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This painting (oil on canvas, 17% x 27%e in.) from the collection
of The Saint Louis Art Museum is entitled 7he Dovecote and was painted
in 1758 by the French artist Francois Boucher (1703-1770). Few artists
were ever so completely in sympathy with the tastes and values of their
patrons as Francois Boucher. A delightful landscape painted at the height
of his career, this painting is just the sort of confection that made him the
favorite of Louis XIV's mistress Madame de Pompadour and her
fashionable circle. The dovecote tower and other elements of the
composition are based perhaps on sketches made from life, but this is no
record of a particular place. Instead, Boucher has conjured up an
enchanted garden as charming as it is unreal. The idealized conception
of country life expressed in this painting was shared by Boucher's
patrons, who, to amuse themselves, would sometimes don rustic cos-
tumes and play at milking cows or tending sheep.

Color is a key ingredient in creating the painting's delectable
illusion, from the deep blue-green foliage against the frosted blue sky to
the touches of pale pink and bright coral. Boucher's masterful manipu-
lation of light and shadow and the undulating curves that animate the sky,
the trees, and even the rickety bridge bespeak the plausibility of this
impossible world, so fluently rendered in short strokes of thickly applied
paint.

Enthusiasm for charming yet highly artificial works like this one
wasnotuniversal among Boucher's contemporaries. Tothe philosophers
of the Enlightenment, such bonbons were symptomatic of the moral and
intellectual flabbiness of the French ruling class.

The Detective’s Eye: Investigating the Old Masters
Twenty-four paintings that have been reproduced on our Aldrichimica
Acta covers, and five that have been on our catalog covers.
If you relish detective work and puzzles about Old Master paintings,
you will find much to enjoy in this illustrated catalog.

Rembrandt and the Bible
Contains 38 color plates of paintings by Rembrandt and his students;
many of these paintings have appeared on Aldrichimica Acta covers.

Reprints of Aldrich Chemical Covers
Changing series of eight different catalog covers, in color, 11 x 14in.

Aldrich warrants thatits 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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C§ Do you have an innovative
a shortcut or unique laboratory

hintyou'dlike 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. Z15,000-2, $9.90 value). If we publish your Lab Note, you will also

receive The Detective's Eye: Investigating the Old Masters (see previous page). We
reserve the right to retain all entries for consideration for future publication.

Jai Nagarkatti,
President

Dr. David Dean of Smith Kline
Beecham Pharmaceuticals (U.K.) sug-
gested that we offer the phosphonium
salt 1 and its ylide 2. The allyl ester
group of the o,B-unsaturated esters (re-
sulting from the Wittig reaction of alde-
hydesand ketones with 2) canbe readily
removed using standard palladium or
rhodium chemistry.

Naturally, we added these products to
our listings.

Vyplel, H. et al. J. Med. Chem. 1991, 34, 2759.

The phosphonoester analogs of Wittig
reagents frequently expand the scope of
Wittig reactions by offering different E/
Z-selectivity and modified workup con-
ditions (i.e., easier removal of by-prod-
ucts). Thus, we took Dr. Dean's sug-
gestiononestepfurtherand have added
allyldiethylphosphonoacetate as a new
Aldrich product as well.

Hoffman, R.W. et al. Liebigs Ann. Chem. 1990,
23.
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After many years as an exotic branch of
organic chemistry, electrochemistry has be-
come an important organic synthetic tool in
recent years. This is primarily a result of
advances made in the last decade or so, as
well as increasing availability of electro-
chemical equipment. Many processes are
now known which can be carried out more
cleanly, quickly, cheaply, or in higher yield
using elecrochemistry than withother meth-
ods, and some reactions are known which
can only be carried out electrochemically.
There is a large organic electrochemical
literature. For this review I have selected a
number of examples from that literature to
illustrate the kinds of reactions which can be
carriedoutelectrochemically. Unfortunately,
many useful reactions could not be included
because of space limitations. There are
however a number of books and reviews on
organic elecwochemistry which can be con-
sulted for further information.'

Electrochemistry deals with oxidation and
reduction, depending on whether the reac-
tion of interest takes place atthe anode or the
cathode of the cell, respectively. However,
its scope is actually considerably broader:
many reagents, including acids, bases, halo-
gens, reactive metals and metal ions, etc.,
‘can themselves be made electrochemically
for use in situ.! Electrochemical generation
of reagents can be of considerable value
when the reagent is expensive, hazardous or
otherwise difficult to work with in large
quantities, produces toxic by-products, or
must be added to the medium at high dilu-
tion. One can, for example, easily produce
reagents at steady-state concentrations as
low as 10°M or less, simply by controlling
the amount of current passing through the
cell.? This review will primarily cover pro-
cesses which occur by direct electrochemi-
calreaction. There are anumber of extensive
reviews on processes in which a substance
produced electrochemically is the actual re-
agent in the overall transformation.'

Electrochemical Red
of Single Bonds
Probably the simplest electrochemical re-
actionisthe cleavage of acarbon-heteroatom
bond. Most studies have involved alkyl ha-
lides, but the reaction is more general (eq 1).
Although radicals are short-lived intermedi-
ates in such reductions* and radical derived

Albert J. Fry

Department of Chemistry
Wesleyan University
Middletown, Connecticut 06457

products are occasionally isolated (eq 2),% in
most cases the radical is usually immediately
reduced to a carbanion. Equation 1 therefore
constitutes a mild, neutral, and very general
method for generating carbanions. The latter
can react intramolecularly to form cyclized
products (eqs 3-5)*° or can be trapped by
addedelecwophiles, including CO,, aldehydes,
ketones, acid anhydrides, acid chlorides, imi-
nes, trialkylsilyl and stannyl halides, and ac-
tivated alkenes (eq 6)."° Reduction in the
presence of D,O or T,O allows regioselective

RX + 2¢e —» R + X
X =Cl, Br, I, OSO,R’, SO,R, SR', NR; etc.

(eql)
\ | OPO(OEt)2 € "ty H
— oy CH3
COzEt
CO,Et (eq2)
Br (o) (0]
V 2e” _(
EtO,C
10 TN, T BOCTN
Br’ Co,Et E0,Cc AT (eq3)
2e” Y
C6H5C|HYTHC6H5 —_—
- C¢H
Br Br ~2Br CeHs 6515
Y = CHy, CO, S, SO, SOz, P(O)(OCHj3), (eq4)
0o / \ / \
o_ O 2¢- O_ O
—— [
—_—
OMes 979
OMes (eq 5)
2¢,E*
RX —— = R-E (eq 6)
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introductionof deuteriumortritium." Metal
ion catalysis frequently improves the effi-
ciency of electrophilic trapping.'? Stepwise
introduction of trialkylsilyl groups can be
effected by reduction of a geminal dihalide in
thepresenceofasilylhalide (eq7)."* Alkenes
can be prepared by reductive elimination of
vicinal dihalides and other B-substitutedalkyl
halides (eq 8). The reaction has been used for
synthesis of strained alkenes (eqs 9-10)'*1
andinschemes for protection and deprotection

2¢ 2¢

ArCHCl,  ———» ArCHSiMe; -+ i

Mesia L Me,SiCl

AICH(SiMey),

(eq?)

>|—‘< =
X =Hal; Y = Hal, OR, NRy, SR
(eq8)
Cl

2e”
| —

Br (eq9)
Xy
2e”
K et
X=Y=Brorl
(eq 10)

of alcohols, thiols, amines, carboxylic acids,
hydrazines, and alkenes (eqs 11-12).'%'® Ina
protic medium the carbanion is protonated.
Onecantakeadvantageofthehighselectivity
associated with such cleavages to remove
functional groupsinthe presence of sensitive
functionality (eqs 13-14)."9%° Fry and co-
workers carried out an extensive study of the
electrochemical reduction of o,o'-
dibromoketones (1) in protic media.?! The
initial intermediate is a 2-oxyallyl bromide,
whichimmediately ionizes and is protonated
toaffordahydroxylallylcation(2) whichthen
reacts witha nucleophile in the medium pro-
viding an o-substituted ketone (Scheme 1).
Reduction in the absence of nucleophiles af-
fords an o-methylene ketone.?? Reduction of
o,o-dibromoketones, on the other hand, af-
fords products which appear to derive from a
zwitterion (3) or its diradical equivalent
(Scheme 2).2 Reduction of o,w-dihalides in
the presence of activated alkenes yields cy-
clized materials (eq 15).%

4
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2 e
Y " CCl RYH + CO, + CH,=CCl,
o} H*
R = an alkyl oracylgroup; Y = O, S, or NR' (eq11)
0]
H
R - -
‘NJ\O/\0013 e, 20 N, R
N (0} CCl R lf
=2 =
R \'r ~ U3 _C2H(2: OfClz. N
0O (eq 12)
W/\ » MeS0:CL BN w
) OH . o
b) 2¢ H 87 % overall (eq 13)
R'NH\—rs e R’NH\ S
P N A OAc |
T ~N
0 H“ O,/ Q"
CO,R RO,C H (eq 14)
Scheme 1
(0] OH (0]
R R" 1)2e” R R® Nu: R R"
R’ R T .. T R R"
Br Br 2) H" R' R H Nu
1 3)-Br 2
Scheme 2
0] (O 0]
Br 2e” + RCH'—'CHz
Br = R
I's) -2 Br o O
3
" owe | 2€
R Yk
H+




Scheme 3

Scheme 5
CO,CH °
; ", Ac,0
Csﬂs/\/ e ___._,c i
CO,CH,
CeHs
CH, o CH,0,C CH,
M 0o,

CeHs O cmsc CeHs 0

CH, CH,
ozN, . NH; L oosv.erc -0.09V,20°C ON NHOH
-p————————— ™ -
10 NH ;SO F:0H 2 NH SO:BOH
HO 12) a:3)
CH,
O,N No,
3 CHy
HN NH, -oaxsver [ —ov,ec HoN NH,
-—— -
: SN H SO.BOH 2 NH,50,-EOH
HO :1) @1
Scheme 4 o o AcQ OAc
2¢
E ibpk
Ac
o OH ©
-
—_— (eq 16)
HO, R
O d
% Y e

A variety of organic functional groups,
including carbonyl, thiocarbonyl, imine, azo,
nitroso, nitro, and diazonium, can be re-
duced electrochemically.'? Furthermore a
given functional group can frequently be
converted electrochemically into several dif-
ferent products depending upon conditions.
For example, a nitrobenzene may be con-
verted into an aniline, phenylhydroxylamine,
p-aminophenol, azoxybenzene, azobenzene,
hydrazobenzene, or benzidine by proper con-
trol of the reduction potential, pH and tem-
perature (Scheme 3).%

One does have to keep a sense of perspec-
tive here. Electrochemistry may not be the
method of choice when a chemical reductant
is already available to effect a desired con-
version. For example, it would be absurd to
use electrochemistry to reduce an aldehyde
or ketone to the corresponding alcohol when
the same conversion can be done easily using
a metal hydride. Similarly, there are a num-
ber of good chemical and catalytic methods
for converting nitro compounds into amines.
Electrochemistry can be competitive when
high selectivity is needed or when the neces-
sary reagent is expensive or less effective.
For example, electrochemical reduction of
nitro compounds to hydroxylamines can be
carried out easily in a simple apparatus,"**
whereas catalytic reduction is prone to over-
reduction, and chemical reduction to the
hydroxylamine stage requires the expensive
reagent Smi,.?”* (For those applications which
do require SmL, it is much cheaper to pre-
pare in situ electrochemically than to use the
preformed material).?™ Electrochemical re-
duction is also useful when one wishes to
trap reactive intermediates: electrolytic re-
duction of carbonyl compounds in aprotic
media affords ketyls, which can be trapped
intramolecularly by nearby sites of
unsaturation (Scheme 4). Similarly, elec-
trochemical reduction of 1,3-diketones in
the presence of acetic anhydride affords 1,2-
cyclopropanediol derivatives (eq 16).?

Electrochemical reduction of activated alk-
enes has proven to be a versatile synthetic
process, particularly in non-aqueous media,
where the initial intermediate is a radical
anion (4) (eq 17), which carries negative
charge at the B-carbon and can undergo
reactionat thatsite withelectrophiles(Scheme
5).3° Little and Baizer, among others, have
reported a number of intramolecular variants
on this process (Scheme 6).3'** The propen-
sity of species 4 to afford dimeric products by
Michael-type attack upon the starting mate-
rial to give so-called "hydrodimers" (5)
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Scheme 6
0 HO
2e
P
CO,CH,

CO,CH,

2e”
Br/\/\/k CO,CH, B O—CH(COZCH:,,)Z
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(Scheme 7) is of considerable interest.'3*
The reaction can be carried out intramolecu-
larly (Scheme 8) and between unlike compo-
nents to afford mixed hydrodimers; one such
reaction is the key step in a short synthesis of
lysine (eq 18).35 Althoughhydrodimerization
usually occurs "tail-to-tail' so as to connect
the two B-carbons, head-to-tail and head-to-
head dimers have occasionally beenisolated,
as in the synthesis of the barbaralanes 6 and 7
(Scheme 9).3¢

CH,CO,CH,

One of the oldestreactions of organic chem-

2e
(CH,);0Ts istry is the electrochemical oxidation of car-
(o] > boxylates to afford dimers, i.e., the Kolbe
o reaction (eq 19). Most functional groups are
COzCH3 2e
+ CH=CHCN ——p
Scheme 7 NHAc 2H"
. Y e Y
4+ Ny —— Y/\/\_/ — v NN\ NC/\/\rCOZCHS
2H 5
NHAS (eq18)
Scheme 8 -
- —€ _
RCO;” ——» R° —= R* — products
COCH;, -CO,
CO.CH, (eq 19)
R ‘ Scheme 10
0 0 H CH, CH; CH,
(0]
ol OH Z-CCH,CH,COH . Z-C(CHp)4C-Z
2e
x .- CH, o CH, CH,
2H"
o CO,CH, 0 Z = CH,0H, CHO, COZH, CN, NO;, (' j
CO,CH, %
Scheme 9
O ve- OAc OH [0}
CH3(CHp);CHCH(CH,),CO,H —>
S AcO -
o OAc OH
6
e OH OH
\ -—--A%0 m CH3(CH2)7CHCH(CH2)14CHCH(CH2)7CH3
o 0 OAc  u! OH OH
7




Scheme 11
(O]
RrCO3H + R'COH R Rg-R'
R, = perfluoroalkyl
[0]
CX3COH + RCOH — R.CXj3
[X=H,D,Cl]

stable under Kolbe conditions*’ (Scheme 10)
and mixed Kolbe reactions can be carried out
between two carboxylic acids (Scheme 11).%
A statistical mixture of all possible dimers is
produced, hence such "crossed Kolbe" reac-
tions are most useful where one of the compo-
nents is cheaper than the other. Schifer has
reported crossed Kolbe reactions in which the
radical intermediate from anodic oxidation of
an unsaturated acid cyclizes before coupling
(Scheme 12) and has used this sequence to
synthesize complex tetrahydrofurans and
pyrrolidines.®® Under certain experimental
conditions (high applied voltage, carbon an-
ode) and especially when the intermediate
radical carries one or more electron-supply-
ing groups, further oxidationto a carbocation
takes place. A variety of reactions depending
upon this feature have beenreported (Scheme
13). Oxanorbornane half-acid esters un-
dergo stereoselective conversion to highly
substituted cyclopentane derivatives (Scheme
14).*" Vicinal dicarboxylic acids can be an-
odically bis-decarboxylated to alkenes
(Scheme 15).* Bloomfield has reported
especially efficacious conditions for anodic
bis-decarboxylation.*?

Scheme 12 Scheme 14
H . MeO,C
R €0, 0) RN o R 2 R
——— )\ Cone [O] o- H3O+
Ry Yo7 VR,  ReCOH R 07 R, cop ———= MO —
R R MeOH-NaOMe
. 4
R Ry
i - — Rl
R 0 R, HO R
R{ O R, ,-“
CO,Me
COR
Scheme 13
(6]
LO,Me
OH OH s [O]
s 2,03 .
noc S T Mo o C:" MeOH-NaOMe
I MeOH | 2 CHO
Ac Ac (as hemiacetal)
SCH; [0}, Pt
— 0
[0
CO,H aq. NaOH OAc
MeOH-hexane =
HOAC, N2DAc
(eq 20)
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Electrochemical Oxidation of
Aromatic Compounds

Aromatic hydrocarbons, phenol ethers, and
aromatic amines undergo a diverse range of
reactions under acidic conditions, including
side-chain substitution (eq 20),* ring-to-
ring coupling (Scheme 16),** and side chain-
to-ring coupling (eq 21).* Which path a
givensubstrate takes depends upon its struc-
ture and the experimental conditions.'* Oxi-
dation of phenols affords species such as 8
which undergo nucleophilic attack at the
position para to the phenol oxygen atom
(Scheme 17).*¢ Yamamura has applied this
reaction in elegant fashion to the formation
of polycyclic intermediates for natural prod-
uct synthesis (Scheme 18).#” Moeller has
recently studied an analogous anodic reac-
tion of enol ethers, in which a cationic inter-
mediate cyclizes intramolecularly onto a nu-
cleophilic alkene moiety (eq 22).** Anodic
oxidation ofhydroquinone mono and dialky!l
ethers in alkaline methanol affords quinone
mono- and bis- ketals, respectively (Scheme
17 and eq 23).%*° Swenton has developed a
large number of useful applications based
upon this reaction, including preparation of
a number of key intermediates in natural
product synthesis.®® Pirrung has recently
shown that species 9 are converted photo-
chemically to substituted cyclopentenones
(Scheme19).%!

[0]

CHyCN

(eq21)

R'
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Scheme 15
X , X
CO,H [o]
T Lcon — [ 11
Y (X=Y=H,CLF) Y
COzMe
0 [ 0] COzMe
0 ————
A /
coMe O CO,Me
Scheme 16
(o)}
Q Q
CH;CN
Me Me
N /
CH,0 0 CH,0 N
XX
(CHy), — C
CH,0 : CH;0 EHan
CH;0 OCH, CH,0 OCH,
Scheme 17
ox (o] o)
(01 MeOH
e——— B
H
OMe MeO MeO OMe

8

X = H, Me3Si, t-BuMe;Si, MeOCH;

o -
T LT

R OMe

R OMe




Scheme 18

CH, A new, important, andvery general anodic
CH, process has been discovered in recent years
CH, in the electrochemical oxidation of nitrogen,

sulfur, and oxygen compounds. This pro-

. cess, the so-called a-functionalization reac-

MeO ( Ar = 3,4-di-OMe~CgHs ) (o) Ar tion (Scheme 20), has been intensively stud-

OMe OMe OMe ied in a number of variations upon the pro-
cess, including applications to the synthesis
of heterocycles, e.g., a number of piperidine,

: OMe

MeO [0} pyrrolizidine, and indolizidine alkaloids

—_— (Scheme 21) 5%

Ac 0
OAc ‘ ;

(o] Every synthetic organic laboratory should
OH OMe OAc have electrochemicalequipment. The equip-
ment is simple, inexpensive and versatile,

i, it can be used for a wide variety of
electrolytic processes. One inhibiting factor

ArCH=CHCH;
—— e -

Scheme 19
OH
CH,0_ OCH,
)]
e o
/ NaOCH;,
R ai,H
(2 HO OCH, cH,0" OCH,
\/\OH
9 (eq 23)
Scheme 20 Scheme 21
Cl
allyltrimethyl-
(o) e W a N (0] MeO OMe silane
R,;CHXR' —_— R,CXR' R N R’
-H* I R N R’ R N R
+Nu: Nu COMe  M:OH | TiCl,
Cone Cone
0 L’H
R-S-CH;CF3 —— R-S-CHCF;
Nu:
NHCOC
{(Nu: = MeOH, AcOH.F ") (CHys ofls
O O = @fg
MOH  MeO N
C0C6H5 COC6H5
[0) M
RCH(OMe)SiMe; ——= RCH(OMe3); [0} OMe
MeO,CNH(CH,)4CHNHCO,Me et One- MeO2CNHCH(CH,);CHNHCO,Me
COMe MeOH COMe
10
[0) H,50,
RC(OMe)(SiMe3); ——= RCO;Me 10 ——»
MeOH

Me0” TNH “COMe
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in the past was the availability of equipment.
One had to obtain each component of the
experiment from a separate source, and gen-
erally even had to have the cell constructed
by a glassblower. [Imagine what organic
synthesis would be like if we had to have our
three-necked flasks made to order in the
glassblower's shop!] Fortunately, these days
the situation is much improved. There are
companies which offer a wide variety of
electrochemical supplies,” and one such
company>*sells a complete kit containing all
of the components needed to carry out an
electrolysis (power supply, cell, electrodes,
and step-by-step directions). There is not
sufficient space available in this review, nor
is this the proper place, for a detailed discus-
sion of experimental details. My advice is
rather to first learn what electrochemistry
can do for you— if after examining the
examples and references in this article you
want to try an electrolysis, there are a num-
ber of good references available which dis-
cuss the theory and experimental details and
whichare written with theorganicchemistin
mind.! Companies in the field are generally
eager to offer advice.*>*

The largest single factor governing the
scale on which one can carry out a given
electrochemical process is the electrical re-
sistance of the solvent system, because heat-
ing effects become serious in high-resis-
tance solvents at high currents. Although
solvents as nonpolar as tetrahydrofuran can
be used for small scale work,” it is more
common to use a fairly polar organic solvent
or an aqueous-organic mixture. Kadish has
tabulated the resistance of a variety of com-
mon organic solvents.*

In general, using a reasonably polar or-
ganic solvent system, it is not difficult to
prepare up to 20 grams or so of a desired
substance electrochemically. Largeramounts
can be prepared with some modification of
the experimental equipmentused; frequently
this willinvolve changing from batch to flow
celloperation.' Successful scaleup to greater
than laboratory-scale quantitiesrequires care-
ful attention to experimental design, but
there are no intrinsic barriers to large-scale
electrolysis: commercial organic electro-
chemical syntheses producing more than
100,0001b/year are known.

The hospitality and helpfulness of the fac-
ulty and staff of the University of California at
Santa Barbara, especially Professor R. Daniel
Little,duringasabbaticalleave from Wesleyan
University during which this article was writ-
ten, are gratefully acknowledged. The Na-
tional Science Foundation and the State of
Connecticut provided financial support for
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those aspects of the work discussed herein
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sity.
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The conversion of a carbonyl group into an exocyclic vinyl group
(methylenation) is an important synthetic transformation. Thus, meth-
ylenation reagents are valuable synthetic tools for the organic chemist
and biochemist. Through judicious selection of the precise reagentand
reaction conditions, high selectivities and yields can be achieved on a
wide variety of substrates.

The Wittig reaction is a time-honored process for preparing terminal
alkenes from simple ketones and aldehydes,* and we list a variety of
reagents (phosphoranes, phosphonates, phosphonium salts, and salts
admixed with a strong base) for this method. However, the Wittig
reaction is limited to aldehydes and ketones with minimal steric
hindrance that do not readily enolize.*¢ The following newer methyl-
enation reagents are offered as an alternative for such substrates.

The "transition metalylide" (1), known as the Tebbe
reagent, readily methylenates ketones,® aldehydes,’
esters,® lactones,® and amides?® without the limitations
imposed by base-sensitive functionalities or sterically-
hindered substrates. This example fromtheliterature  Goneral Procedure®
illustrates the utility and efﬁCienCy of this reagent. To the N-acyl heterocycle in toluene/THF at 0°C is added dropwise a 0.5M toluene solution
of the Tebbe Reagent (two-fold excess). After stirring at room temperature, the reaction is
quenched at 0°C with methanol. When gas evolution has ceased, the mixture is diluted with
ether, dried, filtered, and the crude productisolated by solvent removal.

The Nysted reagent (2) has been used in the
conversion of keto-steroids to the corresponding
methylene derivatives.! For sterically hindered ke-
tones where Wittig methylenation fails and use of the
Tebbe reagent gives very low yields, the Nysted
reagent offers another possible route to the desired  General Procedure™
alkene. A nitrogen-purged round-bottomed flask equipped with a stirrer, thermometer, condenser,
and addition funnel is charged with a 30% excess of the Nysted reagent and cooled to -78°C.
The desired ketone is added, followed by an equimolar amount of TiCl, while maintaining the
temperature below -50°C. After warming to 25°C, the mixture is refluxed for 24 hours. The
mixture is cooled, quenched with water, and the product isolated by ether extraction.

Recently, a zirconocene dichloride (3) promoted
methylenation procedure has been found useful for
cases when the more Lewis acidic titanium-based
reagents give poor results.”® Using 3 with
dibromomethane and zinc allows the rapid methylen-  oneral Procedurg®
ation of aldehydes, ketones and enones at room A nitrogen-flushed flask is charged with zinc, zirconocene dichloride, ketone, THF and

temperature in high yields. dibromomethane. After stirring for 3 hours the mixture is quenched with water. The product is
isolated by extraction.
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Introduction

The Ireland-Claisen rearrangement, first
reported in 1972,! has developed over the
ensuing years to become a powerful tool in
organic synthesis. The importance of this
rearrangement derives from the flexibility it
provides the synthetic organic chemist to
conwrol the diastereoselectivity of two newly
generated stereocenters as well as the pre-
dictability of product stereochemistry. This
review covers the development of this reac-
tion from its inception to its current role in
synthetic methodology.

The Ireland-Claisen rearrangement refers
to the [3,3]-sigmatropic rearrangement of
allylic esters (1) as ester enolates (2) to give
3, 4-unsaturated acids (3)(Scheme 1).! The
rearrangement is a suprafacial, concerted,
non-synchronous, pericyclic process. When
the sp*-hybridized C, and C, positions of the
allyl vinyl ether are substituted, the rear-
rangement can proceed via two achiral tran-
sition states to give two racemic diaste-
reomers, bearing two centers of asymmetry
at C, and C, of the product.

Priorto the development of Ireland's modi-
fication, other popular variants of the ali-
phatic Claisen rearrangement included the
vinyl ether?, the Johnson orthoester® and the

amidcacetal rearrangements.  Base-cata-
lyzed reactions of allylic esters were also
reported, but employed harsh conditions and
gave low yields.” The major advantage of
the Ireland modification over these base-
catalyzed rearrangements is the ease of prepa-
ration and subsequent facile rearrangement
of allyl vinyl ethers as their lithium enolates.

Theoretically, alpha allyloxy enolates can
undergo either [3,3]-sigmatropic or compet-
ing [2,3]-Wittig type rearrangements. Sur-
prisingly, ester enolates, especially silyl
ketene acetals,donot undergo a [2,3]-Wittig

Schubert Pereira and Morris Srebnik*
Department of Chemistry

University of Toledo

Toledo, OH 43606.

rearrangement.®

In his initial work, Ireland employed
lithiumesterenolates generated by the method
of Rathke,’” but these proved unsatisfactory
as they rearranged to give unwanted aldol
condensation side products.! However, the
lithium enolates, when silylated by TMSC],
afford trimethylsilyl ketene acetals (Scheme
2) whichinturnrearrangereadily to give 3,4-
unsaturated acids. One problem with this
approachistheformation of2-6% C-silylated
product.! This was overcome by using tert-
butyldimethylchlorosilane (TBSCI) as the
silylation reagent which provides predomi-
nantly the O-silylated ketene acetal.®

Scheme 1 Scheme 3
Ry H]*
P - N o2
‘/\/ R RM (\/ R 33) H, — |T1Msojz -
2 2 i 0. R, f R,
0\n/<n THF, -78°C Oj% R =
3 3 ™so H
&) O"M*
1 2 (E)-enolate 4
H
Ry
R
& 21 K !
M* oo 2 TMSO H
Ry
3
‘/\( " H—j[H '
- = o= i
Scheme 2 o My Ty
}5( TMSO™ R,
R,C R,C ™SO R
_R, MessOL O J g (@-enolate &
Lio” ~o 78, THE  Me,Si0” ~07 " LR,
I =.f
Lithium Enolate Silyl Ketene Acetal R T HOL ey,
TMSO 1s,
Threo product 7

Aldrichimica Acta, Vol. 26, No. 1, 1993

17


ggama
The Ireland-Claisen Rearrangement
Schubert Pereira and Morris Srebnik
University of Toledo
Toledo Ohio 43606


18

The geometry of the products of the Ire-
land-Claisen rearrangement can be predicted
by the stereochemistry of the double bonds
involved in the ketene acetal rearrangement.
The (E)-enolate (4) gives predominantly an
erythro product (5), while the (Z)-enolate (6)
gives a threo compound (7) as the main
product (Scheme 3).° The rearrangement is
proposed to proceed through a four centered
"chairlike" transition state as shown, thus
allowing stereoselection of the products.!

The geometry of the silyl ketene acetal can
be controlled during the ester enolization
process by varying the solvent system. The
formation of (Z)-enolates is favored by THF
as the solvent, while the use of 23% HMPA/
THF favors the formation of the (E)-enolate
(lithium enolate). Regardless of the allylic
bond configuration (cis or trans), the stereo-
chemistry is retained on silylation and the
two compounds give predominantly the
erythro and threo isomers, respectively, on
rearrangement (Scheme 4).°

Control-

It was initially proposed that the E:Zratio
of the enolate esters was kinetically deter-
mined, regardless whether THF or a mixture
of HMPA/THF was used.®!!' The two
possible transition states 1 and 2 are shown
in Figure 1. In the absence of HMPA, the
lithium atom is strongly coordinated to the
carbonyl oxygen leading to an unfavorable
interaction between R and R,. In the pres-
ence of HMPA, the lithium atom is highly
solvated.  In this case, favorable steric
interactions betweenR and R lead preferen-
tially to (Z)-enolate formation. Note that
these steric considerations had initially been
used to explain ketone enolate selectivity
and can also be used to explain ester enolate
selectivity.

