possi bility of 
chlorocarbonylation at other bridgehead 
pos i t ions, si nce hydrogens ortho to a 
chlorocarbonyl group arc less susceptible to 
radical abstraction. 

Irradiation of a solution of commercially 
available 1 -adamantanecarboxylic acid (23) 
and oxalyl chloride in a Rayonet photo­
chemical reactor for I hour, followed by 
esterification of the reaction product with 
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methanol gave 1 ,3,5, 7-tctracarbomethoxy­
adamantane (24) as a colorless solid in 
20-30% yield along with other carbo­
methoxyadamantanc isomcrs. 5" This is con­
si derably more practical than the best 
stepwise preparation of 24.7 

When commerci ally available 1 , 3-
adamantancdicarbox ylic acid (25) was 
simi larly reacted with oxalyl chloride, fol­
lowed by treatment of the reaction product 
with methanol ,  the yield of 1 , 3 ,5 ,7-
tetracarbomcthoxyadamantane (24) in­
creased to 40%. 5" Multi-gram quantities 
of compound 24 can be isolated by tritu­
rating the reaction mixture with methanol. 
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Applications 

Perhaps the most important application 
of the chlorocarbonylation process is the 
simple synthesis of strongly energetic mate­
rials such as tetranitrocubane (26) and 
tetranitroadamantane (27). Preliminary ex­
periments suggest that the tetranitro deriva­
tives arc actually less sensitive but more 
powerful than predicted. Energetic materi­
als of this type have applications in volume­
limited devices such as warheads and rocket 
engines. 

The most recent conventional synthesis 
of 1 ,3,5, 7-tctranitroadamantane requires 
many synthetic steps, and the material has 
been very difficult to prepare in large 
amounts. 19  The syntheses of 1 ,3,5,7-tctra­
ni trocubanc and 1 , 3 , 5, 7-te trani tro ­
adamantanc were simplified by employing 
the photochemi cal chlorocarbonylation 
methodology. For example, adamantanc­
tctraacyl chloride, obtained directly from 
irradiation of 1 -adamantanecarboxylic acid 
and oxalyl chloride, was converted easily to 
the corresponding tetranitroadamantane via 
a dam an tanetetra i socyanatc. 25 

In one approach, ehlorocarbonyl groups 
were directly placed on the cage and the 
excess oxalyl chloride was recycled and 
reused without further purification. Gram 
quantities of tetranitrocubanc and tetranitro­
adamantanc arc now produced in simple, 
safe, and envi ronmentally fri e ndly 
processcs. 12h V cry recently, Eaton and 
co-workers have synthesized penta- and 
hcxanitrocubancs from now readily ac­
cessible tetranitrocubane.2" 

Despite intensive interest in cubanes and 
adamantanes as energetic materials, other 
applications of these fascinating molecules 
still await exploration. Cubane 1 ,3,5,7-
tctraacyl chloride has been targeted for 
combinatorial chemist ry studies in  
bioorganic chemistry. A cubanc with four 
ch lorocarbonyl groups, for example, can 
react with a mixture of twenty natural amino 
acids to generate thousands of molecules 
(Figure 6). This mixture offers a suitable 
environment for reaction with the Al DS 
virus or cancer cells to facilitate discovery 
of new drugs to treat these diseases. Some 
cu bane derivatives have already shown mod­
erate anti-AIDS and anti-cancer activities 
without affecting healthy cells.2 

Carbonyl chlorides of adamantane, like 
their cubane analogues, can also be candi­
dates for combinational chemistry studies. 
A numberoffunctionalized cage compounds, 
notably adamantyl amides, amines, and sug­
ars have shown antiviral and antitumor ac­
tivities. The value of the cage substitucnt 
seems to lie in its ability to increase the 
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lipophilicity of the rest of the molecule, 
which facilitates transport across membranes. 

MeOOC 
HO 

OMe 
Another area of much recent interest is 

the synthesis of star polymers.29 Generally 
speaking, star polymers have higher thermal 
stabilities, Tg's, and solubilities than linear 
polymers. The bulkiness of adamantane 
tends to inhibit packing of chains which 
ultimately decreases crystallinity and in­
creases solubility. Tetrasubstituted eubanes 
and adamantanes with tetrahedral symmetry 
are also ideal cores for the preparation of 
hydrocarbon-based dcndrimcrs. The com­
bination of these core molecules with proper 
building blocks may create new macromol­
ecules which show promise as surfactants, 
coatings, and bioactive molcculcs.21  

�
, 

COOMe 
FSOJ1 

�-· SO:i, -60
°C 

MeOOC COOMe 

M

�

eO 
H 

HO )+ Me 
MeO HO 

Figure 7 

In recent work,29 functional moieties such 
as (-)-cholesterol, Disperse Red 1 (DR ! ), 
and ncmatogens were attached to 1,3-
adamantancdicarboxylic acid and 1,3,5,7-
adamantanctctracarboxylic acid cores in 
order to evaluate the glass-forming abilities 
of the resultant amorphous and mcsogcnic 
molecular systems. Although both di- and 
tetrasubstitution on adamantanc with 
(-)-cholesterol and DR 1 were found to con­
tribute to glass formation, tctrasubstitution 
resulted in systems with superior morpho­
logical stabilities; namely, elevation in Tg's 
and absence of recrystallization upon heat­
ing of the corresponding quenched glasses. 

Interestingly, the first stable tetrahedral 
tctracarboxonium ions of an adamantanc 
and a cu bane have been prcpared(Figure 7).30 
Analogues of these intermediates could also 
be core units for the construction of interest­
ing polymers and dendritic macromolecules. 

In conclusion, a simple and efficient pho­
tochemical procedure using oxalyl chloride 
has been used for the direct chlorocarbonyl­
ation of cubane and adamantane skeletons . 
This methodology places new functionalities 
at remote sites and makes possible synthesis 
of a wide range of substituted cage com­
pounds. These unique molecules are 
potential starting materials for energetic 
substances, small-molecule libraries, star 
polymers, and dcndrimers. 
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Atlas of rganic Conversions: 
An Aid in Perspectivet 

Abstract 

The teaching o/ organic chemistry, with its 
ever changing content, h as undergone 
revolutionary changes over the past few 
decades. One o/ the areas in which 
undergraduate students encounter 
difficulties is solving problems based on 
organic fimctional group transfc;rmatio11s-­
c1pecially multistep conversions. The main 
thrust in designing this perspective aid is to 
reduce these difficulties and add another 
dimension to the teaching and learning o/ 
organic chemistry. The Atlas organizes 
reactions systematically so students can 
compare and extrapolate them. The "seeds " 
for designing these charts were "sown " 
during my .fifteen years o/ classroom 
experience. The charts themselves are the 
result o/overfour years o/rigorous research 
in chemical education. 

Introduction 

Students at the undergraduate level may 
find it difficult to learn organic chemistry 
because of the large number of compounds 
and reactions involved. Friedrich Wohler 
describes the complexity of organic chemis­
try in an 1835 letter to his mentor, J .J .  
Berzelius: 

Organic chemistr)'_just now is enough 
to drive one mad. It gives me the impres­
sion o/a primeval tropical.fi;rest, .fi1ll o/ 
the most remarkable things; a monstrous 
and boundless thicket, with no way o( 
escape, into which one may well dread to 
enter. 

Over the past few decades, however, or­
ganic chemistry has achieved a considerable 
degree of systematization. 

Objectives and a Brief 
Description of the Charts 

The study of organic chemistry com­
prises concept-building chapters such as 
structural theory, nomenclature, reaction 
mechanisms, stercochcmistry, and spectros­
copy. Once a student understands these 

fundamental concepts, subsequent study be­
comes easier as it involves application of 
these concepts to different chemical classes. 

Emphasis is usually placed on problem­
solving as an aid to learning. While students 
invariably encounter difficulties in working 
out problems based on organic functional 
group conversions, it is these conversions 
that constitute a major part of organic chem­
istry. Textbooks usually provide a summary 
of preparations and properties of chemical 
classes at the end of each chapter. In fact, 
preparations and chemical properties arc 
interlinked and thus constitute organic con­
versions. The Atlas of Organic Conversions 
is designed to show this connectivity and 
highlight multi-step strategies for synthe­
sizing simple molecules. This adds a new 
dimension to the teaching and learning of 
organic chemistry and helps minimize diffi­
culties in solving problems related to func­
tional group transformations (Figure 1). 

The Atlas is made up of two parts: Part 
I consists of 595 acyclic and alicyclic struc­
tures (including some simple heterocycles). 
Part II has 49 5 aromatic structures (benzene 
and its derivatives). A considerable number 

Vara Prasad R. Koganti 
New Science College 

Ameerpet 
Hyderabad-5 00 016, India 

of name reactions and type reactions are 
covered in both charts. 

In Part I, structures and reagents arc 
represented in black, and a particular class 
of compounds is found in the specified por­
tion of the chart (Scheme I, Figure 2). In 
Part II, structures arc also drawn in black 

Figure 1. Interactive relationships among various components of teaching 
and learning. 

-;- Presented in part at the 200th & 203rd American Chemical Societv National Meetings. Washington. D.C., 1 990 
{ Paper No. 1 996) and San Francisco, 1 992 (Paper No. 287) ,  and at�thc ''\Vorkshop 01; Tcaching�Aids'", Osmania 
University. llydcrabad, India ( 1 989). 
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while hctcroatom functional groups arc red 
for immediate perception; each class of com­
pounds is spread out but still remains con­
nected. Solvents in both charts are indicated 
in blue, and catalysts are blue with a red 
asterisk (Scheme 2, Figure 3). 

Structures in both charts arc represented 
as condensed and line-angle formulas, or a 
combination of the two. One can easily 
observe the various methods of formation of 
a particular compound (convergent transfor­
mations) and the various ways a particular 
compound reacts to give products (divergent 
transformations). Each type of reaction il­
lustrates a combination of electronic, stcric, 
temperature, or solvent effects. Stereo-, 
rcgio-, and chcmosclcctivity arc highlighted 
where applicable. Examples of organome­
tallic, photochemical, and pcricyclic reac­
tions arc also presented. In a broader sense, 
the conversions include functionalization, 
functional group intcrconvcrsions, isomcr­
i za ti on,  homologation, defun ction­
alization, and a combination of two or 
more of these types. 

In aliphatic systems, emphasis is placed 
on ring-forming, ring-opening, ring-expan­
sion, and ring-contraction reactions. In aro­
matic systems, ring-substitution reactions 
are stressed, as well as special reactions of 
functional groups resulting from the pres­
ence of the aromatic ring. If a particular 
conversion involves two or more equiva­
lents of substrate (S) or product ( P), it is 
indicated along the arrow [ e.g., 2 moles (S) 
or 2 moles (P)]. A detailed key defining the 
Atlas's objectives and conventions is pro­
vided at the bottom of each chart. The charts 
are outlined, divided, and designated alpha­
betically (A to I) along the x-axis, and nu­
merically ( 1 to 8) along the y-axis ( I to 9 in 
Part Il)(Figures 2 & 3). These axes provide 
a reference grid for locating compounds. 

The overwhelming number of reactions 
arc tailored to suit the needs of undergradu­
ate students and designed to give a quick 
overview. The interconversions arc shown 
in all possible paths. The Atlas illustrates a 
broad spectrum of organic conversions and 
is based on an integrated approach. 

Learning aids 
The wall charts arc intended for display 

in libraries, classrooms, and research labs. 
Students can use the charts in the following 
ways: 

• Read the "Key to Understanding" at the 
bottom of each chart. 

• Organize into small groups (4-5 students) 
and have one of the students act as 'quiz­
mastcr '  by asking others to identify 
reactant(s), product(s), or reagcnt(s) after 
masking any one of them. 

