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About Our Cover:

There are all sorts of interesting art-historical problems; the most com-
mon is the identification of the artist. In the case of the painting on our
cover, the quest is rather unusual: we know some ten small paintings by the
same hand, all monogrammed IS (intertwined) and usually dated in the
1640’s and 50’s. The best known of these, dated 1651, is a beautiful study
of an old woman (Fig. 1) in the museum in Vienna. Our panel (17 x 13
inches) is monogrammed and dated 1649.

Who was this Master, IS? Probably a stu-
dent of Rembrandt, perhaps from Scandi-
navia or Poland — the costumes of the two
men in earnest discussion look Polish. What
is the subject of their discussion? A puzzle
within a puzzle, heightened by the myste-
riousness of that large room, and the subtle
color accents, the cinnabar of the chair, the
purple and gold of the cloak of the man with
the fur hat.

When our chemist started collecting, he
knew of three distinct unidentified person-
Fig. 1 alities among 17th-century Netherlandish
painters. They were the Master of the Winter Landscapes, now identified
as Gysbrecht Leytens, the Pseudo van der Venne (see the Aldrichimica Ac-
ta, 7, 1974) now identified as Jan van de Venne, an Antwerp artist of the
early 1600’s, and the Monogrammist IS, one of the most subtle and
mysterious of the many artists influenced by Rembrandt. I.S. — a
monogram in search of a name.

Are you interested in our Acta covers? Selections from the Bader Collec-
tion, with 30 duotone reproductions, many of previous Acta covers, and
an introduction by Professor Wolfgang Stechow is available to all chemist
art-lovers.

Also, many paintings reproduced on our Acta covers were shown at the
Milwaukee Art Center in an exhibition, ‘“The Bible Through Dutch Eyes,”’
arranged by Dr. Bader in 1976. The fully illustrated catalog with 66 black-
and-white and 4 full-color reproductions contains many art historical and
Biblical comments.

Many of the early issues of the Aldrichimica Acta have become very
rare. Please do not throw your issues away. In time, we believe that com-
plete sets will become valuable, and — if you do not want to keep them —
there probably are chemists near you who would be interested.

©1983 by Aldrich Chemical Company, Inc.
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We often find it necessary to identify
parts and fittings made from Viton®, since
afteruse, Viton may be confused with Buna-
N, rubber or other elastomers. When Viton
is needed, it can be dangerous or disastrous
to use a substitute.

A simple identification test can be made
with perchloroethylene. If the part sinks it
is made of Viton, if it floats it is made of

something else. Bob McCreary
Decatur Pump Co.

2750 Nelson Park Rd.

Decatur, IL 62525

When a gas (e.g., Cl,, SO,, CH;Br or
CH,SH) is required for synthetic work, it
is sometimes necessary to measure the
amount to be added to the reaction mixture.
This can be accomplished by condensing the
gas in the apparatus shown below (cooled
in dry-ice/acetone), and then determining
its weight or volume.

8-mm o.d.
tubing

22cm

Bottle:
100-m! cap.
5.1 x 8.5cm

—

The rate of gas addition to the reaction
mixture can be controlled by warming/cool-
ing the bottle. A constant flow is achieved
by insulating the bottle with a cloth towel.

Of course, the material can also be dis-
pensed as a liquid.

Kanu Parikh
Aldrich Chemical Co.

Editor’s note: For our customers’ conve-
nience, we now offer the apparatus de-
scribed above and the appropriate Dewar
flask.

As the importance of environmental pro-
tection and the awareness of chemical car-
cinogenicity increase, we wish to share our
idea for the more efficient recovery of sol-
vents from the rotary evaporator. We have
connected a dry-ice trap between the water
aspirator and the water-cooled rotary evap-
orator. This set-up allows for the efficient
trapping of low-boiling solvents at the dry-
ice stage, while collecting the higher-boil-
ing solvents at the water-cooled stage. The
common problem of getting solidified aro-
matic solvents at the dry-ice trap is thus
avoided, and low-boiling chlorinated sol-
vents no longer escape the system through
the aspirator.

The Nitrone Group
277 Chemistry

Wayne State University
Detroit, MI 48202

Editor’snote:  Another efficient method
of solvent recovery is by use of a dry-ice con-
denser. See page 23 for illustration.

The loss of intensity of bothmounted and
hand-held shortwave ultraviolet lamps used
to visualize TLC plates can be traced to
problems with the filter. In our experience,
the lamp has a long lifetime, but the filter,
through a process termed solarization, be-
comes less transparent over a period of a few
months. A typical shortwave UV filter has
a transmittance of 35-40%; a UVS-54 lamp
(Ultraviolet Products) in heavy use for ca.
2.5 years was found to have a 254-nm trans-
mittance of 0.8% as measured ina Cary-14
UV-Vis spectrophotometer.

Replacement filters cost between $40.00
and $60.00, but an inexpensive solution to
the problem is to rejuvenate the filters by
a simple annealing process as follows: The
filters are dislodged from their plastic
mounting with the aid of a knife and are
scraped clean of adhering glue, washed with
acetone, and dried. Rough side down, they
are laid on smooth blocks of graphite/-
ceramic cloth in an ordinary glass working
oven and subjected to a typical annealing
cycle of 575° C for 1-2 hours, with slow (ca.
1-2 hr.) cooling (a cycle used here for pyrex
glass). Some flowing of the glass is normal,
and some trimming may be required to fit
the filters to the frame holder. A typical UV
scan shows a U-shaped curve with the
following % T values: 36 (254 nm), 13.2
(310) and 46 (390). For stubborn cases, two
or three annealing cycles are required.

We recommend that rejuvenation of the
filters be a yearly maintenance task, as the
loss of intensity is gradual and is recognized
only after much frustration with weak light
output.

Professor David C. Baker
Merrill B. Watson, Glassblower
Department of Chemistry

The University of Alabama
University, AL 35486

Anyinteresting shortcut or laboratory hint
you’d like to share with Acta readers? Send
it to Aldrich (attn: Lab Notes) and if we
publish it, you will receive a handsome
Aldrich coffee mug as well as a copy of
Selections from the Bader Collection (see
““About Our Cover’’). We reserve the right
to retain all entries for consideration for
Sfuture publication.