Corey's studies on enolate selectivity led
to the conclusion that the use of hindered
bulky bases like lithium tert-octyl butyl amide
(LOBA) gave superior selectivity to (E)-
enolates as compared to LDA (Table 1)."
He argued that the stereochemical outcome
in the presence of HMPA was not a kinetic
effect, but was due to equilibration to the
more thermodynamically stable (Z)-enolate.
Corey's conclusion was based on his experi-
ments using TMSCI as an internal quenching
agent during the enolization with a lithium
base (Table 2). Theinvestigations of Rathke
also support this conclusion (Scheme 5).'

The addition of 1-4 equivalents of HMPA
or TMEDA did not change the E:Z ratio, but
the addition of 0.2 equivalent of 3-pentanone
caused rapid isomerization to an equilibrium
mixture of enolates with an E:Z ratio of
16:84. Rathke suggested the reverse aldol
condensation isomerization mechanism il-
lustrated in Scheme 6."* It was possible to
control the deprotonation of 3-pentanone in
THF solution so as to produce predomi-

nantly the (E)-isomer (8) by addition of the
ketone to 10% excess lithium 2,2,6,6-
tetramethyl piperidide (LiTMP) at 0°C (E:Z
ratio 87:13), or to produce predominantly
the (Z)-isomer (9) by addition of the ketone
to a slight deficiency of LiTMP (E:Z ratio
16:84). He concluded that the formation of
the (E)-enolate could be the result of kineti-
cally controlled deprotonation, but the for-
mation of the (Z)-enolate is thermodynami-
cally favored.

To thoroughly examine the aspects of
selectivity in ketene acetal formation, Ire-
land conducted a number of experiments,
varying different parameters and using ethyl
propionate as the ester.'

Solvent Kifects

The effect of solvent on the
stereoselectivity of silyl ketene acetal for-
mation of ethyl propionate with LDA is
indicated in Table 3. The addition of metal-
chelating solvents such as HMPA, TMEDA
and DMPU reversed the selectivity in favor
of the (Z)-isomer, as opposed to the predomi-
nant formation of the (E)-isomer in pure
THF. The best selectivity was attained by
increasing the amount of DMPU to 45%.
However, when the amount of TMEDA is
increased, the yield decreases substantially.

Scheme 4
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Table 1. ENOLATE SELECTIVITY WITH DIFFERENT BASES

Substrate TMS Ketene Acetal E:Z
E Z LDA LOBA
Q H OTMS H:C OTMS
n ~_ sCa__/ 91:9  95:5
n-C4H5C OCH,4 >~
HC, OCH, H OCH,4
Q OTMS
i H OTMS H,C
G,H5C OCH,CgH; N\ = 4020 95
H,C OCH,CgH; H OCH,CgHs : :
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Table 2. Enolate selectivity with Corey's internal quench experiments

OTMS OTMS
/\I(\ +LOBA ——» +
- 2-
Method Solvent (E)- (2)-
internal quench THF 98 : 2
internal quench
(8 equiv. TMSCI) HMPA/THF 37 : 63
internal quench
(17 equivs. TMSCI)  HMPA/THF 46 : 54
two step procedure* HMPA/THF 18 : 82
*slow addition of ketone to LDA followed by silylation
Scheme 5
Lo H LiO CHjg
CH3CH,COCH,CH3 + LDA ———» + >:<
(E)- 87% (2)- 13%
Scheme 6
LiO, H
H5°2 CH3
(E)-8
OLi
I LiQ, CHz
[(CHacHz)ZCCH(CHa)COCH20H3]
HsC»
(2-9
+
CH3CH,COCH,CH4
Scheme 7
o)
Base
o © ~ TBSC! o x-° ~ * x-° ~
o OTBs oTBS
- (6)-

Table 4 summarizes Ireland's ester to base
ratio experiments. In THF, a decrease in the
ester to base ratio from 1:1 to 0.6:1 does not
change the selectivity or yield. However, an
increase in that ratio from 1:1 to 1:4 drasti-
cally reduces the yield from 90% to 5%. A
decrease in the ester to base ratio in the
mixed THF/chelating solvent system lowers
the (Z)-selectivity and decreases the yield.
Conversely, a slight increase in the ester to
base ratio leads to an increase in (Z)-selectiv-
ity, accompanied by a drop in yield. Thus,
increased (Z)-silylketene acetal selectivity
can be obtained by adding a slight excess of
the ester solution. It is also pertinent that
addition of small amounts of a polar solvent
like DMSO after enolization also increases
the (Z)-selectivity.'*

The comparison of LDA with a slightly
bulkier base, i.e. lithium hexamethyl
disilazide (LHMDS), showed that LHMDS
is slightly more efficient for (E)-selective
enolate formation than LDA in 23% HMPA/
THF solvent mixture.'

The formation of the (Z)-enolate predomi-
nates due to chelation with an alpha O-atom
as shown in Scheme 7. When the solvent is
THEF, the Z:E ratio is 90:10, whereas when
23% HMPA/THF is used the ratio drops to
63:37 with the (Z)-isomer still favored.

Ireland pointed out that the conclusions of
Rathke and Corey were based on ketone
enolates and not directly applicable to ester
enolates. An aldol type equilibrium would
be too slow and irreversible with acid de-
rivatives such as esters and amides. To
support his claim Ireland set up an analogous
experiment with ethyl propionate in THF
and TMSCI. Afterenolization of one equiva-
lent of the ester by one equivalent of LDA,
addition of 30% DMPU led to a Z:E silyl
ketene acetal ratioof only 1:4. Furthermore,
addition of 0.1 equivalents of ester to 2
equivalents of a preformed 60:40 mixture of
(E)- to (Z)-lithium ester enolates led to only
a small change in ratio to 69:31 (Scheme 8).

These observations suggest akinetic reso-
lution process. A preformed ratio of (Z)- and
(E)- ester enolates can be altered by addition
of a small amount of trapping agent that
reacts at different rates with the two isomers,
thus making it possible to carry out the
reaction with the more reactive enolate.
Ireland then set up a series of experiments
using competitive trapping of the more reac-
tive enolate with TBSCI (Scheme 9; Table
5).

The change in ratios is due to a competi-
tion for silylation between the two enolates
(competition constant, K=kZ/kE, of 2.6 with
DMPU and 1.4 with HMPA). It was con-
cluded that "..kinetically controlled
enolization in combination with a kinetic
resolution process accounts for the selective
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formation of (E)- and (Z)- silyl ketene ac-
etals in THF and THF/dipolar solvent sys-
tems with bases such as LDA, LHMDS, and
KHMDS."* Ireland's experiments thus shift
the evidence in favor of a kinetic resolution
process in the case of ester enolates, but do
not account for the observations made by
Rathke and Corey on the mechanism of
enolate formation from ketones (3-
pentanone).

Chelation Control of Enclate
selectivity

The lithium enolates' preference for the Z-
conformer is well established. Investiga-
tions by Bartlett,” Fujisawa'® and Burke'!’
showed that in the case of a heteroatom
substituent that can undergo chelation with
the lithium atom, the major isomer formed is
the E-conformer (Scheme 10). Although
the ratio of the isomers was not measured, it
could be determined from the ratio of the
final products. This coordination effect has
been utilized in stereoselective syntheses,
wherein control of the prostereogenic sp?
sites is achieved by an allylic oxygen sub-
stituent.'®

Yet another method for enolate control
has been developed by Corey and Kim."”” A
chiral boron reagent (Figure 2) has been
used to promote enantioselective aldol reac-
tions of achiral propionate esters to give
either syn or anti aldol products with excel-
lent enantioselectivity and diastereoselec-
tivity.

The enolate of choice can easily be con-
trolled by use of the proper solvent:base
combinations. When the chiral boron re-
agent [RZBBr] and TEA in a toluene/hexane/
CH,C], solvent is used with tert-butyl propi-
onate at -78°C, the transoid boron enolate is
formed (O-B and methyl are trans to each
other; Z-isomer by priority group nomencla-
ture ). These enolates react with aldehydes
to give the expected anti aldol products in
90-97% e.e. However, when the base is the
sterically demanding diisopropylethylamine
and the solvent the more polar CH,Cl,, the
cisoid enolate is formed to give the syn aldol
product in 83-97% e.e.

]-sigmatropic
rearrangements showed that unhindered 1,5-
diene systems undergo rearrangement via a
chair transition state.” Later evidence sug-
gested the possibility of a chair, boat, twist
helix or twist plane transition state for the
closelyrelatedClaisenrearrangement.?’ Since
Ireland's variant takes place at moderately
low temperatures, the twist configurations
are not likely. Further transition state studies
of the Cope rearrangement led to the conclu-
sion that substituents on the 1,5-hexadiene
play amajorrole. In fact, a boat transition
state is favored due to the nature of the
substituents on certain ester enolates.?’
From previous studies on the Cope??* and
Claisen*?® rearrangements, it was generally

Table 3. Effect of solvent on ester enolate selectivity

(] oTBS
Ba oTBS ~
/\ Se /
°© T8SCI \)\O/\ K‘\ °
ENTRY SOLVENT ESTER:BASE Z-E YIELD
1 THF 1:1 6:94 90
2 THF/25%TMEDA 1:1 60:40 50
3 THF/50%TMEDA 1:1 - 0
4 THF/15%DMPU* 1:1 37:63 90
5 THF/30%DMPU 1:1 69:31 85
6 THF/45%DMPU 11 93:7 90
7 THF/23%HMPA 11 85:15 90

*DMPU=N,N'-dimethyl-N,N'-propylene urea

Table 4. Effect of ester to base ratio on the stereoselectivity in silyl
ketene acetal formation of ethyl propionate with LDA

ENTRY SOLVENT ESTER:BASE ZE YIELD
1 THF 1.4:1 1:1 5
2 THF 1.2:1 20:80 35
3 THF 1.1:1 6:94 90
4 THF 0.6:1 6:94 90
5 THF/30%DMPU 1.2:1 98:2 70
6 THF/30%DMPU 0.95:1 67:33 90
7 THF/30%DMPU 0.8:1 68:32 85
8 THF/30%DMPU 0.5:1 60:40 95

Scheme 8
OLi OLi
Z O/‘\ . 7 0/\
(E) - -
Solvent: THF Solvent: THF/45% DMPU +TBSCI
Z: Eratio 4:96 Z: Eratio 98:2
l , I
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Table 5. Results of competitive trapping of the enolate with TBSCI

ENTRY SOLVENT ESTER:BASE TBSCI ZE
1 THF/15%DMPU 0.8:1 09 30:70
2 THF/15%DMPU 0.8:1 0.08 14:86
3 THF/23%DMPU 0.8:1 0.9 73:27
4 THF/23%DMPU 0.8:1 0.08 66:34
5 THF 1:1 1.1 94:6
6 THF 1:1 0.9 4:96

Figure 2
FaC Ph Ph CF,
0,8—N___N=-S0,
i
FaC Br CF,
Chiral Boron Reagent
Scheme 10
o OL|

T on
(o~

—_—

OR
LDA o)\/ o\%\OR

R
4

o] o]
\OR OR
HO " HO
B e o +
X N
major product minor product

R= MAJOR:MINOR YIELD
-Me 10.2:1 65
-CH,Ph 9.6:1 77
MEM* 7.2:1 70
H 2.4:1 38

*(2-methoxyethoxy)methoxy

Scheme 11
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A e

TBSCI

Claisen
rearrangement
—_————
HOOC

OTBS OTBS

an

SOLVENT EZ (1):(1) %YIELD FAVORED T.S.
THF 83:17 84:16 79 chair
THF/45%DMPU 4:96 72:28 91 boat
THF/23%HMPA 14:86 73:27 60 boat

foundthatin cyclic systems a boat transition
state is preferred. Another interesting ob-
servation was made by Bartlett in his studies
of the ester enolate rearrangement of
cyclohexenal propanoate.” The (E)-silyl
ketene acetal rearranged via a chair transi-
tion state, while the (Z)-silyl ketene acetal
rearranged viaaboattransitionstate. Bartlett
explained his observations by considering
the transition states involving the chair and
boat forms (Figure 3).

In the case of the (Z)-isomer there is an
unfavorable interaction between the -OSiR,
group and the methylene proton of the
cyclohexene ring if the transition state pro-
ceeds through chair form 1. Thus, the boat
form is favored. However, the boat transi-
tion state of the (E)-isomer has greater steric
interaction between the R group and the
cyclohexene ring as in 2 (Figure 3), thus
favoring the chair form.

Ireland carried out a systematic investiga-
tion of the effects of various cyclic and
acyclic systems on the rearrangement to
determine the underlying factors leading to
stabilization of either the chair or boat tran-
sition state.”’

lohexene and Pyrancid Derivatives
Ireland's results w1th cyclohexenyl propi-
onate were identical to those of Bartlett's.
Though diastereoselectivity was observed
with both the (E)- and the (Z)-silyl ketene
acetals, the (E)-isomer rearranged via a chair
transition state while the (Z)-silyl ketene
acetals rearranged via a boat transition state
(Scheme 11). The rearrangement employ-
ing a pyranoid derivative involved a boat
transition state for either (E)- or (Z)- silyl
ketene acetals (Scheme 12). These results
suggest that the ring oxygen atom can con-
tribute between 1.0 kcal/mol (Z-silyl ketene
acetal) and 2.2 kcal/mol (E-silyl ketene ac-
etal) to the relative stabilization of a boat
over a chair transition state. Since both the
cyclohexene and the pyranoid rings are steri-
cally similar, the stabilization of the boat
transition state is, most likely, due to
stereoelectronic rather than steric factors.

Figure 3

Transition State 2 (E)-
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A more useful picture of the rearrange-
ment can be obtained by considering the Scheme 12
chair and boat forms of the transition states
of both (E)- and (Z)- conformers of the

enolate (Figure 4). (0] oTBS oTBS

Cyclopentene and I'uranoid \)LO LDA 2o Z 0
Derivatives —_——— +

In the case of a cyclopentene derivative T8sCl
both the (E)- and the (Z)- isomers rearrange I I I
by a chair transition state (Scheme 13).
However, the furanoid derivative rearranged 0 ) o
by a boat transition state for both the ketene & @
acetal configurations, thereby supporting the Claisen
results of the pyranoid-cyclohexene series. rearrangement z 7
The O-atom leads to relative stabilization of ———— 00C +
the boat form of the transition state over the H o HoOC
chair form on the order of 1.4 kcal/mol (E- H
conformer) and 1.9 kcal/mol (Z-conformer).

The chair and boat forms of the transition
states of the (E)- and (Z)-enolates of
cyclopentene-furanoid glycal derivatives are SOLVENT ():(1) %YIELD FAVORED T.S.
depicted in Figure S. THE 29.71 77 boat

THF/45%DMPU  86:14 35 boat

(U] ()

Methoxy Allyl Propionate Derivaiive

The (E)- and (Z)-silyl ketene acetals of
methoxy allyl propionate gave a mixture of
carboxylic acids with a preference for the
isomer expected via the chair transition state.
Thus, in the acyclic series, the effect of the

O-atom is not as important as it is in the S
cyclic series for stabilizing the boat transi-
tion state. H

Using alpha-secondary deuterium isotope O o] OOC\D H
effects, Gajewski proposed that the transi- 1LDA Claisen
tion state of the aliphatic Claisen rearrange- > I ——
mentresembles an oxoallyl radical-allyl radi- TBSCl1 Rearrangement
cal pair, rather than a 2-oxocyclohexane-

1,4-diyl (Scheme 14).2* This results in a
transition state with much more advanced

Scheme 13

tLenes

Figure 4. Transition states of cyclohexene-pyranoid Figure 5
glycal derivatives

(E)-silyl ketene acetal (E)-silyl ketene acetal
F

* =
> S “ =)
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Scheme 14
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0O(3)-C(4) bond breaking than in the parent
unsubstituted system. Thus, one would ex-
pect a rate enhancement effect from a C(6)-
donor substituent to be especially effective
in glycal systems.

Ireland concluded that there is a definite
stereoelectronic effect which stabilizes the
boat over the chair form. The energy differ-
ences between the chair and the boat forms in
the transition state are small and hence tend
to be influenced by substituent interactions.
In the absence of steric interactions, the
pyranoid and furanoid systems will rear-
range by a boat transition state. A simple
acyclic substituent with a C(6)- oxygen atom
will not rearrange via the chair form.

An interesting variation of the Ireland-
Claisen rearrangement developed by Ritter
uses an organotin ester and the chelation
effect of the counterion to produce primarily
the (Z)-enolate from the O-protected butenyl
stannane (8). This rearrangement gives a
high diastereoselectivity ratio(Scheme 15).2*

The chair transition state (10a), with R, in
the pseudoequatorial position, is energeti-
cally favored over (10b), with R, in the
pseudoaxial position, resulting in the exclu-
sive formation of the (E)-isomers (9a - c).
The (E)-tributylstannylbutenol reacted six
times faster than the (Z)-isomer, reflecting
the energy difference between the transition
states with the tributyltin moiety in a pseudo-
equatorial (10a) or pseudoaxial (10b) posi-
tion (Figure 6).

Ritter also investigated the chelation ef-
fect of the counterion to form predominantly
the (E)-enolate from O-protected butenyl
glycolates. The rearrangement of (Z)- or
(E)-4-tributylstannyl-3-buten-2-yl
(benzyloxy)acetate (11) (Scheme 16),
through intermediate 12, gave (FE)-2-
benzyloxy-3-tributylstannyl-4-hexenoic acid
methyl ester in a 92% yield.

Due to the chelation control of enolate
geometry, the syn ester (13) is the main
product (syn:anti ratio 39:1) from the
glycolate ester (11) (E). The glycolate ester
(11) (Z) rearranges to give an anti:syn ester
ratio of 40:1, thus emphasizing the utility of
the rearrangement of organotin compounds
to afford diastereoselective products.

Brown and co-workers recently reported a
useful method for controlling enolate geom-
etry through the use of dialkylboron reagents
of the type R,BX (X = Cl, OTF) in the
presence of tertiary amines.*® They found
that the formation of the (E)-enol borinate is
favored by the following:

(i) use of R BCl instead of R,BOTF;
(ii) use of Et,N instead of i-Pr EtN;
(iii) use of a dialkylboron group with a
larger steric requirement (i.e.
dicyclohexylboron instead of 9-BBN).

A recent publication by Corey extends this
work to the highly enantioselective and
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diastereoselectiveIreland-Claisenrearrange-
ment of achiral allylic esters.>  The rear-
rangement utilizes a recyclable chiral boron
reagent (Scheme 17), resulting in greater
than 97% e.e. in some cases.

The (E)- or (Z)-enolate is selected using
the specific solvent combinations along
with the chiral catalyst as shown in Tables 6
and 7. The (E)-isomer rearranged to give
predominantly threo products while the (Z)-
isomerrearranged to form mainly the erythro
carboxylic acids. The diastereoselectivity of
the rearrangements is consistent with the
assigned geometry of the boron enolate and
the expectation of the preferred chair geom-
ewry of the transition state.

Applications of the Ireland-Claisen

Rearrangement

The rearrangement has been used in the
synthesis of polyether antibiotics,2"*? ses-
quiterpenes,® steroids,** iridoids,*
tetronates,*® marine natural products,®” amino
acids,® C-glycosides,” large carbocycles®
and chiral stannanes? and silanes.* Recent
applications include the synthesis of long
chain or large ring molecules and demon-
swrate the utility of this rearrangement in
controlling stereocenters.

A clever swrategy utilizing a boron medi-
ated aldol condensation in tandem with the
Ireland-Claisen rearrangement provided a
synthetic route to ebelactone-A, an esterase
inhibitor.*? Furthermore, a general method
for the synthesis of unsaturated diesters with
a high degree of stereocontrol at four chiral
centers as well as two trisubstituted double
bonds was devised (Scheme 18). Interest-
ingly, the rearrangement could be carried out
without protection of the keto group at C,.

After the rearrangement of the diester
16A, the resulting diacid was esterified to
give the desired meso all syn diester 18A
(63% yield, 86% d.s.). The unsymmeftrical
diester 18B is obtainedin 53% yield and 95%
d.s. from 16B. An important aspect is that
the electrophilic ketone carbonyl group is
not attacked and there is no epimerization at
the adjacent stereocenters. This is probably
due to the flanking methyl groups which
protect it from the sterically hindered base
LDA and also blocks inramolecular aldol
condensation. This synthesis demonstrates
the use of a "double" Ireland-Claisen rear-
rangement to create two contiguous
stereocenters.

A new, high yield synthesis of coumarin
derivatives employing the rearrangement was
reported by Collado and is shown in Scheme
19.® The rearrangement does not occur un-
less the phenolic hydroxyls are protected as,
for example, their benzyl ethers.

Curran and co-workers have used the Ire-
land-Claisen rearrangement in a stereo-
selective synthesis of chiral iridoid agly-
cones (Scheme 20).* The iridoids are a
family of natural products which have an
oxygenated fused cyclopentapyran ring sys-

tem possessing anti-microbial to anti-leuke-
mic properties.

The best stereoselectivity was obtained by
the generation of the (E)-silyl ketene acetal.
This proceeded with good diastereoselectivity
by a chair transition state to give 23 and its
diastereomerina$: |1 ratio. The rearrangement
of the (Z)-silyl ketene acetal also gave 23 as the
major productin a3:2ratio, but this time via the
boat transition state, aresult in keeping with the
findings of Bartlett and Ireland.

Schreiber and co-workers have described
the asymmetric synthesis of the cyclohexyl
moiety of FK-506, amacrolide antibiotic with
potentimmunosuppressive properties (Scheme
21).* The rearrangement from 27 to 28 pro-
ceeded in 71% overall yield via the boat tran-
sition state. Wang has also used this rearrange-
mentin the synthesis of the C, -C,, fragment of
FK-506.%

Jasperse and Curran have used the rear-
rangement to form two contiguous quater-

Scheme 17
OBR} Phy _wPh OBR!
M ArO,S LER‘
o Et,N 25 =N N=SOAT o et i
\/\R' toluene | CH,Cl, K/\H
= hexane Br -78°C =
RZ -78°C + R2
(Ey o) @
l Rz/\/\oJl\/R1 l
R R
HOZ Ny HO !
XN Rz X R2
erythro threo

* - optically active

Table 6. Enantioselective rearrangement in CH,Cl, via the (E)-boron enolate

THREO:
ENTRY R1 R2 %YIELD ERYTHRO e.e.%
1 Me Me 75 99:1 <97
2 Et Me 79 98:2 95
3 Me Me 75 91:9 >97
4 Et Ph 72 91:9 >97
5 Ph Ph 100 23.77 >97
6 SPh Me 52 39:61 >97
7 CH,Ph H 70 82
8 CH,-I-naphthyl H 48 77

Diastereomeric ratios were determinedby GC analysis of benzyl ormethyl esters. e.e. values
were determined by HPLC analysis of methyl esters using a Diacel OJ column.

Table 7. Enantioselective rearrangement in toluene-hexane via the (E)-
boron enolate

THREO:

ENTRY R1 R2 <%YIELD ERYTHRO e.e.%
1 Me Me 65 90:10 96
2 Et Me 79 89:11 >97
3 Me Ph 88 96:4 >97
4 Et Ph 69 95:5 >97
5 Ph Ph 100 98:2 >97
6 SPh Me 56 95:5 >97
7 SPh Ph 45 919 >97
8 CH,Ph H 57 84
9 CH,-1-naphthyl H 63 79

Diastereomeric ratios were determinedby GC analysisofbenzyl ormethylesters. e.e. values
were determined by HPLC analysis of methyl esters using a Diacel OJ column.
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nary centers needed for the intermediate in
their synthesis of modhephene in 50% yield
(Scheme 22).¥

Intermediates to polyoxins whichare struc-
turally related to nucleoside peptide antibi-
otics were prepared by Duthaler.*® As shown
in Scheme 23 the (Z)-allyl ester rearranges
in a highly stereoselective manner to give
predominantly the trans-substituted lactone,
while the (E)-allyl ester rearranges to give
mainly the cis-lactone.

The rearrangement was evaluated for ap-
plication to the synthesis of macrocyclic
lactones. Brunner and Borschberg investi-
gated the potential synthesis of (R,S)-
muscone (37) as shown in Scheme 24.* On
rearrangement, 33 gave a mixture of 34, 35
and 36. The stereoselectivity of this rear-
rangement is rather low compared to that of
acyclic systems. While of no consequence to
the synthesis of the target molecule, this
result highlights the fact that C-silylation
may still be a problem in the case of large
molecules. These findings supplement the
model studies on the synthesis of medium
and large carbocycles using the Ireland-
Claisenrearrangement carried out by Knight,
where a lack of stereospecificity was re-
ported, and by Danishefsky.*

Burke has used the reaction to prepare the
hydropyran subunit in his synthesis of
macrodiolide and macrotriolide ionophores.
He wasabletoeffect therearrangement of 38
to 39 in 76% yield (Scheme 25).%°

In their paper titled "Stereocontrolled Syn-
thesis of a Polyether Fragment", Bartlett
describes the use of the Ireland-Claisen rear-
rangement to synthesize a tetrahydropyran
lactone with several chiral centers.>' The
stereoselective step using the rearrangement
is shown in Scheme 26.

Theratioof 40 to41is 10:1 since the use
of HMPA favors the formation of the (Z)-
enolate-ester, which in turn gives 10.

Cane and co-workers have used the rear-
rangement in the synthesis of chain elonga-
tion intermediates of the Monensin biosyn-
thetic pathway.”> They have been able to
prepare 43 from 42 in 50-75% yield (Scheme
27).

Danishefsky has ingeniously used the Ire-
land-Claisen rearrangement to merge awk-
wardly positioned chiral centers in his syn-
thesis of the C- C, unit of Rapamycin, a
metabolite of Streptomyces hygroscopicus,
an antibiotic with immunosupressive prop-
erties (Scheme 28).%

After preparing alcohol 44 and acid 45
separately, esterification in the presence of
1-[3-(dimethylamino)propyl]-3-ethyl-
carbodiimide (EDCI) and DMAP gave 46
which, in turn, after rearrangement of the
silyl enol ether furnished 47.

The rearrangement of lactones to
carbocycles has also been carried out by
Danishefsky in his synthesis of the Fusarium
toxin equisetin®  Keto-lactone 48 was
converted to its bisilyl derivative 49 and
subsequently rearranged to yield ester 50 in
52% yield (Scheme 29).
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The Ireland-Claisen rearrangement has
also been used in syntheses involving the
ring contraction of lactones (Claisen con-
traction). For example, Knight and co-work-
ers have devised a strategy for the
enantiospecific total synthesis of (-)-a-kainic
acid using ring contraction of lactone (51) to
pyrrolidinedicarboxylic acid (53) in 55%
overall yield (Scheme 30).55 The silyl
ketene acetal 52 was proposed to rearrange
through a boat transition state.

Another excellent example of Claisen ring
contraction was reported by Funk for the
preparation of the in,out-bicyclo[4.4.1]
undecan-7-one core of the potent tumor pro-
moter ingenol G49.%

In Kishi's total synthesis of ophiobolin C
the silyl ketene acetal 55 prepared from 54
rearranged to stereoisomer 56 in 72% overall
yield and 6:1 diastereoselectivity (Scheme
31).%

Conclusion

Over the years the discipline of synthetic
organic chemistry has seen a trend towards
the catalyzed stereoselective synthesis of
natural products. These natural products
often contain large carbocyclic rings and
polyether fragments of well defined stereo-
chemistry. The Claisen rearrangement,”’
reported more than 80 years ago, has re-
mained an important synthetic tool.®® The
Ireland modification of this rearrangement
enables the chemist to have better control
over diastereoselectivity and to apply it to
unsaturated esters.  The Ireland-Claisen
rearrangement has often been used to syn-
thesizelarge carbocyclic structures with com-
plex stereochemistry and will continue to be
an important synthetic strategy in this class
of compounds. The discovery that the
Claisen rearrangement is routinely used by
nature in the synthesis of aromatic amino
acids via the shikimic acid pathway empha-
sizes the importance of the rearrangement in
thesyntheticpreparation of these chiral natu-
ral products and others.*

Recent developments involving the use of
organotin and organoboron chemistry have
given excellentenantioselectivities (ca. 98%
ee.). In an age where high enantiomeric
excesses and stereoselectivity are the order
of the day, the rearrangements with organotin
and organoboron reagents will be used more
frequently in the future.

However, there are several areas that still
have not beenactively researched. Synthetic
work involving the Claisen rearrangement
(though not the Ireland-Claisen rearrange-
ment) has already been investigated using
organoaluminum as the diastereoselective
agent, and has shown great promise forhigher
diastereoselectivity.”® These, as well as other
organometallic agents, should be utilized in
the Ireland-Claisen rearrangements and may
well enhance the diastereomeric selectivity
currently achieved.

The effect of electron withdrawing sub-
stituents on the allylic ester is also signifi-

cant. Welch and co-workers have studied
the ester enolate rearrangement of allyl o-
fluoroacetates and propanoates and demon-
strated these rearrangements to be fairly
selective.®

The aspect of diastereoselective synthesis
of large carbocycles also leaves ample room
for improvement of the rearrangement. For
example, this topic has not been systemati-
cally investigated with the use of
organometallic or lanthanide catalysts/
diastereoselective agents which are now
known to exert a significant chelation effect.
The "double" Ireland-Claisen rearrangement
described earlier could well be investigated
for various chain lengths and cyclic com-
pounds.

Another area which has received consid-
erable attention is that of biochemical ca-
talysis. A recent publicationreports a highly
stereospecific Claisen rearrangement cata-
lyzed by an antibody.®'
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The painting that graces our cover is a portrait of Thaddeus Burr (oil
on canvas, 50 x 39 in., 1758-1760). With its companion painting, a
portrait of Burr's wife, Eunice Dennie Burr, these paintings represent the
high point of American colonial portraiture, a field that was dominated
by John Singleton Copley during the period between 1 753 and 1774 when
Copley left for England. Copley was virtually a self-taught artist since
eighteenth-century Boston offered few masters to serve as artistic
models. His first works were completed when he was only fifteen, and
by the late 1750's Copley had achieved a style of compelling naturalism
and sumptuous surface texture.