1 

A m i n e s ,  I m i n  x i  mes ,  Hyd ro zon e s ,  e t c .  
N i t ro a nd  N i t ro s o  co m po u n ds 

A c i d  h a l i d e s ,  A nh yd r id e s ,  E s te r s ,  
A m i d e s  a n d  N i t r i l e s  

6 
Corbox y l i c  a c i d s ,  S u l fo n i c  aci d s  

a n d  A m i n o  a c i d s  

5 A l dehy d e s ,  K e to n es a n d  Qu i n o n e s  

E t hers ,  Th ioet h e r s , Pero x i de s ,  

H yd ro p e ro x i d  S u l fo xi d e s  a n d  S u l f o n e s  

H yd ro x y  Com po u n d s  a n d  T h i o  a n a l o g u e s  

H a l o com p o u n d s  a n d  O rg o n o m e ta l l i c s  

\ I J 
A l k a n e s  a n d  C y c l o a l k a n e s  

A l ke nes , Cyc l oo l k e n e s  a n d Po l ye n e s  
A l k y n e s  a n d  Po l y - y n e s 

® ® ® 
Figure 2. In the Atlas of Organic Conversions (Part I) a particular class of 

compounds is found in the specified portion of the chart. 

• Study these charts progressively after at­
tending lccturc(s) on, and studying the 
assigned reading for, a particular topic. 

• Engage in other activities such as the 
' name game' and the ' game of reaction 
mechanisms' : writing or reciting IUPAC 
names (or alternative names) for struc­
tures or writing reaction mechanisms. 

• Construct study sheets for each class 
of compounds using a representative 
example. 

Teaching aids 
It gives me immense pleasure to share 

my experiences with my fellow teachers. 
The primary role of the teacher is to impart 
the best possible education to the students. 
These perspective aids arc designed as part 
of, and in pursuit of, this goal. The teacher 
could explain to a set of students a broad 
spectrum of organic reactions involving a 
few lectures. For a large classroom situa­
tion, alternatively, slides would be helpful. 

The charts also act as a ' prototype' for 
framing various problems based on organic 
conversions (one-step and multi step conver­
sions). A model problem-sheet is provided 
in the manual. 

Conclusions 

The motivation behind these perspective 
aids is to arouse interest among students, 
whet their appetite, and broaden their hori­
zons through stimulated and systematic learn­
ing. These charts arc the result of fifteen 
years of classroom experience and over four 
years research in chemical education. They 
arc classroom-tested and should catalyze 
understanding, learning, and thinking about 
organic transformations. I am confident that 
students will find the Atlas rewarding and, 
as a result, will be better able to solve 
organic synthesis problems. The charts will 
also better prepare students for academic 
and professional examinations. 
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Atlas of Organic Conversions Charts: 
An Aid in Perspective 

Vara Prasad R. Koganti Set contains a 
manual and two large colorful charts; 
Part I. Aliphatic compounds and Part I I .  
Aromatic compounds. 41  x 33in .  

225,866-0 $60.00 

45,71 1 -6 
Decane, anhydrous, 99+% 

1 00ml $20.30; 1 L  $1 1 2.80; 
2L $200.70; 4 x 2L $501 .60 

Specifications 
<0.005% water, <0.0005% residue, 

99+% GC 

Figure 3. In the Atlas of Organic Conversions (Part I I )  various classes of 
compounds are spread out but remain closely connected . 

HGS Polyhedron Molecular Models 
The use of 1 4, 20, and 26-sided polyhedrons as atomic 
nuclei makes these models unique. Various bond angles 
and distances can be precisely represented, and the 
symmetrical characteristics of the structures can be 
observed. 
• Color-coded polyhedrons indicate different elements 
• Flexible polyacetal connecting bonds permit easy as­

sembly of complicated molecules and models of strained 
compounds and distorted crystals 

• A scale allows measurement of bond distances 
• Two types of orbital plates for p atomic orbitals and rr 

molecular orbitals 

No. of No. of No. of 
Description atoms bonds orbitals 

Researcher organic chemistry B-set 1 38 230 1 8  
Student organic chemistry C-set 90 1 08 1 2  

Cat. No. Set 

227,777-0 $42.00 
227,774-6 $25.00 

$142.50/6 
$540.00/24 

We now carry the complete line of HGS molecular models. 
Please contact your local Sigma-Aldrich office for ordering information. 
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he painting on our cover, Villagers 
Dancing (oil on canvas, 96.7 x 
1 46cm), was painted by Claude 

Gellee (Claude le Lorrain, 1 600- 1 682). 
Claude i s  the most famous French land­
scape painter of the seventeenth century. 
Although French by birth, he travelled to 
Rome as a boy and remained there, ex­
cept for brief sojourns, all of his life. His 
work shows a thorough understanding of 
the Roman classical tradition as inter­
preted by northern European influences. 
He added to this a personal interpretation 
of light and atmosphere to achieve a 
special kind of pastoral poetry. 

This painting is part of the collec­
tion of French paintings at The Saint 
Louis Art Museum. 

Subscription Requests 
The Aldrichimica Acta features 
review articles o n  research of cur­
rent i nterest to chemists. It is 
published 3 to 4 times annually and 
is read by about I 00,000 chemists 
worldwide. Subscription to the 
Acta is free. To request a subscrip­
tion ,  please call: 

800-558-9 1 60 (USA & Canada) 
or write: 

Attn: Mailroom 
Aldrich Chemical Co., Inc. 
P.O. Box 355  
Milwaukee,  WI 5320 1 -9358 

International customers, please 
contact your local Aldrich office. 
The Aldrichimica Acta is also avail­
able on the Internet at http:// 
www. s iga l d . s i a l . c o m /a i d  r i c h /  
acta/content.htm. 

Aldrich warrants that its p roducts conform to the 
information contained in this and other Aldrich 
publications. Purchaser must determine the 
suitability of the product for its particular use. See 
reverse side of invoice or packing slip for additional 
terms and conditions of sale. 
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r--;olumn chromatography on silica gel is 
'-�-/ a widely used general purification 
method in organic chemistry, and hexane/ 
ethyl acetate is one of the most common sol­
vent systems. However, using this method, 
chemists often encounter undesirable "tail­
ing", especially in the case of large-scale 
purifications. It is not unusual to have Jong 
tails during chromatographic separation, 
even if on a TLC plate the substance has a 
nice round spot. This problem not only 
makes purification longer and consumes 
large volumes of solvents, it may also af­
fect the recovery and purity of the desired 
substance. 

The reason for this tailing is usually a 
slow adsorption-desorption equilibrium on 
the surface of the silica gel. This problem 
is well known to those working with nor­
mal phase HPLC. In HPLC, the problem can 
be solved easily by addition of a small 

r-, o you have an innovative shortcut or unique 
l __ J' Jaboratory hint you' d like to share with your 
fellow chemists? If so, please send it to Aldrich 
(attn: Lab Notes, Aldrichimica Acta). For sub­
mitting your idea, you will receive a complimen­
tary, laminated periodic table poster (Cat. No. 
Zl 5,000-2). If we publish your Lab Note. you 
will also receive an Aldrich periodic table turbo 
mouse pad (Cat. No. 224.409-0). It is Tcflon°'­
coated, 8½ x ! J in. , with a full-color periodic 
table on the front. We reserve the right to retain 
all entries for future consideration. 

amount of isopropyl alcohol ( ~0.1 % ) to the 
mobile phase, assuming the mobile phase 
had not originally contained it. Such a small 
amount of isopropyl alcohol does not essen­
tially increase the polarity of the mobile 
phase. Therefore, retention times do not 
change and resolution is not affected, but 
tailing is greatly reduced due to the in­
creased equilibration speed. 

We found that the same method works 
very well with regular column chromatog­
raphy when hexane/ethyl acetate or a simi­
lar solvent system is used as an eluent. In 
this case, however, methyl alcohol is more 
convenient for obvious practical reasons. 
Depending on the substance to be purified, 
0.1-0.3%, and sometimes even 0.5% (v/v) 
of methanol could be added to the mobile 
phase. This method was found to be a real 
timesaver during large-scale chromato­
graphic separations. 

I hope this hint proves useful to many 
synthetic organic chemists. 

Yours sincerely, 
Dr. Vladimir Khlcbnikov 
Shiga Research Laboratories 
Roussell Morishita Co., Ltd. 
1658, Ohshinohara, Yasu-gun, Yasu-cho 
Shiga-ken, Japan 

Teflon is a registered trademark of E.1 .  du Pont de Nemours & Co., Inc. 

' '  I s ., 

Jai Nagarkatti, President 

Professor Daniel D. 
Comins of North Caro-
1 i na State University 
kindly suggested that 
we make this valuable 
heterocyclic building 
block. It is readily con­
verted to 2-substituted-2,3-dihydro-4-
pyridones by acylation of the nitrogen 
and reaction of the resulting salt with a 
Grignard reagent. An asymmetric ver­
sion of this reaction was used in the 
syntheses of a number of naturally oc­
curring alkaloids. 1 ·2 

( 1 )  Comins, D.L.; Joseph, S.P;  Goehring, R .R. J. 
Am. Chem. Soc. 1 994, 1 16, 471 9 . (2) Comins, 
D.L. ;  Joseph, S.P Advances in Nitrogen Hetero­
cyc/es; JAi: Greenwich, CT, 1 996; Vol. 2, p 251 . 

46,062-1 4-Methoxypyridine, 97% 
5ml $35.00; 25ml $1 1 7.00 

Naturally, we made this useful re­
agent. It was no bother at all, just a 
pleasure to be able to help. 

Aldrich Chemical Company Fellow 

ss Aldrichimica 

We are pleased to announce that Janet L. Gunzner has been selected as the 
1 996/1 997 Aldrich Chemical Company Fellow by the Organic Division of the Ameri­
can Chemical Society. 

Ms. Gunzner is starting her fourth year of graduate study in the laboratory of 
Professor K.C. Nicolaou at The Scripps Research Institute, La Jolla, California. 
Her research is focused on new methodologies for, and synthetic routes to, the 
polycyclic ether maitotoxin isolated from Gambierdiscus toxiscus (a marine natural 
product of unprecedented complexity). She has previously received the Roche 
Award for Excellence in Organic Chemistry and the Wiener Graduate Fellowship. 
Additionally, as an undergraduate at Reed College, Janet was the recipient of the 
American Chemical Society-Portland Section Scholarship . 

Congratulations, Janet! Aldrich is proud to help the research efforts of a young 
scientist such as yourself. 
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New Possibi l ities in  rganic Synthesis 

1 .  Introduction 

In Japanese universities the mandatory 
retirement age is 60 to 65 years. Of these 
universities, only the University of Tokyo 
and the Tokyo Institute of Technology set 
their retirement age at 60. 

After I retired from the University of 
Tokyo i n  I 987, I accepted a position at the 
Science University of Tokyo (SUT), a pri­
vate university where professors arc allowed 
to work beyond the mandatory retirement 
age. Here I continue my work with graduate 
students and co-workers from Industry. I 
formed a new research team to continue 
studying "Chiral Lewi s Acids" i n  the 
"Crossed Aldo! Reaction'·, an area we had 
been working i n  for a long time. 

Because our research has made consider­
able progress during the past nine years, we 
have now become i nterested i n  three topics: 

(i) The chiral Lewis acid mediated asym­
metric a/do/ reaction : preparation of chiral 
polyoxy compounds useful in the synthesis 
of various monosaccharides and taxol@. The 
chiral Lewis acid in this case is a tin(Il) 
triflate-chiral diamine complex. 

(ii) Efficiency in jimdamental and use/iii 
synthetic reactions: (a) esterification using 
equimolar amounts of free carboxylic acid 
and alcohol; (b) glycosylation of I -hydroxy 
sugars with several nuclcophiles using a 
catalytic amount of acid activators. 

(iii) Oxygenation of' o/e/111.1· : hydration 
and enantioselectivc epoxidation of olefins 
catalyzed by transi tion-metal complexes con­
taining dikctone-type ligands. 

Topics (i) and (iii) are discussed in this 
review. 