[ra :

Recently Professor K. Jankowski at the
University of Monctonsuggested that we of -
fer 2-trimethylsilyloxy-1,3-butadiene, are-
active diene useful in Diels-Alder reactions
leading, in three steps to A'-THC from

OTMS
/ \

CH, Mg Br
E > excess
—

coumarin,’ and to substltuted cyclohexa-

nones.”* Naturally, we made it.
1) Jankowski, K. Unpublished results.
2) Jung, M.E.; McCombs, C.A. Tetrahedron Lett.

1976, 2935.
3) Liu, H.-J.;Ngooi, T.K. Synth. Commun. 1982, 715.

o 5 o

It was no bother at all, just a pleasure to
be able to help.
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The Preparation and Reactions
of Diazomethane

In 1894, von Pechman established the
structure CH,N, for the yellow gas liberated
from nitrosomethylurethane upon treat-
ment withalkali.! During the subsequent 90
years, diazomethane (less commonly re-
ferred to as azimethylene or diazirane) has
proven to be one of the most valuable and
versatile reagents available to the synthetic
chemist. Itis easily the most common meth-
ylatingreagent for carboxylicacids, and has
found wide application in the methylation
of phenols, alcohols, enols, and hetero-
atoms such as nitrogen and sulfur. Diazo-
methane effects thering expansion (or chain
homologation) of ketones or, under suitable
conditions, forms epoxides from the same
ketones in the manner of sulfur ylids. Acid
chlorides are converted to a-diazoketones
which are valuable synthetic intermediates
intheir own right. In addition, CH,N, acts
as a powerful dipole in many cycloaddition
reactions with unsaturated systems, and of-
ten theresulting nitrogen-containing hetero-
cyclic ring can be decomposed (either ther-
mally or photochemically)to afford cyclo-
propane (or other) derivatives. Each of the
above reaction categories will be treated sep-
arately in the REACTIONS section.

STRUCTURE

The structure of diazomethane can be
represented by the valence tautomers 1
through § (Scheme I). Although the true
electronicdistribution over the the molecule
can berepresented as a weighted sum of the
five structures shown, the majority of di-

. é”z-Nzﬁ‘—*CHz:N:N

azomethane reactions are best conceptual-
ized and explained by structure 1. Recently
the total electronic energies and energies of
isomerization for the optimized geometries

of the isomers of diazomethane were calcul-
ated.?

A gas at room temperature, diazometh-
ane liquifies at -23°C (density 1.45) and
freezes at -145°C. It can be protonated in
fluorosulfonic acid at very low tempera-
tures’® and possesses an ionization potential
of 9.03eV.*

Themost recent comprehensive review of
diazomethane chemistry appeared nine
years ago;’ thereader is directed to this work
for references to earlier reviews. Recently,
two reviews concerning diazoalkanes have
appeared; oneinvolves organometallic syn-
thesis® and the other the synthesis of ‘“un-

" 7

usual organic molecules”’.
SAFETY CONSIDERATIONS

Although quite safe when handled as a
dilute solution in an inert solvent, diazo-
methane presents several safety hazards of
which all users of the reagent should be
aware. It is both extremely toxic® and highly
irritating,® causing pulmonary edema when
inhaled in high concentrations. Long-term,
low-level exposure may lead to sensitization,
resulting in asthma-like symptoms. '® Also,
diazomethane and several of its chemical
precursors have been cited as carcinogens. '

Diazomethane has been known to ex-
plode quite unaccountably, both as a gas
and a liquid, although rough surfaces are

T. Howard Black
Aldrich Chemical Company, Inc.

azomethane or its solutions. In addition,
contact with alkali metals or drying agents
such as calcium sulfate can result in an ex-
plosion. If moisture must be removed from
a solution containing diazomethane, therec-
ommended drying agent is potassium hy-
droxide pellets. Finally, solutions should not
be exposed to strong light, which has been
reported'? to initiate detonations.

Fortunately, if the reagent is generated us-
ing the proper equipment and is handled on-
ly as a dilute solution at low temperature (ca.
0°C), the risks cited above are minimized.
Of course, all reactions involving diazo-
methane should be carried out in an efficient
fume hood and behind a sturdy safety
shield. Finally, it is recommended that solu-
tions of diazomethane be used immediate-
ly and not stored, even at low temperature.

PREPARATION

By far, the most common and convenient
method for generating diazomethane is by
the base-catalyzed decomposition of N-
methyl-N-nitroso amines of the general
structure 6, where R represents a sulfonyl,
carbonyl, or similar electron-withdrawing
group. The mechanism of diazomethane
generation is outlined in Scheme II. For clar-
ity, a specific chemical presursor is em-
ployed: N-methyl-N’ -nitro-N-nitrosoguan-
idine (MNNG, 7). In the first step, an elec-

proven initiators of detonations.!? Thus, _No I {fH,)NO
ground-glass joints and any glassware which R-N o OzN"NH'C“N\'C"‘l, -
have not been carefully firepolished must 6 CH, 7 :
never beallowed to comeincontact with di- - L
Scheme I}
NH  No NH oy
i ] 3
ON-NH-C-N_ = O,N—NH—‘O—\N/ ' —
: CH; N\
7 O=N
chH +H M e
OzN—NH—C@)—N=N1?H1 ErAIC oaN'—N'H?C\\o + CH,= —ﬁ
U - -
8 (;B 9 2

©1983 by Aldrich Chemical Company, Inc.
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tronic rearrangement occurs to afford the
unstable intermediate 8. Abstraction of a
methyl proton initiates cleavage of the ni-
trogen-oxygen bond (as shown) to liberate
amolecule of diazomethane and the carbon-
yl-containing remnant of the precursor com-
pound (in this case N-nitrourea, 9). The re-
placement of water by 2-(2-ethoxyethoxy)-
ethan(ol)-d and the use of NaOD as base al-
lows the preparation of deuterated diazo-
methane (CD:N,) in high isotopic purity (see
Aldrich Technical Bulletin AL-124).

As might be anticipated from the
generality of structure 6, alarge number of
compounds have served as precursors to di-
azomethane, including N-methyl-N-nitro-
sourea and N-[N'-methyl-N'-nitroso(am-
inomethyl))Jbenzamide. However, the great
majority of workers in the field currently
employ only two compounds which have
proven to be superior in terms of shelf life,
facility of diazomethane generation, and
safety of handling; N-methyl-N' -nitro-/N-
nitrosoguanidine (MNNG, 7) and N-meth-
yl-N-nitroso-p-toluenesulfonamide (Diaz-
ald®, 10). The choice of one over the other
is primarily determined by reaction scale,

and since the techniques and equipment are
substantially different for each precursor,
they are discussed separately.