Thaddeus Burr was a Fairfield, Connecticut landholder and a
graduate of Princeton. He was a close friend of John Hancock, and was
one of two Fairfield delegates to the convention in Hartford to ratify the
Constitution of 1788. Burr's hip-shot pose and clean chiseled features
reflect the rational ideology of the eighteenth century. His stance looks
to America's political future: leaning against a classical relief, the
allegorical figure of abundance makes reference both to his position as
landholder as well as the Greek democratic ideals which soon would
shapetheideologies of the American and French revolutions. In 1759 he
married Eunice Dennie; their marriage may have been the occasion for
the commission of these portraits.

Both paintings are in the collection of The Saint Louis Art Museum.
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Acta covers, and five that have been on our catalog covers.
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Notes

We have found a very convenient and
practical way of generating free bases from
salts of compounds having secondary or
tertiary amines in their molecules. Gener-
ally, the free bases of such salts are liber-
ated by dissolving them in water and then

treating them with a strong base and extracting
with the appropriate solvent. Recovery of the
free base is frequently not quantitative. In our
method the appropriate salt is placed on top of a
short bed of a neutral alumina column and then
eluted with a solvent containing 10% methanol
in chloroform or an appropriate eluent. After
removing the solvent the free base can be recov-
ered in quantitative yield.

Shiv D. Kumar, Ph.D.
Specialty Chemicals Section
Radian Corporation

P.O. Box 201088

Austin, TX 78720-1088

Do you have an innovative shortcut or unique laboratory hint you'd like toshare with your fellow
chemists? If so, please send it to Aldrich (attn: Lab Notes, Aldrichimica Acta). For submitting your
idea, ¥ou will receive a complimentary, laminated periodic table poster (Cat. No. Z15,000-2, $9.90

value

If we publish your Lab Note, youwill also receive The Detective's Eye: Investigating the

Old Masters (see previous page). -We reserve the right to- retain all entries for consideration for

future publication.

Aldrichimica Acta, Vol. 26, No. 2, 1993

Jai Nagarkatti,
President

Professor James S. Nowick of the
University of California-Irvine suggested
that we make these thiol esters which are
efficient acyl transfer reagents! and ke-
tone synthons.* More recently these thiol
esters have been used by Danheiser and
Nowick in an efficient and general syn-
thesis of B-lactones through condensa-
tion of their enolates with aldehydes and
ketones. Since B-lactones are known to
decarboxylate stereospecifically to the
corresponding olefins this method also
constitutes a convenient approach to the
synthesis of a variety of substituted alk-
enes.’

(1) Ahmad, S.; Igbal, J. Tetrahedron Lett. 1986, 27,
3791. (2) Cardellicchio, C.; Finandanese, V.;
Marchene, G.; Ronzini, L. ibid. 1985, 26, 3595. Fehr,
C,; Galindo, J. J. Org. Chem. 1988, 53, 1830. (3)
Danheiser, R.L.; Nowick, J.S. ibid. 1991, 56, 1176.

It wasno bother at all, just a pleasure tobe
able to help.
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Oxidation Res
and Urea Hyds

Chemists have long been interested in
using reagentsderivedfrom hydrogenperox-
ide (peroxidic reagents) but some of these
reagents are either hazardous (see note la),
not widely available, or both. In this brief
review I will discuss recent work involving
new, relatively safe peroxidic reagents that
have been developed to overcome some, but
not all, of the problems associated with ma-
terialsthatare nownolongerinfavour. I1will
alsocomment on other workers' results using
the reagents that my co-workers and I have
been involved with and also, where appropri-
ate, draw comparisons with other peroxygen
reagents, especially m-chloroperoxybenzoic
acid (MCPBA). Many workers continue to
use MCPBA successfully.

INTRODUCTION

A number of oxidations that have been
reported in the past have used the so-called
‘hightest’ (>85%) aqueous hydrogenperox-
ide in order to generate, for example,
trifluoroperoxyacetic acid. But perhaps the
most widely reported peroxidic reagent in
the past twenty-five years or so has been
MCPBA. The reluctance of suppliers to
transport the ‘rocket fuel’ high test hydrogen
peroxide needs no explanation, and regula-
tions with respect to the transportation of
pure MCPBA have also made the search for
safe alternatives a sensible goal. Pure
MCPBA is both shock-sensitive and poten-
tially explosive in the condensed phase as
indicated by a positive result of 30 ms for
MCPBA upon evaluation by the standard
time/pressure test for products that are ca-
pable of deflagration.” The usual contami-
nantthat is present incommercial MCPBA is
m-chlorobenzoic acid whichmay beremoved
by washing withaphosphatebufferof pH7.5
and drying the residue under reduced pres-
sure.? The presence of m-chlorobenzoic acid
does lead to somereduction in the hazardous
nature of commercial MCPBA, but it is still
shock-sensitive and capable of deflagration.

By comparison, magnesiummonoperoxy-
phthalate hexahydrate (MMPP) (1), a re-
cently developed peroxygen product,? is both
non-shock-sensitive and non-deflagrating.
It is available both as a laboratory and as a
bulk chemical.*

Our early investigations showed that
MMPP can be used to carry out a wide
variety of oxidationreactions, some of which
we reported a few years ago.> We were also
attracted to the possibility of using hydrogen
bonded adducts of hydrogen peroxide by the
report of the use of DABCO-diperhydrate as
an alternative to anhydrous hydrogen perox-
ide in the preparation of bis(trimethylsilyl)
peroxide.® We looked at a number of
perhydrates including DABCO-di-N-oxide-
diperhydrate (2),” triphenylphosphine ox-
ide-perhydrate,® and urea-hydrogen perox-
ide (UHP) (3).

The hydrogen bonded urea adduct UHP is
a white crystalline solid formed when urea is
recrystallised from aqueous hydrogen per-
oxide.” Its use was investigated in detail for
a number of reasons, including ease of
preparation and commercial availability.

Infrared evidence favours structure 3 in
which hydrogen bonding occurs between a
peroxide oxygen and one of the urea hydro-
gen atoms.'® It is of interest to note that the
complex that is formed between hydrogen
peroxide and biuret is an inclusion complex
that apparently does not involve strong hy-
drogen bonding of the type found in UHP.
However, preliminary investigations sug-
gest that biuret-H,0, will be less useful."

The relatively high proportion of hydro-
gen peroxide in the UHP adduct (36.2%)
was another feature that attracted us. The
anhydrous material is hygroscopic and is
best stored at low temperatures due to the
possibility of thermal decomposition. The
high percentage of hydrogen peroxide places
it within the range of organic-hydrogen per-
oxide mixtures which are explosive and, in a
sufficiently forcing test, it can be made to
explode. The thermal decomposition has
been studied and is acceleratory above 355 K
(82°C)."2

The commercial material, which we use,
typically has an available oxygen content of
about 90% of the theoretical value. It may be
stored at room temperature over long periods
of time (ca. | year) without a significant loss
of available oxygen. This material is reason-
ably stable as judged by negative impact and
pressure-time tests on small samples.

We have published a preliminary account
of the use of UHP in a range of typical

Harry Heaney

Department of Chemistry

Loughborough University of Technology,
Leicestershire

LEII 3TU, UK.

COzH
@ Mg2+
CO~

oxidations,” and the details of a new proce-
dure for the preparation of bis(tri-
methylsilyl)peroxide (eq 1), involving the
use of UHP, were also published simulta-
neously.'* It is worth noting at this point that
DABCO-diperhydrate has been found to be
very unstable, decomposing violently in the
presence of trace amounts of transition metal
salts which are sometimes present on ‘clean’
glassware and stirrer bars.
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Some of the early uses'> of MCPBA indi-
cate the initial objectives that one would
consider when evaluating new potential sub-
stitutes. The epoxidation of alkenes such as
1-octene (eq 2) and ethyl crotonate (eq 3), as
well as the epoxidation of enol ethers fol-
lowed by cleavage (eq 4)'¢ are illustrative.
Baeyer-Villiger oxidation reactions, such as
the oxidation of a 20-ketosteroid which af-
forded the 17-B-hydroxysteroid after hydroly-
sis of the ester,” and the formation of N-
oxides (eq 5)'” also serve as early examples.
Of course, many colleagues still prefer to use
MCPBA. However, as will be evident from
this article, MMPP in particular is gaining
acceptance as an MCPBA substitute and now
appears in a well known undergraduate text-
book'® and a practical text."

EPOXIDATION REACTIONS

The majority of successful examples of
epoxidationreactionsusingMMPPhave been
carried out using a hydroxylic solvent to
dissolve the reagent. This solvent has usu-
allybeen alow molecular weight alcohol or,
where the substrate to be epoxidised is in-
soluble in such a solvent, water has been
used together with a phase transfer catalyst
to carry the monoperphthalate anion into an
organic solvent such as chloroform or
dichloromethane. It may be noted in this
connection that the epoxidation of choles-
terol proceeds very efficiently in the absence
of a phase transfer catalyst. 2-Methylbut-2-
ene (eq 6) and cyclohexene were both
epoxidised in high yield using aqueous
isopropanol as the solvent.® The epoxidation
of 4,7-dihydroindane (eq 7) and 1,2-
dimethylcyclohexa-1,4-diene with MMPP
in ethanol® should be compared with the
latter reaction using MCPBA.?!

The oxidation of the allylic alcohol shown
in equation 8 was achieved in excellent yield
when carried out in a mixture of isopropanol
and water, affording an approximate 4:1
mixture of the diastereomeric epoxides.?? It
was assumed that hydrogen bonding of the
peracid with the hydroxyl group led to the
preferential formation of the a-epoxide.
Diastereoselectivity in the epoxidation of
allylic alcohols using either vanadium(V)/
tert-butylhydroperoxide or MCPBA was dis-
cussed briefly in an earlier article,® and
additional examples continue to appear some
of which report very high de’s.?*? Another
interesting recent example concerns the for-
mation of the mono-epoxide from [*H Jbuta-
1,4-diene which was carried out by having
one atmosphere of the diene over an aqueous
solution of MMPP.26

Other examples of epoxidation reactions
involving dienes using MMPP result, simi-
larly to MCPBA, in reaction at the more

0 H_  .Od

A oA

Me,Si <, ~SiMes f —  MesSi.___O

NN HzN)j\N/ ¥707" siMe; (eq 1)
H H M

MCPBA in PhH

25°C,5h,81%

/\/\/\<]
o €a2)

0 , 0
/\/U\ MCPBA in DCE /<(]))L
A OEt A, 3h, 70% OEt (eq3)
(e}
MCPBA in CHCl3
_ 7= o (eq 4)
0 25°C, 17%
0]
NH, NH,
o
N* l MCPBA N~ I (eq5)
Oél\r;l 21% Oé\l}l
H H
/]\/ MMPP in :PrOH
X 40°C,5h,98% (eq6)
(0]
O
MMPP in EIOH
% 4 > (eq?)
OH OH
P OTBDMS z OTBDMS
MMPP o)
~ (eq8)
in i-PrOH / H,0O
pH 5.5, 4h
93%
OMe OMe
. 0.
= { Pr MCPBA = | Pr
X = N (eq9)
75%
0 0

electron rich double bond. The example
shown in equation 9 is one of the steps in a
synthesis of the quinone antibiotic frenolicin
and used MCPBA in the presence of 5%
aqueous sodium hydrogen carbonate.”” Li-
monene affords a mixture of diastereomeric
1-methyl-4-(1-methylethenyl)epoxycyclo-
hexanes using MMPP and phase transfer
reaction conditions. Similarly, epoxidation
of the terpene-derived diene shown in equa-
tion 10 using MMPP gave the epoxides shown
in a reasonable yield.”®
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Because presently available procedures
based on UHP use an excess of the oxidising
agent, reactions involving dienes make efti-
cient isolation of monoepoxides difficult.
This pointis indicated by theexamples using
UHP shown in equation 11. However, it is
worth noting that as expected, geranyl ac-
etate can be converted into 6,7-epoxygeranyl
acetate.

The epoxidation of enol ethers can be
carried out successfully using a variety of
reagents including MCPBA, peroxyimidic




(CH,),CH, o (CH,),CH,
MMPPinH,0
PTC,CHCl; (eq 10)
g 58°/o §
/\ /\
Me le)
Ac,0 (1.5 equiv.)
77% by gc
Me
UHP - Na,HPO, Me CH,
CH,Cly, RT Me_ o (eq11)
Acz0 (3 equiv.)
Me” “CH, 94%
23h
?
Me CH,
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OH OH
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/ or CF3CO3H O/ o*

O

acids, and MMPP. A comparison of the
reactions of ethyl vinyl ether (eq 12) has
been reported,” as also has the sequence
from cis-but-2-ene-1,4-diol to the corre-
sponding epoxyesters (eq 13).*°

There have been examplesreported where
the attempted epoxidation of alkenes has
failed in the presence of MMPP (for ex-
ample, terminal olefins of the type shown in
equation 14.) However, epoxidation was
successfulusing MCPBA employing Kishi’s
high temperature method?! in which a radical
inhibitor 4,4'-thiobis(6-tert-butyl-3-methyl-
phenol) was employed.* The decomposi-
tion of peroxycarboxylic acids at high tem-
peratures presumably occurs by radical pro-
cesses. It may well be that some apparent
failures using MMPP result from very slow
rates of reaction atroom temperature. On the
other hand, MMPP has been used success-
fully together with 5,10,15,20-tetraphenyl-
2,6-dichlorophenylporphinatomangan-
ese(III) acetate in oxygenation reactions that
mimic cytochrome P-450 enzymes.®® The
addition of pyridine or 4-methylpyridine
improves the rate of epoxidation and even
electron depleted alkenes such as isobutyl 3-
butenoate are efficiently epoxidised under
mild reaction conditions.

Selectivity in epoxidation reactions fre-
quently depends on the reagent and reaction
conditions chosen. For example, the
epoxidationofthehomoallylic alcohol shown
in equation 15 proved to be difficult when
using trifluoroperoxyacetic acid generated
conventionally and afforded only the hemi-
acetal (A).** When the reaction was carried
out using the UHP procedure, although the
hemiacetal was still an isolable product, the
spiroacetal was obtained as the major prod-
uct. The diene ester shown in equation 16
surprisingly gave no epoxide on treatment
with MCPBA. However, MMPP and
trifluoroperoxyacetic acid, generated from
the anhydride and 85% hydrogen peroxide,
both gave the o-epoxide exclusively. Also,
3,5-dinitroperoxybenzoic acid gave a mix-
ture of o~ and B-epoxides (3:1).** The
epoxidation of cholesterol using a range of
peroxycarboxylic acids, including MMPP,
gives a mixture in which the o-epoxide pre-
dominates over the B-epoxide by about 4:1
(Scheme 1).

On the other hand, using trifluoro-
peroxyacetic acid generated by the UHP
procedure'' one obtains mainly the 3-f-
trifluoroacetoxy-5,6-a-epoxide. The epox-
idation of cholesteryl benzoate using MMPP
gave a ratio of a- to B-epoxide of 5.5:1 and
using trifluoroperoxyacetic acid an o:f3-ep-
oxide of ca. 3:1 was indicated by the 'H
NMR spectrum. It is of interest to note that
the epoxidation of cholesteryl benzoate us-
ing the catalytic system shown in equation
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17 gave an o.:f ratio of ca. 3:7.¥ When
Mn(II)(dpm), was used the o ratio was ca.
1:4.5.® Presumably, long lived radical inter-
mediates are involved in these reactions as
indicated by the fact that Z -oct-2-ene gave a
mixture of cis- and trans- epoxides in an
almost 1:1 ratio. The results obtained in the
reactions with cholesteryl benzoate are remi-
niscent of those obtained in reactions of
steroidal alkenes withdioxiranes. Cholesteryl
acetate reacts with dimethyldioxirane to af-
ford a mixture of epoxides in which the -
isomer is present in larger amounts than is
normally the case when using a
peroxycarboxylic acid.*

Selectivity in the epoxidation of dienes
where the two alkene residues are of widely
differing nucleophilicities is not difficult to
achieve and we will return to this point later
in this review. However, it is worth pointing
out that quite good diastereofacial selectiv-
ity was reported in the epoxidation shown in
equation 18, part of a total synthesis of (+)-
altholactone. The epoxidation step using
MCPBA proceeded with poor selectivity
whereas MMPP gave predominant attack on
the B-face and a 3.5:1 mixture of the substi-
tuted tetrahydrofuran derivatives resulted
after acid-catalysed cyclisation.®

Epoxidation reactions using UHP as the
source of hydrogen peroxide require that the
anhydride and other reactions conditions are
chosen carefully. For particularly nucleo-
philic alkenes our best procedure uses acetic
anhydride and disodium hydrogen phosphate
at room temperature. In this way we were
able to obtain o-methylstyrene oxide in a
75% yield and the epoxide derived from «-
pinene in 79% yield as shown in equation 19.
Other workers have shown that a styrene
derivative may be converted into a diol (eq
20) by ring opening the epoxide formed.*!

Withrelatively non-nucleophilicandnon-
volatile terminal alkenes, for example 1-
octene, we have generated peroxytri-
fluoroacetic acid in the presence of disodium
hydrogen phosphate and heated the mixture
under reflux for a brief period. In this way
we were able to obtain a high yield of 1,2-
epoxyoctane as indicated in equation 21.
Other examples of the use of these and other
procedures are given in Table 1 (see p. 40).

The epoxidation of electron deficient alk-
enes such as methyl methacrylate has also
been carried out using reaction conditions
similar to those shown in equation 21. With
o,B-unsaturated ketones alkaline hydrogen
peroxide has been generated from UHP and
affords good yields of epoxides. For ex-
ample, pulegone gave a 50% yield of the
epoxide, and the result obtained with
isophorone is shown in equation 22.

The epoxidation of nitroalkenes such as
-methyl-B-nitrostyrene has been reported
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R=H MMPP, CHCl,, H,0 R=H 88% 4 1
R=H UHP-(CF3C0),0, Na,HPO, atRT 16 h R=CF,CO 62% 4 :1
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using alkaline hydrogen peroxide.*> The
epoxide shown in equation 23 was obtained
in an almost quantitative yield when we used
UHP in methanol-aqueous sodium hydrox-
ide at low temperatures. At higher tempera-
tures and in the presence of stronger than 2M
sodium hydroxide we obtained mixtures of
benzaldehyde and benzoic acid, products
resulting from hydroxide ion-induced frag-
mentation of the epoxide and further oxida-
tion. As expected, the epoxidation of o-
ionone can be carried out using different
procedures in order to functionalise the two
different double bonds (Scheme 2).

We mentioned earlier the epoxidation of
geranylacetate using the UHP method. Con-
ventional epoxidation of geraniol using
MCPBA results in the formation of a 2:1
mixture of the 6,7-epoxide and the 2,3-iso-
mer despite the reduction in electron density
at the 2,3-position caused by the allylic hy-
droxyl group.® In this connection it is inter-
esting to note that the 2,3-epoxide is formed
in a 93% yield by using an emulsion tech-
nique in which the 6,7-double bond is kept
away fromtheMCPB Ainahydrocarbonphase.*

The oxidation of some heteroaromatic
compounds using MMPPhave beenreported.
Some of the products clearly result from
initial epoxidation. The reaction shown in
equation 24 was used in the synthesis of
bromobeckerelide, a product isolated from a
marine red alga.*® Other furan derivatives
that carry electron releasing groups in the 2-
and 5-positions afford ring opened dienones
using either MCPBA or MMPP. In the latter
case the reactions were carried out in aque-
ous ethanol and gave very good yields.*® The
oxidation of 1-benzenesulfonylindole using
MMPP results in the formation of the corre-
sponding indoxyl by way of initial
epoxidation as shown in equation 25.

Before leaving the subject of epoxidation
reactions we should make brief return to the
question of the control of stereochemistry
involving the use of neighbouring functional
groups. The reaction shown in equation 26 is
a recently published example involving the
use of MCPBA.® High diastereofacial se-
lectivity has alsobeenobservedinepoxidation
reactions using MMPP. Both of the diaste-
reomers of the phosphine oxides (eq 27) are
epoxidised with stereoselectivities in excess
0f95:5.% Reactions using compounds which
retained the chiral phosphorus centre gave
very low selectivities showing that the
stereoselectivity is dominated by the effect
of the chiral carbon centre.

It was assumed that the stereochemical
control resulted from Houk*® selectivity as
illustrated by 4. Similar arguments have
been adduced in connection with a number of
reactions of allyl silanes, including
epoxidation reactions.”' The osmium tetrox-
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ide catalysed hydroxylation of E-y-hydroxy-
o,B-unsaturated esters using N-
methylmorpholine-N-oxide and aqueous ac-
etone has also been explained in terms of a
conformation resulting from favourable in-
teractions between the p-orbitals of the double
bond and an unshared electron pair on the y-
oxygen.>?

BAEYER-VILLIGER ANI»
RELATED REACTIONS

The facility with which the Baeyer-
Villiger oxidation of aldehydes and ketones
can be effected is related to the strength of
the conjugate acid of the leaving group. The
stronger the acid the more powerful is the
peroxyacid in its oxidation reactions. Not
surprisingly, the more commonly available
peroxyacids are the most frequently used. In
this respect MCPBA has been, until recently,
the most widely used.

Trifluoroperoxyacetic acid is a remark-
ably powerful reagent for use in Baeyer-
Villiger reactions.” However, this reagent
was prepared by the reaction of trifluoroacetic
anhydride with 85-92% hydrogen peroxide
and thusits use is severely limited by the lack
of availability and hazardous nature of that
reagent. On the other hand there have been
examples reported where lower strength hy-
drogen peroxide has been used successfully.**

Two recent examples of the conversion
of ketones into lactones using
trifluoroperoxyacetic acid or MCPBA are
shown in equations 28 and 29. In the first
case (eq 28) the Baeyer-Villiger reaction
was used as part of a stereocontrolled general
synthesis of C-nucleosides.”® The second
example is concerned with a route from
adamantanone to thiaadamantane (eq 29).%

In our preliminary account on the use of
MMPP we mentioned two examples where
Baeyer-Villiger reactions had been carried
out satisfactorily.> Cyclohexanone and 3,3-
dimethylbutanone were converted into
caprolactone and tert-butyl acetate respec-
tively in good yields. There have been a few
other reports of this use of MMPP. The
reactions of the B-lactams shown in equation
30 are reported to proceed efficiently using
MMPP.5" These results may be compared
with those obtained using oxygen and an
aldehyde in the presence of an iron(III) cata-
lyst.® Although the cubane derivative shown
in equation 31 undergoes the tris-Baeyer-
Villigerreactionin goodyield using MCPBA,
an attempted reaction using MMPP failed.
When the UHP-trifluoroacetic anhydride
method was tried a satisfactory result was
obtained and the expected product was iso-
lated in 80% yield.®® There have been a
number of other reports where MMPP has
either shown no advantage over more estab-

Table 1 Epoxidation Reactions Using Urea-Hydrogen Peroxide (UHP)

Substrate Product Method Yield [%]
styrene styrene oxide 1) 60
a-methylstyrene 1-phenyl-1-methyloxirane (1) 83
B-methylstyrene 1-phenyl-2-methyloxirane (1) 86
trans-stilbene 1,2-diphenylepoxyethane (1) 47
2,3-dimethylbut-2-ene 2,3-dimethyl-2,3-epoxybutane 1) 51
hex-1-ene 1,2-epoxyhexane 2) 53
oct-1-ene 1,2-epoxyoctane 3) 88
cyclohexene epoxycyclohexane (1) 74
1-methylcyclohexene 1-methylepoxycyclohexane (1) 56
3-methylcyclohexene 3-methylepoxycyclohexane 1) 58
limonene limonene diepoxide (1) 94
a-pinene 1,2-0-epoxypinane (1) 79
a-ionone 1,1,3-trimethyl-2-(3-oxo-but- (1) 90
1-enyl)-3,4-epoxycyclohexane

cyclooctene epoxycyclooctane 3) 60

phenyl allyl ether 1,2-epoxy-3-phenoxypropane 2) 51

linalool 2-methyl-5-(2'-propyl-2'-hydroxy)- (2 64
2-vinyl-tetrahydrofuran*

geraniol geranioldiepoxide (1) 66

geranyl acetate 6,7-epoxygeranyl acetate (1) 82

cholesterol 3-B-hydroxy-5,6-0.-epoxycholestane (1) 65
and 3-B-hydroxy-5,6-f3-epoxycholestane 28

cholesterol 3-B-trifluoroacetoxy-5,6-o.- 2) 62
epoxy cholestane

cholesteryl benzoate 3-B-benzyloxy-5,6-a.- 2) 53
epoxy cholestane*

isophorone 3,5,5-trimethyl-2,3-epoxycyclo- (4) 68
hexanone

pulegone pulegonepoxide (4) 50

o-ionone 1,1,3-trimethyl-2-(3-ox0-1,2-epoxy- 4) 68
butyl)cyclohex-3-ene

B-methyl-B-nitrostyrene 2-nitro-3-phenyl-2,3-epoxypropane (4) 94

methylmethacrylate methyl 2-methyl-2,3-epoxypropanoate  (3) 56

t major product; *ratio a B 5:2;

methods: (1) UHP-Ac,0-NasHPO4, 0° to RT; (2) UHP-(CF3C0),0-NasHPO,, RT;
(3) UHP-(CF3C0)20-NazHPO4, reflux; (4) UHP-NaOH/MeOH.

OR! O OR!
A o
Me R2  MMPP, Me;CO - H,0 Me \\(
= O
4 h, RT, ca.56% N
04 —N< R3 yield using MCPBA ca.38% g ~R3 (eq 30)
R! =H, TMS, or TBDMS
R? = H, PhCHy,, or 4-MeOC4zH,CH,
R3=Phor Me
NC NC 0’%
o UHP-(CF4C0)20, NagHPO,,

CH,Clp RT 2 h, 80%

A O

A = C(OH)Me¢-Bu

lished methods or has given unsatisfactory
results in attempted Baeyer-Villiger reac-
tions.* The major reason is probably related
to the requirement to dissolve the MMPP in
a hydroxylic solvent.

The Baeyer-Villiger oxidative rearrange-
ment of menthone was one of the first ex-
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(@)
O.
(@) !
1 o ~° j<(eq:n)

A = C(OH)Me tBu

amples reported using Caro’s acid (i.e.,
H,SO,). Baeyer-Villiger reactions of
cycloalkanones (eq 32) using trifluoro-
peroxyacetic acid (generated by the interac-
tion of UHP with trifluoroacetic anhydride
in dichloromethane in the presence of diso-
dium hydrogen phosphate as a buffer) result




0 0
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R )n UHP-(CF3€0),0 R! N
gz NazHPO, DOM , (eq 32)
R
n=0,R'=R?=H 53%
n=1,R' =R’=H 61%
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n=2,R=R’=H 85%
0
Lb¢ . L&/\ (eq 33)
0
oL
NazHP04, reflux 2 h,
76%
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RT, 24 h, 86%
eO
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MeO MeO OMe
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CHO MCPBA OH O ©
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OMe
MMPP, MeOH
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©/ UHP-AC,0 @ (eq 40)
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in the formation of the expected lactones in
good to excellent yields. The exclusive
formation of 7-methylcaprolactone from 2-
methylcyclohexanone illustrates the
generalisation that secondary alkyl groups
have a higher migratory aptitude than pri-
mary alkyl groups. The isolation of a single
product in an almost quantitative yield from
menthone also testifies to the effectiveness
of this method. The procedure also works
well for bicyclic ketones such as norcamphor
(eq 33) and acyclic ketones such as 3,3-
dimethylbutanone. The method also works
efficiently with benzocycloalkanones and is
exemplified by the reactions of o-tetralone
(eq 34) and 2-indanone (eq 35). The antici-
pated Baeyer-Villiger reactions of simple
aralkyl ketones in which the oxidative rear-
rangement occurs with aryl migration are
shown in equations 36 and 37.

The oxidation of aromatic aldehydes to
phenols via the corresponding aryl formates
is known as the Dakin reaction and is evi-
dently related to the Baeyer-Villiger oxida-
tion of ketones. The use of MCPBA is well
known,* and new examples continue to be
reported (eq 38).2 The successful use of
MMPP and UHP-acetic anhydride in these
reactions (eq 39 and 40) can be achieved with
aldehydes that have electron releasing sub-
stituents in an ortho - or para - position. In
the absence of a suitable electron releasing
substituent, hydrogen migration occurs and
the product is a carboxylic acid. In fact the
use of UHP and methanolic sodium hydrox-
ide allows a wide range of aromatic alde-
hydes to be oxidised to the corresponding
carboxylic acid in good yields as indicated
by the examples shown in equation 41.

The 0x1dat10n of sulfldes to sulfoxides or
sulfones depends on the reaction conditions
used. Hydrogen peroxide and tert-butyl
hydroperoxide have both been used as have
a variety of peroxycarboxylic acids. Since
all the peroxycarboxylic acids are stronger
oxidants than hydrogen peroxide, milder con-
ditions may be used when carrying out the
oxidation of sulfides to sulfoxides with a
reagent such as MCPBA. In the example
shown in equation 42 the diastereomeric
sulfoxides were obtained in good yields.®*

Oxaziridines are also useful oxidants for
the conversion of sulfides into sulfoxides
and good enantioselectivity has beenachieved
using chiral oxaziridines.** In our prelimi-
nary investigations, we showed that
tetrahydrothiophene could be oxidised by
MMPP either to the sulfoxide or to the
sulfone.” The use of UHP led to the sulfone
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exclusively, presumably due to using an
excess of the reagent.!* Careful control of
reaction conditions using MMPP allows sul-
foxides to be isolated (eq 43). The related
conversion shown in equation 44 gave a
good yield after a brief reaction period,*® and
the conversion shown in equation 45 was
used in asynthesisof artemisinin.” By using
an excess of MMPP good yields of sulfones
have been reported by a number of resesarch
groups®™ and are indicated in equations
46,% 47,5 and 48.7°

The oxidative conversion of a
phosphothionate group to a phosphate
(thionate to oxon), an important biochemical
process, has been studied with a wide variety
of reagents. It was shown that MMPP was
better than MCPBA, the next best reagent in
the oxidation of malathion to malaoxon.
MMPP gave the best result with respect to
yield and diastereoselectivity.”