2. The Chiral 
Mediated i�symn1f;tric ;\fdo! 
Reaction 

While I was at the Tokyo Institute of 
Technology and the University of Tokyo, we 
explored some new possibilities for realiz­
i ng the "crossed aldol reaction" ( 1973- 1987). 
We began with enol borates, 1 moved on to 
silyl enol ethers,2 and eventually into tin(II) 

enolate chemistry (eq 1-3).3 The availabil­
i ty of four vacant orbitals on tin(II)-which 
is not very likely with the other Lewis acids 
(Li, B, Sn(IV), Ti, etc.)-led us to the "Chiral 
Lewis Acid" concept. 

2. 1.  Design of the Cataiytic 
Asymmetric Aldo/ Reaction 

The asymmetric aldol reaction is one of 
the most powerful tools for the construction 
of new carbon-carbon bonds and for control 
of the absolute configurations of the newly 
created chiral ccnters.4 The utility of the 
reaction has been demonstrated i n  the syn­
thesis of natural products such as macrolide 
and polyether antibiotics, carbohydrates, 
and others.' 

Conventional asymmetri c  aldol reac­
tions have been performed mostly in a 
diastercosclective manner by using chiral 
enolates and achiral carbonyl compounds 
as starting materi als.6" 1 1  For example, the 
chiral boron enolate (generated i n  si tu 
from the corresponding chiral oxazolidone 
derivat ive,  d i alkylboron tr i flate, and 

Teruaki Mukaiyama 
Department of Applied Chemistry, 

Faculty c1f Science, 
Science University of Tokyo, 

Kagurazaka, Shinjuku-ku, Tokyo /62 

d i i sopropylethylami ne) reacts stereo­
selectively with aldehydes to afford the cor­
responding aldol adducts in good yields 
(eq 4).6b While these reactions proceed with 
excellent diastereoselectivitics, they require 
additional steps for i ntroducing a chiral 
center i nto the starting materi al and for 

0 R2BOTf [ OBR, l R3CHO 0 O H  

R1 �R2 
i-Pr2NEt R1 �R2 R 1 VR3 

R2 

eq 1 

OSiMe3 TiCl4 (1 equiv.) H O  0 
R 1CHO + R3J R 1 VR2 

R2 
Ra 

eq 2 

0 Sn(OTf)2 [ osoor; l R3CHO 0 O H  

R 1 � R2 

0 
R 1 �R R 1 VR3 

R2 

eq 3 

Et 

0 0 r O OSR, j 0 0 OH 

OANA./ R280Tf O)l_N� RCHO O)l_N�R 
i-Pr2NEt 

� � ;  

eq 4 

>99%de 

Taxol is a registered trademark of Bristol-Myers Squibb Co. 
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removing such a center after the aldol reac­
tion is completed. In contrast, examples of 
the direct preparation of chiral aldols from 
achiral enolates and achiral aldehydes have 
been reported.3· 1 2  For example, the tin(II) 
enolate derived from achiral 3-acetyl­
thiazolidine-2-thionc creates an asymmetric 
environment with the aid of a chiral diamine 
and then reacts with achiral aldchydes to give 
the corresponding aldol adducts in high 
enantioselectivities by a one-pot procedure 
(eq 5). 12h In these reactions, optically active 
aldol adducts are obtained in high enantio­
meric excesses by using a stoichiometric 
amount of a chiral auxiliary. 

The development of the asymmetric al­
dol reaction which proceeds in a catalytic 
manner with high diastereo- and enantio­
selectivities has been a challenging task in 
organic synthesis.'3 Although the use of a 
chiral Lewis acid is one of the most promis­
ing ways to solve the problem, less progress 
has been made here than in the case of the 
chiral Lewis acid catalyzed Dicls-Alder and 
related reactions,3 probably owing to the 
greater difficulty in controlling the asym­
metric environment in the aldol reaction. 

The catalytic asymmetric aldol reaction 
between a simple achiral ketone or ester and 
an aldehyde was planned as shown i n  
Scheme 1 .  A chiral Lewis acid (L*) coordi­
nates to an aldehyde to form an asymmetric 
environment, and then an enolatc attacks 
this aldehyde from the less hindered side of 
the cnantioface of the aldehyde to produce 
initially the aldol adduct 1. For the reaction 
to be catalytic, an exchange reaction be­
tween L * and M must take place to give 
product 2 and regenerate the chiral Lewis acid. 

Thus, we reported initially on the tita­
nium tetrachloride-mediated aldol reaction 
of silyl enol ethers with aldehydes (eq 2),2· 1 4  

and then showed that a trityl salt, repre­
sented by trityl perchlorate. was an efficient 
catalyst in this reaction (eq 6).1 5  While the 
original reaction required a stoichiometric 
amount of titanium tetrachloride, 5- 1 0mol % 
of trityl salt was sufficient to drive the 
reaction to completion. The interesting find­
ing in this reaction was that silyl cnolates 
reacted with aldehydcs to give the corre­
sponding aldol adducts as their silyl ethers. 

For us, the next and quite important step 
was the choice of the chiral Lewis acid. 
While as early as 1 989 some chiral Lewis 
acids were already being used successfully 
in the Dicls-Alder and related reactions, the 
chiral Lewis acids employed consisted of 
rather strong Lewis acids and hard metals 
such as aluminum and titanium. Since these 
metals strongly coordinate to oxygen, the 
smooth exchange between the metal and 
silicon would hardly take place. For this 

s 0 

SANA__ 
\.._J 

. 

[ 
Sn(OTfh 0 
0 

Et 

N� 
TfO...._§n

•''N 
I '-

S 0 

SANA., 
\.._J 

L' = chiral Lewis acid, M = metal 

l 
RCHO 

MX 

S O OH 

SAN�R 
\.._J 

ca.90%ee 

OM 0 

R 1V.R2 

R3 
2 

eq 5 

Scheme 1. Design of the Catalytic Asymmetric Aldol Reaction. 

cat. Tr X 

Q 
eq 6 

Tr X =  o

0
c+

1 
x-

X = CI04, SbCl6, OTf, PF6, etc. 

3 4 5 

Scheme 2. Chiral Tin(I I )  Lewis Acids. 

reason we chose chiral tin(II) Lewis acids, 
which were prepared in situ by the coordina­
tion of chiral pyrrolidinc derivatives to tin(II) 
triflate (Scheme 2). Divalent tin has vacant 
cl orbitals, easily forms complexes with 
amines, 16 and has an affinity for sulfur atoms. 
One favorable feature of such chiral tin(Il) 
Lewis acids is that the metal is coordinated 
to the chiral auxiliary. After the coordina­
tion of two nitrogen atoms to tin(II), one 
vacant orbital remains and tin(ll) can thus 
bond to an aldehyde as a Lewis acid without 
losing the favorable asymmetric environ­
ment created by the chiral ligand. 

As a preliminary experiment, the Lewis 
acidity of tin(II) triflate coordinated to 
tetramethylcthylcnediamine (TMEDA) was 
examined, since the coordination of two 
nitrogens to tin(II) was expected to reduce 

the Lewis acidity of the tin. Nevertheless, 
the resulting aldol adduct was obtained in 
78% yield when the trimethylsilyl enol ether 
of S-cthyl ethanethioate (8) was allowed to 
react with bcnzaldehyde at -78 °C in the 
presence of a stoichiometric amount of 
TMEDA-coordinated tin(II) triflate. This 
result showed that the diamine-coordinated 
tin(II) triflate had enough Lewis acidity to 
promote the aldol reaction. Next, the same 
aldol reaction was tried using (S)-1-methyl-
2-l (pi pcrid in- 1 -y ! )methyl]  pyrro l id ine 
(3)-coordinatcd tin(II) triflate. The reaction 
proceeded smoothly, but no enantiomeric 
selection was observed. 

The reason for the absence of chiral in­
duction in the above example was explained 
as follows: The chiral diamine-coordinated 
tin(II) triflate activated bcnzaldchyde and 
might have created an efficient chiral envi­
ronment, but the silyl enol ether attacked the 
aldehyde quite freely, resulting in a low 
enantiofacial selectivity .  Therefore, we 
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OSiMe3 Sn(0Tf)2 + 3 + Additive 
PhCHO + J 

HO 0 

PhA.)l_SEt /'sEt 
8 

Table 1 .  Effect of Additive on the Reaction of 8 with Benzaldehyde. 
Entry Additive 

2 AIF3 
3 MgF2 

4 n-Bu3SnCI 

5 n-Bu3SnF 

OSiMe3 
PhCHO + J 

/'sEt 
8 

Yield % ee % 

74 0 
76 0 
72 0 
80 0 

78 82 

Sn(0Tf)2 + Chiral diamine 

Table 2. Effect of Chiral Diamine on the Reaction of 8 with 
Benzaldehyde. 
Entry Chiral d iamine Yield % ee % 

1 3 78 82 
2 4 67 83 
3 5 58 83 
4 6 75 88 

5 7 52 92 

Sn(0Tf)2 + Chiral diamine 
HO 0 OSiMe3 + n-Bu3SnF 

R1 A.)l_SR2 R1CHO + 
AsR2 CH2Cl2, -78 °C 

Table 3. Asymmetric Aldol Reaction of Silyl Enolates of Acetic 
Acid Thioesters. 
Entry 

1 
2 

3 
4 

5 

6 

7 

8 

PhCHO + 

R1 

Ph 
Ph 
Ph 

Ph(CH2)2 

Ph(CH2l2 

Ph(CH2l2 

i-Pr 

t-Bu 

OSiMe3 

fsEt 

gz 

9E 

R2 

Et 
Et 

t-Bu 
Et 

Et 

t-Bu 

Et 

Et 

Chiral diamine Yield % ee % 

3 78 82 
7 52 92 
3 73 86 
3 70 78 

7 50 8 1  

3 71 85 

3 77 95 

3 90 >98 

syn anti 
80% yield, syn/anti= 93/ 7, 80%ee (syn) 

syn anti 
30% yield, syn/anti= 59/41 , 30%ee (syn) 

searched for an additive that would connect the promoter more 
effectively with the silyl cnolate. Since a second Lewis acid 
was expected to interact with tin(II) triflate, some Lewis acids 
that contain fluoride and have a strong affinity for silicon were 
examined as additives. 