MNNG

Since its introduction as Aldrich’s first
productlistingin 1951, MNNG has emerged
as the precursor of choice when less than one
millimole of diazomethane is required. The
compound is highly crystalline [mp 118 °C
(d)), possesses a long shelf life (years), and
liberates diazomethane upon treatment with
aqueous base at room temperature or below.
It is, however, a powerful mutagen'® and
some individuals develop a skin sensitivity.
Thus, extreme care should be taken to avoid
all skin contact.

Aldrich offers a diazomethane kit which
employs MNNG, shownin Fig. 1; it is avail-
able with either a butyl rubber O-ring or
with a Clear-Seal®* joint. Themajor advan-
tage to the unit is that diazomethane s pro-
duced in a closed system, preventing escape
to the atmosphere. A representative proce-
dure for this millimole-size kit follows.

“Thus, Immole (133mg) or less of the reagent is
placed in the inside tube through its screw cap opening
along with Yaml of water todissipate any heat generated.
Ether (~ 3ml) is placed in the outside tube and the two
parts are assembled with a butyl O-ring and held with
a pinch-type clamp. The lower part is immersed in an

®Trademark of Aldrich Chemical Co., Inc.
®*Clear-Seal, License Ronor S.A., Berne, Switzerland

__Bubbe ,e‘m;n

Jﬁg.JgApﬁanﬂﬁsfbf?ﬂﬁmn&g
. diazqmetha‘ne fr‘om MNN

ice bath and about 0.6ml of SN sodium hydroxide is in-
jected through thesilicone rubber septum via a syringe
with a narrow-gauge (No. 22) needle to prevent leakage
around the shank.”’* [The addition of the alkali to
MNNG must be done very slowly (dropwise) to prevent
the mixture from getting too hot and to control the vol-
ume of gas produced.} The diazomethane collects in the
ether ready for use.

Some important points concerning the
MNNG kits include:
1) Asmall needle (22ga or smaller)isim-
perative to prevent diazomethane es-
cape.
2) The septum must be changed fre-
quently, preferably each time.
The base solution must be added no
faster than one drop/five seconds to
avoid excessive pressure buildup.
At least 45 minutes must elapse
following base injection to assure an
acceptable yield (over 50%) of diazo-
methane.
Itis best to dissolve the substratein the
ether contained in the outer tube prior
to diazomethane generation so that the
reagent is consumed as it is formed.
DIAZALD®

When greater than one millimole of di-
azomethane is required, Diazald (Diazo-
methane/A/drich)is the most common pre-
cursor. Although its shelf life (1-2 years) is
somewhat shorter than that of MNNG, its
reaction with base is somewhat smoother;
thus, it is preferred for larger-scale
reactions.

3

~

4

~

5

~

Three kits for diazomethane preparation
employing Diazald are available from Al-
drich. For safety reasons, closed systems are
not used, the diazomethane being collected

*Fales, H.M.; Jaouni, T.M.; Babashak, J.F. Anal.
Chem. 1973, 45, 2302.

as a codistillate with ether. All three units
feature Clear-Seal joints and (when appli-
cable) Teflon stopcocks.

Mini-Diazald Apparatus

Designed for the preparation of between
1-50mmoles of diazomethane, this unit con-
sists of a reaction vessel and condenser in
one compact piece. The only additional
equipment needed are an addition funnel
and receiver flask (of course, both must
have Clear-Seal joints). The major feature
of this apparatus is the ‘‘cold-finger’’ in
placeof a water-jacketed condenser. When

filled with dry-ice/acetone slush, the con-
denser very efficiently prevents diazometh-
ane/ether vapor from escaping into the at-
mosphere. A typical experimental proce-
dure employing this apparatus follows.

Fill thecondenser withdry ice, then add acetone slow-
ly until the cold-finger is about one-third full. Add eth-
anol (95%, 10ml) to a solution of potassium hydroxide
(5g) in water (8ml) in the reaction vessel. Attach a 100-ml
receiving flask (with Clear-Seal joint) to the condenser
and cool the receiver in an ice bath. Provide an ice-cooled
ether (ca. 2ml) trap at the sidearm (the glass tube must
have firepolished ends).

Placea separatory funnel (with Clear-Seal joint) over
the reaction vessel and charge funnel with a solution of
Diazald (5.0g, 23mmol) in ether (45ml). Warm the re-
action vessel to 65 ° witha water bath and add the Dia-
zald solution over a period of 20 minutes. The rate of
distillation should approximate the rate of addition. Re-
plenish cold finger with dry ice as necessary. When all
the Diazald has been used up, slowly add 10ml of ether
and continue the distillation until the distillate is color-
less. The ethereal distillate will contain about 700mg
(16.6mmol) of diazomethane.

Diazald Kit

This kit is a set of distillation glassware for
the preparation of up to 100 mmoles of di-
azomethane. Consisting of various-sized
round-bottom flasks, condensers, and other
pieces (all with Clear-Seal joints), its pri-
mary advantage is its versatility, in that
many different reaction setups are possible.
The method of diazomethane generation is
essentially a scale-up of the procedure out-
lined for the Mini-Diazald apparatus.

Macro-Diazald Set

Designed by Professor Milos Hudlicky, '
this set enables the safe preparation of

4
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200-300 mmoles of diazomethane. Like the
Mini-Diazald generator, it features a dry-
ice cold-finger condenser, but also includes
a U-tube vapor trap and Teflon stopcock
to ensure trapping of all vapors. Recently,
Professor Hudlicky has proposed a modi-
fication employing a cold trap (such as the
type used in vacuum systems) as the receiver
vessel.'*

SUMMARY

For ready reference, Table 1 summariz-
es the glassware available from Aldrich for
the preparation of diazomethane.

REACTIONS
METHYLATION

O-Methylation

The methylation of oxygen atoms, in par-
ticular carboxylic acids, is by far the most
widely employed and popular diazometh-
ane reaction. Discovered by von Pechman,
it is believed to proceed via a positively
chargedintermediateas depicted in Scheme
111, which explains the observation that
alcohols are inert toward diazomethane in
the absence of a Lewis acid catalyst.

The major advantages of employing di-
azomethane for methylation reactions are:
speedof reaction, mildness of reaction con-
ditions, absence of non-volatile byproducts,
ease of workup, and selectivity in the pres-
ence of functional groups. Egs. 1 through
4 represent some routine applications of the
carboxylic acid esterificationreaction. Note
the quantitative yields obtained in nearly all

cases.