Pyridine, 2-methylpyridine, and 2-
chloropyridine can all be oxidised to the
corresponding N-oxidesusing MMPPinace-
tic acid.* In our more recent work we also
showed that the UHP-trifluoroacetic anhy-
dride method also gave a moderate yield of
quinoxaline di-N-oxide.!! It is likely that
isolation difficulties were a major problem
in the latter case. The oxidation of
quinoxaline in dichloroethane using MMPP
proceeds in high yield (eq 49) and there are
no difficulties inisolating the product. High
yields of the N-oxides shown in the equa-
tions 50 and 517 were reported using
MMPP, and in a modification of our UHP
method, phthalic anhydride was used in the
oxidation of 4-tert-butylpyridine to the N -
oxide in 93% yield.”> When we started our
study of the use of MMPP and UHP we were
not aware of the report of the use of UHP as
a substitute for 90% hydrogen peroxide in V-
oxidations.” The reaction involving the
naphthyridine derivative (eq 52) indicates
the value of that system.

The preparation of tetrahydropyridine-
N-oxides by means of the oxidative cleavage
of suitable bicyclic isoxazolidines has been
studied in connection with projected synthe-
ses of indolizidine alkaloids.” The oxida-
tion of the compound 5 gave a mixture of the
nitrones 6 and 7 in which 6 was slightly
favoured using MCPBA. On the other hand,
MMPP gave more useful yields of the nitrone
6, particularly when the reaction was carried
out at low temperatures (eq 53). The
isoxazolidine 8 gave nitrones 9 and 10 in
which the product 9 predominated when
using MCPBA. In contrast, theregiochemical
control was superior when using MMPP and
afforded nitrone 10 as the only product in
68% yield (eq 54).
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One of the potentially most valuable uses
of MMPP that has been developed is the
oxidative regeneration of ketones from
hydrazones. N,N -Dimethylhydrazones are
easily metallated and these derivatives are
thus valuable enolate equivalents. As is well
known, the methodology has been extended
to the RAMP- and SAMP- hydrazone proce-
dures which allow high regio-, diastereo-,
and enantioselective electrophilic substitu-
tion reactions @- to the original carbonyl
group.”® A number of methods are available
for the cleavage of N,N-dimethylhydrazones
including the use of sodiumperborate.” Very
good yields have been reported for the oxida-
tive regeneration of ketones from N,N-
dimethylhydrazones and SAMP-hydrazones
using MMPP, in the latter case with no
racemization of the chiral centre a- to the
carbonyl group.®*® A generalised scheme is
shown in equation 55 and two examples in
equations 56 and 57.

In our own work we have compared the
efficiency of the UHP and MMPP systems in
the cleavage of phenyl- and N,N-
dimethylhydrazones. In the latter case we
observedthatthe MMPP method is normally
better but the reverse was usually the case
when cleaving phenylhydrazones. Cleavage
reactions of N,N-dimethylhydrazonesderived
from aldehydes have also been reported.%!
High yields of nitriles were obtained in rapid
reactions carried out with MMPP and again
the integrity of the chiral centre next to the
original formyl group is maintained. A
suggested mechanism is shown in equation
58 and an example in equation 59.

In further studies we have also investi-
gated the use of the UHP-trifluoroacetic
anhydride system to oxidise aromatic amines
to nitro compounds. In the aliphatic series a
number of aldoximes have been oxidised to
the corresponding nitro compounds using
the same methodology.®? As expected, con-
figurational integrity is maintained at
neighbouring chiral centres (eq 60).

I hope that this brief survey of the uses of
MMPP and UHP has shownthatitis possible
to develop new reagent systems that over-
come the perceived deficiencies and diffi-
culties with other methods. Although the
reagents described have been used with com-
plete safety it is important to stress that risks
must not be taken with peroxidic reagents.
Appropriate safety shields must be used at
all times and the absence of peroxides, espe-
cially diacylperoxides when using the UHP
methods, must be confirmed before work-
up.

Other workers are beginning to find some
advantages to the use of UHP.*** For ex-
ample, a UHP method has been used in a
survey of the epoxidation methods that were
required in the synthesis of the brassinolide
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side chain,* and in a GoAgg" reaction as an
alternative to anhydrous hydrogen perox-
ide.® There are still problems to be resolved
butit may be anticipated that further progress
in devising new procedures for the control of
oxidative processes will be achieved in the
next few years.
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INTRODUCTION

The replacement of a hydrogen atom,
hydroxyl group or halogen (Cl, Br, I) by a
fluorine atom (isosteric replacement) is one
of the simplest structural modifications that
can be made which, in turn, alters the chemi-
cal and biological activities of organic com-
pounds.! Although the size of afluorineatom
is very similar to that of hydrogen (van der
Waals' radius of 1.35 A vs 1.10 A, respec-
tively) resulting in negligible effects due to
steric difference, its electronegativity is much
higher (4.0 vs 2.1). This results in a pro-
nounced effect on the electrondistribution in
a molecule. Moreover, the large ionization
energy of the carbon-fluorine bond (403.3
Kcal/g atom) implies that species involving
electron deficient fluorine would be less
likely than those involving hydrogen (315.0
Kcal/g atom) or chlorine (300.3 Kcal/g
atom).?

The fluorine atom in a carbon-fluorine
bond thus resembles both a hydrogen atom
since it has a similar shape and a hydroxyl
group in that it is electron-rich and poten-
tially can participate in hydrogen bonding.

Itsinductive effect can have a pronounced
influence on the acidity of a geminal hydro-
gen atom with resultant enhanced binding to
a hydrogen bond acceptor. Fluorine is also a
moderately good leaving group and thus
capable of displacement by other nucleo-
philes.

The need for selective fluorination proce-
dures, especially with regard to complex
biomolecules, is thus apparent. Selective
incorporation of fluorine into these complex
species has led to the development of several
new medicinal agents and biologically active
molecules and is the subject of several recent
reviews.>10

This review will attempt to provide an
update of new nucleophilic fluorinating agents
for the introduction of a single fluorine atom
into aliphatic organic molecules, with repre-
sentative applications taken from the recent
literature (1982 to 1993). It is beyond the
scope of this review to discuss in detail the
usesof diethylaminosulfur trifluoride (DAST)
and analogs,'' tris(diethylamino)sulfonium
difluorotrimethylsilicate (TAS-F),?and com-

plexes of hydrogen fluoride with organic
bases.'* However, some examples involving
these reagents are included. A number of
excellent reviews on these reagents have
been published.'"™ > Recently, one review
has appeared which describes advances in
the selective formation of the C-F bond.™"

1.1 Quaternary Onium Fluorides

Quaternary onium fluorides such as
tetrabutylammoniumfluoride (TBAF),"> -
hydrogen bifluoride (TBABF)'¢ and -
dihydrogen trifluoride (TBATF)" are the
reagents of choice for carrying out carbon-
fluorine bond forming reactions in aprotic
solvents (e.g., THF, CH,Cl,, CHCl,, DMF,
HMPT, CHCN, benzene). In these sol-
vents, the onium salts form loose ion pairs in
which the fluoride (F-), hydrogen bifluoride
(HF,") and dihydrogen trifluoride (H,F,")
anions are considered “naked”. Note, how-
ever, the only organic unsolvated ("naked")
fluoride salts that have proven reliable are
tetramethylammonium fluoride'® and
phosphazenium fluoride."?

Thereported molecular structuresofthese
anions® (Figure 1) show that the hydrogen
bifluoride anion 1 is linear, with the hydro-
gen atom placed symmetrically between the
fluorine atoms, and has D_; symmetry. The
dihydrogen trifluoride anion 2 has a bond
angle (FHFHF) of 130°-139° and C,, sym-
metry.

A quantitative study of how the intrinsic
reactivity (nucleophilicity and basicity) of
these anions is affected in solvents of low
polarity by specific solvation with protic
solvents, such as water, has recently been
reported.?’ Landini and co-workers found
that these anions displayed different sensi-
tivities to specific hydration, decreasing in
the order: F->>H F,>H,F,". On the basis of
their charges and sizes, their "hardness" can
be expected to decrease in the same order.?
Thus, when a soft base or nucleophile is
needed, the HF,~ and H,F," anions should be
considered. %

The tetraalkyl and tetraphenylphos-
phonium fluorides, such as tetrabutylphos-
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Casillade Correo 991
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[F----H--F] ~

1
Hydrogen bifluoride

Dihydrogen trifluoride

Figure 1

phoniumfluoride (TBPF)® and -hydrogen
bifluoride (TBPBF),”* tributylmethylphos-
phonium fluoride (TBMPF)?» and
tetraphenylphosphonium hydrogen bifluoride
(TPPBF),? are also useful reagents for nu-
cleophilic fluorination in non-polar solvents.

Most applications of these nucleophilic
fluoride transfer reagents involve substitu-
tion at a saturated carbon? and halofluor-
ination of olefins (i.e., addition of fluoride
and a halonium ion across a carbon-carbon
double bond).
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Nucleophilic substitution of halides and
sulfonates by fluoride ion is one of the most
widely employed methods for the introduc-
tion of fluorine into aliphatic compounds.

These nucleophilic substitutions have also
been effectively carried out by metal fluoride
reagents such as KF/18-crown-6, “spray-
dried” KF,” polymer supported fluoride
[Amberlyst A-26 (F)],* silver fluoride sup-
ported on calcium fluoride,* calcium fluo-
ride supported on alkali metal fluorides,***
Cu,O-HF-organic base,* and KF/PEG 400.%*

A number of useful examples involving
the onium fluorides TBAF, TBABF and
TBATF are illustrated in Schemes 1-3 and
discussed below.

Fluoroestrones 4 and 6 were prepared by
fluoride ion displacement on the correspond-
ing epimeric estrone trifluoromethanesul-
fonates (triflates) by an S 2 mechanism
(Scheme 1,eq 1 and 2).%

Similarly, the4-O-trifyl groupof monosac-
charide, 7, undergoes substitution by fluo-
ride ion with inversion of configuration.’’
The reaction of 1,6-anhydro-3,4-di-O-ben-
2yl-2-O-(trifluoromethanesulfonyl)-B-p-
mannopyranose (9) with TBAF provides a
rapid and high-yield approach to 2-deoxy-2-
fluoro-p-glucose (eq 4).%® Incontrast, it was
reported that the use of cesium fluoride in
DMF led to extensive decomposition of 9.

Recently, Cox and co-workers reported a
study of the reactivity of “anhydrous” TBAF
with a range of halo- or tosyl-substituted
compounds containing allylic, benzylic, pri-
mary, secondary and tertiary sp*® centers.'*
This study demonstrated that “naked” fluo-
ride can act as either a nucleophile or a base.
Benzyl bromide reacts rapidly to produce
benzyl fluoride. Primary tosylates and ha-
lides give exclusively or predominantly pri-
mary fluorides (eq 5 and 6), whereas second-
ary halides such as 2-bromooctane give pre-
dominantly olefinic products. Reaction of
“anhydrous” TBAF with (R)-(-)-2-
octyltosylate (14) gives (8)-(+)-2-
fluorooctane (15) indicating that fluoride sub-
stitution proceeds solely by an S 2 process.
Elimination of TsOH is the dominant side
reaction (eq 7).

Chemoselective fluorination of primary
alcohols in the presence of secondary or
tertiary hydroxyl groups or olefins, ketones,
esters and ethers, via an in situ formation of
their corresponding triflates or mesylates
was described by Shimizu and co-workers.*
The selectivity of this methodology was ex-
plained in terms of the sulfonylating reac-
tion: thereaction s faster for primary alcohols
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H,CCCH,(OH)(CH,),CH,OH = 5 CCCH,(OH)(CH,),CHF (o 8)

THF, 4A sieves, refl. 17h.

16

80% 17

Scheme 1

than for secondary ones, and practically no
reactionoccurs withtertiary hydroxyl groups.
The utility of this methodology is illus-
trated by the conversion of 2-methyl-
dodecane-2,11-diol (16) into 11-fluoro-2-hy-
droxy-2-methyldodecane (17) (eq 8).

The use of tetrabutylammonium hydro-
gen bifluoride as a stable, readily available
source of fluoride ions in nucleophilic substi-
tution processes was reported by Guerrero

and co-workers (Scheme 2).'9 These authors
found that TBABF is useful for the conver-
sion of primary alcohols into the correspond-
ing fluorides through the intermediate
tosylates and mesylates (eq 9), whereas
reaction withmesylates of secondary alcohols,
such as 2-dodecanol, led to the formation of
isomeric olefins and other side products (eq
10). On the other hand, the same authors
reported that reaction of aliphatic and benzyl
halides (eq 11) gave comparable or better
yields than with “anhydrous” TBAF'* and other
methods of nucleophilic fluorination.
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~
CHj CHy
CEHW \ B * 2
HaC F A o
248 /10luene 60 h, 100°C 27 28
> 32 : 31 (eq13)
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1.2¢ TBATF/Amberiysi A-2

Cousseau and Albert recently reported*
that polymer supported dihydrogen trifluoride
P*H,F,” (P* is the cationic part of a
macroreticular basic anion-exchange resin;
for example, Amberlyst A-26 or Amberlite
IRA 900) can act as a good source of nucleo-
philic fluoride. In this study they compared

the nucleophilic power of the F-, HF," and
H,F, anions by testing the reactivities of the
polymer supported reagents P'F-, P*HF,
and P*H_F,” with three model bromoketones
and with secondary non-activated mesylates
and halides.

From the results with bromoketones (eq
12), the authors concluded that the reagents

24a and 24b, unlike 24c, retain a small but
significant amount of water which leads to
undesired hydrolysis byproducts. Thus, al-
though the overall reactivities can be ranked
in the order 24a > 24b = 24c, the best yield of
fluoro substitution is provided by 24c.

With 33-OMs-5a--cholestane (26) the au-
thors compared their results with those re-
ported by Colonna.*® The products are mix-
tures of 3a—fluoro-5ai-cholestane (27)and 2-
cholestene (28) (eq 13). This indicates that
under the conditions used, namely high tem-
peratures and extended reaction times, 24a
and 24c may act as either a nucleophile
(substitution) or a base (elimination).

The tetrabutylphosphonium fluorides (e.g.,
TBPF, TBPBF, TBPTF) and several other
lipophilic onium fluorides, bifluorides and
trifluorides were prepared by Landini and co-
workers using anion exchange resininatwo-
phase system.?

Yoshioka recently reported” the prepara-
tion of anhydrous TBPBF and TBPTF (from
tetrabutylphosphonium hydroxide and aque-
ous HF), and TBPF (from TBPBF and n-
BuLi). These authors also describe their
utility in the selective nucleophilic fluorina-
tion of oxiranes, alkyl halides and sulfonates
of aliphatic and steroidal alcohols. TBPBF
was foundto be a more selective reagent than
TBAF for the fluorination of 3f-
toluenesulfonyloxyandrostan-17-one(eq14).
TBPBF and TBPTF also were found useful
for the nucleophilic fluorination of aromatic
substrates containing chlorine, or bromine
atom(s) or a nitro group.*!

In 1980 Leroy and co-workers reported?
the preparation and use of tri(n-
butyl)methylphosphonium fluoride (n-
Bu,MePF) for the nucleophilic substitution
of sulfonates and activated alkyl halides un-
der mild conditions in non-polar solvents.

Tetraphenylphosphonium hydrogen bi-
fluoride (Ph,PHF,) has been used for the
fluorination of organic halides with good
success (eq 11).3' Clark and Brown first
reported that this onium fluoride showed
excellent solubility in polar aprotic solvents
such as CH,CN, DMSO and CHCI, and is
easily prepared and dried.?*#? This reagent
picks up small quantities of atmospheric
moisture only over extended periods of time,
and displays good thermal stability. In their
paper the authors studied the rate of produc-
tion of PhCH_F from PhCH,Br in CH,CN at
52° C using two mole equivalents of (a)
Ph,PHF, and (b) Ph,PHF, H,O and foundthat
less product results with the hydrate.
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1.2g TBAFPS

- In 1991 Gingras reported® the prepara-
tion and the use of tetrabutylammonium
difluorotriphenylstannate (32, TBAFPS), the
first hypervalent complex of tin acting as a
fluorinating agent. The trans stereochemis-
try of the trigonal bipyrimidal structure (Fig-
ure 2) of this anion was also determined by
Gingras.* This new fluorinating agent is
soluble in many organic solvents (CH,CL,,
CHCI,, THF and most polar solvents).
TBAFPS is a very promising fluoride ion
sourcethatis potentially useful in many areas
of organic chemistry.

1.2h Scope and Limitations

Two of the most important and straight-
forward strategies for the introduction of
fluorine into a target molecule are the con-
version of a hydroxyl group into its corre-
sponding sulfonate and subsequent displace-
ment by nucleophilic fluoride and halogen-
exchange fluorination of aliphatic halides. In
these two methods it is important to balance
the nucleophilicity and protophilicity of the
fluoride source in order to control the com-
petitivereactionsof substitution versus elimi-
nation.

Diethylaminosulfur trifluoride (DAST)
can be used for the direct conversion of a
hydroxyl group to a fluoride atom. It is
noteworthy that the stereochemical conse-
quences of using the direct versus the indirect
substitusion by fluorine with chiral alcohols
may be quite different. Substitution of a good
nucleofugal group by fluoride normally oc-
cursthroughan S, 2 mechanism (Schemes 1-
3), whereas the use of DAST can lead to
either retention by an S 1 mechanism (inti-
mate ion pair)'® or inversion by an S, 2
mechanism.?

One of the most promising reagents for
the transformation of primary, secondary or
tertiary achiral aliphatic halides into
fluoroalkanes appears to be the Cu,0O-HF
organic base reagentreported by Yoneda.* It
was proposed that the reaction involved the
initial formation of cuprous halide to form an
alkyl cation R*, which readily reacts with
fluoride providing the fluoroalkane without
rearrangement of the carbon skeleton.

1.3 Halofluorination ef Aikenes
Halofluorination of olefins is one of the
most important reactions for the synthesis of
monofluoro aliphatic compounds via electro-
philic and nucleophilic substitution reactions.
This reaction is usually carried out with a
halonium fluoride XF (X = Cl, Br, 1), either
as such or generated in situ with a combined
reagent system.* Such a system consists of
a fluoride source [e.g., BuN*‘F, BuN* HF,
BuN* HF,5, NH,* HF,*AIF,, CHNH"-
F(HF) F, [(C,H)),N « 3HF], BF,, P‘F (P*is

r -
Ph
n-BusN* | Ph—Sn""
| ph
F
32
Figure 2

NXS, CgHsN*H F(HF),-

CH2=CH" (CH2)3CH3 ?Hg"' ?H" (CH2)3CH3 (eq 15)
3 THF, 50 min, 0°C X F
: 33a X=I| 70%
34b X=Br 90%
34c x-CI 40%
DBH, CgHsN*H F(HF),”
34b + CHo— CH—(CH,);CH 16
CH,Cly, 3 min, . 84.7% (9:1) fHe™ PH7(CHCHs - (ea16)
F Br
35
H H
(CH3)sC (CHg)3C
(CHy)C on NXS/Py-HF H Ph + x F
Et,0, 2 h, t. Ph
36 37 38 (eq1?)
X=Br 64% 36%
X=Cl 60% 40%
CO,CH, CO,CH;Z
NBS-TBAF
C CHZCN, 1 h, rt. (eq18)
AcO" 77 ToAc AcO” 7\ "oAc
39 40 X=F 87%
41 x=0H 1%
Scheme 4

poly(styrene-co-4-vinylpyridine) complex),
or SiF,] and a halonium ion source [e.g., N-
halosuccinimides, N-haloacetamides or 1,3-
dibromo-5,5-dimethyl hydantoin (DBH)].
Since fluorine is the most electronegative
element, it will always be the nucleophilic
partner and other halogens the electrophilic
partner.

Olah and co-workers reported*
halofluorination of alkenes using N-
halosuccinimides in conjunction with HF-
pyridine complex. Iodo- and bromofluor-
ination of alkenes are also effected using
bromine or iodine with an equivalent amount
of silver nitrate in pyridinium poly(hydrogen
fluoride) solution. One example of
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halofluorination using NBS, NCS and NIS is
shown in equation 15. The addition products
follow Markovnikov orientation, which
means that fluorine is introduced at the more
substituted olefinic carbon.

An interesting application of this kind of
process is the preparation of vicinal
difluorides from the corresponding alkenes
without isolation of the intermediate
halofluorinated compounds. This is simply
carried out by adding silver fluoride to the
solutions of 1,2-haloalkanes, thus effecting
the halogen-exchange fluorination in situ.

Katzenellenbogen and co-workers*’ have
studied the bromofluorination of model ole-
fins (e.g., allylbenzene, 1-hexene and
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Table 1. lodofluorination of 2-phenylpropene
Entry  F-Source Solvent Time (h) Isolated Yield%
1 Bu,NH,F, CH.CI, 1 92
2 Bu,NH,F, (CH,CL,), 1 90
3 Bu,NH,F, CHCI, 1.5 90
4 Bu,NH_F, CH,CN 5 87
5 Bu4NH F (MeOCH,), 5 83
6 Bu,NHF, (CH,CI), 5 rt. 13 83
7 Bu,NF (CH,C), 5; 1. 13 11

propene) using DBH in conjunction with HF-
pyridine complex, or metal fluorides with
acid in dichloromethane. Thus, bromofluo-
rination of 1-hexene (33) proceeds rapidly (3
min.) and efficiently (85% yield) at room
temperature. The Markovnikov and anti-
Markovnikov products, 34b and 35, were
obtained in a ratio 9:1.(eq 16).

The halofluorinated product can be re-
duced by a tin hydride reagent to give the
fluoroalkane product resulting from
Markovnikov addition of HF, with the ad-
vantage that the net addition of HF by
halofluorination-reduction can be done un-
der milder and safer conditions. A plausible
explanation of why halofluorination proceeds
under  milder  conditions than
hydrofluorination, based on the relative hard-

soft acid-base characteristics of the interact-
ing species, is given.”’ The halofluorinated
product can also undergo base promoted
elimination to afford vinyl fluorides. This
publication also pointed out an interesting
application of the olefin halofluorination
reaction as a method for labeling molecules
with the positron-emitting radionuclide fluo-
rine-18.4

Zupan and Gregorcic* studied the stereo-
chemistry of bromo- and chlorofluorination
of 1-phenyl-4-tert-butylcyclohexene (36) us-
ing N-bromo- or N-chlorosuccinimide in the
presence of HF-pyridine complex and found
that the addition followed Markovnikov-
typeregioselectivity and proceeded stereospe-
cifically anti, thus forming two pairs of
vicinal halofluorides 37 and 38 (eq 17).

They also reported the bromofluorination of
various phenyl-1-substitutedolefins with NBS
in the presence of polymer supported HF in
dichloromethane.*

Boron trifluoride-etherate in combination
with N-haloamides, N-haloimides and N-
haloamines has also been used to promote the
vicinal halofluorination of alkenes.*

Over the past few years there has been
increasinginterestin theuse of TBAF, TBABF
and TBATF for the generation of halogen
fluorides. These reagents and triethylamine
trihydrofluoride are a highly versatile source
of fluoride ions, for halofluorination. They
are easy to handle and permit the use of
normal glass apparatus.

The combination of N-bromosuccinimide
and TBAF for the vicinal bromofluorination
of alkenes was first described by Maeda and
co-workers.’! Bromofluorination of 4-fert-
butyl-1-methyl-cyclohexene gave a mixture
of the two bromofluorides. The results indi-
cated that the reaction follows Markovnikov
orientation and proceeds with anti
stereoselectivity, in accord with previously
reported results.*

Similar treatment of methyl 3o,70-
diacetoxy-5B-chol-11-ene-24-carboxylate,
(39) afforded the 12a-bromo-11p-
fluorosteroid (40)(eq 18). The formation of
this product was explained through an initial
approach of electrophilic bromine cation to the
C, - C,, double bond from the a-face followed
by afluoride anion attack from the B-face (“anti-
parallel pathway”). The authors explained that
the formation of the side product 12a-bromo-
11B-hydroxysteroid (41) indicated that water
was present in the TBAF reagent.

The halofluorination reaction of a variety
of acyclic and alicyclic olefins by using
TBABFinthepresence of N-halosuccinimide
has been reported by Guerrero and co-work-
ers.”? This process occurs stereospecifically
to afford anti addition products, and with
unsymmetrical olefins a marked Markov-
nikov-type regioselectivity. A representa-
tive example is given in Scheme S (eq 19).

Using NBS and NCS, the formation of
variable amounts of the corresponding vici-
nal dibromo or dichloro derivatives was
reported. A free-radical mechanism was pos-
tulated to explain this side reaction.

The vicinal halofluorination of alkenes
was also achieved under solid-liquid biphasic
conditions with ammonium hydrogen
bifluoride and porous aluminum fluoride
(NH_* HF, « AIF,), N-halosuccinimide and
ultrasound in dimethoxyethane or 1,2-
dichloroethane. These solvents are useful for
iodofluorination, whereas diethyl or
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diisopropyl ether are more useful fc.
bromofluorination.®* The porous aluminum
fluoride was shown to accelerate the reac-
tion and increase the yield. A mechanism
involving activation of HF,™ salts by both
porous aluminum fluoride and ultrasound
was proposed. The structure of the inter-
mediate ammonium hexafluoroaluminate
[(NH,),AlIF,] was determined by powder
X-ray diffraction.

Forexample, the heterogenous mixture of
cyclohexene(46),NIS andNH HF,*AlF, sub-
jected to ultrasonic irradiation at 60°C for
one hour afforded the desired trans-1-fluoro-
2-iodocyclohexane 47 in 75% yield (eq 20).
The stereoselectivity of this process is anti,
however the regioselectivity with
unsymmetrical alkenes was not as high in
some reactions. In the case of the
bromofluorination reaction, the formation of
a 1,2-dibromo side-product in about 20%
yield was also reported.

~indmide or BEH

In 199 1 Kuroboshi and Hiyama> described
the use of the combination of TBATF and
NIS or DBH for the iodo- or
bromofluorination of a variety of alkenes
having alkyl and/or aryl substituents. They
also reported that under similar conditions,
chlorofluorination with N-chloro-succinimide
did not occur at all with complete recovery of
the starting alkenes.

Optimization of the reaction conditions
by employing the combinations of NIS with
TBAF, TBABF and TBATF in the solvents
CH/CIl,, CHCI,, CICH,CHCI, CH,CN or
DME using 2-phenylpropene (48) were re-
ported (eq 21)(Table 1). The results indi-
cated that reactions were complete within
two hours in chlorinated hydrocarbon sol-
vents (entries 1-3) whereas those conducted
in acetonitrile or DME required longer reac-
tion times (entries 4 and 5). TBABF used as
the fluoride ion source in 1,2-dichloroethane
gave the same product as with TBATF, in a
comparable yield, but required warming to
room temperature and a longer reaction time
(entry 6). TBAF was found to be much less
effective (entry 7).

The best reaction conditions found were
NIS or DBH (1.5 mmol) and TBATF (1.5
mmol) in CH,CI, (1.5 mL).

It is noteworthy that under these condi-
tions and at 0°C for two hours, olefins bear-
ing an oxirane group have been
iodofluorinated chemoselectively.

The authors reported that the stereochem-
istry of the addition of F-I was anti with all
theolefinstestedandfollowed Markovnikov-
type regioselectivity.

Whenthe 1,2-iodofluorinated alkanes thus
obtained were treated with DBU in CHZCIZ,

R
H H NBS/TEAHF), /<< KO— R H
o R B ey N
H> <H CH,Cl,, 21, 0°C N THF,5h0°C /g
R H
€)-53 ()-threo 54 92% (2-5591%  (oq23)
H R NBS/TEA(HF), /<( KO— EFE H
=( ————F Br T )~
0, 0
g W CHiCl2h,0°C 3 THF,5h,0°C /"o
R-H
(2)-56 (z)-erythro 57 90% (E)- 58.94%
R=H4Cs TEA(HF), = Triethylamine trihydrofluoride
OH B OH
M\) NBS/TEAGHF), | ™ X (eq24)
59 CH,Clp, 2h,0°C96% 1™,
(+)-60
E F F
| NBS/TEA(HF), J BusSnH - i
QC:CHZ — C~CHsBr ———» C-CHs
CH,Cl,, 2h, 0°C F 2h,60°C F
61 90% B2 63% 63 (ea2s)
- Scheme 7

dehydroiodination readily occurred at room
temperature to give vinyl fluorides in excel-
lent yield. As both F-I addition and H-I
elimination proceeded in an anti fashion,
(E)-1-phenylpropene (50) was converted into
(E)-1-fluoro-1-phenylpropene (52) by a two
step procedure (eq 22).

In a more recent paper,* Kuroboshi and
Hiyama observed that the iodofluorination of
olefins is readily effected in a two-phase
system using dilute hydrofluoric acid, NIS,
TBAF and KHF,, and suggested that the
active fluoride ion is H,F," rather than HF, or
F-. Indeed, this suggestion is highly predict-
able since the reported procedure for the
preparation of TBATF* employed HF-KHF,
and TBAF. The authors have simply gener-
ated the anion H,F," in situ.

In 1991 Landini andco-workers reported®’
the use of stoichiometric amounts of TBATF
and an excess of N-halosuccinimide for the
halofluorination of alkenes. The reaction
products obtained show predominant
Markovnikov regiochemistry. Olefins con-
taining hydroxy, epoxy, acetoxy and alkoxy
groups do not undergo side reactions under
these conditions.

A number of other reagents for the
halofluorination of alkenes have been intro-
duced during the past 10 years. The most
versatile of these are: a) various modified
forms of py(HF) complex as a fluoride ion
source’®¢!, b) DBH in conjunction with sili-
con tetrafluoride®, and c¢) bis(pyridine)-*
and bis(sym-collidine)iodonium(l) tetra-
fluoroborate.*

Laurent and co-workers reported® the use
of N-halosuccinimide ‘and triethylamine
trihydrofluoride [(C,H,),N - 3HF] as aconve-
nient and effective reagent for the
halofluorination of alkenes. The reaction
proceeded stereospecifically anti. In the case
of unsymmetrical alkenes, the main products
again result from Markovnikov selectivity.