When 8 was treated with benzaldehyde in the presence of 
stoichiometric amounts of tin(II) triflate, 3, and some metal 
fluorides such as magnesium fluoride (MgF,) or aluminum 
fluoride (AlF,), the aldol reaction proceeded at -78 °C, but the 
cnantiomeric excess was zero. However, when tributyltin 
fluoride (n-Bu

3
SnF) was employed, the same aldol adduct was 

obtained in 78% chemical yield and 82% ee. 17  The importance 
of tributyltin fluoride is obvious from the observation of no 
enantiomeric selection when tributyltin chloride was used, 
even though the chloride promoted the same reaction to the 
same extent (Table 1). Next, chiral diamines were examined 
in order to improve the enantioselectivity of the reaction. The 
I -alkyl groups of the pyrrolidine ring system were found to 
have a strong influence on the enantiomeric excesses. When 
(S)- 1 -pentyl-2-[ (piperidin- l -yl)methyl]pyrrolidine ( 6) was em­
ployed, the enantiomeric excess rose to 88%. The maximum 
ee (92%) was obtained when (S)- l -methyl-2-[(N- l -naphthyl­
amino)methyljpyrrolidine (7) was employed as the chiral 
diamine (Table 2) . 1 8  

Several examples of this asymmetric aldol reaction are 
shown in Table 3. In every case, the corresponding aldol 
adducts were obtained in good yields and high cnantio­
selectivities. In particular, very high enantiomeric excesses 
(:C:95%) were attained in the reaction with bulky aldehydes such 
as isobutyraldehyde and pivalaldehyde. 1 1· 1 9 

!Jw Asymmetric Aldo/ Reaction of Aldehydes 
witii '�iiyl Eno/ates Dm"ived from Propionic Acicf 
Thior:c;t(?rs 

The synthesis of syn-a-methyl-P-hydroxy thioesters was 
then studied. The reaction of benzaldehyde with the silyl enol 
ether 9 was chosen as a model and several reaction conditions 
were examined in the presence of tin(II) triflate, chiral diamine 
3, and tributyltin fluoride. The double bond geometry of the 
silyl enol ether was found to influence both reactivity and 
selectivity strongly. The Z enolate 9Z reacted smoothly with 
benzaldehyde to give the corresponding aldol adduct in high 
yield with high .1yn stereoselcctivity (eq 7), while the corre­
sponding E enolate 9E reacted more slowly producing the aldol 
adduct in lower yield and lower stereoselectivity (eq 8) .20 

The effect of chiral diamines on the diastcreo- and 
enantioselectivity in this reaction is summarized in Table 4. 
When (S)- l-cthyl-2-1 (piperidin- l -yl)methyljpyrrolidine (4) was 
employed, the syn/anti ratio was slightly lower while the 

eq 7 

eq 8 

enantiomcric excess was rather improved 
as compared to 3. Dramatic improvements 
in both reactivity and selectivity were ob-
served when 7 was used; only the syn aldol 
was obtained with excellent enantio­
selectivity. The faster reaction rate ob­
served in the case of chiral diamine 7 
( entry 4) is attributed to the weaker coordi­
nation of the ni trogen atom of the 
naphthylamino group in 7 to tin. This 
weaker coordination enhances the Lewis 
acidity of the chiral diamine 7-coordinated 
tin(II) triflate catalyst complex as com­
pared to the Lewis acidity of the other 
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l -alkyl-2-l ( dialkylamino )methyl]pyrrolidine­
coordinated tin(II) triflates.  1 8 

PhCHO + 
OSiMe3 

Sn(OTl)2 + Chiral diamine HO O 

(' 
+ n-Bu3SnF v + 

S E! CH2Cl2, -78 oc Ph S E! 

9Z syn 

HO 0 

Ph�SEt 

anti 

Next, the effects of tin(IV) compounds 
other than tributyltin fluoride were investi­
gated.2 1 The reaction was postulated to 
proceed equally well by using a tin(IV) 
compound additive that had oxygen atoms, 
since these were also expected to show strong 
affinity toward the silicon atom of silylated 
nucleophiles. Thus, tin(IV) a\koxides and 
tin(IV) carboxylates were examined by us­
i ng the reaction of silyl enol ether 9Z with 
benzaldehyde as a model (Table 5). In most 
cases, the reactions proceeded smoothly 
to give the corresponding aldol adducts i n  
good-to-high yields with good-to-high 

Table 4. Effect of Chiral Diamine on the Reaction of 9Z with Benzaldehyde. 

Entry Chiral diamine Time (h)  Yield % syn/anti ee % (syn) 

��-0 3 20 80 93/ 7 80 
2 4 20 85 91/ 9 96 Me 

10 3 5 20 85 93/ 7 96 
4 7 3 86 1 00/ 0 >98 

�i-g 5 1 0  3 58 88/12 42 
Me 6 1 1  3 79 1 00/ 0 84 1 1  

OSiMea Sn(OTf)2 + Chiral diamine HO O HO o 
PhCHO + ...)___ + Sn(IV) compound � )l_ + _)____.)l_ r SE! CH2Cl2, -78 oc Ph I SE! Ph • SE! 

9Z syn anti 

.Y
iMea Sn(OTf)2 + 7 + n-Bu2Sn(OAc)2 1t,,l 

RCHO + 
r SEt CH2Cl2, -78 °C R I SE! + 

9Z syn 

HO 0 

R�SEt 

anti 

Table 5. Effect of Sn(IV) Compounds on the Reaction 
of 9Z with Benzaldehyde. 

Table 6. Asymmetric Aldol Reaction of 9Z with Various 
Aldehydes. 

Entry Sn(IV) compound Chiral diamine Yield % 

n-Bu3SnF 

2 

3 n-Bu3SnOAc 

4 n-Bu2Sn(OAc)z 

5 n-BuSn(OAc)a 

6 n-Bu3SnOMe 

7 n-Bu2Sn(OMe)z 

8 n-Bu2Sn(OCOPh)2 

9 n-Bu2Sn(OCOCH2Cl)z 

3 

7 
3 

7 

3 

7 

3 
7 
3 

7 

3 

7 

3 

7 
7 
7 

80 

86 
0 

90 

65 

8 1  

86 
85 
90 

93 

74 

0 

54 
0 

65 
91  

diastereo- and enantioselectivities. Our find­
ings can be summarized as fol lows: ( i )  
tin(IV) carboxylates gave better chemical 

yields than tin(IV) alkoxides; (ii) higher 
stereoselectivities were obtained when 
tin(IV) dicarboxylates were employed as 
compared with tin(IV) monocarboxylates; 
(iii) t in(IV) carboxylates with electron­
wi thdrawing groups resulted in  lower 
stereoselectivities. The optimal conditions 
for obtaining a high yield and perfect stere­
ochemical control were achieved by the com­
bined use of tin(I I )  triflate, chiral diamine 7 ,  
and dibutyltin diacetate.22 

A wide variety of aldehydes including 
aliphatic, o:,�-unsaturated, and aromatic al­
dehydes underwent this reaction (Table 6). 
In every case, the aldol adducts were ob­
tained in high yields with almost perfect 
stereochemical control. These results make 

syn/anti ee % (syn) 

93/7 
1 00/ 0 

1 00/ 0 

63/37 

98/ 2 

89/1 1 

1 00/ 0 
94/ 6 
1 00/ 0 

80/20 

95/ 5 

1 00/ 0 

97/ 3 

80 

>98 

88 

55 

90 

77 
>98 
82 
75 

65 

75 

>98 
92 

Entry 

2 
3 
4 

5 

6 

7 

8 
9 
1 0  

1 1  

1 2  

13  

R 

Ph 
p-CI C6H4 

p-CH3C6H4 

p-CH3OC6H4 

CH3(CH2)s 
c-CsH1 1  

i-Pr 

i-Bu 
(E)-CH3CH=CH 
(E)-PhCH=CH 

(E)-n-PrCH=CH 

s 

Yield % 

85 
96 
92 
95 

90 

90 

70 
86 
92 
91  

91  

93 

92 

syn/anti 

100/ 0 

1 00/ 0 
1 00/ 0 
1 00/ 0 

1 00/ 0 

1 00/ 0 

1 00/ 0 

1 00/ 0 
1 00/ 0 
1 00/ 0 

1 00/ 0 

1 00/ 0 

1 00/ 0 

Scheme 3. Assumed Three-Component Promoter. 

OSiMe3 Sn(OTf)2 + 7 + n-Bu2Sn(OAc)2 OSn(OTf) 

EtS
A - - - - - - - - - -/,/- - - - - - - - - - - -

E
t
S

A or 

l CD2Cl2, -78 °C, 1 h l 
OSn(IV) 

EtS� 
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ee % 

>98 
>98 
>98 
>98 

>98 

>98 

>98 

>98 
>98 
>98 

>98 

>98 

eq 9 



it clear that tin(lY) diacetate is superior as an 
additive to the other tin(IV) compounds in­
cluding tributyltin fluoride. 18·22 

In these aldol reactions, the formation of 
an active complex consisting of three com­
ponents-tin(ll) tritlate, chiral diamine, and 
tributyltin fluoride ( or dibutyltin di acetate)­
was assumed (Scheme 3). 1 8  This assump­
tion was supported by the observation that 
the mixture of these three components was 
completely soluble in dichloromethanc, 
while tin(II) triflate or tributyltin fluoride 
was only sparingly soluble under these 
conditions. 

The ' H  NMR spectra of the mixture of the 
chiral, three-component promoter and the 
silyl cnol ether at -78 °C showed that no 
exchange was taking place from silicon to 
tin(Il) or from silicon to tin(IY). Thus, to a 
dichloromcthane-d

2 
solution of tin(II) triflate, 

7, and dibutyltin diacetate, was added silyl 
enol ether 9Z in dichloromethane-cl, at 
-78 °C. The singlet at 8 0. 1 5  corrcsponc!ing 
to the trimethylsiloxy group of 9Z did not 
change within I hour under these reaction 
conditions. This observation supports the 
hypothesis that the reaction does not pro­
ceed via tin( ! ! )  or tin(IV) cnolates formed by 

OSiMe3 
Sn(OTl)2 + Chiral diamine 

(' + Sn(IV) compound 
HO 0 

PhvSEt + 

HO 0 

PhySEt PhCHO + SE! CH Cl -78 °C 
BnO 2 2' 

12 
OBn OBn 

syn anti 
Table 7. Effect of Chiral Diamine on the Reaction of 1 2  with Benzaldehyde. 

Entry 

2 

3 
4 

5 

6 

7 

Chiral diamine Sn(IV) compound 

3 
4 
5 
6 

7 

3 
4 

BBra 

n-Bu3SnF 
n-Bu3SnF 
n-Bu3SnF 
n-Bu3SnF 
n-Bu3SnF 

n-Bu2Sn(OAc)z 

n-Bu2Sn(0Ac)z 

LiAIH4 

THF 

OBz 

PhyOBz 
OH 

Yield % syn/anti ee % (anti) 

70 
54 
54 
38 

69 
74 
83 

BzCI 
pyridine 

1 /99 97 
1 /99 99 
1 /99 99 
1 /99 97 

26/74 97 
1 /99 96 
1 /99 96 

BzCI 
pyridine 

OBz 

Ph�OBz 
OBn 

OBz 

PhyOBz 
OBz 
13  

Scheme 4. Conversion of Aldol Product to Tribenzoate 13_ 

RCHO + 
HO 0 

RYSEI 
OBn 

anti 

Table 8. Scope of the Asymmetric Aldol Reaction of 12 .  

Entry R Yield % syn/anti ee %(anti) 

Ph 83 1 / 99 96 
2 CH3CH2 72 2 / 98 97 
3 c-CsH1 1  59 9 / 91 96 
4 (E)-PhCH=CH 88 2 / 98 98 

5 (E)-CH3CH=CH 85 2 / 98 97 

6 (E.E)-CH3CH=CHCH=CH 83 2 / 98 95 

silicon-metal exchange, and that the alde­
hydes are attacked directly by the silyl enol 
ethers ( eq 9). 18 However, the three-compo­
nent complex would be able to activate both 
the aldehyde and the silyl enol ether (double 
activation). That is, the chiral diamine­
coordinated tin(II) triflate Lewis acid acti­
vates the aldehyde while the electronegative 
fluoride or acetoxy oxygen atom in the tin(lV) 
compound interacts with the silicon atom of 
the silyl enol ether. 

M "i: Vf1rHT1PTrlr" C::llnfllP.<�i;,; Of syn-
and anti-1,2-diol Derivatives 

Optically active molecules containing 
1,2-diol units are often observed in nature 
(e.g., carbohydrates, macrolides, polyethers). 
Recently, several excellent asymmetric ole­
fin oxidation reactions using osmium tetrox­
idc and a chiral ligand have been developed 
to introduce these 1 ,2-diol units with high 
enantioselectivities. 23·

24 H owever, some 
challenges still remain such as the prepara­
tion of optically  active anti 1 ,2-diols. For 
this reason, the asymmetric aldol reaction of 
the silyl enol ether 12 with aldehydes was 
developed to introduce two vicinal hydroxyl 
groups simultaneously with stereoselective 
carbon-carbon bond formation. 

First, the reaction of 12 with benzalde­
hyde was carried out in dichloromethane by 
using the chiral promoter consisting of tin(II) 
tritlate, 7, and tributyltin fluoride (Table 7, 
entry 5). The reaction proceeded smoothly 
at -78 °C, afforded the corresponding aldol 
adduct in 69% yield, and showed preference 
for the anti aldol diastereomer. The enantio­
meric excesses of the syn and anti aldols 
were 30% and 97%, respectively. Several 
chiral diamines were then examined in order 
to improve the diastereoselcctivity(Table 7). 
When (S)-1-ethyl-2-[(piperidin-l-yl)methyl]­
pyrrolidine (4) was e mployed, the aldol 
adduct was obtained in 54% yield with 
excellent diastereo- and enantioselectivities. 
Furthermore, the yield was improved with­
out any loss of stereoselectivity by the 
combination of tin(II) triflate, 4, and 
dibutyltin diacetate. 