As mentioned above, the more elec-
tron-rich oxygen atomslack the electrophil-
icity necessary for reaction with diazometh-
ane. Thus, their presence is not a hindrance
to the esterification of a carboxylic acid
functionelsewherein the molecule. Accord-
ingly, alcohols, whether isolated (eq. 5),
allylic(eq. 6), or propargylic (eq. 7), do not
interfere. Although many ketonesreact with
diazomethane, selective esterification in
their presence poses no problem (eq. 8). This
is also true for lactones?* and nitriles.?*
Similarly, isolated alkenes are not attacked

1) CH,N;
2)PCC

~ fﬁOi:iizr(Cﬁfz)Mou

i S
3) Ag,0, OH-

1) CH;N,
2) MnO,

i 1) Jones ox,
—CH,0-¢:Bu  2) TEA
- 3) CH.N,

 MeO,CCH,—=—CH,0H

(eq. 7)2
% eq. 7)

o - 1 CHyN,
. "\_‘/\NYOH 2) LiAlH4>

o 3) AC;O

cit WOAC
o ““‘ {eq_gza

1) CH;N;
2)MeSO.

OTBDOMS

cHome (8Q-12)7

- 1
R-C-OH ———m R-C-OH -,--—-——N-—————>R—c—OH—'> R=C=0
- =N,

Table 1 ,
Catalog  Tech. Bull. No./-
, Name Number Reference
- MNNG-Diazomethane kits 710,100-1, AL-132
o - . Z210,159-1
~ Mini-Diazald Apparatus 710,889-8  AL-121
_ DiazaldKit 710,025-0 AL-131 ,
Macro-Diazald Set 710,851-:0  see J. Org. Chem.
- , . : : - 1980; 45, 5377.
Scheme I} .
. o OH,oNeN §CH OCH;

(eq.9), nor are silanes, whether vinylic?” or
allylic.?® Nitro groups can be O-methylat-
ed (eq. 18), but not those on an aromatic
ring.?® Allenes commonly undergo cycload-
dition with diazomethane,’ but are not at-
tacked during a competing esterification re-
action (eq. 10, note that this case involves
a phosphoric acid).

Phenols also possess sufficient acidity for
uncatalyzedreaction with diazomethane. Of
course, alcohols can be present in the same
molecule, as indicated ineqgs. 11 and 12. Eq.
12 involves a tropolone methylation en route

' o
HOZC(CHZ)MOH (eq. 5
“royal jelly” acid
0 \
' (eq. 6)"
07
H CoMe
. d\ 100%
FOh " come
co.H ; ,
‘ : (eq. 8
H\ ‘\\\Me H ;
£l SHlN  es| e8%
o=plon), M° 0=F(oMe),
(eq. 10)®

‘ =
—_— i ;
3)BuNF  HO OMe. OH

xenognosin precursor

eq. 1)
e o 9H
il
e
ome ©  oH
60%
(eqg. 13)
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to a tropoquinonophane precursor. Selec-
tive methylations of phenolic hydroxyl
groupsalso have been attained, based on the
greater relative acidity of the reacting func-
tionality (eq. 13).

Enols undergo similar reactions. In the
case of 3-dicarbonyl compounds, no acid
catalyst isrequired (eq. 14). A recent appli-
cation effected the bis-methylation of a
cyclic keto anhydride (eq. 15). Amide and
lactam enols can be methylated, provided
silica gel is present as an acid catalyst (eq.
16).

Alcoholsrequireacid catalysis for meth-
ylation. Since mineral acids react with di-
azomethane, Lewis acids are employed.
Borontrifluoride etherate (eq. 17) is the fav-
orite, although silica gel is also effective.*®
An exception is N-hydroxy compounds,
wherein the electronegativity of the adjacent
nitrogen atom makes catalysis unneces-
sary.*

Recently, phenylsulfonylnitromethane
was O-methylated using diazomethane, the
product of which was treated with base to
afford the dimer of benzenesulfonylcarbo-
nitrile oxide, a useful reagent in cycloaddi-
tion reactions with unactivated alkenes
(eq.18).

N-and S-Methylation

Not surprisingly, nitrogen and sulfur can
be methylated using diazomethane. In the
absence of other nucleophilic atoms, the re-
action can be quite clean (eq. 19), but mix-
tures of products are not uncommon.**3
This is especially true in purine chemis-
try.**-*¢ Oxygen-sulfur exchange occurred
during an S-methylation reaction reported
recently, probably via a cationic four-mem-
bered transition state. (eq. 20).

C-Methylation

Methylations at carbon are relatively un-
common. Usually, a molecule of diazo-
methane reacts with an electron-deficient
double bond to form a cycloadduct** which
eliminates nitrogen.***° Occasionally the re-
action is quite useful, yielding products dif-
ficult to obtain via other routes (e.g., eq.
21).

CYCLOADDITIONS

Diazomethane is a powerful 1,3 dipole,
and its reactions with unsaturated systems
are quite well understood.*? Generally, such
interactions are accepted as being controlled
by the HOMO of the diazomethane mole-
cule and the LUMO of the dipolarophile.’?
Recent evidence,’* however, argues for a di-
radical mechanism, the possibility of which
remains an unanswered question.**

Pyrazoline Formation
Pyrazolines result from the addition of

1) LDA;HCO, Me

Q\W (eq. 14)
(o]

con 2 CHN,
OMe Me  co,Me
] CHN, "
(eq. 15)® Q 50, .\ 2A, (ea- 16
H Me
95%
PhCO;
CH,N
_OHN, (eq. 17
BFOFL, CPh
PhCO, ~ OMe 75%
0
1).CH;N, N7 ON—=0 o
PhSO,CH,NO, 2y NaOH 0 44, (eq.18)
PhO,S  '$O,Ph
’ H o - 0, Me
: N \
\S 1) EtO,CNHNH,; A L (eq. 19)"
ol N 2):CH;N;
. 69%
. Ph
i ¥
Ar-C-5 - Ar’ CH.N, S{f:?}\b Ar—C Ar' (eq. 20"
- 7'-‘/( — 5 e 7
W s N— Ng7~sme  90%
. : N "
& : 7 e
ON /N\ CH:N;, N’-—s. 7H O:N N
0 ——» —_— =, (eq.21)
= O:N — O
- ‘ CH,N R
: e @] il O. (eq. 22)*
}—CO,CH, . )
Me(CH,), CO,CH,CH=CH, -M> . (eq. 23)
n=1379 “*N—) 88.93%
%Boc ‘t-Boc
A CHN, . O : (eq. 24"
: o eq.
1y L~y “
, j
: 90% N
Phbcuzconﬂu .8 Me
] ! . CH,N, % eq. 25)*
o N\/J\Me — ™ agcHoc )y fed

1
CO,CH,CCl,

diazomethane to a carbon-carbon double
bond, and the rate of reaction is often gov-
erned by the strain energy of the involved
alkene. ¢ Often the pyrazoline is the desired
product; however, instability toward nitro-
gen elimination makes pyrazolines attrac-
tive synthetic precursors to cyclopropane
rings or (as mentioned previously) methyl
groups.