A more recent application of this method
is the bromofluorination of allylic alcohols to
afford vicinal fluorobromohydrins. Treat-
ment of the formed fluorobromohydrins with
aqueous sodium hydroxide gave epi-
fluorohydrins.®

Schlosser and co-workers reported® an-
other application of this combination. Rep-
resentativeexamples are presentedin Scheme
7. Cis- or trans-6-dodecene (53) and (56)
gave (x)threo- and (z)erythro-6-bromo-7-
fluorododecane (54) and (57), respectively,
in almost quantitative yield. Dehydrobromi-
nation with potassium fert-butoxide in THF
at 0°C afforded (Z)- and (E)-6-fluoro-6-
dodecene, (55) and (58), respectively. Ge-
raniol (59) was quantitatively converted to
(E)-6-bromo-7-fluoro-3,7-dimethyl-2-octen-
1-01 (60) as indicated in equation 24.

A salient feature of this work was the
demonstration that the presence of a fluorine
atom in the olefin, as in 2-fluoro-1-alkenes,
enhanced both the reactivity and the
regiocontrol in the elecwophilic addition pro-
cess. The observed stereospecificity was
ascribedto stabilization of the initially formed
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Scheme 9

carbenium ion by the electron donating reso-
nance effect of fluorine. The reaction of 1-
fluoro-1-phenylethylene (61) illustrated this
point (eq 25). Reduction of 2-bromo-1,1-
difluoro- 1-phenylethane (62) with tributyltin
hydride lead to 1,1-difluoro-1-phenylethane,
(63).

The polymeric fluorinatingreagentpoly(4-
vinylpyridinium)poly(hydrogen fluoride)
(PVPHF), first reported by Olah,%! is useful
for hydrofluorination, the fluorination of
alcohols and, with the co-reagent NBS, for
bromofluorination of alkenes and alkynes.
Advantages of this reagent include ease of
handling and convenient work-up.

In 1991 Fujisawa and co-workers de-
scribed® the use of hexafluoropropene-
diethylamine complex (HFP-DEA) and N-
haloimides forthe halofluorination of olefins
with high regio- and stereoselectivities.

One representative application of this re-
action is in the synthesis of a fluorine ana-
logue of juvenile hormone MV-678 (Scheme
8, eq 26). The authors suggested that these
reactions proceed most probably via genera-
tion of a limited amount of hydrogen fluoride
from HFP-DEA complex and water, followed
oy formation of the XF species (eq 27).

Recently, Shimizu and co-workers de-
scribed®® a convenient method of bromo-
fluorination of olefins with DBH-SiF,. The
combination of NIS- or NCS-SiF, was not
successful. From the various solvents used
only 1,4-dioxane gave satisfactory results.
No side products are formed in the presence
of water.

Aliphatic, aromatic and alicyclic alkenes
underwent bromofluorination to give the ad-
ducts in good to excellent yields. DBH-SiF,
is a convenient combination which does not
affect acid sensitive functionalities.

The stereochemical outcome of aryl-
subsituted alkenes is noteworthy. Both (E)-
and (Z)-1-phenylpropene (67) and (68) gave
anti-2-bromo-1-fluoro-1-phenylpropane (71)
exclusively and in good yield. This result was
explained in terms of the involvement of a
pair of bridged bromonium ions, 69 and 70,
thatare stabilized by 1,4-dioxane and isomer-
ized to the more thermodynamically stable
intermediate 69.

These complexes can be classified as 2-
coordinate halogen(I) species and can be
described as containing a central halogen that
is hypervalent.*
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In 1985 Barluenga and co-workers
reported®® that when cyclohexene wastreated
with bis(pyridine)iodonium(I) tetrafluoro-
borate (py,IBF,)in the presence of fluoroboric
acid at -30°C in CH,Cl,, trans-1-fluoro-2-
iodocyclohexane was obtained in 67% yield.
In 1991 the same author reported®® the gen-
erality of, and optimal conditions for, the
reaction of iodofluorination of alkenes using
py,IBF,. The reaction is quite general, irre-
spective of the structure of the starting alk-
ene. Nevertheless, in the case of acrylates, it
required a modified experimental approach.
In general, these reactions are very clean and
fast at -60°C. The reaction takes place regio-
and stereoselectively. Equation 29 illus-
tratesthe iodofluorination of 3-phenylpropene
(72) using py,IBF, yielding exclusively 2-
fluoro-1-iodo-3-phenylpropane (73) as ex-
pected. The stereoselectivity of the addition
was found to be anti as is usually the case.
Compound 73 was dehydroiodinated in the
presence of DBU in benzene at reflux provid-
ing 74 in 60% yield.

Another interesting application of this
reagent is the iodofunctionalization of ole-
fins with substituents attached to the carbon-
carbon double bond that are able to strongly
stabilize a positive charge. 1,1-Diphenyl-
ethylene (75) was used to demonstrate this
application (eq 30).

The method using the analogous reagent (s-
collidine),IBF, is illustrated in equation 31.

The most convenient method for the prepa-
ration of halogen monofluorides is direct
synthesis frommolecular fluorine with other
halogens. A goodreview of this synthesis has
been recently published by Boguslavskaya
and Chuvatkin.®’

The in situ generation of IF and BrF from the
reaction of 10% fluorine in a nitrogen stream
withiodine or bromine in CCL,F at-75°C andits
application to the halofluormatlon of alkenes
has been recently reported. The results of this
work are summarized in Scheme 10.

Indeed, the rather low thermal stability of
these interhalogens (CIF, BrF, IF) and lack of
commercial availability has prevented arapid
expansion in their use.

Over the past ten years there has been
increasing interest in the use of a source of
positive halogen (I*, Br* and C1*) and a source
of nucleophilic fluoride. Such reactions are
indicated by the notation [XF] or “XF” mean-
ing that these elements are eventually added
across a double bond but not necessarily
through the employment of the XF molecule
itself. The mechanism proposed by Rozen
and Brand for iodine monofluoride and bro-
mine monofluoride addition to a carbon-
carbon double bond involves the initial elec-

F) F
Q) e 0z — = = R
i —_— -
2 min, -78°C i F
79 i 81 (eq32)
IF / CFCl3-CHCly (eq 33)
s
5 min, -78°C 45%
82
CeHyz CgH17
IF / CFCl3-CHCl3 4
5 min, 78°C 65 (ea34)
AcO AcO
84
o DBH/CgHsN*H F(HF),
—C==C—H >_.( + >—< (eq35)
sulfolane, 20 min, 20°C F H
86 (B%)87 E V4
92 8
Scheme 10

trophilic addition of iodine or bromine to
form a cyclic halonium ion intermediate (eq
32). The fluorine is transformed into a
“nucleophilic species” which then attacks in
an anti fashion on the carbon which corre-
sponds to the more stable carbenium ion. In
the case of BrF these authors used EtOH or i-
PrOH as a proton donor to enhance the
polarizability of the Br-F bond. This ionic
mechanism is often invoked for these two
consecutive reactions. A similar mecha-
nism has been proposed for the complexes of
positive  iodine of the type
bis (pyridine)iodonium(I)** and bis-
(collidine)iodonium(I)** with the tetrafluoro-
borate counteranion acting as a source of
fluoride.

The major drawbacks of using ethanol or
isopropanol as proton donors is the forma-
tion of vicinal bromoethers resulting from
nucleophilic attack by the alcohol on the
cyclic bromonium ion intermediate.

reported the

Recently Eddarir®®
bromofluorination of alkynes by using the
combination of DBH and pyridine-HF to
afford a mixture of (Z)- and (E)-1-bromo-2-

fluoroalkenes. The reaction was
regioselective leading to the bromine atom
on the unsubstituted side of the carbon-
carbon triple bond and giving the E-isomer
with good stereoselectivity. Sulfolane was
used as the solvent and an example is shown
in Scheme 10 (eq 35).
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In 1979 Olah* described the geminal-
halofluorination and -hydrofluorination of
a-diazo ketones and diazoalkanes with the
combination of N-halosuccinimide and
pyridinium poly (hydrogen fluoride) (PPHF)
solution.

This paper inspired me to carry out a
broader study on the stereochemistry, gener-
ality and optimal conditions for the geminal
dihalogenation reaction of interhalogens,
halofluorides and fluorine with 6-
diazopenicillanate esters. This reaction in-
volved electrophilic and nucleophilic substi-
tutions using a combined reagent system
consisting of ahaloniumanda fluoride source,
or halonium fluoride generated in situ, paral-
leling the reported reaction with alkenes
(Scheme 11).

The (pivaloyloxymethyl)-6,6-heterodi-
halopenicillanates 89, 90 and 91 have been
stereoselectively prepared from the reaction
of (pivaloyloxymethyl)-6-diazopenicillanate
(88), with either N-halosuccinimide/halide
or the interhalogens XI (X= Cl, Br). Their
configuration was determined by single crys-
tal X-ray analysis. These reactions proceed
stereoselectively with the electrophilic halo-
gen being placed in a B-orientation and the
nucleophilic halide atom in an o-orientation
in agreement with the proposed two-step S, 2
mechanism for the displacement reaction.%

The conversion of 6-diazopenicillanates
into 6-bromo-6-fluoropenicillanates using V-
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bromosuccinimide and pyridine-HF was re-
ported.™ In our hands the use of this proce-
dure was unsatisfactory when applied to the
POM ester 88, giving rise to a complex
mixture of products.” We also investigated
the use of mixtures of NBS and a range of
other fluorides including KF/18-crown-6
complex, CsF and TBAF without success.
However, after considerable experimenta-
son the combination of NBS and TBABF in
CH,CI, was found to be more reliable and
gave the desired POM 6B-bromo-60.-
fluoropenicillanate (92) in 40% yield. Ex-
tension of this procedure to include the syn-
thesis of benzyl 6B-bromo-60a-
fluoropenicillanate withNBS-TBABF, DBH-
TBABF and NBS-TBATF was also success-
ful.”

POM 6B-chloro-6a-fluoropenicillanate,
(93a) was synthesized by using NCS and
TBABF in 25% yield. In addition, the
regioselective introduction of two chlorine
atoms at C-6 of the penam nucleus of 88 was
achieved using a combination of NCS and
tetrabutylammonium chloride (TBAC), af-
fording 93b. However, attempts to convert
88 into the corresponding 6B-iodo-60-
fluoropenicillanate employing NIS or 1,3-
diiodo-5,5-dimethyl hydantoin (DIH) and
TBABF under the same conditions led only
to 6,6-diiodopenicillanate in excellent yield.

The same result was obtained when 88 was
treated with IF in CFCl, at-30°C. At-60°C
no reaction occurred. The same reaction at
-30°C in the presence of TEMPO, a free
radical scavenger, completely suppressed
the formation of compound 94. This total
inhibition of the formation of 94 might in-
duce one to consider the occurrence of a free
radical process in this iodofluorination reac-
tion, which competes with the ionic path-
way. The low temperature used ruled out the
well-known possibility of the formation of
molecular iodine from the disproportion-
ation of IF.”

Our attempts™ to synthesize POM 6,6-
difluoropenicillanate (95) from 6-diazo
penicillanate (88) by using 1% F, in a nitro-
gen stream under several experimental con-
ditions, including those reported by Rozen
and Brand™ to promote ionic addition of F,,
led only to an intractable mixture of prod-
ucts.

Tetrabutylammonium and polymer sup-
ported dihydrogen trifluoride was first intro-
duced in organic synthesis by Albert and
Cousseau in 1985.7 In this communication
the authors described the addition of HF to
carbon-carbon triple bonds activated by elec-

tron withdrawing groups such as nitrile, es-
ter, ketone or aldehyde, affording the Z -and
E- isomers of the corresponding
fluoroalkenes. A full account of this work
reported in 1986 best represents the current
state of the art, providing numerous examples
of addition to the carbon-carbon triple bond.”
The use of polymer-supporteddihydrogen
trifluoride as a nucleophilic reagent for the
substitution of a leaving group on a saturated
carbon was reported by the same authors in
1989.% (For a description of this work see the
corresponding subject in this review.)
Retuming to the addition of HF to an
activated acetylenic bond, TBATF and its
analog, polymer supported P*H,F,", allow the
addition of HF under mild conditions to
mono- and bis-activated carbon-carbontriple
bonds (Scheme 12). Interestingly,
unactivated acetylenic compounds do not
add HF when they are weated with these
reagents. In all cases studied the addition
stops at the ethylenic stage, generally leading
to a mixture of the Z- and E-fluoroolefins in
good yield. Comparative experiments per-
formed with TBABF indicated that it reacts
very little, and neither pyridine-HF complex
nor [Et,N3HF] induces the expected addition.
Some examples of this reaction using TBATF
are depicted in Scheme 12; Rozen and co-
workers also describe examples using P*H,F, "
In the same paper the authors comment on
the role played by the H,F, -ion in the addition
of HF to activated carbon carbon triple bonds
which is likely initiated by a nucleophilic
attack of fluoride ion. This proposal was
supported by the lack of reaction observed
with pyridine-HF, since the latter reagent has
been reported to be a good electrophile and a
very weak nucleophile.® Otherwise, as ex-
pected, the high stability of the HF, ion does
not allow the addition to readily occur with
TBABEF. Finally, the authors pointed out that
only the H,F,~ ion possesses the required
properties: good nucleophilic power associ-
ated with good ability to provide HF due to
the relatively weak H-F hydrogen bonds.

In the last four years much interest has
been shown in the ring opening reaction of
epoxides to give fluorohydrins as a method
for the introduction of fluorine into organic
molecules.

In 1988, Poulter and Muehlbacher”” dem-
onstrated that treatment of benzyl ether de-
rivatives of simple aliphatic epoxides with
diisopropylamine trihydrofluoride gave mix-
tures of the corresponding fluorohydrins in
good yields.

Shimizu and Y oshioka™first demonstrated
the utility of employing silicon tetrafluoride
in conjunction with Hunig's base
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(diisopropylethylamine), or TBAF, or water
for the transformation of epoxides to

fluorohydrins. The authors suggested that TBATF-DCE A _ H A _ A

hypervalent fluorosilane (SiF;~ or SiF>) A—C=C—A ———» >_< + H (eq 36)
formed from SiF, and (n-Bu),NF or SiF, and F A F H

H,O would increase the nucleophilicity of 96a A= CO,CH; 97 (4 £

fluoride anion and facilitate the opening of 96b A= CO-CeHs

epoxides. In the case of | -methylcyclohexene 96¢c A=CN R H R A

oxide (100) (Scheme 13), SiF /i-Pr NEt TBATF-DCE — _

treatment gave no fluorohydrin.4 In2 the R—C=C-A———+ F>_<A * F>_<H (ea37)
presence of water, this same reaction gave 99 (2 A
(%)-trans-2-fluoro-2-methylcyclohexanol .

(102) in 71% yield. It was assumed that the gg; A gr’j R=CH,

trans-opening of 100 was caused by the acti- 98¢ A; CO’ CH.: R: C7H15

vation of the oxirane ring with SiF, or 98d A= CO:CHZ; H;C4H9

R NHSiF, toformtheintermediate 101, which 98e A=CO-CgHs; R= CzH:

is then attacked by hypervalent fluorosilanes 98f ‘A= CHO; R=CH,

(eq 38). The fluorine atom was Scheme 12

regiospecifically introduced at the more sub-
stituted carbon. In other examples the
chemoselectivity is also noteworthy. Olefins
and ethers were unaffected under the same
reaction conditions.

In 1989, Ichichara and Hanafusa™ re-

Table 2. Hydrofluorination of alkynes with TBATF

Acetylenic -Reaction ' Reaction Product Overall [2] [E}

ported that the combination of potassium (or compound temp. (°C) time (h) yield (%) (% (%)
sodium) hydrogen bifluoride and porous alu- 96a 60 9 97a H,CO,C-CF=CH-CO,CH, - 90 100 0
minum fluoride is a stable and efficient solid 96b 60 24 97b CH,-CO-CF=CH-CO-CH, 57 100 0
reagent for promoting the ring-opening reac- x 1?3 :; g;c 2(;:0%?4;"55%’“ ;; 3(5) gg
tion of simple aliphatic oxiranes to give the a . LyH, Ur ==L
fluorohydrins under sonication. gg:: : ;g g 4 gg: gﬁ{gi'_‘gnzgg CH gg 32 gg
The typical s91id-liquid biphasic reagtion 98d 120 29 99d C:H:—CF =-CH-CO§CH§ 75 95 5
was carried out in a Pyrex test tube with a 98e 110 50 9%e CeHs-CF=CH-CO-CGH5 53 100 0
Teflon-coated screw cap as follows: to well 98f 110 45 99f C,H,-CF==CH-CHO 75 91 9

dried KHF, (5 mmol) and porous AlF, (15
mmol)inDME (4 mL) was added cyclohexene
oxide (2 mmol). The heterogeneous reaction
mixture was subjected to ultrasonic irradia-
tion at 55°C. The ring-opening reaction
proceeded smoothly to afford a 60% yield of
the corresponding fluorohydrin with com-
plete disappearance of the substrate within
two hours. The solid material was filtered of f
and washed with CH,Cl,. After evaporation
of the solvent, purification of the crude oil
was accomplished by column chromatogra-
phy (silica gel; pentane : ether :: 5:1) yielding
(2)- trans-2-fluorocyclohexanol (104) in49%
yield (eq 39).

The authors demonstrated that reaction
between KHF, and AIF, produces K AIF,
They also propose that "HF" is generated in
low concentration with strong complexation
of the fluoride anion with the aluminum
cation. The resulting “HF” on the surface of
the solid AlF, attacks the epoxide immedi-
ately to give the corresponding fluorohydrin.
Ultrasound accelerates both the solid phase
inorganic reaction and the subsequent organic
reaction, resulting in a reduction of the reaction
time and an increase in the product yield.

In 1990, Landini and Penso* reported that
the conversion of epoxides to the corre-
sponding fluorohydrins can be successfully
accomplished using KHF, in the presence of
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catalytic amounts of TBATF under phase-
transfer catalysis conditions. One example of
this methodology is illustrated in Scheme 13.
3B-hydroxy-5a.,6a-epoxycholestane (105)
gave 3f-50-dihydroxy-6B-fluorocholestane
(106) in 47% yield. The observed regio- and
stereochemistries indicate the reaction pro-
ceeds through an S 2 mechanism, wherein
nucleophilic attack by fluoride at the less
substituted carbon atom of the oxirane ring is
electrophilically assistedby aproton. TBATF
provides the HF required by the stoichiom-
etry of the reaction, and the solid KHF, regen-
erates the quaternary salt, TBATF (eq 41).
Schlosser and co-workers reported®' that
terminal epoxides preferentially gave 2-
fluoro-1-alkanols (e.g., 108) with pyridine-
hydrogen fluoride in toluene. Incontrast, 1-
fluoro-2-alkanols (e.g., 109) are the major
products of the reaction with the hydrogen
fluoride/N-ethyldiisopropylamine adduct. A
mechanism was proposed to rationalize the
regiochemical outcome of the hydrogen fluo-
ride addition to oxiranes. When treated with
potassium tert-butoxide in THF, the p-
toluenesulfonates derived from fluorohydrins
afforded Z- and E- fluoroolefins in high
yields. The reaction of 1,2-epoxydecane rep-
resents one example of this work (eq 42).

Finally, the regiospecific ring opening of
1,2-epoxysilanes with SiF, in the presence of
diisopropylethylamine and water to give se-
lectively 1-fluoro-2-silylalcohols, and their
subsequent olefination with potassium
hexamethyldisilazide to afford fluoroalkenes
in good yield, was recently reported by
Shimizu and Yoshioka.®

Whatever strategy is chosen for the nu-
cleophilic introduction of a fluorine atom
into an organic molecule, the reported nu-
cleophilicity scale” F >>FxH,0>HF, >H,F -
has to be seriously considered along with the
chemical properties of each reagent. For
example:

1) pyridinium poly(hydrogen fluoride) is
a slightly acidic reagent;*

2) “naked” F-is a very strong base

3) Fis a hard base, whereas HF, and
H,F,are softer bases;

4) SiF, reportedly is a reagent which does
not affect acid sensitive functionalities;

5) and reactions where rigorously anhy-
drous conditions are needed, TBABF can be
considered one of the reagents of choice.

To avoid the drawbacks of a proton donor
and enhance the polarizability of Br-F or
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other interhalogens, it seems reasonable to
consider the use of catalytic amounts of a
Lewis acid. Boron trifluoride will be able to
polarize the X—F bond (X = Br, Cl or F) and
atthe same time the BF - formed will provide
the F-and regenerate BF, for a new cycle of
activation.

CONCLUSK

This review has concentrated on tried and
tested methodologies, for the nucleophilic in-
troductionof fluorineinto aliphatic compounds,
with an emphasis on recent developments.

During the last ten years several new
reagents have been developed, which hold
considerable promise as an F~ source. Most
of these can be handled safely and easily in
standard laboratory glassware and react un-
der mild experimental conditions. Particu-
larly useful for their applications in organic
synthesis are those reagents which are very
soluble in polar aprotic solvents. Polymer
supported fluoride reagents as well as solid
supported and ones used under phase-trans-
fer catalytic conditions are also very promis-
ing and convenient sources of “F~".
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Notes

Hints for NMR Sample Preparation

We offer a number of deuterated NMR
solvents in a variety of packages for our
customers. Because of the solvents high
chemical and isotopic purities as well as their
hygroscopic nature, relatively small amounts
of contaminants can result in unusually large
impurity signals. The following suggestions
should help you get the best results from
deuterated solvents.

Drying all glassware at ca. 150°C for 24
hours and cooling under an inert atmosphere
will ensure moisture-free surfaces. For less
demanding applications, a nitrogen blanket
during sample preparation may be adequate.

Use of clean, dry glassware and Teflon®
accessories (e.g., NMR tube caps) will help
reduce chemical impurity problems that gen-
erally arise from the leaching of chemicals
from rubber or plastic surfaces (e.g., NMR
tube caps). Use of a vortex mixer will elimi-
nate the need to shake the tube contents verti-
cally and the resultant contamination from
NMR tube caps. Residual chemical vapor
from equipment can also be a source of impu-
rities, residual acetone in pipette bulbs being
the most common example.

Protonated solvent residues are often effec-
tively removed by co-evaporation with a small
quantity of the desired deuterated solvent, brief
(ca. 5-10 min.) high vacuum drying and then
preparing the NMR sample. Some solvents such
as chloroform-d, benzene-d,, and toluene-d, will
also remove residual water azeotropically.

Use of solvent from a freshly opened 0.5 or
1mL single-use ampule or from septum bottles
employing a syringe-needle technique will
also help.

—Aldrich Stable Isotopes Department
—NMR Laboratory Staff

Teflon is a registered trademark of E.I. duPont de Nemours
& Co., Inc.

Do you have an innovative shortcut or unique laboratory hint youd like to share with your fellow
chemists? If so, please send it to Aldrich (attn: Lab Notes, Aldrichimica Acta). For submim'g% youridea,

you will receive a complimentary, laminated periodic table poster (Cat. No. Z15,000-2, $9.

value). If

we publish your Lab Note, you will also receive The Detective's Eye: Investigating the Old Masters
(see previous page). We reserve the right to retain all entries for consideration for future publication.

Aldrichimica Acta, Vol. 26, No. 3, 1993

Jai Nagarkatti,
President
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Professor Dimitis S. Argyropoulos of the
Pulp and Paper Research Centre at McGill Uni-
versity (Montreal) kindly suggested that we offer
this dioxaphospholanyl chloride which is a use-
ful derivatization reagent for *'P NMR analysis
of soluble lignocellulosic substances. The tech-
nique involves selective phosphitylation in the
presence of pyridine of a variety of functional
groups presentin lignins and carbohydrates (e.g.,
ArOH, 1°,2°,3°-OH, RCOOH, etc.) followed by
examination of the decoupled *P NMR spec-
trum. Signals arising from the three principal
forms of phenolic hydroxyls present in lignin
structures (i.e., p-hydroxyphenyl, guaiacyl and
syringyl), the erythro and threo forms of
arylglycerol-B-aryl ethers and labile protons in
carbohydrates can be unambiguously assigned.
Argyropoulos, D.S.; Bolker, H.I; Heitner, C.; Archipov, Y.
J. Wood Chem. Technol. 1993, 13, 187. Archipov, Y.;

Argyropoulos, D.S.; Bolker, H.I.; Heitner, C. Carbohydrate
Res. 1991, 220, 49.

It was no bother at all, just a pleasure to be
able to help.
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New Synthetic
Synthesis of

INTRODUCTION

Natural products have always been fa-
vorite challenges to synthetic organic chem-
ists, for they provide strictly defined and
often formidable molecular targets. Such
synthetic challenges test the state of the art
of organic synthesis and stimulate the in-
vention of new reactions and strategies.

As we move forward into the next de-
cade, molecular design of new compounds
becomes increasingly important, particu-
larly in the search for new substances of
specific biological action as well as for new
materials for advanced technology. Here
too, the synthetic chemist is challenged.
However, the challenge is often lessened
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Department of Chemistry

The Scripps Research Institute
10666 N. Torrey Pines Road
La Jolla, California 92037

by intentional structural compromises in
the designed molecules to fit existing syn-
thetic methods. It is this distinction that
makes natural products the ultimate chal-
lenge in synthesis since no compromises
can be made in terms of the structure of the
target molecule which is strictly defined by
Nature. It is also this uncompromising
condition that forces the daring synthetic
chemist into new territories of synthetic
technologies and strategies, for he cannot
escape the original challenge by redefining
the target. The opportunities for the inven-
tion of new reactions and synthetic strate-
gies are thus maximized by targeting archi-
tecturally novel and challenging natural
products.

Work in
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Figure 1. Selected targets synthesized over the last decade or so by the Nicolaou group.
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On the other hand, the combination of the
arts of molecular design and chemical syn-
thesis has its own advantages, in that it often
leads to materials with highly desirable bio-
logical or physical properties. This practice
is also distinguished for its added value in
terms of creating new entities rather than
making a known substance of natural origin.

Recognizing the importance of both
endeavors, our group has been engaged
over the last few years in the total syn-
thesis of natural products and the mo-
lecular design and chemical synthesis
of new molecules of theoretical and
biological interest. In this article, high-
lights of our studies in natural product
synthesis will be discussed with par-
ticular emphasis on target selection,
developmentofnew synthetic technolo-
gies and total synthesis. The natural
products shown in Figure 12 are repre-
sentative examples of those molecules
synthesized in our laboratories over the
last decade.

Antibiotic X-14547A (Indinamycin)

At the time of its structural elucidation
(1978), antibiotic X-14547A (indinamycin,
1, Scheme 1) looked highly appealing and
challenging to the synthetic chemist. Its
tetrahydropyran, tetrahydroindan, and
ketopyrrole ring systems appeared particu-
larly intriguing and, like several other groups,
we became interested in its total synthesis.
Our strategy® was based on the recognition
that the tetrahydropyran system contained
certain subtle symmetry elements and that
the tetrahydroindan system could be derived
from an acyclic precursor via an intramo-

Bn0 1. LICuMe,-78 > -40°C
< 2. Ha, Pd/C (100%, over 2 steps)
0O~ " 3. Dimethoxyacetone, CSA (98%)
~H
BnO
20

uvoral steps

lecular Diels-Alder reaction. Finally, a Julia
coupling reaction followed by further elabo-
ration was to be used for the completion of
the synthesis. Thus, epoxide 20 (Scheme 1)
derived from (-)-diethyl p-tartrate was con-
verted, via intermediates 21-23, to allylic
bromide 24. The latter compound was
coupled with the bicyclic phenylsulfone 26,
derived from 25, to afford compound 27.
Elimination of the sulfone to afford the con-
jugated diene system, followed by installa-
tion of a 2-pyridinethiol ester and reaction
with a pyrrole-Grignard reagent* and ester
hydrolysis gave the natural product 1 in high
overall yield. This convergent synthesis
was particularly pleasing, not only because
it was the first for X-14547A, but also
because it allowed the demonstration and
exploitation of the above mentioned prin-
ciples and reactions.

O-Mycinosyltylonolide
O-Mycinosyltylonolide (2, Scheme 2), a
degradation product of the macrolide antibi-
otic tylosin, was targeted for total synthesis
in the early 1980's for its architectural nov-
elty and to test the state of the art at that time
withrespectto a number of concepts and new
reactions. At the heart of this synthesis® lie:
(a) the successful utilization of carbohy-
drates as starting materials for total synthe-
sis; (b) a new glycoside bond forming reac-
tion utilizing phenylthioglycosides and N-
bromosuccinimide?; and (c) the utilization of
anintramolecularketophosphonate-aldehyde
condensationto formthe macrocyclicdienone
system of the target molecule (28--»2,
Scheme 2). The chemistry developed in this
project was instrumental to further advances

Ms
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u.‘(kOSl'BuPh, ¥ o
o
OBn Mc)—

é«.

several
ttepz

22

Me PhO,S
MO\(QT\/
Oguo

Me” i e
21 25
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OSl BuMe,

I l
* LDA, HMPA (97%)

1. Triton B, MeOH, 45°C
2. CH,N,, Et,0,0°C “Me
3.  Jones [O], Me,CO
4. PPhj, pyrSSpyr

0Si'BuMe,

1: X-14547A (indinamycin) - Me

5. "MeMgCl-pyrrole”
6. LIOH (60%,
over 6 steps)

27

Scheme 1. Total synthesis of antibiotic X-14547A (indinamycin, 1).

in subsequent programs involving oligosac-
charides and polyene macrolide antibiotics
(vide infra).