The absolute configuration of this aldol 
product was determined by comparison with 
an authentic sample after elaboration into 
tribenzoate 13 (Scheme 4). Reduction by 
lithium aluminum hydride, benzoylation, re­
moval of the benzyloxy group with boron 
tribromidc, and a second benzoylation gave 
13. The optical rotation of this synthetic 
sample was in complete agreement with that 
in the literature.25 

The results from applying the present 
asymmetric aldol reaction to several kinds 
of aldehydes are shown in Table 8.26 1n 
every case. anti-cx,�-dihydroxy thiocstcrs 
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are obtained in high yields with excellent 
diastereo- and enantioselectivities. The al­
dol adducts (optically active anti-o:,�­
dihydroxy ester derivatives) thus obtained 
are generally difficult to prepare by the 
conventional asymmetric oxidative proce­
dure because the required starting materials, 
cis-o:,�-unsaturated ester equivalents, are 
not easily available. Moreover, a consider­
ation of the mechanistic model of the 
asymmetric dioxyosmylation indicated that 
preparation of anti-1,2-diols in high enantio­
meric excesses is hardly achieved by this 
method.27 In the present aldol methodology, 
two vicinal, anti hydroxyl groups can be 
introduced stereoselectively and concomi­
tantly with the formation of a new carbon­
carbon bond. 

The high anti selectivities attained in the 
reaction of 1 2  with aldehydes were unex­
pected and interesting results, especially 
since the aldol reaction of 9Z with alde­
hydes using the above chiral promoter pro­
ceeded with syn preference in excellent 
diastereo- and enantioselectivities (Table 
6). A consideration of the transition states of 
these aldol reactions led us to postulate that 
coordination of the oxygen atom of the o:­
benzyloxy group of the silyl enol ether 12  to 
tin in tin(II) triflate is essential in the anti 
selective transition state. Thus, the absence 
of this interaction in the reaction of 9Z leads 
to the opposite diastcreoselectivity. 

To test this hypothesis, we prepared the 
silyl enol ether 14 in which the bulky tert­
butyldimethylsilyl group sterically hin­
ders the coordination of the oxygen atom 
to tin(II). As expected, the syn aldol was 
obtained in high stereoselectivities under 
these reaction conditions [tin(II) triflate, 
chiral diamine 7, dibutyltin diacetate, and 
benzaldehyde l (Table 9, entry 7). When 
the reaction was carried out using other 
chiral diamines, it was found that  
(S)-1-n-propyl-2-[(piperidin- l -yl)methyl ] ­
pyrrolidine (5)  gave the most favorable re­
sult (Table 9, entry 4). 

Several examples of this syn-selective 
aldol reaction are shown in Table 10. In 
every case, the reaction proceeded smoothly 
affording the aldol adducts in good yields 
and very high syn selectivities. The cnantio­
meric excesses of the syn isomers were 
greater than 90% in most cases.28 

In light of the preceding results, it now 
becomes possible to control the enantiofacial 
selectivity of the silyl enol ethers derived 
from o:-alkoxy thioesters by selecting the 
appropriate protective group of the alkoxy 
part of the silyl enol ether. Both diastere­
omers of optically active o:,�-dihydroxy 
thioesters can be synthesized this way 
(Scheme 5). 

OSiMe3 
Sn(OTf)2 + Chiral diamine HO O 

PhCHO + _,,l + Sn(IV) compound J__ )l r -sEt -------- Ph' l 'SEI + 
TBSO 

CH2Cl2, -78 oc 
OTBS 

14 syn 

HO 0 

PhySEt 
0TBS 

anti 

Table 9. Effect of Chiral Diamine on the Reaction of 14 with Benzaldehyde. 

Entry Chiral diamine Sn(IV) compound Yield % syn/anti 

1 3 n-Bu3SnF 81 86/14 
2 3 n-Bu2Sn(OAc)2 83 91/ 9 

3 4 n-Bu2Sn(0Ac)2 83 86/14 

4 5 n-Bu2Sn(0Ach 86 88/12 

5 15 n-Bu2Sn(OAc)2 75 87/13 

6 6 n-Bu2Sn(OAc)2 63 83/17 

7 7 n-Bu2Sn(0Ac)2 73 73/27 

(rl::) 
Bu 

15 

OSiMe3 Sn(OTfh + 5 + n-Bu2Sn(0Ach HO O 
RCHO + _,,l --------- J__ )l + r 'SEt CH2Cl2 , -78 °C R" i 'SE! 

TBSO OTBS 
14 syn 

ee o/o (syn) 

49 
49 

90 

90 

89 

89 

94 

HO 0 

RVSEI 
0TBS 

anti 

Table 10. Scope of the Asymmetric Aldol Reaction of 14. 
Entry R Yield % syn/anti ee o/o(syn) 

Ph 86 88/12 90 

2 CH3CH2 46 92/ 8 82 

3 u 93 94/ 6 93 
0 

4 (E)-PhCH=CH 76 90/1 0 92 

5 (E)-CH3CH=CH 75 97/ 3 94 

6 (E,E)-CH3CH=CHCH=CH 83 93/ 7 94 

Syn-Selective Aldo/ Reaction 

OSiMe3 
RCHO + .J... r 'SEt 

Sn(0Tf)2 + 5 + n•Bu2Sn(OAc)2 

CH2Cl2, -78 °C 
TBSO 

14  

Anti-Selective Aldo/ Reaction 

OSiMe3 

RCHO + !-sEt 
Sn(OTf)2 + 4 + n-Bu2Sn(0Ac)2 

CH2Cl2, -78 °C 
BnO 

12  
0Bn 
anti 

Scheme 5. Synthesis of Optically Active syn- and anti-1 ,2-Diol Derivatives. 

Chemical synthesis of monosaccharides 
made a great advance in the last decade 
based on the stere ose lcctive ad dition 
reactions of 2 ,3-0-isopropylidene-D or 
L-glyceraldehyde (16)29 or 4-0-benzyl-2,3-
0-isopropylidene-L- threose ( 17)'0 with 

enolate components or ally! nucleophiles. 
Many examples of the effective synthesis of 
sugars, including natural and unnatural forms, 
were reported. One of the starting materials in 
these syntheses, glyceraldehyde or a threose 
derivative, is prepared from a natural chiral 
pool, mannitol or tmtaric acid, respectively. 
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'j-o 
�CHO 

16 
R = CHPh2 

18  

Masamune and Sharpless recently reported 
the synthesis of L-hexoses starting from the 
achiral monoprotected allylic diol 18 using 
the Sharpless epoxidation as a key step.3 1  

Scheme 6. Starting Materials for the Stereoselective Synthesis of Monosaccharides. 

The plan to synthesize monosaccharides 
by the present asymmetric aldol reaction 
methodology is shown in Scheme 7. The 
achiral starting materials are a,�-unsatur­
ated aldehydes and the silyl enol ethers of 
a-alkoxy thioesters, which are readily pre­
pared from chloroacetic acid. The chiral 
induction in the aldol reaction between the 
a,�-unsaturated aldehydes and the silyl enol 
ethers is accomplished by using the chiral 
promoter consisting of tin(II) triflate, a chiral 
diamine, and a tin(IV) compound. Subse­
quent oxidation of the olefinic part of the 
aldol adduct produces tetrahydroxy thioester 
derivatives 19, which arc useful precursors 
for the synthesis of various monosaccha­
rides, including rare sugars. 

Sn(OTl}2 + Chiral diamine 
R2 OSiMe3 + Sn(IV} compound 

R1 .,l. -CHO + _...lSEt , 1- r - CH2Cl2, -78 °C 

R2 OH 0 

R1�SEt 
R3 OR R3 RO 

cat. Os04 
NMO 

R2 OH OH 0 

R1�SEt 
R3 OH OH 

19 

6-deoxyhexoses 

4-C-methylpentoses 

pentoses 

Scheme 7. Asymmetric Aldo! Synthetic Route to Monosaccharides. 

20 

�CHO 

+ 
OSiMe3 

HO 0 
Sn(OTl}2 + 3 +n-Bu2Sn(OAc}2 

� CH2Ci2, -78 °C , SEt 
OBn 

!-sEt 
BnO 

12 
1. cat. OsO4 

NMO 
2. H2S gas 

85%yield, syn/anti=<21>98, >97%ee(anti) 

a:2)=0 + H0,,_('
0

')=o 
HoH cH >'H 

HO OBn 
3 HO OBn 

0 

20 21 
72%yield, 20/21=72/28 

DIBAH OH H2, Pd/C 
EtOH 
quant. 

a:�),v-OH 
HOH CH2Cl2, -78 °C HO 

71%yield HO OBn HO OH 
6-deoxy-L-talose 

Scheme 8. Synthesis of 6-Deoxy-L-talose. 

OH OH 0 Asym,Aldol 
,A,.. r 1 0s04 Oxld. 

R�CHO ------
W ...,,,. 1'° R' R�R' 

OH OH OH 

a,{3-unsaturated aldehyde 
R ( � or 1lJm§ 

("� �------'---� �-----� 
Asymmetric Aldo/ Asymmetric Aldo/ 

ffil or {BJ-diamine ligand fil'l1 or anti 

Scheme 9. General Synthetic Route to Monosaccharides . 

One application of this methodology, the 
synthesis of 6-dcoxy-L-talose, is shown in 
Scheme 8. 3 2  The asymmetric aldol reaction 
between crotonaldchyde and the silyl cnol 
ether 12 was carried out in the presence of 
tin(II) triflate, chiral diamine 3, and dibuty I tin 
diacetatc. The corresponding aldol product 
was obtained in 85% yield with >97% enan­
tiomeric excess. The subsequent oxidation 
of this chiral intermediate in acetone-water 
(8/ I )  at room temperature in the presence of 
a catalytic amount of osmium tetroxidc and 
a stoichiometric amount of N-methyl­
morpholine oxide (NMO) resulted in  the 
formation of the corresponding lactoncs 20 
and 21 in 72% yield. The major lactone 20 
was isolated and reduced with diisobutyl­
aluminum hydride (DIBAH) in dichloro­
mcthanc at -78 °C. Cleavage of the benzyl 
group with hydrogen over Pd/C in ethanol 
gave the desired 6-deoxy-L-talose in quanti­
tative yield. 

Several monosacc haridcs, i ncluding 
branched, deoxy, and amino sugars, were 
synthesized by this method. 33 Since the key 
asymmetric reactions-asymmetric aldol 
reaction and subsequent dihydroxylation­
offcr some flexibility in  controlling the newly 
created chiral centers, the present method is 
expected to provide useful routes to various 
monosaccharides from achiral unsaturated 
aldehydes and chloroacetic acid, that is, 
without using any starting materials from 
the natural chiral pool (Scheme 9). 

In the previous sections, highly diastereo­
and cnantioselective aldol reactions of silyl 
enol ethers with aldehydes using a novel 
promoter system [ stoichiometric amounts 
of tin(Il) triflate, c hi ral diamine, and 
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tributyltin fluoride or dibutyltin diacetate l 
were described. Optically active aldol ad­
ducts were easily prepared in these reactions 
from achiral aldehydes and achiral silyl enol 
ethers, but a stoichiometric amount of a 
chiral auxiliary was still required. In the 
course of investigations to characterize the 
promoter system, the following catalytic 
cycle was envisaged to clarify the mecha­
nism of these reactions and develop a truly 
catalytic aldol process (Scheme 10).34 

Tin(II) triflate coordinated with a chiral 
diamine fa chiral tin(II) Lewis acid] inter­
acts with an aldehyde; the silyl enol ether 
9Z then attacks the activated aldehyde to 
produce tin(II) alkoxide22 and trimethylsilyl 
triflate (TMSOTf) . When the exchange be­
tween tin(Il )  and silicon takes place smoothly 

RCHO 
+ 
OSiMe3 

EIS� 

9z 

� 
N N 

}{ TfO OTf 

N ••••• 
_
_ /N 

0 OSnOTf 

EISYR 

22 
+ Me3SiOTf 

A = ��-s 
N N Me 

7 

Scheme 1 0. The Catalytic Cycle of the Asymmetric Aldol Reaction. 