Cyclooctatetraene, via its valence tauto-
mer, affords a tricyclic pyrazoline in one

step (eq. 22). A series of bactericides has
been prepared from allyl ester precursors
(eq. 23). Norbornene derivatives are favorite
substrates due to their strain energy;***°°
product yields are often very high (eq. 24).

Enones also afford cycloadducts, as
shown in egs. 25 and 26. Similar reactions
have been observed for alkenes conjugated
with phosphoryl groups®* or with sulfur
1,1-dioxides.**

Of course, enediones react readily with
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diazomethane.¢¢ In these cases, the initial
cycloadduct usually undergoesa 1,3 proton
migration to afford the more stable A2-pyr-
azoline (eq. 27).

Cyclopropane Formation

As pointed out previously, pyrazolines
are ideal precursors to cyclopropanes
through heat- or light-initiated decomposi-
tionwith concomitant extrusion of nitrogen.
Sometimes the pyrazoline is sufficiently un-
stable that its decomposition occurs spon-
taneously.

A wide variety of alkenes participate in
this reaction. Eq. 28 showsthe construction
of a novel tetracyclic hydrocarbon employ-
ing this chemistry. Conjugated alkenes also
react smoothly,®’ since their affinity for di-
poles is increased (eq. 29). Allenes afford
methylenecyclopropane derivatives.”*

Spontaneous pyrazoline decomposition
is observed with the more electron-deficient
alkenes. Thus, a vinyl oxazolone’? and qua-
ternized imine”* gave cyclopropanesimmed-
iately. Not surprisingly, the cyclopenta[b]-
pyran-2,5-dione in eq. 30 afforded the
tricyclic product shown with no pyrazoline
intermediate being isolated.

The cyclopropanation of carbonyl groups
is usually not synthetically useful; an exam-
ple appears in the section on miscellaneous
reactions.

Pyrazole Formation

Pyrazoles are formed by either the dehy-
drogenation of a pyrazoline or by the reac-
tion of diazomethane with an acetylenic pre-
cursor. The former is ofteninitiated by con-
jugation with a carbonyl (eq. 31) or phos-
phoryl”® functionality.

More common is the reaction with acet-
ylenes (eq. 32). A germanyl pyrazole was
constructed in this way.’® An interesting case
isshownin eq. 33; excess diazomethane ef-
fected N-methylation of the resulting pyr-
azole along with esterifi~ation of the carbox-
ylic acid.

Triazoline/Triazole Formation
Analogous to the formation of pyrazol-
ines and pyrazoles is the preparation of their
three-nitrogen analogs from imine and ni-
trile precursors. Although occasionally tri-
azolines are themselves synthetic targets,*®’
more often they are decomposed to afford
various products (e.g., eq. 34). Triazoles
have resulted from the spontaneous dehy-
drochlorination of triazolines (eq. 35) or
from reaction with a carbodiimide.*?

Thiadiazole Formation

A little-used but potentially valuable con-
struction of thiadiazoles involves the reac-
tion of diazomethane with isothiocyan-
ates.®* As indicated in eq. 36, the result is

an N-substituted amino thiadiazole ring.

a-DIAZOKETONE CHEMISTRY
a-Diazoketones are formed by the reac-
tion of acid halides with diazomethane.
They areimportant synthetic intermediates
with three primary uses — the preparation
of a-halo ketones, Wolff rearrangements,
and intramolecular cyclopropanations via
carbene intermediates. The first category is
best illustrated by examples (egs. 37 and 38).

The Wolff rearrangement is a classic syn-
thetic maneuver of proven value. The a-di-
azoketone is decomposed by a silver salt in
the presence of a hydroxylic compound

which adds to the nitrene intermediate. Of-
ten an ester is the desired product (eq. 39),
although acid homologation is also possi-
ble (eq. 40).

In the presence of copper or Bronsted
acids, a-diazoketones decompose to carbe-
noid species which are capable of intramo-
lecular attack on a nearby olefinic bond.
This reaction has been exploited in numer-
ous natural product syntheses (e.g., eq. 41).
In addition, the voracious electrophilicity
of the carbene has enabled the construction
of four- (eq. 42), five- (eq. 43), and six-mem-
bered (eq. 44) rings, as well as a five/six-
fused spiro dienone (eq. 45).

- RCH:CR'COMe _m&. ‘ (eq. 26)°*

~ R=aryl R'=HPhBn .

’ : - Mo

L Me X ,

- -9-51'32-» ) (eq. 27y

: N ; .
TN AsH alk |, Ph Z L (eq. 29y
CQZR' R'*alkyly - s .

- (eq.30*

(eq. 3%

e

. FOCH,
CHZNZ* / :N
N
R.—:;a wide variety - (eq. 32)""
~ Ph‘:'f‘ : h :
e St ,,%(/\,,N —Hol
C|~ -l N=—N
PN (eq. 3a)"
. s :CH;N}' o FN
. (i __chs ek %—NH(\iu
N ; ¢ g
e . ; . 42-58%
2+, 3-, or 4-substituted : :
- ‘ (eq. 36)*
.0 1):CH,iN;
L ABr

 (eq 33"

L e
CIC EI NCH,CI CHN, //~NCHLCI
: ; oh 95%
(eq. 36)"
1) SOCI,
2).CH;N ‘
TeNH(CH,),C0.H .;T'*-» }- CeHCI
- (eq. 37)*
o -
Ph/\/\/B'  (eq. 387
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RING EXPANSIONS

The reaction of diazomethane with ke-
tones has been known and studied for some
time. The possible products of such inter-
action are shown in Scheme IV. Epoxide
formation is usually inconsequential (al-
though at timesit is themajorreaction), and
homologation (or ring expansion in the case
of cyclic ketones) is the dominant reaction
pathway.” The two major complications of
the ring expansion reaction are 1) conflict-
ing migratory aptitude of the involved car-
bon atoms (eq. 46) and 2) reaction of the
product with excess diazomethane to pro-
duce undesired higher homologs (eq. 47).