Endiandric Acids A-G

The endiandric acids A-G (Scheme 3)
appeared on the scene in 1980 as racemic
mixtures, despite their natural origin and
eight stereogenic centers. This unusual
phenomenon taken together with their co-
occurrence in the same plant species led to
an intriguing hypothesis’ for their "bioge-
netic" origin involving achiral precursors
and non-enzymatic reactions. In order to
verify this attractive hypothesis, and rely-
ing on some relatively unexplored
electrocyclizations which are thermally al-
lowed by the Woodward-Hoffman rules,®
we designed® both a stepwise strategy and a
one-operation approach to this series of
compounds. Scheme 3 outlines our one-
operation, "biomimetic" synthesis of
endiandric acids A-G methyl esters (3-9)
starting with the polyunsaturated precur-
sors 29 and 30. Thus, mild hydrogenation
of diacetylenic compound 29 using Lindlar
catalyst and quinoline at 25°C followed by
chromatographic purification led to
endiandric acids A,D and E methyl esters
(3,6 and 8). Similarly, mild hydrogenation
of 30 led to the generation of endiandric
acids B,C,F and G methyl esters (4,5,9 and
7, Scheme 3). The endiandric acid B and C
cascade is remarkable in that it generates
two seemingly unrelated complex natural
product structures in essentially one opera-
tion, creating, in each case, four rings and
eight stereogenic centers from achiral, acy-
clic precursors in a stereospecific manner!

u.oﬁ 8
laungow /\8/ O
~0Si'BuMe,
28

1. K,C0;5,70°C,
18-crown-6
2. HF-pyr

3.. DIBAL-H, -78°C
4..0DQ, (61%,
over 4 steps)

2: O-mycinosyltylonolide

Scheme 2. Total synthesis of
O-mycinosyltylonolide (2).
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Scheme 3. "Biomimetic" synthesis of endiandric
acids A-G (3-9) via electrocyclization reactions.
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charide (48) by the two-stage activation procedure
of oligosaccharide synthesis.

Oligosaccharide Synthesis by the
Two-Stage Activation Procedure

The challenge of complex oligosaccharides' prompted us to
develop a mild and efficient method for their construction. This
strategy of combining thioglycoside with glycosyl fluoride deriva-
tives for the synthesis of oligosaccharides became commonly known
as the two-stage activation procedure.!” Shown in Scheme 4, and
utilizing phenylthioglycosides as stable starting materials, this method
has already found several applications in synthesis. One of the
earliest total syntheses in which this method features prominently is
that of efrotomycin (10) discussed below. Other applications of the
two-stage activation procedure in the construction of oligosacchar-
ides will follow later in this article.

Efrotomycin

Efrotomycin (10, Scheme 6) is the most prominent member of the
elfamycin class of antibiotics. This, as well as its novel architecture,
prompted our interest in its total synthesis in the early 1980's.
Focusing on a convergent synthesis,'> we decided on the amide
linkage as the key strategic bond for the final coupling, and com-
pounds 48 (Scheme 5) and 53 (Scheme 6) as the key advanced
intermediates. The tetracyclic system 48 was stereoselectively
constructed from glycosyl fluoride 44 and phenylthioglycoside 45
using the two-stage activation procedure as shown in Scheme 5. On
the other hand the synthesis of the allyl amine 53 featured a novel
anionic diepoxide opening (49 - » 50, Scheme 6) and a Wittig-type
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coupling (51452, Scheme 6). Finally,
trimethylaluminum-assisted coupling of 48
and 53 followed by furtherelaborationled to
efrotomycin (10). The regio-and stereo-
selective diepoxide opening utilized in this
synthesis to construct the challenging all-cis
tetrasubstituted tetrahydrofuran system was
one of the first examples of such cascade
reactions leading to complex systems of the
polyether type.

Amphoteronolide | and Amphotericin 3

As one of the most complex and widely
used macrolide antibiotics, amphotericin B
(12, Scheme 8) and its aglycon,
amphoteronolide B (11, Scheme 7), pre-
sented the synthetic strategist with a formi-
dable and attractive challenge. In the early
1980's we decided to tackle these target
molecules in search of opportunities to dis-

»/?\S? KCH,SOMe
Me0” > Yy 1 (>90%)
6.0

cover, create, and test new chemistry and
synthetic strategies. Questions such as: could
one construct such a large macrocyclic ring
carrying the sensitive functionality of the
amphotericin molecule and, could the nitro-
gen-containing carbohydrate moiety be at-
tached efficiently and stereoselectively onto
the amphoteronolide skeleton to afford the
complete amphotericin framework, were
pointing to the risky, but also intriguing
nature of the venture. By the end of 1986 both
amphoteronolide B (11) and amphotericin B
(12) had been synthesized. Final success was
realized when the chemistry highlighted in
Schemes 7 and 8 was utilized." Most notable
in these constructions was the intramolecular
ketophospho-nate-aldehyde condensation by
which the acyclic precursor S6ab was con-
verted to the 36-membered ring heptaenone
57ab in 70% yield (Scheme 7). Further

MeO

chemistry and stereoselective reduction of
the carbonyl group in 58 followed by
deprotections led to amphoteronolide B (11).
The conversion of the precursor heptaenone
57a to amphotericin B (12) required the
stereoselective attachment of the azido sugar
52ato compound 59, followed by appropriate
stereochemical and functional group adjust-
ments (intermediates 60-63) as summarized
in Scheme 8.

Glycosphingolipids: Dimeric and
Trimeric Lewis* Antigens

The glycosphingolipids are a ubiquitous
class of biomolecules usually found embed-
ded in cell membranes. They have been
recognized as the fundamental mediators of
cell-cell recognition and communication,
cell-growthregulation, cellimmuneresponse,
and oncogenic transformation.' Because of
their important biological roles and natural
scarcity as well as their structural complex-
ity, these molecules were targeted for chemi-
cal synthesis. Our strategy included con-
struction and utilization of an optically ac-
tive sphingosine equivalent and application
of our two-stage activation procedure for the
attachment of the carbohydrate units.
Glycosphingolipids with 1,2,3,5,8, and 11
sugar residues were synthesized." Scheme
9 outlines the construction of the two most
complex, dimeric Le* (13) and trimeric Le*

N ; X (14) antigens. Thus, compounds 64-66 were
" OMs ) A appropriately combined employing coupling
0'7(0 operations and standard functional group
51 wmd Me manipulations to afford compounds 67 and
68. Complete acetylation, followed by re-
. NaN(SiMej),; toluene, -78 —» 0°C duction of the azide and attachment of the
(87%, >20:1, E:Z rstio) second lipid chain led, after a series of stan-
. Me,Sil dardsteps, to the targeted glycosphingolipids
. Amberlyst-15, DMF-H,0 13 and 14 via 69 and 70 respectively. No-
. P-MeOC¢H,CH,Cl, "Bu NI table in these syntheses are: (a) the
| 8- Zn dust(40%, over 4 steps) regioselective reaction of glycosyl donors at
: the 3-equatorial position of the glycosyl ac-
Me Mo OPMB ceptors; and (b) the stereoselective
N\ o H A p glycosidation directed by the 2-phthalimido
2 H | group.
OMe Mo
Me;SIO  OSiMe, Mo Stereospecific 1,2-Migrations in Carbo-
53 hydrates. Stereocontrolled Synthesis of

o~ and [-2-Deoxyglycosides
1. AlMey; then 48 During our ventures into carbohydrate
g gg’g{;s%, over3 steps) chemistry we discovered”” the interesting
1,2-migration reactions exemplified by the
Mo conversion of 71 to 72 shown in Scheme 10.
S A OH These DAST-induced migrations allow a
Me o number of important objectives tobe reached,
Me, O Me P 07N including:(a) the introduction of fluorine at

0%0 OH Mo HG OM ) C.1: -

Mo -1; (b) the installment of oxygen, sulfur,
mg‘_z&# omeOH and nitrogen substituents at C-2; (c) inver-
HO - Ome 10: efrotomycin sion of configuration at C-2; (d) deoxygen-

ation at C-2; and (e) stereocontrolled con-
struction of a- and B-glycoside bonds, in-

Scheme 6. Total synthesis of efrotomycin (10). cluding the challenging 2-deoxy-B-glyco-
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a: R,
b R'= SI'BuIloz. R2, R? = acetonide

oR'

1. NaBH, (95%)
2. CSA, MeOH, H,0 (97%)
3. LIOH, H,0 (80%)

HO /', 0 MO OH HO Om O,

11: amphoteronolide B

Scheme 7. Total synthesis of amphoteronolide B (11).

[RY, B%x acetonide, R* « 51'BuMe, | PPTS, | Me_o_0

ey 5
OF P Balolin M

= = 3
0,Me "3 NaBH, (80%,
over 2 steps)

"./

61

2. HS(CH3);SH, EtN

1. HFepyr, MeOH (80%)
3. Ac;0 (85%, over 2 steps)

1. MeOH,
CSA (55%)
2. LIOH, THF,
H,0 (80%)
e e

NH.
BHO’

12: amphotericin

Scheme 8. Total synthesis of amphotericin B (12).

side linkage. Scheme 10 outlines this chem-
istry and summarizes its application to the
synthesis of - and B-2-deoxyglycosides (77
and 78).

Monomeric and Dimeric Sialyl Lewis*

Sialyl Lewis*-type molecules such as 82
and 15 (Scheme 11) have been identified as
ligands to the selectins, receptor molecules
which have been implicated in leukocyte
migration and inflammation. As such, these
compounds and their potential biological
mimics became prime targets for synthesis.
Applying the two-stage activation proce-
dure!' and our method® for the
stereocontrolled construction of B-2-
deoxyglycosides discussed above, we syn-
thesized both monomeric'® and dimeric!”
sialyl Le* type molecules as indicated in
Scheme11. Regioselective coupling of frag-
ments 79b and 80 led to the tetrasaccharide
81b which served as a precursor to mono-
meric sialyl Le* (82). While the completion
of the monomeric compound proceeded via
afew conventional steps, the synthesis of the
dimeric sialyl Le* (15) required activation of
the reducing end of tetrasaccharide 81a (ob-
tained from 79a and 80) and attachment of a
second Lewis* fragment (84), followed by
the steps summarized in Scheme 11. Again,
excellentregio-andstereoselectivityandhigh
efficiency characterize these synthetic se-
quences.

Brevetoxins A and B

Upon their appearance in the chemical
literature, the brevetoxins [A, 90, Fig. 2 and
B, 93, Fig. 3] with their beautiful and chal-
lenging molecular structures, immediately
caught our attention. Coupled with their
fascinating molecular architecture, their po-
tent neurotoxic properties and association
with the "red tide" catastrophes elevated
them to the top of our agenda as opportunis-
tic synthetic targets. What was needed first,
however, was the invention of new reactions
and the development of new strategies for
their construction. To this end, several new
approaches to cyclic ethers were developed,
including: (a) ring-selective constructions of
tetrahydropyran, tetrahydrofuran, and
oxepane systems via hydroxy epoxide open-
ings (Scheme 12)'; (b) hydroxydithioketal
cyclizations (Scheme 13)'%; (c) bridging of
macrocycles to bicycles (Scheme 14)?*; (d)
photoinduced oxepane formations (Schemes
15%" and 16%); (e) nucleophilic additions to
thionolactones (Scheme 17)?*; and (f) reduc-
tive hydroxy ketone cyclizations (Scheme
18)%. Particularly pleasing were the bridg-
ing reactions and the isolation and X-ray
crystallographic characterization of the first
stable 1,2-dithietane system, dithiatopazine
(106, Scheme 15).
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Scheme 9. Total synthesis of dimeric Le* (13) and trimeric Le* (14).
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Scheme 10. Synthesis of o-2- and -2-deoxyglycosides.

CHO

CHO

OSI'BuPh,

94 95

Figure 3. Brevetoxin B (93) and synthesized fragments (94-96).

0Si'BuPh,

Application of these new synthetic tech-
nologies and strategies to the synthetic prob-
lems presented by the brevetoxins A (90) and
B (93) led to the efficient construction of
advanced intermediates 917 and 92% (Fig. 2)
and 94773 95%2 and 96 (Fig. 3).

Hemibrevetoxin B

Being one of the simplest brevetoxins,
hemibrevetoxin B (16, Scheme 19) was syn-
thetically reached®! in a relatively short time
after its isolation and structural elucidation.
In realizing this goal (Scheme 19), we uti-
lized chemistry developed for the synthesis
of tetrahydropyrans (regio- and
stereocontrolled hydroxy epoxide openings),
(Scheme 12)" and oxepanes (nucleophilic
additions to thionolactones, Scheme 17),2
as well as a number of other selective trans-
formations. The total synthesis proceeded
via intermediates 116-123 as summarized in
Scheme 19. This success represents the first
synthesis of any of the brevetoxins, although
any conquest of brevetoxins A or B is ex-
pected to overshadow it.

Rhizobium Nodulation Signals: NodRm-
1V Factors

Recent studies of the Rhizobium-legume
symbiosis on the molecular level revealed a
series of lipo-oligosaccharides of which Nod-
Rm-1V (Ac,S) (17, Scheme 20) is a promi-
nent example. These fascinating molecules
behave as crucial signals from the microor-
ganism to the plant, eliciting nitrogen-fixing
root nodules and root hair deformation on
specific legume host species. Their impor-
tant biological function coupled with their
natural scarcity and unique molecular archi-
tecture prompted us totargetthem for chemi-
cal synthesis.®®> The two-stage activation
procedure'' and the directing effect of the 2-
phthalimido group played important roles in
their successful construction. Scheme 20
outlines the sequence leading to 17. These
studies open the way for extensive biological
studies in this area, including the possible
isolation of the NodRm-IV receptors.

Calicheamicin v,'

As a synthetic challenge, calicheamicin
v, (18, Scheme 23) is very hard to surpass.
Its architectural complexity initially appeared
to us both appealing and awesome. On the
one hand, one is confronted with a unique
opportunity to create anddiscover, but on the
other hand, the final goal may not be at-
tained. While at first, this molecular struc-
ture appeared beyond reach, if not unlikely,
upon further reflection we foundthe courage
to embark on a program directed toward its
possible total synthesis. Aside from the
gratification of successfully executing a to-
tal synthesis of this magnitude, there was the
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Scheme 11. Total synthesis of sialyl Le* (82) and dimeric sialyl Le*(15).
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Scheme 17. Nucleophilic additions to thionolactones:
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Scheme 16. Bridging of dithionoesters: construction

of cyclic ethers.

distinct opportunity to develop new syn-
thetic methods and strategies as well as to
design and synthesize interesting biological
mimics of this fascinating class of antitumor
antibiotics, known today as the enediynes.*

From the strategic point of view the total
synthesis of calicheamicin v,' required the
construction of appropriately functionalized
intermediates representing its oligosaccha-
ride domain and aglycon fragment. Routes
to such systems were, therefore, sought dur-
ing the first phase of the project. The
trichloroacetimidate 148 (Scheme 21) was
successfully constructed® by properly as-
sembling the individual ring systems. Initial
glycosidation using the two-stage activation
procedure! of suitable ring A and E equiva-
lents led to disaccharide 138 which was
further elaborated to ketone 139. Oxime
formation between 139 and 140 furnished
trisaccharide 141 which was elaborated to
thionoimidazolide 144 via intermediates 142
and 143. A [3,3]-sigmatropic rearrangement
of 144 afforded 145, which was then con-
verted to 146. Coupling with 147 via a
thioester linkage and further manipulations
led to the aryl oligosaccharide 148.

After several abortive attempts to con-
struct the unusual skeleton of
calicheamicinone (the aglycon portion of
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16: hemibrevetoxin B

Scheme 19. Total synthesis of hemibrevetoxin B (16).
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Scheme 20. Total synthesis of NodRm-IV (Ac,S) (17).

calicheamicin v,"), a successful synthesis* emerged when we adopted
a strategy based on an intramolecular [3+2]-nitrile oxide/olefin
cycloaddition reaction. This synthesis (Scheme 22), which deliv-
ered optically active compounds, began with addition of the chiral
boronreagent 152 to lactol 153 (derived from tetronic acid) to afford,
in 95% ee, compound 154. Elaboration of 154 through a multistep
sequence involving oxime 155 led to nitrile oxide 156. The latter
intermediate closed spontaneously upon formation, leading to the
heterocyclic system 157 containing the six-membered ring of
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Scheme 21. Synthesis of the oligosaccharide portion
(148) of calicheamicin v,'.

calicheamicinone with all the necessary groups to deliver the ulti-
mate functionalities of the target, including the urethane nitrogen.
Sequential conversion of 157 to intermediates 158-161 allowed the
generation of both calicheamicinone (162) and the requisite key
intermediate 163 (Scheme 22).

With key intermediates 148 and 163 at hand, and in reasonable
quantities, the final coupling and completion of the total synthesis
became possible (Scheme 23). Stereoselective glycosidation® of
163 with 148 was promoted by BF <Et,0, yielding the coupling
product 164 which was converted tothethioacetate 167 by deprotection
of the allylic position followed by Mitsunobu reaction (AcSH) and
desilylation (intermediates 165 and 166). Reduction of the oxime
bondin 167 generated the desired hyroxylamine derivative 168 as the
major product which was taken via intermediate 169 to the thiol 170
by silylation and deprotection. Finally, installment of the trisulfide
unit using PhthNSSMe, followed by final deprotection gave, via
intermediates 171-173, synthetic calicheamicin ' (18), identical in
all respects with the naturally occurring compound. The total
synthesis of calicheamicin vy, not only proved its originally pro-
posed molecular structure, but also made possible the synthesis of a
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160

Scheme 22. Synthesis of calicheamicinone (162) and intermediate (163).

series of novel analogs for biological inves-
tigation. The sheer pleasure derived from
the final outcome by those of us who had the
good fortune to be there at the moment of
glory can only be fully appreciated by those
who have been there, at similar heights,
before us!

Rapamycin

Rapamycin's powerful immunosuppres-
sant properties coupled with its novel and
challenging molecular structure rapidly at-
tracted the attention of synthetic organic

chemists. Our approach® towards rapamycin
(19, Scheme 24) postulated a rather daring
operation as the final step to complete the
synthesis. A stitching-macrocyclization pro-
cess as shown in Scheme 24 was projected as
a new strategy to macrocycle formation.
Indeed, the completely functionalized and
deprotected precursor 175 was successfully
converted to rapamycin (19) by incorpora-
tion of the missing olefinic linkage via reac-
tion with distannane 174 under Stille cou-
pling conditions. This synthesis represents
not only the first for this target molecule, but

also a new strategy for the construction of
polyene macrocyclic systems.

CONCLUSION

Withthe above examples, an attempt was
made to demonstrate the identification and
pursuit of synthetic targets from the natural
products field. As highlighted in the discus-
sion, the criteria for the selection of the
synthetic problems often included novelty in
molecular architecture and important bio-
logical activity as well as fascinating and
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intriguing mode of action and biogenesis.
Such criteria ensure the positioning of the
practitioner at the center of opportunity are-
nas to discover, create, and develop new
"science" and make significant contribu-
tions to the peripheral disciplines of biology
and medicine.

After so many decades of impressive
strides in the area of natural products synthe-

Me O
Me
I s o Me
BzO.
o OMe OsiEt, ELSIO o
OMe

‘ FMOC o_ _CCl,
Et,gg:m# Mo—N \g&?’ \ﬂ; sis, one may fairly ask, what next? Should
MeO OSiEt, MeO we continue to pursue such endeavors, par-
148 163 ticularly in the face of fewer and fewer

available target molecules of truly original

structures? There are those who will hasten

BF3+OEt, (76%) l to offer an unqualified "no" to this question.
O/> Theprudentand firmanswer, however, should

be "yes", for we ought to remember that,
compared to the efficiency by which Nature
synthesizes its own molecules, we are still in
a primitive stage. Furthermore, Nature has
not yet finished revealing its molecular mys-

[o]
teries to us. Who knows what treasures still
R,(I)“ Q lie hidden in themolecular libraries of plants,
MeO OR, MeO bacteria, m.arine organisms, and animals,
. Ry = SIEt: X = OB and what will Nature teach us through them
DIBAL-H (88%) [ 164: R1=SIEt;; X = 0Bz in the future.

165: R1 = S'E'_-;; X=0H
166: Ry = SiEt;; X = SAc

We must be careful, however, to be selec-

PPhj,, DEAD, AcSH (96%) [
tive in choosing our target molecules in

HFepyr (94%) [

167: Ry =H; X =SAc order to maximize our opportunities for new

"science" that will contribute significantly

?8309/."3':3;" B'::JgEtz to our field and to those fields that rely on it
oflu;mars) for their own advanceme.m. In addltloq to
new synthetic technologies and strategies,

new emphasis may now be placed on effi-

Me O ciency, environmental control, and molecu-

| Mo o lar design on biological mimics of natural
s products. Testing the state of the art of

o OMe  OR, organic synthesis could often be comple-

oM mented by dimensions included to test bio-
Me70 ® ] . .

R,0 Mo N 0 genetic pathways and mechanistic concepts

WeO OR, MeO associated with the natural products involved.

In short, we must be much more demand-

Et3SIOTY, Pr,NEY; then AcOH (75%) [ 168: R. = SIEt: X = SAc ing in our pursuits of natural products syn-

. 1= 1] = . . .
DIBAL-H [: 170: R, = SiEty; X = SH thesis, whether we do it for the complexity

PhthNSSMe (75%, over 2 steps) E 171: R, = SiEty; X = SSSMe and challenge of the target, in search of new
' chemical reactions and synthetic strategies,

168: Ry =H; X =SAc

HE 0% for its value in biomedical research, or for
*Pyr (90%) sheer excitement!
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Prof. Dr. Yasuhiro Aoyama

Y. Aoyama, born 1945, studied at Kyoto
University, Japan, under the direction of
the late Prof. |. Tabushi and Prof. em.
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lipophilic host forming stable complexes

with polar oxygen-functionalized guests.

By complex formation water, glycerol,
carbohydrates and other polyols as well
as carboxylic acids and esters are solu-
bilized in aprotic, organic solvents!!. The
eight hydroxy groups which constitute
the hydrophilic rim of the bowl-shaped
compound form four independent sites
for the hydrogen-bonding of guests!™.
Polyols and dicarboxylic acids undergo
very selective complexation depending

on the number of functional groups,
their spatial arrangement and stereo-
chemistry!23l. Thus carbohydrates are
very selectively complexed (ribose >
fructose > glucose)*€. The bowl-shaped
aromatic cavity leads to a considerable
upfield shift of '"H-NMR signals of a
complexed guest” and to an induced
circular dichroism with a chiral guest!®.
This novel host can be used as an
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reagent for determining the absolute
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A nostalgic glimpse of a hundred years ago entitled New Bedferd:
The View Across to Fairhaven from Center Street in 1884 (oil on
canvas, 18 x 24 in.) was painted by the contemporary marine artist, John
Stobart. This view of Center Street, New Bedford, is almost exactly the
same today as it was in this painting. If it were not for the main highway
crossing the foot of the street, one would still be able to walk right into
this view and down onto the wharf, which is still in commercial use. The
churches across the river in Fairhaven are still there. All that is gone, and
gone forever, are the whaleships that so characterized this New England
harbor when it was home portto so many of the vessels between 1845 and
the turn of the century.

In this painting showing Central Wharf in 1884, the brig Isabella, is at
anchor in the Acushnet River. Down on the wharf to the left of the little
shack that seems to be in almost all photographs ever taken of New
Bedford, an older bark has been stripped down to her lower masts prior
to undergoing renovation. As aform of dedication, the artist has used the
names of two gentlemen on advertising signs: his good friends Richard
Kugler, curator of the New Bedford Whaling Museum, and Richard
Fitton, M.D., whom Stobart has immortalized as proprietor of the ship
chandlery on the right.

The painting is in the collection of the artist.

Stobart: The Rediscovery of America's Maritime Heritage
J. Stobart and R.P. Davis, E.P. Dutton, New York, NY, 1985, 208pp.
Contains over 60 paintings in full-color and numerous drawings by the
popular marine artist, John Stobart. In this volume Stobart re-creates a
bygone era — "where ships were ships and not tin pots" — transporting
the reader aboard clipper ships, packets, brigs, whalers, etc. and to
America's famous and colorful coastal and inland river ports.

American Maritime Paintings of John Stobart
J. Stobart and R.P. Davis, Penguin Books, New York, NY, 1991, 237pp.
This second volume of John Stobart's maritime art contains over 70
paintings in full-color with numerous halftones and drawings. As in his
earlier book (sec above) the paintings are grouped by ports and the
vessels associated with them. Each painting is accompanied by an
informative account of the history surrounding the port and vessel.

Aldrich warrants thatits products conform tothe information contained in this and other Aldrich
publications. Purchaser mustdetermine 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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A common problem chemists have when
chromatographing milligram quantities us-
ing a pipette column is the lack of reservoir
space for the eluant. A remedy to this prob-
lem is to use a disposable 1 0-ml syringe as the
solvent reservoir.

The pipette column is connected to a car-
rier gas line using silicone tubing. The needle
is inserted through the tubing into the top of
the pipette. This allows the constant addition
of eluant to the column simply by pushing the
syringe barrel when needed. No longer do
you have to remove the carrier gas line,
collect one fraction and repeat the process
due to an empty solvent reservoir.

Dale Krolikowski

Scientist 11

Boehringer Ingelheim Pharmaceuticals, Inc.
a subsidiary of Boehringer Ingelheim
Corporation

900 Ridgebury Rd.

P.O. Box 368

Ridgefield, Connecticut 06877

Silicone rubber tubing, clear

%'id  %"od

10" - 20 gauge SS

needle _ .
\x\///‘

N, line
T S

\\\\\\ » clamp
\\\\\\\\\\\\ 10mL disposable |
———— syringe =]

disposable glass
pipette 1 L silica gel
cotton wool — %L
collection
1 tube

Do you have an innovative shortcut or unique

laboratory hint youd like to
fellow chemists? If so, please
(attn:
submitting your idea, you will
mentary, laminated periodic

share with your
send it to Aldrich

Lab Notes, Aldrichimica Acta). For

receive a compli-
table poster (Cat.

No. Z15,080-2). If we publish your Lab Note,
ou will also receive The Detective's Eye:
nvestigating the Old Masters. Wereserve the

right to retain all entries for
future publication.

consideration for

Jai Nagarkatti,

President
R\ Z#
NS N SOQCF8
éOZCF3
1 R=H
2 R=Cl

Professor Daniel L. Comins of North
Carolina State University kindly suggested
that we manufacture these pyridine based
triflating reagents. They are stable, white
crystalline solids and are much morereac-
tive than N-phenyltriflimide (Aldrich Cat.

*No0.29,597-3) allowing preparation of most

vinyl triflates at -78°C in 2 - 4 hours.
Chromatographic purification (silicagel;
EtOAc/hexane) of the productvinyltriflates
is also much easier — another advantage
over N-phenyltriflimide.
Naturally, we made these two interest-
ing reagents.

Comins, D.L.; Dehghani, A. Tetrahedron Lett. 1992, 33,
6299.

It was no bother at all, just a pleasure to
be able to help.
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Starburst™/Cascade Dendrimers: Fundamental Buildine

Blocks for a New Nanoscopic Chemistry Set'

Chemistry is not just a science involving
the study of electron movement to rearrange
and connect atoms. It is a philosophy, a way
of thinking about the world, about how mat-
ter is constructed, organized, and how it
functions throughout the dimensional hier-
archy of the universe, from the simplest
atoms to the most complex phenomena —
namely life itself. The adventure I would
like topresentin this paper evolved from just
such a philosophical perspective. It deals to
a large extent with the analysis and interpre-
tation of some simple but pervasive patterns
observed in Nature.

Historically, the origin of our "first chem-
istry set," that based on atomic building
blocks, dates back to the publication of "The
Elements of Chemistry" in 1789 by Antoine
Lavoisier (1743-1794). At that time, the 23
building blocks were defined empirically as
the "actual terms whereat chemical analysis
had arrived.” This new science described a
totally different vision of compound materi-
als which were characterized by constant,
well defined elementary compositions, as
opposed to physical mixtures of indefinite
composition. The objectives of its disciples
were to prepare new substances and materi-
als with new properties. These new building
blocks taken two at a-time might yield hun-
dreds of new compounds, or combined three
at a time would give thousands, while the
possibility of combining four different build-
ing blocks ran into the millions.

The notion of fixed building blocks of
matter that exhibit certain "pervasive pat-
terns” was basic to the atomic theory of John
Dalton (1766-1844) as he published his "New
System of Chemical Philosophy" in 1808.
This theory postulated that each chemical
element is a homogeneous assembly of at-
oms which differ in relative weight, number
per unit volume, and in combining number
(valency) or set of combining numbers from
the atoms of other elements. In fact, without
the benefit of understanding quantum me-
chanics or electronic theory, the operational
parameters of our first chemistry set became
fairly well defined throughout the 19th cen-
tury. These parameters, derived from simple
logic, were clearly based on experimental

Donald A. Tomalia

Nanoscopic Chemistry and Architecture

Michigan Molecular Institute

1910 W. St. Andrews Road
Midland, Michigan 45640

The First Chemistry Set
(Based on Atomic Building Blocks)

Pervasive Patterns
Supported by
Experimental Observations

Discovering
Scientist

Contributions

Table 1.

Atomsformchemicalbonds

.-Atoms (elements) possess well

defined masses relative to
each other (combining weights):

Atoms:(elements) form
chemical bonds with well
defined:valency:

:Atoms (the elements) exhibit

periodicity in their reactivity
and emerging properties.

.- Atoms:(elements) exhibit

well defined directionality in the
formation of chemicalbonds.

AntoineLavoisier
(1743 -:1794)

Joseph L.-Proust
(1754.-1844)

Johni Dalton
(1766-1844)

DmitriMendeleev
(1834 -1907)

J. LotharMeyer
(1830-1895)

Louis'Pasteur
(1822 -1895)

Joseph-Achille LeBel

(1847:-1930)

Jacobus V'ant Hoff
(1852 -1911)

“Traite Elementaire de Chimie”
(1789)

“Law of Definite Proportions”

(1797)

“Law of Multiple Proportions”
“New System of Chemical
Philosophy”

(1808)

Periodic Table of the Elements
(1869)

(1870)

Spatial Chemistry
Tetrahedral Nature of Carbon
(1874)

Tetrahedral Nature of Carbon
(1874)

Five key.criteria (patterns) that were observed and analyzed by 18th-19th century

scientists to define our “atomic level chemistry set” before the advent of quantum
mechanics and electronic theory.
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observations and generally involved the in-
terpretation of pervasive patterns. In sum-
mary, they include the five critical criteria (I-
V) listed in Table 1 and the scientists associ-
ated with their discovery.