Table 1 1 .  Synthesis of syn-cx-Methyl-�-hydroxythioesters Table 1 2. Synthesis of syn-cx-Methyl-�-hydroxythioesters 
(solvent: CH2CIJ• (solvent: C2H5CN). 

Entry R Yield % syn/anti ee % (syn) Entry R Addition Time/h Yield % syn/anti ee % (syn) 

Ph 86 9317 91 Ph 3 77 92/ 8 90 
2 p-CI CsH4 80 93/7 93 2 p-CI C6H4 4.5 83 87/13 90 
3 p-CH3C6H4 82 78/22 80 3 p-CH3 C6H4 3 75 89/1 1 91 
4 CHa(CH2)6 75 100/ 0 >98 4 CH3(CH2)6 4.5 80 1 00/ 0 >98 

5 c-C5H11 31 >99/ 1 74 5 c-CsH1 1  3 71 1 00/ 0 >98 

6 (£)-CH3CH=CH 51 84/16 77 6 (E)-CH3CH=CH 3 76 96/ 4 93 
7 (£)-CH3(CH2)2CH=CH 62 81/19 74 7 (E)-CHa(CH2)2CH=CH 3 73 97/ 3 93 

a) Slow addition of 9Z and aldehyde to the catalyst in dichloromethane over 9h at -78'C. 

in 22, the corresponding aldol adduct is 
obtained as its trimethylsilyl ether 23 and 
the catalyst complex is regenerated. How­
ever, if the Sn +-+ Si exchange occurs slowly, 
an undesirable TMSOTf-promoted reaction 
takes place affording the achiral aldol ad­
duct and resulting in a lower selectivity." 

Based on these considerations, the sub­
strates were slowly added to a solution of the 
catalyst in order to keep the trimethylsilyl 
tritlate concentration as low as possible dur­
ing the reaction: A dichloromcthane solu­
tion of 9Z and an aldehyde were added over 
9 hours to a dichloromethanc solution of the 
catalyst (20 mo]%) (Table 11).36 As ex­
pected, aldol adducts were obtained in 
good yields with excellent enantiomcric 
excesses and high diastcreoselectivities in 
some cases. The selectivities were not as 
high, however, when p-tolualdehydc, cx,�­
unsaturated aldchydes, or cyclohexane­
carboxaldehyde were used. 

The lower selectivities were attributed to 
the incompleteness of the catalytic cycle, 
especially to the slowness of the Sn < ► Si 
exchange between 22 and trimethylsilyl 
triflatc. In order to accelerate this exchange, 
various polar solvents with low melting 
points (below -78 °C) were carefully ex­
amined using the reaction of 9Z with 
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taxol 

taxol 

benzaldehyde as a model. Of these solvents, 
propionitrile (C2H5CN) was found to be the 
most effective. 37 An examination of the 
addition time (addition of the reactants to a 
solution of the catalyst) revealed that the 

rate of the Sn ° Si exchange is faster in 
propionitrile than in dichloromethane. While 
an addition time of 9 hours was necessary to 
attain the best results in dichloromethane, 
comparable selectivities were achieved when 
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the reactants were added to the catalyst over 
3 hours in propionitrile. 

It is worth noting that tin(II) triflate is 
more soluble in  propionitrile than in 
dichloromethane, suggesting that the coor­
dination of the nitrile group to tin(II) is 
rather strong. Nevertheless, when the chiral 
diamine is added to this propionitrile solu­
tion of tin(II) triflate, the ligand exchange of 
the diamine for the nitrile takes place 
smoothly to form the desired chiral Lewis 
acid. Although tin(II) triflate is also soluble 
in tetrahy drofuran (THF) and 1 , 2-
dimethoxyethane (DME), the aldol reaction 
that uses chiral diamine 7 did not proceed at 
-78 °C in either of these two solvents. 

This catalytic asymmetric aldol reac­
tion was carried out using aromatic, ali­
phatic, anda,�-unsaturated aldehydes, and 
the desired products were obtained in good 
yields with high selectivities (>90%ee, 
Table 12). In particular, the lower yields or 
selectivities previously observed in the 
reaction of p-tolualdehyde, (E)-croton­
aldehyde, (E)-2-hexenal, and cyclohexane­
carboxaldehyde, were remarkably improved 
by using propionitrile as a solvent. High 
selectivities were also achieved even when 
10 mo!% of the catalyst was employed.18 

Taxol, a substance isolated from the Pa­
cific yew tree, was found to have anticancer 
properties, and its complex structure has 
long been a tempting target for synthetic 
chemists. Total syntheses of taxol were 
reported by Holton and Nicolaou in 1994, 
and by Danishefsky in 1995 as sketched in 
Scheme 11 . 19 

Our strategy for synthesizing the basic 
skeleton of taxol is based on our recently 
established, highly controlled enantio­
selective aldol reaction. I t  involves assem­
bling first the chiral B ring system from an 
optically active polyoxy unit, and then fus­
ing the A and C ring systems onto it. This 
plan has flexible possibilities since the 
key intermediate, the B ring system, is 
synthesized from a chiral linear compound. 

The chemistry described in Schemes 
12-16 is not a completed total synthesis of 
taxol; information on the steps marked with 
solid lines is given in the references:w The 
dotted lines represent reaction steps that had 
not yet been completed when this manu­
script was submitted. 

In the fall of 1 987, Mitsui Petrochemical 
Industries, Ltd. (MPC) opened a research 
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l aboratory named "Advanced Technology 
Center" in the Chiba area (about 80 minutes 
from Tokyo by train). I was asked by the 
p resident  of the company, Mr. Shogo 
Takebayashi, to start a basic synthetic chem­
i stry research laboratory there. Kindly 
enough, the company offered me four excel­
lently equipped laboratories and a staff of 
five selected from its employees. 
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I was very anxious at first about choos­
ing the most suitable topic that would satisfy 
one's purely scientific interest and still have 
industrial benefits. Soon I figured that if I 
were to pick the chemistry of olefins, the 
topic might bring profitable results for the 
sponsoring petrochemical company while 
still stirring my personal interests. The 
study of metal complex catalysts that allow 
one to control reactivity and regioselectivity 
by the judicious choice of their ligands would 
be of particular interest. Therefore, I started 
out by studying the oxygenation of olefins 
with molecular oxygen using as a catalyst a 
metal complex containing a 1 ,3-diketone 
l igand. 

Scheme 16. Synthetic Studies on the ABC Ring System. 

Molecular oxygen is the most readily 
available oxidant for chemical processing 
and is successfully employed even in mass 
production. However, such oxygenation 

Scheme 17. Oxidation-Reduction Hydration. 

reactions have some limitations since they 
are carried out under severe conditions of 
temperature, pressure, or both. All possible 
efforts must be made then to develop effi­
cient oxygenation reactions that can be per­
formed under mild conditions. 

In aerobic oxidations catalyzed by transi­
tion-metal complexes the transition-metal 
complex captures and activates molecular 
oxygen. The stereochemical and electro­
chemical properties of such a complex can 
be tuned by modifying its system of organic 
l igands. The suitable combination of three 
components-a transition-metal, organic  
l igand, and a reductant-offers the possibil­
i ty of creating an effective oxygenation sys­
tem in such aerobic reactions. Thus, several 
reactions that include the combined use of 
molecular oxygen and reducing agents have 
been investigated. 
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Table 13. Effects of Ligands in (P-Diketonato)cobalt( I I )  
Complexes. 

Yields % Entry Ligand (LH) 
Alcohol Ketone Alkane 

2 

3 

4 

5 

0 0 (Hacac) .AA 
0 0 

.Ay'lH (Hecbo) 
C02EI 

0 0 
Ph� rO 

�N...,,) !Bu (Hmod ) 
0 o0 p 

A.A (Htfa) 
CF3 

45 7 

72 1 4  

59 1 7  

74 7 

81 1 3  

0 Q5 1 .0 

+ 
E112 (V vs Ag I Ag+ in CH3CN) 

No Reaction Oxidation-Reducti_on...._..t�-- No Reaction Hydration 

Figure 1. Redox Potential of Co(I I) Complexes. 

22 

2 

1 5  

5 
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After screening several metals, cobalt(II) complexes with 1,3-
diketone ligands were chosen. Various 1 ,3-diketone derivatives are 
easily prepared by a conventional synthetic procedure, and they are 
able to regulate the stereochemical and electrochemical properties 
of the coordinated complexes. 

Our research on the oxygenation of olefins with molecular 
oxygen started with one observation: When 4-phenyl-1 -butene was 
treated with 1 atmosphere of molecular oxygen in the presence of a 
catalytic amount of bis(acetylacetonato)cobalt(II), an oxygenated 
product, 4-phenyl-2-butanol, was formed as a major product along 
with 1-phenylbutane and 4-phenyl-2-butanone. It was suggested 
that the above reaction would proceed smoothly in secondary 

Table 1 4. Oxidation-Reduction Hydration Catalyzed by 
Co(ecbo)2 • 

Entry Olefin Alcohol % Yield based on catalyst 

2 

3 

4 

� �  

� � HO 

CJ Cf-oH 
OH 

MeO"'O� MeO"'O� 

1 0, 1 1 0  

9,780 

1 0,370 

9,340 

cat.co(modpb 
rt 

[
R

�SiEl3 

I 
Silyl peroxide 

Scheme 1 8. Direct Peroxygenation of Olefins. 

Table 1 5. Peroxygenation of Various Olefins Catalyzed 
by Co(modp\. 

Entry Olefin 

Ph)l_ 

2 � 

3 PhJO� 

4 
P�Ph 

Silyl Peroxide 

�OSiEl3 
P OOSiEl3 

� 

P
)

O
�OSiEl3 

U
OSiEl3 

Ph Ph 

MeOH, rt 

Yield % 

95 

80 

99 

75 

alcohols such as 2-propanol.4 1  These results indicated that the ( 1 ,3-
diketonato )cobalt(II)-catalyzed oxygenation reaction afforded mainly 
the corresponding hydrated product directly from the olefin via 
concomitant transfer of oxygen and hydrogen atoms, even under 
neutral and mild conditions. Therefore, both oxidation (oxygen­
ation) and reduction (hydrogenation) proceeded at the same time in 
this hydration reaction; thus, it was named "Oxidation-Reduction 
Hydration" (Scheme 17). 

Examination of the catalytic activity of several cobalt(II) 
complexes having various 1 ,3-diketone-type ligands (Table 13) 
indicated that the ratio of the three products-hydrated product 
(alcohol), oxidized product (ketone), and reduced product (al­
kane)-was influenced by the structure of the ligand.42 The selec­
tivity towards hydration was increased when cobalt(II) complexes 
coordinated with a ligand containing an electron-withdrawing group 
were employed. Finally, the yield of alcohol was improved to 81 % 
by using bis(trifluoroacetylacetonato )cobalt(II) as the catalyst. To 
elucidate the effect of ligand on catalytic activity, the redox poten­
tials of the above cobalt(II) complexes were measured (Figure 1 ).43 
Complexes with redox potentials between those of Co2+ and Co3+, in the 
range 0.0 V to +0.5 V, were effective catalysts. 

This Oxidation-Reduction Hydration was successfully applied to 
various olefins. Acyclic and cyclic olefins, trisubstituted and 1, 1-
disubstituted olefins were converted into the corresponding ter­
tiary alcohols in more than 1 0,000% yield based on the catalyst 
(Table 14).  Since the Oxidation-Reduction Hydration is per­
formed under neutral and mild conditions, olefins containing an 
acetal group could be transformed into the desired hydrated 
product in high yield. 