The most useful ring expansionreactions
involve substrates in which either symmetry
negates the question of migratory aptitude
(eq. 48) or where the aptitude of one car-
bon atom is so much greater than the other
as to effectively yield only one product. A
very useful cyclopentanone annulation se-
quence involves the reaction of an alkene
with dichloroketene, ring expansion with di-
azomethane, and reductive cleavage of the
chlorineatoms. Theexampleoutlinedineq.
49 featured a 62% overall yield in 95% re-
gioisomeric purity. A similar sequence was
employed in a recent synthesis of (+)-pen-
talenene. '’

METHYLENE INSERTIONS

In some instances, reaction with diazo-
methane results in the insertion of a meth-
ylene unit into a single bond. This has been
observed in the case of bonds between sulfur
and phosphorus (eq. 50), sulfur and seleni-
um,'°* sulfur and chlorine, ' platinum and
phosphorus,'® and others.'** The mecha-
nismis not clearly understood but a free rad-
ical process has been implicated.'®’

MISCELLANEOUS REACTIONS

The variety of unique reactions effected
by diazomethane is testament that this field
of chemistry is far from being fully under-
stood. They range from the formation of
a 1,3-methylenedioxy unit from a 1,2 quin-
one (eq. 51) to the interesting dimerization
of tropothione (eq. 52). A series of aldehydo
esters is available from lactol precursors (eq.
53). The reaction of a thioketone with di-
azomethane afforded the expected thiirane
whichthermally decomposed to an exocyclic
methylene group (eq. 54). This cyclopropan-
ation reaction can also occur with carbon-
yls.?

Hopefully, this short review has provid-
ed thereader with an appreciation of the tre-
mendous usefulness and versatility of one
of syntheticchemistry’s truly indispensable
reagents. Consider the transformation de-
picted in eq. 55, wherein diazomethane ef-
fected simultaneous expansion of the oxaz-
olidone ring, cycloaddition to the benzylid-

_Lcan hcoch
[j oM S CHAN,

i

CH;N, 8 .
63%

.\‘\/OH
SHiCOMe ]
N —_—— K

= ; % a
. r - 7y (+)-grandisol
. ; ' (eq. 39)%
: COH 1).80ClI
. : 2CHN, CO.H
Mo ~ 3 PhcoAg,  ( ) (eq. 40
- , Et,N
.= ; 4y OH; He co-H
- ¢ H{coch, Cu
~ a;f“f‘co,H 2) CH,N, COCHN, c-C‘gHQ
' (+)-spirolaurenone
(eq. 41)*°
1).(COCI), %
2)CH;N, (eq. 42)"
s R %, %
3)CHCI;, FCIO, Mem, S
(]
o
- 1 ‘ b 0 1) CHzNz NHCQCF}' (eq' 43)9;
: > Ne ,2) H*
OMe o
: cF. o °
1):SOCl,
: 2 GHLN, (eq. 44)*
] 3) CF,COH
N
o)
1)Ac,0 | |
2) SOCI, K/ CuCl,
eq. 45)*
SN, COCHN, =P (eq. 45)
4)Na,CO, A
' o
Scheme IV
o o o
CH ~N
R-G-R ———p R-C-R ——— R—t::-n'
o,
B! migration R O- attack
migration
3 1oy 0\‘/CH?
R-C-CH,R RCH,;~C-R R-C~R
- \3\‘\ ; CHzNz : & B S 96
- s /\‘\ + /\l +5M (eq. 46)
~OTBDMS ~ 23% 23% 29%

14-membered ring

1% (eq. 47)”
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o 100%

Ci

2) Zn, HOAG

. (eq.y:49 99
CHA, $
—-D RzPCH SSPRZ
alkqu (eq 50)“"

- (eq. 55:)"‘5, '

ene double bond, and cyclopropanation of
the carbonyl group! Certainly, considera-
tion of diazomethane chemistry is an impor-
tant part of any synthetic plan.
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Triflic Acid and Its Derivatives
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ments have been done on systems using 1
as a catalyst.?*?* Conducting heteropoly-
phenylenes have recently been made using
1,2+2° while Hasegawa and Higashimura
have reported the synthesis of isobutylene
tetramer.?¢ Higashimura has polymerized
methylenecyclopentane (eq. 4)*” and poly-
acetylene has been made using 1 as cata-
lyst.?®* CF;SO;H is important in many of
these cases as other acids may not work.?'

Tetrahydrofuran (THF) is readily poly-
merized by catalytic amounts of 1. Under
appropriate conditions, either cyclic?® or
straight-chain polyethers®***! can be formed.
CF,;SO;H is a catalyst in the polymerization

Trifluoromethanesulfonic acid (1), com-
monly known as triflic acid, was first report- ‘ CF,SOH (CF,$0,),0
ed in 1954 by Haszeldine and Kidd. "2 Since '

then there has been a rapid growth in the ! 2

chemistry of 1and its derivatives: triflic an- - CF,;80,SiMe, CF.SO.R
hydride (2), trimethylsilyl triflate (3), alkyl 3 CF,S0, M* 4
and vinyl triflates (4), and triflate salts (5). 5

The purpose of this review is to call atten-

tion to recent developments in the uses of :
triflic acid and its derivatives 2-5. Several = A
reviews already exist,*~> however, some are 1 (eq. 1)
dated or limited to one topic. Where a sub- ~ R e

- :

. . 09 11:
jec.t has beep ve’ry recently reviewed,** this R=H, Me, OMe, CI
article restricts itself to a few examples and

referstheinterested reader to the appropri- N
ate review for details. TR 1 7
Triflic acid was first made by acid oxida- » (eq. 2)
tion of bis(trifluoromethylthio)mercury,’
although a simpler process, electrochemi-

cal fluorination of methanesulfonyl fluoride
(or chloride), was devised almost immedi- = :
ately.'® Triflicacid has several advantages l 4
over other acid systems. It is one of the Oe O (eq. 3)
strongest acids known, yet it is nonoxidiz-
ing. It does not provide fluoride ions, even O

in the presence of strong nucleophiles, and
it possesses superior thermal stability and

resistance to both oxidation and reduction. , o ROLR
1

Thelast few years have seen a tremendous é EEREEC " (eq.4) 2 R A W _1, I I (eq. 5)
growth in the use of 1 as an oligomeriza- B R”S07 R
tion/polymerization catalyst. A variety of SR AN
aromatic olefins have been oligomerized, in-
cluding styrene,''~'*!'” methylstyrenes,'-'¢ o/\s{\o ; < : OCOMS
chloro- and methoxystyrenes,'” 1-phenyl- i P, Si (eq. 6) S N (eq.7)