Throughout this past decade of research
on dendrimer systems we have observed
essentially all of the same patterns noted by
these 19th century scientists for atomic build-
ing blocks (Table 1). Now that we have
obtained substantial experimental evidence
to define, support, and describe these five
"pervasive patterns” common to each sys-
tem, it is appropriate torelate the rich analo-
gies shared by the organized matter of our
well known picoscopic/subnanoscopic
(atomic) systems and the ordered complexity of
the new dendrimeric (nanoscopic) systems.

Before we begin this discussion, let us
briefly review some of the inspirational pa-
rameters,both philosophical and experimen-
tal, that led to this dendrimeric concept for
organizing matter. Based on my formal
training as a synthetic/physical-organic
chemistand my informal training as a poly-
mer chemist in the Dow Research Laborato-
ries, I had many opportunities to traverse the
boundaries of these formalized disciplines.
Most of my career prior to the early 1980's
had been devoted to the synthesis and char-
acterization of new organic structures. In
some cases, new monomers were synthe-
sized which were polymerized into macro-
molecular products, usually with broad sta-
tistical distributions of molecular weight.
As anorganic chemist, these products tended
to violate my appreciation for articulate,
welldefined structures in pureisolable forms.
As a polymer chemist, it is perfectly accept-
able to deal with these products as statistical
mixtures of common composition, but defi-
nitely not as singular products of well de-
fined molecular weight. This has been the
practice since Staudinger introduced the
world to polymer chemistry in the 1930's.
Somehow, throughout all of these experi-
ences, the notion evolved of progressing
from these precise sub-nanoscopic mono-
mers to precise macromolecular structures
with a systematic strategy that would give
total structural control and thereby make
macromolecules more articulate and "user
friendly" to synthetic organic chemists.

There is no doubt that the dendritic pat-
terns encountered as a hobbyist nurseryman/
tree grower for the past 31 years had a
profound influence on my choice of strate-
gies. In fact, the subconscious desire to
mimic these macroscopic tree branching
patterns with chemical structures became
somewhat of a preoccupation for me during
the 1970's. Analysis of the parameters in-
volved in synthetically mimicking these per-
vasive branching patterns, found also in coral

Branching Angles (a)

Repeat Unit (¢)

G=0 G=1 G=2 G=3

 Figure 1.

3 (RU)

Repeat Units
(RU)

Atoms (A)
(BC)

Branch Cells

Rotational Angles (b)

(Branch Cell)

/
0 e
] /\/N
c

NH

NH

&

N fe)
AN
NHC

Construction parameters controlling macroscopic space ina tree or
- critical molecular design par. : :

eters in a nanoscopi dendrdn

Terminal Atoms (2}
Z=8

5 (BC)

B e =
@, 15 (Y

Dendrons

Ln_m.v__m___J

{Picoscopic}

Dendrimers

{Nanoscopic)

n {Dendrons)

o 1

{Nanoscopic)

{

x{Dendrimers)

Poly-Dendrimers

Figure 2.

dendrimer assemblies.

and physiological structures, included the

following considerations (Figure 1);

1. Construction and control of branch cell
repeat unit lengths (/).

2. Control and development of branch cell
multiplicities (N,) and core multiplicities
(N,

3. Development of high yield reiterative
growthprocesses which would allow con-
centric, radial construction of branches
upon branches around an initiator core (I,
which specifies the direction of growth.

The branch cell segments (/) are deter-
mined by the choice of monomers, the branch
angles (ZLa) are determined by the nature
(geometry) of the branch juncture, whereas

the rotational angles (£b) are influenced by
secondary structure parameters such as steric
effects and hydrogen bonding. These pa-
rameters contribute significantly to the de-
velopment of excluded volume around the
branch juncture. Reiteration of these branch-
ing patterns in an ideal tiered manner (G =0,
1, 2, 3...) leads to highly ordered macromo-
lecular domains ("nanodomains”). The ulti-
mate interplay of all these parameters gives
nearly total control over critical molecular
design parameters (CMDP's) such as size
(mass), shape, and disposition of chemical
moieties, both in the interior and on the
exterior surface of these nanodomains.
This strategy for these molecular con-
structions (aufbau) involves, first, the as-
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(Excess)

Repeat Steps (A} & (B)

{etc.} }

Terminal s ¢
Groups

initiator Core

Figure 3.

{Generation = 0}

Starbranched Oligomer
{Core Cell)

Monomer
Repeating Units

;™= Generations

Reaction scheme for synthesis of ‘Starbur:

poly(amidoamines). PAMAM's:

R Co(ll)NaBH,
CH, OH, 2 hrs.

ST

NC CN

CHz =CH-CN
AcOH, 24 hrs.
D ——

HzN

NC NC

Figured.

f, = reactive group
fp = protected group
S = surface

c interior

Key Contributors

J. Fréchet - Cornell Univ.

Co(llyNaBH,
CH3 OH, 2 hrs.

T. Neenan/T. Miller - AT&T Bell Labs

Figure S.

sembly of three picoscopic/sub-nanoscopic
sized repeat units (RU) possessing a mono-
valent terminus (I) which is reactive with a
divalent terminus (*) to produce a branch

Fréchet/Hawker and Mi]ler/Neenan convergent synthes

strategy.

cell (BC) containing a branch juncture («-).
Attaching this first branch cell to the refer-
ence point (Q)) yields a labeled branch cell
with a valency of four which is referred to as

generation = 0. Stepwise attachment of
RU's, usually using protection/deprotection
schemes, produces the next generation = 1,
with a valency of eight. Reiteration gives
generation = 2, resembling a cascade assem-
bly consisting of 5 BC's, 15 RU's, and 8
terminal surface atoms.

This single-trunked, two-dimensional
projection resembling a tree is referred to as
a dendron (Greek word for tree). These
dendrons can be viewed as "Lego type"
components that may be assembled in mul-
tiples around cores (@) to produce
dendrimers with n(dendrons) (Figure 2).
These operations allow one to advance from
picoscopic to nanoscopic dimensions by sys-
tematically organizing atoms according to
these branching rules.

Using these dendrimers as reactive build-
ing blocks, one can assemble x(dendrimers),
where x = small numbers, to produce
"nanoscopic compounds.” Alternatively, by
connecting large multiples of dendrimers by
chemical bonding or non-bonding associa-
tion, super- or supramolecular structures and
architecture of micro-/macroscopic propor-
tions not found in Nature can be produced.

We have grown dendrons simultaneously
around a functionalized core such as ammo-
nia (Figure 3), wherein the core multiplicity
(N_=3)and the branch cellmultiplicity (N, =2)
give a tri-dendron poly(amidoamine)
dendrimer family. These reiterations could
be continued with approximately 1nm (10A)
increases in diameter/generation until a de-
sired molecular size was reached. However,
according to predictions made in 1983, a so-
called "de Gennes dense packed" stage is
reached at generation = 10 for this dendrimer
family, wherein reaction rates decrease by
an order of magnitude and catastrophic lev-
els of defects arc observed.>” These synthe-
ses were accomplished in our laboratory
during the period 1979-1981, almost coinci-
dental with the publication by Vogtle (1978)*
of the first synthesis of lower molecular
weight polyamine dendritic systems referred
to as "cascade molecules" (Figure 4).

This synthetic approach to dendron and
dendrimer synthesis is now referred to as the
divergent method. The method emerged
during the period 1978-1987 with key contri-
butions coming from Denkewalter,*
Newkome,** and our laboratory.®* To date,
successful divergent methods™ have in-
volved either (a)in sit construction of branch
cells around an initiator core, or (b) coupling
of preformed branch cells (derived from
branch cell reagents) around such anattractor.
A wide variety of dendrimer families have
been synthesized by these divergent meth-
ods and include poly(amidoamines),® ¥
poly(ethers).,* poly(siloxanes),’ poly-
(thiocthers)," poly(amidoalcohol),** poly-
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Cascade / Starburst Synthesis
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Dendron Construction II | Dendrimer Construction
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(A) Divergent Method

i Controiled \ \ Y (

n situ

ii Unccnualled
i )/;‘f‘ Branch Cell
X -{ - x Method
TN <
J

%
o %< N

[(=)] Convergent Method
Preformed

Branch Cell
Coupling
Method

i Controfled

r)—x‘»j:}-x»j%x» {%x*(
b . 1 '! 2 .&‘
1 2 3

Figure 6. - Overview of all known synthesis strategies to dendrimers.
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tnitiator
Core
(Nf; =3

Generations (&)

i

Dendrimer Repeating Units
~¢ CH, CH, CONHCH, CH, N3C

Terminal
Groups {7}

arlev auﬂaauaround@to ’lVCd poly(dmldo- ,

(amines),” poly(phosphonium),''*¢ poly-
(alkanes),'** poly(nucleic acids),'****" and
more recently poly(organometallic)
types.'*** Comprehensive reviews cover-
ing much of this chemistry have been pub-
lished.”!>20

An interesting alternative approach to
dendron/dendrimer syntheses has been re-
ported independently by Hawker and
Fréchet?*< and by Miller and Neenan.?**®
This method is referred to as the convergent
method and involves two stages: a reitera-
tive coupling of protected/deprotected branch
cells to produce a focal point functionalized
dendron (Figure 5), followed by divergent
core anchoring to produce various multi-
dendron dendrimers (as shown in the over-
view of dendron/dendrimer synthesis, Fig-
ure 6). This convergent dendron/divergent
core anchoring method, as well as the diver-
gent dendron/divergent core anchoring
method developed in our laboratory,™ has
the unique advantage of allowing one to
differentiate dendron sectors as a function of
branch cell chemical composition as well as
surface functionality. By these means, di-
rectionality reactivity can be designed into
the surface features of the final dendrimer
structure. This is an important feature when
using these nanoscopic dendrimers as "atom
analogues” for the construction of well de-
fined "nanoscopic compounds." This issue
will be discussed later.

In all dendrimer syntheses, a reiterative
branch cell assembly scheme is necessary
for developing concentric (shells) genera-
tions and advancing the Starburst (cascade)
architecture to various levels. These cova-
lent bond forming schemes are usually driven
by alternating the reactivity of the dendrimer
surface from generation to generation. In the
case of the Starburst (cascade)
poly(amidoamines), PAMAM's, the first step

involves Michael addition of three moles of
methyl acrylate to the nucleophilic ammonia
core. This operation leads to an electrophilic
carbomethoxy surface which isthenallowed
toreact with an excess of ethylenediamine to
give a nucleophilic surface at generation = 0
(Figure 7). Reiteration of these two steps
first involves addition of six moles of methyl
acrylate to give G =0.5 (electrophilic, carbo-
methoxy surface), followed by amidation to
a nucleophilic surface at G = 1.0.

As aresult of these reiterative branch cell
assembly operations, these constructions fol-
low systematic branching rules (geometric
progressions) if the assembly is near ideal.
This allows one to predict the number of
repeat units assembled (N, ; degree of poly-
merization), the number of surface groups
(valency, Z), and calculate dendrimer theo-
retical molecular weights as a function of
initiator core multiplicity(N ), branch cell
multiplicity (N,), and generations (G), ac-
cording to the following relationships:

NS+ 4
o 0P <file e[ |
6 e E\E Mc + Nc[uau(N . )+ MCNG+1}
eee Valencyl(?) = Ne N0

For example, Figure 8 illustrates the
time sequenced molecular level autbau of
monomer units around an initiator core with
a multiplicity (N_= 3), designed to produce
in siru branch cells with multiplicities of
N, = 2. This step-wise poly(amidoamine)
dendrimer growth gives N, values of 3, 9,
21,45,and93andZ valuesof 3,6, 12, 24, and
48 for generations 0, 1, 2, 3, and 4, respec-
tively. These Z values (magic numbers)
represent the saturation limit wherein no

additional monomer units can be added to
that particular generation (shell).

Upon saturation of a particular genera-
tion, the dendrimer becomes essentially in-
ert toward further reaction and reminds one
of inert gas configurations which we are all
familiar with at the atomic level. If one
imagines monomer units as analogues of
electrons and initiator cores as nuclei ana-
logues architecturally, this "molecular level
aufbau" becomes reminiscent of the electron
filling events usually associated with atomic
aufbau. The major differences are that elec-
trons fill shells around atomic nuclei due to
charge neutralization and occupy space
around the nuclei as a function of quantum
mechanical rules. In contrast, monomer
units fill shells around initiator cores in
dendrimers driven by chemical bond forma-
tion and occupy space around these attractors
as a function of steric requirements and other
considerations.

Since discovering that we could organize
monomer units in precise numbers (geomet-
ric progression) as a function of concentric
shells around a core (nucleus) and occupy
three dimensional space in a very predictable
fashion, the notion of mimicking atomic
architecture at the molecular level became
an intriguing concept. The initial two-di-
mensional projections of dendrimers (e.g.,
N,_=3; N, =2)hadthis haunting similarity to
Bohr aloms, yet we were well aware of the
fact that these molecular level organizations
of atoms could not holistically harbor the
same quantum mechanical properties and
implications that are associated with atoms.
In fact, during this past decade, there were
many critics who asked, "Why do we want to
make such an outrageous comparison —
such a stretch for this analogy?" [ must
confess there were a few moments when I did
not have good answers for these comments.

However, as "hard data" accumulated on
the nearly two dozen dendrimer families and
one hundred surface modifications that have
been documented in our laboratory and else-
where, it has become more and more diffi-
cult to ignore the pervasive patterns and
combining properties that picoscopic (1-6A)
atomic building blocks have in common
with nanoscopic (10-10007\) dendrimeric
building blocks.

In systems that are constructed from dis-
crete components under well defined rules,
geometric or arithmetic patterns usually de-
velop. These may involve various symme-
tries or repetitive structures, with or without
scaling, or regular sequences of numbers
describing quantities of the components.
Being aesthetically pleasing, these "magic
patterns” or "magic numbers" often serve
both as memory aids and predictive tools for
the understanding of ordered systems.
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Such a system familiar to all organic ATOMIC LEVEL MAGIC NUMBERS (ATOMS)
chemists is the 4n+2 m-electron rule for ELECTRON SHELL ORGANIZATIONS
aromaticity defined by Hiickel. Without an
understanding of molecular orbital theory, Electron Shells
he derived this relationship by observing the
patterns of molecular formulae of known
aromatics. This relationship led to the dis-
covery of additional aromatic materials with
larger or smaller rings than the common
benzenoid aromatics, such as [18]-annulene,
or with charges that complete aromaticity,
such as the cyclopentadicnyl anion and the
cycloheptatrienyl cation.

The sequence of electron orbital filling of
the elements is another example of patterns
resulting from the organization of discrete
components according to well-defined rules,
namely, the principles of quantum mechan-
ics. It is well recognized that organization

patterns for electrons in the clements of the [ MOLECULAR LEVEL MAGIC NUMBERS (DENDRIMERS)

1 Atomic Number
Total number
of electrons
accumulated at
that saturated
shell level

@ a s : % fga 80 Number of
Nuclear i electrons

Charge 3 Hej ;b A-.,#,m*« required to

saturate that

ok 3R] shell level
% 00 *[2) Atomic Weight

at that saturated
shell level (amu)

Principal Atomic Guantum Numbers (n)

Log (Electron Number) or
Log (Atomic Number)

periodic table are defined with such "magic MONOMER/BRANCH CELL SHELL ORGANIZATIONS
numbers" as principal quantumnumbers(i.e., Monamer Shells

n =1, 2, 3, 4) associated with saturated (Generations) ™1 Dendrimer Number
electron shells leading to the stable inert gas Total number of
configurations (i.e., 2, 8, 8, 18, 18, 32, etc.). - - monomer units

accumulated
at the saturated
generation level
{ie. degree of
polymerization)

As an operational definition, it was unneces-
sary to know the quantum mechanical origin
of these magic numbers. Chemists of the
19th century simply recognized and used
these patterns to predict reactivity, valency,
combining masses, bonding directionality,
and other elemental properties as described
in Table 1. Theoretical explanation of the
precise nature of these "atomic magic num- Molecular Weight
bers" had to wait for the development of the : i = at that saturated
quantum theory in the 1920-30's. generation level
Noting the concentric monomer shell
construction, the mathematical predictabil-
ity of monomer shell filling, and the reactiv-
ity found in dendrimers, we were prompted
to make a comparison with the electron shell
filling and the reactivity of atomic entities.
In order to analyze these similarities, one
must think of the monomer units or branch
cellsin dendrimers as architectural analogues
to electrons as they exist in atoms. In each
case they occupy space in predictable num- g .
bers around an attractor (nucleus core) ac- @[CHz = CHCONHCH, CH, NBz]}m

Number of monomer
units required to
saturate that
generation level
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Figure 9

Generation = 4.0

cording to very well defined, but different M.W. = 10632.96
mathematical rules. Electrons and monomer p—
units have well defined lower and upper o I

10138 «——{ Saturated Sheli |
10175
005 Macrocycie,
] -B0 amu

i

limits of proximity to their respective
attractors. In the case of atoms, these rela-
tionships are derived from charge neutral-
izationandare quantum mechanically driven; S AL S ot
whereas with dendrimers, these relationships T . by A 1 e sew
are Newtonian and are determined by bond- Y

ing connectivity to the core and the space
actually occupied by the atoms involved in
the dendrimeric organization. With this in

mind, it should be noted that another major Figure 10. Electrospray lonization-Mass Spectrum (deconvoluted) of Starburst

difference between atomic and dendrimeric (PAMAM) dendrimer: generation = 4; NH, core: N = 3; N, = 2;
architecture is that most of the mass in atoms B.P. =93 and theoretical MW = 10633, =

is located at the nucleus (core), whereas in

10688
0747
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dendrimers it resides with the monomers in
the functional shells (generations) surround-
ing the core.

Yet in spite of these differences, there still
remain very rich parallelisms that cannot be
ignored. Just as mathematical formalisms of
quantum mechanics set the maximum num-
ber of electrons that may reside in a given
shell, the geometric progressions that result
from the influence of core (N[) and branch
multiplicities (N,) in dendrimers determine
the maximum number of monomer units or
branch cells that may reside in a given
dendrimer shell. Thus, atomic orbitals fill
with electrons in the "magic number” se-
quenceof?2, 8,8, 18, 18,32, etc.; whereas, the
shells of dendrimers (N, = 3, and N, = 2) fill
with repeat units in the sequence 3, 6, 12, 24,
48, etc. (Figure 9). It should be emphasized
that, in each case, mathematics determine the
maximum occupancy of respective shells. In
atoms, partially filled shells have unfilled
orbitals that will readily accept electrons,
which become the basis for chemical reactiv-
ity involving ionization or bonding. A filled
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shell is seen as a satisfied valency which
requires more extreme conditions to elicit
further chemical reactivity.

Therefore, reactivity of the atomic
(picoscopic/sub-nanoscopic) chemistry set
is usually associated with the atomic building
blocks preceding the inert gas configurations
in the respective periods. The inert gas
configurations possessing filled shells arc
generally not considered highly reactive. It
has been recognized since Wohler (1828)
that elements in the second period (carbon in
particular) may combine with first period
elements (hydrogen), second period elements
(oxygen, nitrogen, boron), and third period
elements (sulfur, selenium, etc.) to produce
nearly all the compounds we classify today as
organic. Essentially all other combinations
we refer to as inorganic. Without the benefit
of quantum mechanics or electronic theory,
19th century chemists determined that an
atom's reactivity was associated with elec-
tron occupancies residing between these
"magic numbers." Furthermore, these cle-
ments combined with precise valencies to

give compounds with predictable combin-
ing masses, as illustrated in Figure 9.

In a similar fashion, dendrimers possess-
ing unfilled monomer shells are found to be
very reactive. They may proceed to nano-
scopic compounds by inter-dendrimer reac-
tions or simply combine intra-molecularly to
produce macrocyclic sites. In contrast,
dendrimer species possessing saturated mono-
mer shells commensurate with the "magic
numbers" (Figure 9) are not reactive with
each other or reagents possessing common
surface functionality (i.e., either nucleophilic
or electrophilic moieties, respectively).

Electrospray mass spectroscopy, gelelec-
trophoresis, and capillary electrophoresis
have proven very effective for monitoring
the formation of saturated monomer shell
species (perfect structure) and unfilledmono-
mer shell species (defective structure) resid-
ing between the "magic number” species
illustrated in Figure 9.

For example, if a shell in a dendrimer is
not completely filled to the "magic number"
at the half generation acrylate addition stage,
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'ATOMIC PERIODIC TABLE

Periods
1

2

Li

: @

Na

[He] 262 [He] 252 2p?

[Ne] 382 [Ne] 3s? 3p!

Monomer Shells
{Generations)

[He] 282 2p2

[Ne] 352 3p2

Saturated
Shelis

®

H He
182

Ne
[He] 252 2p8

(©)

R
Ar
[Ne] 352 3p8

[He] 282 2p® [He]2s22p* [He] 252 2ps

[Ne] 3s23p3 [Ne]3s23p* [Ne]3s?3ps

Saturated
Shells

Ne= 3N, =2
o 1

o= 3N, =2
o (o

M= BNy =2
{0y (°

Nem 3Ny 2
o s (2

Figure 12. Atomic and Dendrimeric Periodic Tables

subsequent amidation with ethylenediamine leaves that monomer
shell deficient by a corresponding number of 2-(aminoethyl)-
acrylamide monomer units (i.e., 114 amu/monomer). Experimental
evidence for the efficiency of shell filling in dendrimer synthesis has
been found in the mass spectra of these materials. For example, the
mass spectrum of a fourth generation poly(amidoamine) dendrimer
has shown a narrow spread of masses (M /M = 1.0005) starting at
the theoretical maximum (10,632 daltons) and decreasing through a

« Acta, Vol. 26, No. 4, 199

series of masses corresponding to unfilled shell and macrocyclic
modified structures with masses 10,632 - x(114) amu and [ 10,632 -
x(114) - x(6@8) amu (where x = 1-7).** Compari of the relative
abundances of the various species (Figure 10) with a statistical model
of dendrimer growth, including the filling of the vacancies described
above, shows that each cycle of the dendrimer synthesis (Figure 3)
incorporates the maximum possible number of repeat units. The
x(114) mass unit deficiencies below the saturated dendrimer shell
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Where:
X =NH, 0,8, n=23,6
N = core multiplicity; N;, = branch cell multiplicity
Z = NH,, CO, Me, CO, H, CN, CONH,, OH
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inoscopic dendrimer assemblies and the assem-
icles into picoscopic atoms and sub-nanoscopic

values leave unreacted secondary amine func-
tions in the respective dendrimer shells and,
in fact, mimic the deficiencies of electrons
relative to saturated shell levels in atomic
systems. In these reaction media, these
species are reactive entities compared to the
saturated "inert gas type configurations."

Therefore, by analogy to electronic con-
figurations, we designate the perfect struc-
ture, generation = 4, saturated shell species
with mass 10,632 andn=93as[3]*;[6]%[12])'"*;
[24]*; [48]* (N). The (N) denotes this outer
shell is nucleophilic, whereas (E) would indi-
cate the outer shell was electrophilic, thus plac-
ing it at the precursor generation = 3.5
(carbomethoxy stage in this dendrimer con-
struction, Figures 3 and 7). The perfect
structure (saturated shell mass)-60 and other
x(60) deficient masses are believed to be due
to intra-dendrimer amidation leading to
macrocyclic sites. Other products believed
to be derived from these unsaturated shell
reactive species include dimer, trimer and
higher covalently bridged clusters, identi-
fied and characterized by electrophoresis
and mass spectroscopy. Possible reaction
schemes leading to these products may
involve the combinations and permutations
illustrated at left (a-d).

Histograms (Figure 11) of electrospray
mass spectra similar to Figure 10 were ob-
tained for generations 0, 1, 2, and 3 of the
Starburst (cascade) PAMAM series. For
simplicity, macrocyclic defects were deleted
to show relative amounts of saturated shell
and unfilled shell species that are present in
typical samples after workup. Monomeric
configurations are included for further refer-
ence to two-dimensional projections (Fig-
ure 12). In this illustration, one can compare
the first three periods of the "atomic chemis-
try set” to the first three generations of the
"dendrimeric chemistry set," noting the rela-
tionship of saturated shell and unfilled shell
species in each case. Just as certain predic-
tions about reactivity, morphological
changes, dimensions, physical properties,
etc. can be made by vertical and horizontal
inspection of the atomic periodic table, so
can one make similar predictions about
such emerging properties within the
dendrimeric periodic table.” It should be
noted that although we can have only one
atomic periodic table with a present limit of
seven periods, the number of dendrimeric
periodic tables will be determined by the
number of different dendrimer families.
The number of periods within each peri-
odic table will be determined by the de
Gennes dense packing stages for each
dendrimer family.’

The only atomic feature remaining to be
mimicked by the dendrimeric systems, ac-
cording to Table 1, is the ability to control
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directionality in bond formation. Consider-
able progress has been made in this area,
both in Fréchet's laboratory®**2* and in our
laboratory.” In this regard, differentiated
dendrons were synthesized via the Divergent
Controlled Method A (Figure 6) using the
reiterative scheme in Figure 3. While pro-
tecting the dendron focal group, various sur-
face groups were introduced with
regioselectivereactions using standard meth-
ods. Deprotection of the focal group fol-
lowed by anchoring to various cores pro-
duced dendrimers with differentiated sec-
tors A, Bor C, whereinZ' #Z" #Z" orZ' =
Z" # 7" In addition, the interior structures
of sectors A, B, and C could be varied by
changing the monomer (branch cell) compo-
sitions or by anchoring dendrons at various
generational levels (i.e., G = 1-4).

Whereas mostchemical reactions between
atoms to form compounds involve surface
electrons, so it is also the case with the
terminal monomer functionality in
dendrimers. Over one hundred different
stoichiometric reactions have been docu-
mentedbetweendendrimersurfacesand sub-
nanoscopic reagents." In general, these re-
actions merely modify dendrimer surfaces
and effect the dimensions of the dendrimers
incrementally. However, when nucleophilic
dendrimers are allowed to react with
dendrimers possessing electrophilic surfaces,
the resulting products are dramatically en-
hanced in dimensions (i.e., 1-100nm) and
are referred to as nanoscopic compounds,
clusters, and polymers. Figure 13 illustrates
this concept. Unlike classical picoscopic/
sub-nanoscopic compounds derived from
atomic building blocks, these nanoscopic
supermolecular compounds, clusters, and
assemblies are large enough to be observed
directly by electron microscopy. In some
instances suitable dendrimer surfaces have
led to entirely new supramolecular assem-
blies never before observed in Nature.

In conclusion, what does all of this mean
to the organic chemist? First, we have inten-
tionally sought to follow the logic used by
our 19th century predecessors while defin-
ing the "atomic chemistry set." Applying
this logic to our present system, we believe
the ability to precisely control mass, surface
valency, and surface directionality in these
dendrimer structures clearly validates their
proposed roles as fundamental building
blocks possessing architecture and function
analogous to atoms, albeit, with nanoscopic
dimensions(i.e., I-100nm) (Figure 14). Sec-
ondly, with this new "nanoscopic chemistry
set,” it should be possible to systematically
examine many of the classical issues of
organic chemistry that have been the focal
point of interest and analysis since the days
of Wohler. In the context of these higher

dimensional building blocks, such new is-
sues as: nanoscopic steric effects, nanoscopic
chirality, new nanoscopic architecture, nano-
reactors, and nanoscopic recognition, just
to mention a few, will require further under-
standing. These studies will undoubtedly
involve the evolution of new rules and con-
cepts which may have a direct impact on our
insights to the behavior and characteristics
of the many biological nano-structures that
are so intimately involved in creating and
sustaining life.
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Probing the Specificity of Synthetically Useful Enzymes'

Enzymes are now widely accepted as
useful catalysts for a broad range of organic
syntheses, with their capacities for inducing
asymmetric transformations being the most
exploited.” However, despite the widespread
uses of both enzymes and microorganisms in
asymmetric synthesis, relatively little is
known of the factors that determine the struc-
tural specificity and stereospecificity of en-
zymes.

In view of the increasingly broad spec-
trum of new and unnatural substrate struc-
tures that synthetically useful enzymes are
being called on to accommodate, it is becom-
ing more and more essential to delineate the
enzyme-substrate interactions that regulate
and control enzyme specificity. This will
then permit the selection of enzymes that are
best ‘suited for any given chiral synthon
preparation. It will also facilitate the devel-
opment of active site models capable of
accurately forecasting whether an enzyme
willacceptanew structure as a substrate, and
of reliably predicting what the stereochemi-
cal outcome of the reaction will be. Knowl-
edge of the factors determining specificity
will also facilitate the rational tailoring of
enzyme specificity by the site-directed mu-
tagenesis techniques of protein engineering.

The classes of enzymes most widely ap-
plied are the hydrolases and the oxidoreduc-
tases. This paper will focus on probing the
specificity of representative, synthetically
useful members of both of these groups.

HYDROLASES

An Active Site Model for Pig Liver
Esterase.

Hydrolases are currently the enzyme
group receiving the most attention. Within
this group, the esterase thathas seen the most
extensive utilization is pig liver esterase
(PLE, EC 3.1.1.1).* PLE is a serine protease
that catalyzes the hydrolysis of a broad range
of carboxylic acid esters. It is capable of
enantiomeric and enantiotopic group speci-
ficity. PLE has been widely employed for
resolving racemic esters and for producing
chiral acid-ester synthons from prochiral
diester substrates. Despite its proven value
in asymmetric synthesis, organic chemists
became somewhat uneasy in their continued
use of PLE because of some uncertainty
about the fidelity of its stereospecificity.