Silane is known to be one of the most reliable reductants in 
organic synthesis.44 When triethylsilane was employed in place of 
2-propanol as a mild reductant,45 an unexpected peroxygenated 
product, the triethylsilylperoxy derivative, was obtained.46 For 
example, 4-phenyl- 1 -butene reacted with molecular oxygen and 
triethylsilane in the presence of a catalytic amount of 
bis(acetylacetonato)cobalt(II) complex to give the corresponding 1-
phenyl-3-(triethylsilylperoxy)butane in  good yield. Detailed screen­
ing of various cobalt(II) complexes revealed that Co(modp )2 was the 
most effective catalyst in this type of peroxygenation (Scheme 18). 
The silylperoxy group was introduced into olefins with complete 
regioselectivity according to Markownikoffs rule (Table 15). The 
present peroxygenation reaction provides a simple and efficient 
method for the direct introduction of dioxygen into the carbon­
carbon double bond of various olefinic compounds under mild 
conditions. 

Besides simple olefins, several a,P-unsaturated esters were 
also peroxygenated to produce the corresponding triethylsilyl­
peroxy derivatives.47 In the presence of a catalytic amount of 
t-butyl hydroperoxide, the present peroxygenation proceeded 
smoothly and regioselectively to afford the corresponding 

a-triethylsilylperoxy esters in high yields 

Scheme 19. Hydration of a,p-Unsaturated Carboxylic Acid Esters. 

(Scheme 19) .  When phenylsilane48 was 
employed in place of triethylsilane, the 
silylperoxy intermediates forme d b y  
peroxygenation of the a,P-unsaturated es­
ters were reduced in a one-pot process to 
the corresponding a-hydroxy carboxylic 
acid esters in high yields. Moreover, the 
manganese(Il) complex, bis(dipivaloyl­
methanato ) manganese(II) [Mn(dpm)z] , 
was a more effective catalyst for the 
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direct hydration of a,�-unsaturated esters than the cobalt(Il) 
complexes (Table 16).49 

Epoxides are some of the most useful synthetic intermediates for 
the preparation of natural products or the production of epoxy resins. 
Peroxy acids are often employed as convenient oxidants in the 
synthesis of epoxides. Hydroperoxides are also useful oxidants for 
the epoxidation of ally! alcohols catalyzed by vanadium(IV) com­
plexes.50 Since peroxy compounds have potentially explosive 
properties, careful handling is always required. In contrast, molecu­
lar oxygen is a fairly safe, clean, and abundant oxidant. Therefore, 
much effort has gone into developing a direct and selective 
epoxidation of olefins that uses molecular oxygen. 

Our observations in the "Oxidation-Reduction Hydration" were 
that one oxygen atom from molecular oxygen and two hydrogen 
atoms from 2-propanol were introduced at the same time into the 
olefin to form the hydrated product. Since the secondary alcohol 
behaved as an effective reductant in the hydration reaction, it was 
anticipated to function as a reliable reductant in the epoxidation of 
olefins with molecular oxygen. Indeed, norbornene analogs were 
monooxygenated to the corresponding epoxides in good yields in the 
presence of 2-propanol, molecular oxygen, and a catalytic amount 
of bis(2-alkyl-l ,3-diketonato )oxovanadium(IV) (Scheme 20).5 1 

In a search for reductants52 other than alcohols for the aerobic 
epoxidation of olefins, aldehydes gave excellent results at room 
temperature (Scheme 21) : 53 Various trisubstituted, 1,1-disubsti­
tuted olefins, and norbornene analogs were smoothly 
monooxygenated to the corresponding epoxides in high-to-quantita­
tive yields at room temperature and under an oxygen pressure of I 
atmosphere. It should be stressed that in no case, nor to any extent, 
did overoxidation at the allylic position or cleavage of the carbon­
carbon double bond take place. For the aerobic epoxidation of 1,2-
disubstituted olefins, the u,e of a smaller amount of the nickel(II) 
complex was sufficient to result in good yields of the corresponding 
epoxides. Bis[ 1,3-bis(p-methoxyphenyl)-1,3-propanedionato]­
nickel(ll) [Ni(dmp\, Figure 2] was the most potent catalyst for the 
present epoxidation of a wide variety of olefins (Table 17). 
Isovaleraldehyde was remarkably effective in the epoxidation of 
terminal olefins; the corresponding 1.2-epoxyalkanes were obtained 
in good-to-high yields.54 

When an iron(III) complex was used as the catalyst, epoxy 
alcohols were obtained from alkenols in quantitative yield without 
any overoxidation of the hydroxyl group, whereas nickel(ll) com­
plex-catalyzed epoxidation of citronellol stopped halfway, and the 
yield of the epoxy alcohol was only moderate.55 Bis(acetylacetonato )­
nickel(ll) and tris(acetylacetonato)iron(III) exhibited excellent cata­
lytic activities in the epoxidation of aliphatic and aromatic olefins 
but were ineffective in the oxygenation of a,�-unsaturated 
carboxamides. In this latter case, bis(dipivaloylmethanato)oxo­
vanadium(IV) [VO(dpm\] was an appropriate catalyst. An a,�­
unsaturated carboxamide was oxygenated by the combined use of 
molecular oxygen and isovaleraldehyde to afford the corresponding 
epoxide in 87% yield (Scheme 22).56 Although several patents on 
the use of molecular oxygen and aldehyde are known, the reported 
y ields are not always high. 

Oxidation of cholesteryl benzoate with pen)Xy acids such as 
111-CPBA or MMPP (magnesium monoperoxyphthalate hexahy­
drate) yielded a mixture of the corresponding 5,6-a- and 5,6-�­
epoxides in the ratio of 71 to 29 (m-CPBA, entry l in Table 18). In 
contrast, epoxidation with molecular oxygen and isobutyraldehyde 
in the presence of a catalytic amount of nickel(II), iron(III), or 
manganese(II) coordinated by 13-diketones led to the formation of 
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Table 1 6. Manganese(l l )-Catalyzed Hydration of a,�­
Unsaturated Esters. 

cat. Mn(dpmb 
02, PhSiH3 

Scheme 20. Vanadium-Catalyzed Aerobic Epoxidation. 

Scheme 21. Aerobic Epoxidation by the N ickel( l l ) ­
Aldehyde Procedure. 

2 

Figure 2. Ni(dmp)2, Catalyst for Aerobic Epoxidation. 

Table 17. Nickel-Catalyzed Aerobic Epoxidation of 
Various Olefins. 

� 
� t-i._ quant. 

� quant. 

� 
93%yield 

0 

0 �:trans=51:49) 
� 
I . 89%yield 

�OBz 97%yield 
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Ph Cataly
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I /02 
CH3 RCHO 

Catalyst Conversion % Yield % 
Ni(acac)2 
Fe(acacb 33 
VO(dpm)2 92 

trace 
26 
87 

Scheme 22. Epoxidation of an a,�-Unsaturated 
Carboxamide. 

Table 1 8. �-Stereoselective Epoxidation of Cholesteryl 
Benzoate. c H 8 ,H17 

PhA ., H o H a-Epoxide 

Entry Epoxidation reagent a-Epoxide : �-Epoxide 
1 m-CPBA 

2 cat.Ni(dmp)2, 02, )-CHO 
3 cat.Mn(dpm)2 02, )-CHO 

6 cat. Ni(dpmb 

71 29 

31 
20 

69 
80 

Scheme 23. Aerobic Baeyer-Vill iger Reaction. 
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Figure 3. Optically Active Manganese( I I I )  Catalysts for 
Aerobic Enantioselective Epoxidations. 

cat.Mn(III)complex 
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R-V-.....) /02� •  
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R OJ  
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Scheme 24. Aerobic Enantioselective Epoxidation 
Catalyzed by Mn(I I I )  Complexes. 

the hindered 5,6-�-epoxide as the major product.57 This remarkable 
reversal of stereoselectivity in the epoxidation of cholesterol indi­
cates that the active oxidant in this case is obviously not a simple 
peroxy carboxylic acid (generated from the aldehyde in an 
autooxidativc manner), and that the manganese complex participates 
directly in the oxidation step. An enantioselective aerobic epoxidation 
should therefore take place when optically active manganese com­
plexes are used as catalysts (see section 3.5). 

In the preceding aerobic epoxidation reaction, one oxygen atom 
from molecular oxygen oxidizes a carbon-carbon double bond 
(substrate) to afford the corresponding epoxide, while the other 
oxygen atom is captured by an aldehyde (reductant) to form the 
corresponding carboxylic acid. The Baeyer-Villiger reaction is one 
of the typical one-oxygen transfer reactions in organic synthesis, 
and hydrogen peroxide or organic peroxy acids such as peracetic 
acid and m-CPBA are generally employed as the oxygen source. 
Among several attempts to achieve an aerobic Baeyer-Villiger 
reaction, the preparation of £-caprolactone from cyclohexanone by 
the combined use of an aldehyde and a transition-metal catalyst has 
been reported, but the selectivity for £-caprolactone or the conver­
sion of cyclohexanone were not satisfactory. 

Cyclohexanone is smoothly converted into £-caprolactone in the 
presence of molecular oxygen, isovaleraldehyde, and a catalytic 
amount of nickel(II) coordinated by 1 ,3-diketones (Scheme 23).58 

Cyclohexanones substituted in the 2 or 4 position were also oxidized 
to the corresponding £-caprolactones in high yields without any 
accompanying overoxidation products. 

Optically active epoxides have received a great deal of attention 
as versatile intermediates for the synthesis of a wide variety of chiral 
compounds, including biologically active compounds and func­
tional organic materials. The reliable enantioselective titanium(IV)­
catalyzed epoxidation of allylic alcohols is performed by using 
t-butyl hydroperoxide as an oxidant and leads to optically active 2,3-
epoxy alcohols with very high enantiomeric excesses. The proce­
dure has been applied widely to the synthesis of a number of natural 
products. Many approaches to develop efficient, enantioselective 
epoxidations of unfunctionalized olefins have also been studied. 
Several biological systems that use an enzymatic catalyst have been 
employed in the enantioselective cpoxidation of terminal alkenes. 
Nonenzymatic systems such as artificial metal porphyrins have been 
des igned as cy tochrome P-450 mode l s  that catalyze the 
cnantioselective cpoxidation of styrene analogs. Recently, Jacobsen 
and Katsuki independently reported that manganese(Ill) salen com­
plexes and terminal oxidants such as iodosylbenzene, sodium hy­
pochlorite,59 or hydrogen peroxide60 are effective catalytic systems 
for the enaatioselective epoxidation of unfunctionalized olefins. 
Except for artificial bleomycin,6 1  few have used molecular oxygen 
for the enantioselective epoxidation of simple olefins. 

The aerobic enantioselectivc epoxidation of unfunctionalized 
olefins has been performed in the presence of molecular oxygen, 
pi val aldehyde, and a catalytic amount of optical ly active 
manganese(l11) complexes of salen derivatives (Al and A2 in 
Figure 3) or (�-oxo aldiminato)manganese(III) complexes (Bl and 
B2 in Figure 3) (Scheme 24). Various (�-oxo aldiminato)­
manganese(III) complexes (type Bl) were synthesized from the 
corresponding alkyl(R) acetoacetate62 and acctophenone derivatives 
in a few steps. After screening various aldehydes, it was found that 
the use of pivalaldehyde provided good enantioselection and high 
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chemical yields. When a salen-type catalyst was used, addition of 
a catalytic amount of N-methylimidazole was effective in improving 
the optical yield of the epoxide. Interestingly, the absolute configu­
ration of the epoxide obtained was reversed by the addition of 
N-methylimidazole. 