’ : R e RN

butadiene,'® and 2-isopropenylnaphthalene \?‘\ oz?‘ £ o ; €N, CH,CO;H R

(egs. 1-3)." Stopped-flow kinetic measure-
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of triethylene glycol cyclic formal.*? Epox-
ides, in the presence of 1, give 1,4-dioxanes
(eq. 5);*** epichlorohydrin, however, gives
a polymer.** Systems which have used 1 as
catalyst include polydimethylsiloxane (eq.
6),* polymethylenepolyphenyl carbam-
ates’™* and polymers from 2-alkyl-2-ox-
azolines.*’

A related area where triflic acid has prov-
enuseful is the modification of unsaturated
polymers to give specifically functionalized
polymers. For example, acetic acid gives
polymers with acetate groups (eq. 7),*"*
acrylic acid adds to polybutadiene to give
acrylic ester rubbers,*? and (with aqueous
catalytic 1)acetonitrileadds to polybutadi-
eneto give 5% amide groups onthe rubber
(eq. 8).** Polyacetylene has been doped with
1 to give a p-type semiconductor** and
Muench and co-workers have recently pat-
ented several conducting polymers using
1.494¢ CF;SO;H also effects the crosslink-
ing of epoxy resins.*’

An interesting new area for the use of 1
is in fuel cell technology.**-** The systems
are usually hydrogen/air or alkane/air, us-
ing either platinum or nickel electrodes. In
the reduction of oxygen at a platinum sur-
face, 1 is 100 times more efficient as a
catalyst than 85% H,;PO,, with a barrier
that is 10.3 kcal/mol lower. This may lead
to the use of 1as anelectrolytein low-temp-
erature fuel cells.*°

The ability of 1 to protonate olefins and
even alkanes has been put to good use in the
fuel production industry. Alkanes contain-
ing four to six carbons react with light ole-
fins (3-5 carbons) in the presence of cata-
lytic 1 and sulfuric acid to give high-octane
gasoline,*® while small linear alkanes are
isomerized directly by 1.%-*¢ Hydrocarbon
oils have also been produced from coal,
phenol and catalytic 1.57

Several biomolecules have been made or
modified using 1. For example, uridines
have been made using a system which silyl-
ates the uracil insitu, then attaches the sugar
moiety in a Friedel-Crafts-catalyzed silyl-
Hilbert-Johnson reaction (eq. 9).***° This
reactionisin fact areaction of trimethylsil-
yltriflate (3), whichis preformed from 1 and
trimethylsilyl chloride (eq. 10). Another in-
teresting reaction using 1 is a ring-expansion
of penicillin S-oxides to give cephalospor-
ins (eq. 11).%° Also, a cephem acid tetrazole
has been prepared using 1,*' and §-lactams
have been made.*?

CF;SO;H is usefulin the removal of pro-

tecting groups from oxygen and nitrogen
functionalities (deblocking) of synthetic
proteins. Typical reaction systems use 1 as
cation generator, and either anisole®*%* or
thioanisole®*~¢® as cation acceptor. Groups
that can be removed by these systems in-
clude methyl,**-¢7 benzyl,**¢"*° carboxy-
benzyl,%* and tosyl.¢#¢7¢* This deblocking
methodology has been used in the synthe-
sis of tuftsin,®* enkephelin,*** bovine pan-
creatic RNase,* and chicken neurotensin.™

Friedel-Crafts chemistry has seen an in-
creased use of triflic acid. Forinstance, the
Koch synthesis of carboxylic acids has been
carried out using carbon monoxide and cy-
clohexene.””? If an alcohol is present, the

product is an ester (eq. 12). If excess cyclo-

Ri=iPr, tBu

 R=PhOCH,CO

hexene is used, a dimer is formed initially
which is then carboxylated (eq. 13).”"' If
water is present, a mixture of acids is formed
(eq. 14).7> Under anhydrous conditions, tol-
uene is carbonylated to o- and p-tolualde-
hyde using 1 as catalyst (eq. 15).”* Various
substituted benz-4-pyrones have been made
from the 1-catalyzed Friedel-Crafts acyla-
tion (followed by ring closure and dehydra-
tion) of hydroquinone with 3-ketoesters (eq.
16).74 Butter and Morley have shown that 1
is a better catalyst than aluminum chloride
for the Friedel-Crafts acylation of p-xyl-
ene.” They also studied this reaction for a
variety of substrates and acid halides. Ina
related system, substituted aromatics were
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acylatedin a two-step process using aliphatic
nitriles (eq. 17).7¢

Friedel-Crafts alkylations have also been
mediated by CF;SOsH. Thus, a,a,a-triflu-
oroacetophenone, treated with two equiv-
alents of toluene, gives 1,1,1-trifluoro-2,2-
bis(4-methylphenyl)-2-phenylethane (eq.
18).”” Benzene was alkylated using a mix-
ture of light alkanes and the superacid
CF;SO;H/SbF; as catalyst.”® Xylene and
2,2,4-trimethylpentane with 1 as catalyst
gave fert-butylated aromatics.”® A new sub-
stituted pyridine synthesis makes use of 1
to generate isobutylene in situ which is then
acylated with pivaloylchlorideto give an in-
termediate pyrylium triflate (eq. 19).%° Other
amines have been made by Takayama and
Suzuki and their co-workers.?"#?