For an enzyme to receive universal ap-
proval as a routine catalyst for synthetic
applications, it is important that its ste-
reospecificity be unwavering in its absolute
configuration preferences from one substrate
to another. In this regard, PLE posed a
dilemma in that its stereochemistry appeared
to be somewhat fickle towards certain sub-
strate groups. For example, within the ho-
mologous series of monocyclic meso di-
esters 1-3, the stereoselectivity of PLE hy-
drolysis reverses itself. Forthe cyclobutane
diester 1, the S-ester is hydrolyzed to give 4,
while for the cyclohexane substrate 3, the

J. Bryan Jones
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acid-ester 6 from R-ester cleavage is formed.
Both 4 and 6 are enantiomerically pure. The
cyclopentane substrate 2 represents the
change-over point, with the acid-ester 5 be-
ing virtually racemic.™ Thisbehaviourturned
out to be general, with similar stereospeci-
ficity reversals being observed in other sub-
strate series.™

Initially we felt that the apparent vari-
ability of PLE’s stereospecificity was due to
the fact that the commercially available
material was a melange of similar proteins,
withsomehaving R,andothers S, stereospeci-
ficity preferences, and that separating the
mixture into its components would provide
us with enzymes of both R- and S-types.
Separation of PLE into its components by
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isoelectric focussing gave six distinct frac-
tions of different isoclectric points. How-
ever, when each of these fractions was em-
ployed to hydrolyze diesters such as 1-3, the
stereospecificity results were unchanged.’
This demonstrated that, although commer-
cial PLE is a mixture, it behaves as if itis a
single species. Thus, the stereospecificity
reversal patterns observed are a fundamental
attribute of PLE’s active site. This stimu-
lated us to create an active site model that
would permit all PLE’s specificity charac-
teristics to be interpreted.

As with other active site model propos-
als,® the lack of an X-ray structure dictated an
empirical approach. We surveyed all the
known literature substrates and, using com-
puter graphics,, overlaid them to determine
the active site volumes and orientations that
permitted each substrate to be accommo-
dated satisfactorily in steric terms, and in accord
with the experimentally observed stercospeci-
ficities. The picture thatemerged was surpris-
ingly simple’ and is depicted in Figure 1.

The model is comprised of five binding
loci. The boundaries of the binding pockets
represent the physical restrictions which
amino acids of the enzyme place on sub-
strates binding in the active site and, with the
exceptions noted below, substrates may not
penetrate them. The catalytically essential
region is that of the serine residue that ini-
tiates hydrolysis by its attack of the carbonyl
group of the susceptible ester function. The
binding regions controlling specificity are
composed of four pockets, of which two are
hydrophobic. Two others are more polar in
character.

The two hydrophobic zones, which inter-
act with the aliphatic or aromatic hydrocar-
bon portions of a substrate, are designated
HH"gUand Hy .., The largerof the two, H,,
has a volume of approximately 33 A?, whlle
thesmaller H pockethasavolumeofroughly
55 Al Polal groups (such as hydroxyl,
amino, carbonyl, nitro, etc.) are excluded
from these areas. However, the hydrophobic
pockets can accommodate less polar het-
eroatom functions (such as halogen, and
ether or ketal oxygen atoms) if necessary.

The remaining two sectors accept groups
that are more polar (P) or hydrophilic. They
arc located at the front (P,) and back (P,) of
the active site, respectively. Unlike the other
binding regions, the rear boundary of the P
pocket is open, and hydrogen-bonding or
similar groups may extend beyond the back
of this region. The area above the model is
alsoopen and is completely accessible to any
substrate moiety that needs to locate there.
Such groups may extend in this direction with-
out restriction.

This model reveals the structural basis
for the stercospecificity reversals. For ho-

S

perspectlve view of the actlve site model is used to 1llustrate th
nsfordiesters 1-3. Hydrolysis of anester group canonly occur
he spherical locus of the catalytically active serine function.
ne-1,2-dicarboxylate (1). The S-center ester hydrolysns orien
its all substrate g groups to be accommodated in the active site
the cyclobutane ring fitting cleanly into, and ﬁllmg, the H,
ve binding mode requlred for hydrolysis of the R-center este -
rtion of the cyclobutyl ring in the H pocket, (b). Since bmdmg of
niust occur in the H, rather than thc H siteif. sternca}ly poss:b]e,u .
ng as in (a) is preferred, in accord with the observed forniation of the
Dimethyl cyclohexa

L

ne-1,2-dicarboxylate (3). The bmdmg,f

ws the preferred ES- complex for hydrolysis of the R-center ester

ith the cyclohexane ring

bound in the large hydrophobic pocket.

ster would require the orientation shown in (d). This is c]early -
he H, pocket is clearly too small to accept the six-membered ring.
; tane-l ,2-dicarboxylate (2). In thisinstance,bothR- and S-center
e acceptably located in the serine sphere, as shown in (e) and (f)
yclopentyl group is marginally too large for optimum fitintoH,,

preference for hydrolysm via (e) that results

na 7% ee of the:::'i:

mologous series of substrates (such as 1-3),
small hydrophobic groups bind in H until
they becometoolargetodo so. At thls point
the substrate orientation must be turned
aroundto place the larger hydrophobic group
in the H, pocket, where there is room to
accommodate it. It is this “turning over”
requirement that is responsible for the S-to-
R (and vice versa) switches observed experi-
mentally. The situation is exemplified in
Figure 2 for the 1-3 substrate scries.’

The pocket sizes represented in the initial
model (Figure 1) represent minimum vol-
umes. Their actual sizes have subsequently
been systematically probed with substrates
of varying steric requirements.* The dimen-

sions of H, P, and P, have been confirmed

as originally identified, but H, ’s capacity for
large groups turned out to be greater than
first specified. Its maximum dimensions
have now been established’ as 6.1 x 4.6 x
3.1A. To the best of our knowledge, when
applied correctly,’ this final model now per-
mits all known PLE specificity to be satis-
factorily interpreted. The model also enables
the stercospecificity of PLE-catalyzed hy-
drolysis to be correctly forecast for new
substrate structures.

Probing knzyme Specificity

Because of their simplicity, active site
specifications of the Figure |-type are pres-
ently the models of choice of organic chem-
ists using enzymes synthetically, even when
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X-ray structures are available. However,
they do not provide the understanding of
enzyme specificity that in the long term is
essential for identifying the range of sub-
strate structures any synthetically useful en-
zyme can accept, and for selecting the most
appropriate enzyme for transforming a given
substrate structure into a desired synthon.

Accordingly, in order to gain insight into
the factors that control and determine en-
zyme specificity, we have begun to probe the
nature of enzyme-substrate interactions in a
systematic manner. This involves studying
only synthetically useful enzymes for which
good X-ray structures are available, using
graphics analyses to select substrate or in-
hibitor structures that address a particular
specificity question most appropriately and,
after kinetic studies on the selected struc-
tures, analyzing the experimental data with
the aid of graphics and molecular modelling
methods. The eventual goal of this approach
is to maximize the synthetic potential of each
enzyme.

However, no natural enzyme can be ex-
pectedto handle the everincreasingrange of
substrate structures imposed by the chiral
synthon demands of asymmetric synthesis.
An important corollary of this strategy is
thus its potential foridentif ying unfavourable
amino acid residues at an active site that
preclude conversion of a synthetically desir-
able substrate structure. This opens up the
possibility of using the site-directed muta-
genesis techniques of protein engineering to
correct unsuitable amino acid positions, and
eventually to tailor an enzyme’s specificity
so that any given structural requirement will
be accommodated.

Probing the Structural Specificity of
Hydrolases

The target enzymes selected as being
representative of synthetically useful hydro-
lases were subtilisin BPN’ (SBPN, EC
3.4.21.14), subtilisin Carlsberg (SC, EC
3.4.21.14), and o-chymotrypsin (CT, EC
3.4.21.1). These serine proteases favour
ester substrates possessing hydrophobic
groups that bind well into the S, active site
pocket, as represented schematically in
Figure 3(a) for the ES-complex formed by
SBPN and its excellent substrate N-acetyl-1L-
phenylalanine methyl ester (NAPME). In
this ES-complex, the hydrophobic benzyl
group of NAPME fits nicely into the S,
pocket, which inthis case provides an appro-
priate environment as a result of the hydro-
phobic amino acid residues that form it.
However, the unnatural substrates that SBPN
may in the future be called on to hydrolyze
could well include polar residues, towards
which the natural S, environment would be
hostile. We therefore decided to see if the S,

@ =
; Metzz2 bl S;
O
e HCO¢H3

S,

Figure 3. Schematic representation of
the active site of subtilisin BPN'.. In (a)
the non-polar benzyl group of NAPME
binds wellin the hydrophobicS. pocket,
which has a Glyl66 located at its end.
The S region that accommodates' the
leaving group. is not very large, being
blocked off at the end by Tyr217. S
also contains the serine residue of the
catalytically vital Ser221-His64-Asp32
serine protease triad. In (b) TAME is
depicted in an orientation that site-
directed mutagenesis of Gly166 to. Asn
or Ser should promote by creating a
favourable hydrogen bonding environ-
ment fer the guanidinium function;
thereby ameliorating the inhospitality
of the hydrophobicmilieuof S; towards
polar:groups.:

pocket of the wild-type (WT) enzyme could
be protein engineered to be more accommo-
dating of polar groups.

N-Tosyl-L-arginine methyl ester (TAME)
was selected as a substrate structure whose
positively charged side chain was much more
polar than that of NAPME. A poor interac-
tion was anticipated between the substrate's
guanidinium group and the hydrophobic S, -
environment of WT-SBPN if binding in the
Figure 3(b) manner took place. We there-
fore explored the prospect of making the S,
trough more receptive to TAME-like side
chains by changing the Gly 166 residue at the
bottom of S, to amino acids, such as Asn or
Ser, whose side chains are capable of hydro-
gen bonding to polar groups such as
guanidinium.

The results obtained supported the valid-
ity of this strategy, with the effectiveness of
TAME binding being increased by up to 2.4-
fold. This is reflected by the improvement in
K, from 34 mM for WT-SBPN to 21 mM and
14 mM for the Glyl66Asn and Glyl66Ser
mutants, respectively. The G166S enzyme

was the most effective catalyst of this series
for TAME hydrolysis, and graphics analysis
indicated it to be the optimum 1 66 mutant for
this substrate.'

The S|' site is also an important region in
terms of specificity control. It is the zone in
which the leaving groups of amide and ester
substrates locate prior to, and during, the
acylation step. In SBPN, the S ' site is not
very large, having at its end a bulky
hydroxybenzyl side chain of Tyr217 (Figure
3) with the potential to restrict its ability to
accept large leaving groups. In such situa-
tions, replacement of the relatively large
Tyr217 at the end of the S, region of SBPN
by the smaller Leu residue (as present in
subtilisin Carlsberg) shouldincrease thespace
availableforaccommodating leaving groups.
This was confirmed for the Tyr217Leu mu-
tant, prepared by the Genencor International
group,'! using the tetrapeptide substrates 7a,b.

Succinyl-L-Ala-L-/

7a, X = p-nitroani
7b, X = thiobenzy)

For 7a, the p-nitroanilide leaving group is
still present in the rate-determining acylation
step. The catalytic constant k _ is increased
by a factor of 5.6 when the volume of S " is
increased by substituting the smaller Leu
side chain for that of Tyr217 of the WT-
SBPN. In contrast, for the ester substrates
such as TAME or 7b, for which leaving
groups have already departed prior to the
deacylation rate-determining step, the k
values for the Tyr217Leu and WT enzymes
are virtually identical, as expected. The
differences in size between the thiobenzyl
and methoxy functions have no effect on the
catalytic constant.'

Mutation of Met222 to Phe represents the
converse situation in that the volume of S,"is
markedly reduced by the substitution of the
benzyl side chain for that of methionine. The
rate of hydrolysis of the amide substrate 7a,
with its medium-sized leaving moiety, is
now reduced by this mutation. Thek_ value
observed for hydrolysis of 7a with the
Met222Phe is 14-fold lower than for the
WT-enzyme. Again as expected, because
dcacylation is rate-determining for esters,
the ks for WT- and Met222Phe-catalyzed
hydrolyses of TAME and 7b arc unaffected.
While reducing catalytic effectiveness is sel-
dom a worthwhile goal, in this case the
combination of the sharply reduced amide
hydrolysis efficiency and unchanged ester-
ase activity of SBPN Met222Phe is of par-
ticular synthetic interest. This mutant should
be an excellent catalyst for the preparation of
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peptides by the coupling of amino acid ester
components in that the ester-to-acyl enzyme
steps will proceed normally, but little subse-
quent hydrolysis of the newly formed pep-
tide bond can occur. The potential thus

NO @ Hy_ NHCOCH,
: > ¢ Ay :
- SN LoocH;

H H
. 8

“Ho" MM
10

- Hy JNHCOCH,
N02—<O 7 X
o ) s COOCHa‘

exists for practical peptide synthesis in aque-
ous solution.

Probing Hydrolase Stereospecificity

So far, with some exceptions, the use of
enzymes in asymmetric synthesis has been
largely confined to the creation of chiral
synthons with only one stereocentre. How-
ever, the large chiral environments provided
by enzymes have the capacity to discrimi-
nate and control many stereocentres concur-
rently, potentially providing access to any
multiple-stereocentre combination desired
in syntheses of chiral targets. We have
begun to explore this prospect with the two-
stereocentre substrates 9 and 10, in which the
natural 1 (S)-configuration preferred by es-
terases is maintained at the o-amino posi-
tion, but with either an S- (9) or R- (10)
configuration at C-3. These p-nitro com-
pounds were selected because of their syn-
thetic potential as chloramphenicol precur-
sors.”” The question was: will serine pro-
teases such as subtilisin Carlsberg (SC) or o.-
chymotrypsin (CT) discriminate the second,
C-3 centre?

The kinetic results, together with those
on the p-nitrophenylalanyl parent 8 of 9 and
10, showed that the replacement of either the
pro-R or pro-S C-3-H by an OH-group
caused a >10%fold reduction in the hy-
drolysis rates, as reflected by the specific-
ity constants, k_ /K, for both SC-and CT-
catalyzed reactions. While the rates of SC
andCT hydrolyses of9 and 10 were low, they
remained preparatively viable. However,
for SC, the hydrolysis rates of 9 and 10 were

about the same, being 126 and 360 M''s”,
respectively. This shows that the enzyme did
not distinguish significantly between a C-3
S- or R-centre and that separation of a
diastereomeric mixture of 9 and 10 could not
be achieved using SC hydrolysis. On the
other hand, while the rate of CT hydrolysis
of 9 was also low (k /K, 70 M''s"), 10 was
not a substrate at all so that CT could very
effectively be applied to separate the individual
diastereomers from a mixture of 9 and 10.
The reasons for the dramatic rate reduc-
tions for both SC and CT on introducing a
C-3 OH substituent of either configuration,
and for the differences in the abilities of the
two enzymes to distinguish between the two
C-3 configurations, were revealed by mo-
lecular modelling. The acyl enzyme inter-
mediates derived from the p-nitrophenyl-
alanyl parentcompound 8 for each of SC and
CT were minimized by molecular mechanics
and molecular dynamics using the BioSym
Discover program. Forthe SC-complex, the
C-3 hydrogens of 8 were located in the
bottom of the S, pocket in environments of
about equal steric constraints that are large
enough to accept either an S- or R-centre
hydroxyl group, but not without engendering
some unfavourable steric interactions (spe-
cifically with Alal52 and Asnl155 for an S-
OH and with Ser 125 for an R-OH). Thus the
consequences of replacing either the C-3
pro-S or pro-R hydrogens by hydroxyl, as in
9 or 10 respectively, both result in reduced
hydrolysis rates, and to approximately the
same degree. On the .other hand, while the

situation for the pro-S C-3-H of 9 in the CT-
complex parallels closely that of the SC
situation, the pro-R C-3-H of 10 is already in
van der Waals contact withCys191, Met192,
Gly193, and Aspl94, and this site cannot
accommodate anything bigger than hydro-
gen. Thus, when the pro-R C-3-H is replaced
by OH, as in 10, formation of an acyl enzyme
is precluded and the S,R-diastereomer 10 is
a non-substrate. In fact, 10 does not bind at
all to CT, as demonstrated by its ineffective-
ness (K, > 150 mM) as a competitive inhibitor.

Exploiting Electrostatic Contributions
to Binding

When the electrostatic potential surfaces
of SCand CT are calculated using the BioSym
Delphi program, the patterns for the two
enzymes are very different. We wondered if
such electrostatic differences could be ex-
ploited to improve the strength or selectivity
of binding to enzymes for appropriately de-
signed substrates or inhibitors. Forexample,
the calculations showed that, at the bottom of
the S, pocket of SC, there was a region of
positive potential which could contribute to
increased binding strength of a substrate or
inhibitor possessing a group of negative
potential capable of interacting with this
positive enzyme locus. The initial evalua-

/@/\/B(Oﬂ)a
X

Carlsberg.

K‘ m
{uM)
100
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B(OH), o
1 X = H Me CFgMeO F CI
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b, X=CHz eX=F Figure 5. Para-substituent effects on
c.X=CF £ X=Cl phenylboronic acid inhibitors of Sub-
? 3 ! tilisin Carlsberg.
-
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Figure 4. Schematic representation.of boronic acid inhibitor binding to subtilisin
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tions of this concept were carried out with
theboronic acid inhibitors 11. When bound
to serine proteases, boronic acids of this
type are transition state inhibitors that form
El-complexes of the type represented in
Figure 4, in which the aromatic group
binds in S,.

In such orientations, the para-substitu-
ents should then project into the positive
regionat the base of S|. Theresults observed
with the series of inhibitors 11a-f support
this concept (Figure 5) with the strength of
binding increasing, as reflected by the de-
creasing K values, as the negative potential
character of the para-substituent increases."?
For the p-chloro-inhibitor 11f, with the most
negative para-group and thus the greatest
electrostatic attraction with the base of S,
binding is 13.5-fold stronger than for the
parent compound 11a. The possibility that

from literature tabulations of experimental
solvation data.

OXIDOREDUCTASES

Oxidoreductases, such as horse liver al-
coholdehydrogenase (HLADH),haveproven
of considerable value in asymmetric synthe-
sis. Illustrative examples of HLADH use
include resolution, combined with diastere-
otopic face selectivity, of racemic ketones
suchas 12,and additionally of regioselectivity,
as in the oxidation of 13, and of the
enantiotopic group and face distinctions in-
volved in the conversions of 14 and 15.*

With the potential of a broad specificity
oxidoreductase like HLADH well docu-
mented, we decided to examine an enzyme
of this group with narrower specificity with
the intent of probing the factors determining

for such exploratory studies since it is a very
stable, thermophilic enzyme of known pro-
tein sequence. Its properties have already
been the subject of several studies.'* Also,
its gene has beencloned and the protein very
efficiently overexpressed, thereby enabling
large quantities of BSLDH to be produced
inexpensively from small fermentation vol-
umes.” Furthermore, the feasibility of alter-
ing the specificity of the native enzyme by
site-directed mutagenesis of key active-site
amino acid residues has been established."

On the Structural Specificity of BSLDH

BSLDH is an NAD/H-coenzyme depen-
dent, fructose-1,6-diphosphate (FDP) acti-
vated enzyme whose in vivo function is to
catalyze pyruvate <g== -lactate oxido-re-
ductions of the type:

RCOCOOH + NADH +Ht ==
the observed trends simply reflected structural and stereospecificity. The oxi-
desolvation energy differences between the  doreductase selected was the L-lactate dehy- 16
inhibitors on forming the respective EI-com-  drogenase of Bacillus stearothermophilus RCH(OHJCOOH + NAD
plexes was excluded by calculations and (BSLDH). BSLDH is an excellent candidate 17
R Rel. Rate %Yield % ee
0 CH3 A
/ll\c NADH cos CH3CH; b 88 599
R® CooH CH3(CHa)z ¥ 89 99
BSLDH FDH HaC
<+ 88 >99
OH CH3
R)\COOH NAD* HCOO-
(s) >— + 89 >99
o CH ++ 90 99
_Figure 6. Preparative-scale: BSL.DH-catalyzed reductions. @ ? ”
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While strongly favouring pyruvate (16,
R=Me) as a substrate due to its small R-
group, BSLDH will accept a broad range of
a-ketoacids as substrates, albeit with sub-
stantial rate penalties for large or branched
R-groups. Nevertheless, preparative-scale
reactions to produce a range of
enantiomerically pure L-ai-hydroxyacids 17
are feasible, as illustrated in Figure 6."

Much is known about the structure of the
active site of BSLDH.'* Thekey features are
represented in Figure 7. The narrow sub-
strate specificity is due, at least in part, to the
fact that the 98-110 and 235-248 loops close
over theketoacid substrate during the forma-
tion of the active ES-complex, thereby leav-
ing only a restricted volume for the R-side
chains. Graphics analyses revealed that, in
the productive ES-complex, large R-groups
would engender a bad steric interaction with
theloopresidue GIn102. They also indicated
that these adverse interactions with bulky
(especially branched-chain, substrates) could
be diminished by reducing the size of the
102-position amino acid side chain.

The validity of this analysis was tested by
using site-directed mutagenesis to replace
GInl02 by Asn, an amino acid of similar
hydrophobicity but having one fewer CH,-
group in its side chain (thus providing more
room for bigger side chains). The results
obtained supported the application of such
protein engineering approaches to expand
the structural specificity of enzymes, with
the GIn102Asn mutant now being a better
enzyme than WT-BSLDH for substrates such
as 16, with large R-groups [R = CH,(CH,), -,
(CH,),CH-,(CH,),CHCH,-,CH,CH CH(CH
and C H,-]."”

Probing BSLDH Stereospecificity

The stereospecificity of enzymes is their
mostimportant property for asymmetric syn-
thetic applications. However, as noted al-
ready, little is known about the factors that
determine and control enzyme stereospeci-
ficity. With L-LDH’s being so committed to
Re-face carbonyl attack to give (S)-a-
hydroxyacids, BSLDH provides an excellent
instrument for beginning to identify and
understand important stereospecificity de-
terminants, initially of oxidoreductases, but
eventually of all enzymes.

Among the methods of probing the fac-
tors controlling enzyme stereospecificity,
evaluating how effectively an enzyme re-
sists attempts to change this capability is
potentially one of the most powerful. The
natural L-stereospecificity of BSLDH is de-
termined by the orientation of 2-ketoacids,
such as pyruvate (16, R = CH,), in the ES-
complex such that the hydride-equivalent
fromNADH is delivered to the Re-face of the
carbonyl group. This is depicted schemati-

His195...

. His195 ...

ithe product ‘

L-Iactlc acid

. Figure 8. Schematic representation of pyruvate bound atthe actwe site of BSLDH in
_ orientations leading to L- or D-lactic acid formanon Part (a) represents the natural
__binding mode that results in L-lactate formation. Part (b) illustrates a reversal of the

natural binding orientatien of pyruvate that might be induced by mutations such as
 Argl71Trp/Tyr, GlnlOZArg, and combinations thereof, that would lead to D- -lactate as

,’H-de;l,ivefyn Hooc :

D*Iactlc acud

cally in Figure 8(a). An important interac-
tion helping to maintain this pyruvate orien-
tation is that between the substrate’s COO
and Argl71.

As one measure of BSLDH’s commit-
ment to the L-pathway, we elected to evaluate
its resistance to being induced to catalyze p-
lactate formation. Reduction of pyruvate to
p-lactate requires delivery of the NADH-
“hydride” to the Si-face of pyruvate. One of
the ways that can be envisaged of inducing
this Si-face attack would be via an ES com-
plex in which the orientation of pyruvate was
reversed, as illustrated in Figure 8(b).

Towards this goal, Argl71 was replaced
by Tyr and Trp. Despite the elimination of
the key Argl71-COO—-binding orientation,
the Argl71Trp/Tyr mutants were still com-
pletely L-stereoselective.” In a subsequent
study, the WT-Argl71 was retained but a
second COO~-binding Arg residue was intro-
duced in place of GIn102, thereby providing
a competitive possibility between the
Figure 8(a) and 8(b) pyruvate orientations
and the prospect of formation of racemic
products. As expected,' the best substrates
tor this mutant were dicarboxylic a-ketoacids
that concurrently exploit both the Argl71
and 102Arg binding sites. However, once
again, this Gln102Arg mutation did not dis-
turb the L-proclivity of BSLDH in any pre-
paratively significant way, with only L-o-
hydroxyacids being produced in preparative

scale reactions. Nevertheless, this mutant
provided the first indication that it was pos-
sible to disturb the natural L-stereospecific-
ity of BSLDH in that, in contrast to the WT-
situation (for which oxidation of L-malate
was much faster than for the p-enantiomer),
the rates of oxidation of L- and p-malate for
the GIn102Arg mutant had become approxi-
mately equal.'

In more recent experiments, the 171Trp/
Tyr and 102Arg mutations were combined
in order to eliminate any prospect of the
natural Argl 71-COO " interaction and at the
same time to provide the opportunity for a
reversal of pyruvate orientation via 102Arg-
COO—-binding. Furthermore, the formation
of the natural, Argl71-directed, Figure 8(a)
type complex is clearly impossible for the
Argl71Trp/Tyr;GIn102Arg double mutants.
Despite the binding constraints designed into
these double mutants, their fidelity with re-
spect to L-stereospecificity remained domi-
nant, with preparative- scale reductions of ol-
ketoacids affording r-hydroxyacids, within
the limits of detection of the NMR analytical
methods used.*

The question of how the above BSLDH-
mutants maintain their control of L-ste-
reospecificity is thus an intriguing one. The
X-ray structure of the 171Trp/102Arg/97Gly
triple mutantthatis now beingrefined should
provide new insights into these questions.
Already it is clear that Argl71Trp replace-
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ment is not wholly benignand thatthe 1 71Trp
side chain shifts out of the active site.”

Becausenoneofthe 1 71 or 102 mutations
disturbs the natural stereospecificity of
BSLDH, it is evident that there must be fail-
safe, L-directing interactions that take over
when Argl71 is not present. One such fail-
safe candidate is Thr246. Other X-ray data'®
indicate that the Thr246 side chain is close
enough to the substrate carboxylate function
for effective hydrogen bonding (Figure 7),
although explaining how such a secondary,
hydrogen-bonding interaction could over-
ride carboxylate binding to 1 02Arg-contain-
ing mutants in the productive ES-complexes
remains a quandary. This is particularly true for
small substrates such as pyruvate for which,
otherthan the carbonyl group being reduced, the
carboxylate group is the only function capable
of binding strongly to the enzyme.

We have started to investigate the role of
Thr246 by studying the catalytic properties
of several 246 mutants, including Thr246Ala/
Val/Leu/Ser. Although none of the mutants
was as effective an oxidoreductase as WT-
BSLDH, they did exhibit some interesting
catalytic properties with respect to substrate
inhibition.

Substrate inhibition is a common phe-
nomenon in enzyme-catalyzed reactions and
can be a major problem in preparative-scale
applications because of the very high sub-
strate concentrations that are employed in
large-scale transformations. In fact, sub-
strate inhibition can be very serious for
BSLDH, particularly with pyruvate as sub-
strate, and can result in reductions being
brought to a virtual standstill. However,
when no hydroxyl groupis present in the 246
side chain, as for Thr246Val/Ala, substrate
inhibition is virtually eliminated. This is
shown by the constant V _ values athigh [S]
for these two mutants (Figure 9). Substrate
inhibition of BSLDH arises from the strong
complexation of pyruvate with the ENAD~
complex in the catalytic cycle. This does not
occur with Thr246Val/Alabecause pyruvate
no longer binds effectively to ENAD*, as
reflected by the dramatic increases in appar-
ent K, for pyruvate for this step for these two
mutants (Figure 10).2

The effect is especially evident for the
smaller 246Ala side chain where, with a
K (app) of almost 800 mM, pyruvate is
clearly not binding at all to ENAD*. Also,
for WT-BSLDH, the rate determining step
(k = 250 s")" for pyruvate reduction is clo-
sure of the 98-110loop. Mutation of Thr246
to Ala slows the loop closure rate such that
the hydride transfer process becomes at least
partially rate limiting, asreflected by thek, /k |
kinetic isotope effect of 2.4.

Although the Arg171 and GInl02 muta-
tions did not disturb the stereospecificity of
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Figure 10.- Apparent K ’s for pyruvate inhibition of 246 mutant BSLDH’s.
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the enzyme, there were serendipitous ben-
efits to these changes. The thermal stability
of BSLDH was further increased, dramati-
cally soforthe Argl 71 Tyr enzyme, for which
the T (app) was increased by 9.4°C over that
of WT-BSLDH. The greatest increase in
T, (app) was 10.7°C for Argl71Tyr,
GInl02Arg.

At high ionic strength, even higher ther-
mal stabilization was manifest. Notably, in
the presence of 100 mM K,SO,, the
Argl71Tyr, GInl02Arg mutant retains 30%
activity even after heating for 30 minutes at
100°C, conditions under which the already
moderately thermostable WT-enzymeis com-
pletely inactivated in less than 2 minutes.?!
This has considerable potential synthetic
benefits since preparative-scale BSLDH-
catalyzed reactions at temperatures of up to
100°C can now be contemplated, subject to
NAD-coenzyme survival for sufficient time.

The reason for the increased thermal
stabilizations on replacing the Argl71 by
hydrophobic residues such as Trp seems due
to more favourable hydrophobic subunit con-
tacts. This view is supported by preliminary
X-ray structural evidence for a mutant
BSLDH containing tryptophan in 171-posi-
tion. In this structure, the 171 W-side chain
is rotated around the C —C -bond, relative

to the wild-type arginine side chain. The
mutant indolyl-group is thus located com-
pletely outside of the active site, and it
projects intothe space occupied by the other
subunit in the BSLDH-dimer in a manner
that increases the hydrophobic subunit inter-
face area.”®

While the data presented in this lecture
represent a beginning towards identifying
the factors that determine enzyme specific-
ity, it is evident that much needs to be done
before enzymes and substrates can be tailored
with confidence to permit optimum results
in all asymmetric synthetic applications, and
to maximize their performance and stability
as catalysts. However, in view of the tre-
mendous progress now being made in pro-
tein research, many exciting new insights
into enzyme catalysis and specificity can be
anticipated in the next few years.
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