As deduced from an X-ray diffraction study,63 the most potent 
ligands were rationally designed based on the prediction that bulki­
ness in the ester moiety of type Bl ligands would influence the 
optical yield. Thus, the Mn(III)CI complexes containing the 
isoborneol moiety (Bl)  and the mesitoyl side chain (B2) were 
prepared (Figure 4). 

The present aerobic oxidation system was applied to the 
enantioselective epoxidations of various simple olefins (Table 19). 
Dihydronaphthalenes were converted into the corresponding opti­
cally active epoxides in good yields with moderate-to-good 
enantioselectivities. The enantioselective aerobic epoxidation of 
7-membered cyclic olefins afforded the corresponding epoxides 
with high enantiomeric excess in the presence of the Mn(III) 

complex [ salen-Mn(III)CI Al: 83 %ee, (�-oxo aldiminato )-Mn(III)CI 
Bl :  84%ee]. Chromene derivatives64 and simple acyclic olefins 
were also converted into the corresponding optically active epoxides 
with high enantioselectivities. 

It should be pointed out that the (S,S)-complex catalyst in the 
present aerobic epoxidation afforded the (JR,2S)-epoxide (entry 1 ,  
Table 20), whereas the opposite ( J  S,2R)-epoxide was formed by 
using sodium hypochlorite or iodosylbenzene as the oxidant (entries 
2 and 3, Table 20). Furthermore, in the presence of a catalytic 
amount of N - methylimidazole the absolute configuration of the 
epoxide was completely reversed: The epoxide with the (1 S,2R)­
configuration was formed in the aerobic epoxidation using the (S,S)­
complex. These results suggested that the reactive intermediate 
leading to the (JR,2S)-epoxide was different from that giving rise to 
the (J S,2R)-epoxide when N-methylimidazole was present. Simi­
larly, the (J R,2S)-( + )-epoxide resulted when the epoxidation was 
carried out by using peracetic acid as the oxidant instead of the 
combined system-molecular oxygen and pivalaldehyde. The 
absolute configuration of the epoxide was again reversed to (] S,2R)­
(-) by addition of N -methylimidazole.65 

Figure 5 shows tentative structures for the presumed intermedi­
ates in the present epoxidation. The (acylperoxo)manganese com­
p lexl is formed in the first step from molecular oxygen, pivalaldehyde, 
and the manganese(III) complex. In the absence of N-methyl­
imidazole, (acylperoxo)-(S,S)-salen-Mn(III) complex I reacts with 
the olefin to afford the (] R,2S)-( + )-epoxide. Complex 
I, on the other hand, is converted into (oxo)manganese 
complex II in the presence of N -methylimidazole by 
coordination of the latter as an axial donor ligand. 
Complex II is widely accepted as the reactive interme- Mn{III)L2 
diate in epoxidations employing terminal oxidants. 
Moreover, reversal of enantiofacial selection was ob-
served in the aerobic enantioselective epoxidation of 
1-propenylbenzene catalyzed by chloro(�-oxoald­
iminato)manganese(IIl).66 These results clearly indi-
cate that the reactive species in the current aerobic, 
enantioselcctive epoxidation is different from the 
(oxo)manganese complex intermediate generated from the chiral 
manganese(III) catalyst and terminal oxidants such as sodium 
hypochlorite or iodosylbenzene. Since the combined use of (S,S)­
(a-aminomethylene-�-diketone)Mn(III)CI B2 and peracetic acid 
also afforded the (I R,2S)-epoxide, it is reasonable to assume that the 
(acylperoxo)manganese complex generated from the optically ac­
tive manganese catalyst, molecular oxygen, and pivalaldehyde is the 
key intermediate in this reaction (I, Figure 5). 
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02 

Figure 4. X-ray Analysis of Mn(llI) Complex B2 . 

Table 1 9. Aerobic Enantioselective Epoxidation 
of Various Olefins . 

64%ee 
B1 

70%ee 
B1 

92%ee 
A2 

72%ee 
A1 

84%ee 
B1 

81 %ee 
B2 

Table 20. Absolute Configuration of Epoxide; 
Catalyst = [(S,S)-salen deriv.]-Mn(III) Complex A1 . 

Entry Oxidant 

2 
3 

NaCIO 
PhlO 

R 0 I u '  0 0 •• I 
�Mn-

Major product 
0 oj ( 1R,2S)-(+) 

.,,9 ro ( 1 S,2R)-(-) 

R.NA:-N 
\=1 

\ 
RCOO 

Figure 5. Reactive Intermediates I and I I .  

A wide variety of asymmetric reducing agents have been devel­
oped for the enantioselective reduction of prochiral ketoncs; the 
combination of chiral oxazaborolidine catalyst, with borane is most 
noteworthy.67 The asymmetric hydrogenation catalyzed by optically 
active BINAP-Ru(ll) complexes has also recently been rcported.68 



C1 : Ar =phenyl 
C2 : 3,5-dimethylphenyl 
C3 : 2,4,6-trimethylphenyl 

Figure 6. (S,S)-(�-Diketonato)-Co(II}. 

cat.co(II) complex 
Na8H4 

EtOH / THFA 

OH 

crR 
Optically active 

Scheme 25. Enantioselective Borohydride Reduction. 

Table 21 . Enantioselective Reduction Catalyzed by 
Optically Active Cobalt(II} Complex. 

Entry Catalyst Product8) 

OH 
C2 (X) 

OH 
2 C2 ro Meo 

OH 
3 C1 ro-

OH 
4 C2 m 

OH 
5 C3 (rt) 

OH 
6 C2 

� 
OH 

7 C2 dY 
a) (S,S)-Complex catalyst was employed. 
b) Chemical yields >98%. 

Nttrool�H 70-80% 

Optical yieldb) 

90%ee 

93%ee 

91 %ee 

92%ee 

95%ee 

97%ee 

98%ee 

acidic 
A1203 

Sodium borohydride is one of the most common industrial 
reducing agents because of its safe handling and reasonable cost. Its 
utilization in enantioselective reductions, however, has been limited 
to only a few examples. Combining NaBH4 with a catalytic amount 
of �-diketonato cobalt(II) complex C (Figure 6) provides a novel 
method for the enantioselective borohydride reduction of prochiral 
ketones (Scheme 25).69 The optically active �-oxo aldimine l igands 
were rationally designe d  and effectively e mployed in the 
enantioselective aerobic epoxidation of olefins as mentioned above. 
Several such ligands containing optically active diamine moieties 
were prepared, and the corresponding optically active �-diketonato 
cobalt(II) complexes Cl, C2, and C3 were synthesized (Figure 6). 
The choice of catalyst and alcohol was critical for achieving high 
enantioselection.70 The use of tetrahydrofurfuryl alcohol (THFA) or 
its derivatives and ethanol (or methanol) with sodium borohydride 
significantly improved the enantiofacial selectivity.71  

Using sodium borohydride pre-modified with THFA,72 ethanol, 
and a 0. 1 -1 mo!% amount of the above-mentioned cobalt(II) com­
plex catalysts, the enantioselective borohydride reduction of 
arylketones afforded the corresponding optically active alcohols in 
quantitative yields and high enantiomeric excesses within a few 
hours at O 0C. By optimizing these factors, a practical enantioselective 
reduction of arylketones was achieved (Table 21). Studies of the 
mechanism of the present reduction system are ongoing. 

Nitrogen monoxide (NO) is commercially available and used 
industrially for the mass production of nitric acid. Its chemistry in 
the fields of biochemistry, medicine, and environmental sciences 
has been the focus of considerable attention recently. Nitrogen 
monoxide is a highly reactive radical that should be a convenient 
nitrogenating reagent. A few reports on nitrogen monoxide are 
found in the synthetic organic chemistry literature; for example, the 
oximation of styrene and cx,�-unsaturated amides catalyzed by a 
cobalt(II) complex. 73 

A convenient preparative method for nitroolefins was recently 
developed.74 Treatment of various olefins with an atmospheric 
pressure of nitrogen monoxide at room temperature afforded the 
corresponding nitroolefins in fairly good yields along with the 
nitroalcohols in a ratio of about 8:2. The nitroalcohol by-products 
were converted into the corresponding nitroolefins by dehydration 
with acidic alumina resulting in high total yields. This simple and 
convenient nitration procedure was applied successfully to the 
preparation, in good-to-high yields, of nitroolefins derived from 
various terminal olefins or styrene (Scheme 26). 

In the present nitration reaction, the introduction of the nitro 
group (NO2) into olefins using only nitrogen monoxide (NO) implies 
that oxidation-reduction processes are also taking place. Generation 
of nitrogen was detected by GC analysis, in amounts 1 to 1 .4 times 
that of the olefin consumed. The pH of the reaction solution was 

weakly acidic at the end of the reaction. Based on the amount 
of olefin consumed, a stoichiometric amount of nitrous acid 
(HN02) was formed as determined by quantitative analysis. 
On the basis of these observations, the probable stoichiom­
etry of the reaction was proposed.75 

1 atm NO 
EDC, rt [

R'"�N02 

l 
+ R.,.l.,.__..N02 

Nttroalcohol 20-30% 

reflux 90% yield 

Since vicinal diamines are reliable building blocks of 
various natural products and medicinal compounds, or 
l igan ds for metal comple xes ,  several preparative 
methodologies are known: substitution of the correspond­
ing alkyl halide or alcohol, ring-opening of aziridines, reduc­
tive conversion of diazides, or coupling of imines. A 
convenient, preparative, one-pot synthesis of 1 ,2-diamines Scheme 26. Convenient Nitration of Olefins. 
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was developed recently. It involves the 
preparation of the appropriate nitroolefin by 
the above-mentioned nitration reaction. This 
is followed by Michael addition of amino 
group equivalents to the nitroolefin and sub­
sequent reduction to the l , 2-diamine 
(Scheme 27). 

After examining various amino group 
equivalents, O-ethylhydroxylamine was 
found to be excellent for the production of 
the corresponding 1 ,2-diamine in good-to­
high yields. Michael addition of O-ethyl­
hydroxylaminc to the nitroolefin proceeded 
smoothly and \Vas follov1ed by the addition 
of palladium catalyst (1 0% Pd/C) and etha­
nol. This mixture was stirred under an 
atmospheric pressure of hydrogen at room 
temperature to afford the desired 1 ,2-di­
amine. Thus, the l ,2-diamine is available 
from the olefin in only two reaction steps 
(Table 22).76 
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41 ,701 -7 

44,437-5 

Professor Mukayaima used an enantio­
sclective aldol reaction as his approach 
towards the synthesis of paclitaxel (see 
page 67). Aldrich offers paclitaxel and 
its C- 1 3  side chain. 

41,701-7 Paclitaxel, 95% 1 mg $1 3.75 
25mg $151.1 5  

44,437-5 N-Benzoyl-(2R,3S)-3-
phenylisoserine, 98% 1 00mg $26.50 

500mg $88.00 

CHIRAL DIAMINfS 

o.vO 
� 
Me 

Useful chiral ligand for catalytic asym­
metric aldol reactions. 
44,635-1 ( S)-(-)-1 -[(1 -Methyl-2-
pyrrolidinyl)methyl]piperidine, 97% 

1 ml $82.40 

34,671-3 36,400-2 

Versatile ligands for the formation of metal 
complexes. 
34,671-3 (1 S,2S)-(+)-1 ,2-Diamino-
cyclohexane, 98% 250mg $1 9.85 
(99% ee, GC) 1 g  $53.70 
34,672-1 (1R,2R)-(-)-1 ,2-Diamino-
cyclohexane, 98% 250mg $1 1 .25 
(99% ee, GC) 1g $31.80 

5g $1 06.00 
36,400-2 (1 S,2S)-(-)-1 ,2-Diphenyl­
ethylenediamine, 97% 1 00mg $12.00 
(99% ee, GC) 500mg $40.20 
36,401 -0 (1R,2 R)-( + )-1 ,2-Diphenyl­
ethylenediamine, 97% 1 00mg $12.00 
(99% ee, GC) 500mg $40.20 
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