A related field is the rearrangement of
species protonated by triflic acid, such as
homoadamantane (eq. 20) by Schleyer and
co-workers,** and 2-homoprotoadaman-
tane.®* Paquette also used 1 extensively in
the synthesis of 1,16-dimethyldodecahe-
drane.®* Non-hydrocarbon species such as

o-bromophenol are also isomerized by
1_86—88

CF;SO;Hhasbeen well utilized in organo-
metallic chemistry. It has catalyzed the mer-
curation of p-methoxybenzoic acid (eq. 21)*°
and perfluoroaromatics.®® Mixed alkylgold-
phosphine complexes are selectively dealkyl-
ated cisto the phosphine when treated with
1.°' Unstable copper carbonyl and silver car-
bonyl cation complexes have been generated
in triflic acid.® The sulfide ligands of iron
sulfide-protein analog complexes can be
protonated and removed by 1.°* Iron car-
bonyl clusters can give iron carbonyl-car-
bide complexes on treatment with 1,°* a de-
oxygenation of a carbonyl! CF;SO;H can
be used to protonate the manganese carbon-
yl anion (eq. 22),°* but an excess can cause
the formed hydride to act as a hydride
source (producing H,),*¢ in spite of the high
acidity of the complex (eq. 23). The metal-
metal bond in a binuclear Re, complex can
be protonated by 1;°” a Ru; cluster has also
been protonated at its core.®® Platinum(0)
complexes can produce ethane from ethyl-
ene, and hydrogen from 1 alone.®®

There are, of course, a large number of
other applications of 1 in synthesis. Exam-
ples are the selective R-O or P-N cleavage
in phosphoramidates and related com-
pounds,'°*'*! o-chlorination of carboxylic
acids (eq. 24),'*? production of N-contain-
ing macrocycles,'** and the industrial prep-
aration of glycolic acid from formic acid
(eq' 25)_104,105

The first preparation of triflicanhydride
(2) was reported by Brice and Trott in 1956,

~ (eq. 19)
o
 (eq.22)

 (eq.23)

 ReHcoM + 0, ' . ReHC)COM * MO (eq.24)
; 1 . e s

_CcFsoct 4+ 2

a 53% - 20% (eq - )

N2 ro, X op o e

2 BuNBrT . (eq. 27)

- B oY -

aif=70:25
i (eq. 28)

o
as a byproduct in the synthesis of triflyl
chloride (eq. 26).'°¢ A better procedure in-
volves treating triflic acid with P,0s.'%'%7

Redistillation o f the crude 2 from P,O; gives
a non-fuming, clear, water-white liquid.

The largest use of 2 is in the synthesis of
alkyl and vinyltriflates 4, a later topicin this
review. However, 2 has had widespread ap-
plication in carbohydrate research. Partially
protected monosaccharides can be treated
with 2 to give very reactive triflates which
can be used to give anomeric halides (eq.
27),'°819° deoxyhalo sugars,''*'"" pyranosyl-

amines,''? O-glycosylamino acids,''* and
glycosylglycosides.''* The first synthesis of
3-deoxy-3-iodo-1,2:5,6-di-O-isopropylid-
ene-a-p-allofuranose was accomplished us-
ing 2 and tetrabutylammonium iodide (eq.
28).110

Various kinds of sulfonamides can be
easily prepared with triflic anhydride and
amines (eq. 29). These sulfonamides can be
used as herbicides,'"*~''® antimicrobials,'?°
antiobesity drugs,'?' and other drugs.'?? One
bissulfonamide is chemiluminescent.'?* The
triflyl group on nitrogen activates the C-N

. ea1®)
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bond; thus, some of these sulfonamides act
as alkyl-transfer agents.'*

Dicationic salts which have an oxygen
bridge can be made using 2 and an appro-
priate substrate. For instance, two moles of
triphenylphosphine oxide react with one
mole of 2 to give bis(triphenylphospheni-
um)oxide ditriflate (eq. 30).'?* The mono-
cationic triflate cannot be made this way,
as previously reported. '?¢ A similar dication
can be made from hexamethylphosphoric
triamide (eq. 31).'* If the substrate is a nu-
cleophilic carbonyl compound (such as te-
tramethylurea), then reaction with 2 gives
a dicationic ether ditriflate (eqs. 32,
33).'27128 Thiocarbonyls give dicationic di-
sulfide ditriflates, where 2 has acted as an
oxidant (eq. 34).'* Another instance of 2
acting as oxidant is its reaction with alkyl
Grignard reagents, giving alkyl halides in-
stead of sulfones. '*°

The interaction of 2 with carbonyl com-
pounds can give intermediate carbocations
which undergo structural rearrangements.
Tworecent examples are the rearrangements
of spiro[2.5]octan-4-one (eq. 35),"*' and
pericyclocamphanone (eq. 36).'*

Several other interesting uses of 2 have
emerged in recent years. These include de-
stannylation of stannylamines (eq. 37)'**
and the preparation of a vinylideneiron
complex,'** some geminal ditriflates (eq.
38),'** and trifluoromethyl aryl sulfones (tri-
flones) (eq. 39).'*¢'*” Moss and Sanders have
made some specific surfactants by treatment
of long-chain ammonium ethanols with 2
followed by a nucleophile.!** In this case,
triflateis a better leaving group than a neu-
tral amine. Finally, 2 has been used in the
synthesis of 3-fluoro-3-nitrooxetane,'**'*°
semiconducting polyacetylene,'*' and some
B-adrenergic blocking agents (3-block-
ers).'?

Trialkylsilylation has historically been
used for analytical purposes'* and for pro-
tection of polar groups.'‘ However, the
ability of silyl groups to stabilize both 3-cat-
ions'* and a-anions'*® and the ease of re-
moval of silyl groups'¢” has led to a rapid
expansion in the use of silylated com-
pounds. Trimethylsilyl triflate (3) is one of
the most widely used silylating reagents,
with a silylating potential that is nearly 10°
compared to chlorotrimethylsilane.'*® Tri-
alkylsilyl perfluoroalkanesulfonates in gen-
eral have been reviewed.® Trimethylsilyl tri-
flate, 3, can be made by heating 1 with

chlorotrimethylsilane,'**-'*! or by protode-

silylation of phenyltrimethylsilane by 1.!52

Carbonyl compounds can be readily sil-
ylated at oxygen with 3; thus, aldehydesand
ketones with a-hydrogens give silyl enol

RR'NH + 2 —»RR'NSO,CF, 2Ph,PO + 2 —»Ph,P*-0-P*Ph,-2CF,SO,"
R Ri=H, alkyl aryl (eq. 29) (eq. 30)
2(MezN),PO + 2 ——» (Me,N),P*-O-P{NMe,),2CF,SO;- (eg. 31)
: : ; L 4 - MezN o _t‘Mez
.~ 2MeN)CO + 2 e 7’?[/ Y. +2CF,S0;- (eq. 32)
& : Me; N NMe,
- o
Ph Ph
E >=s + 2 @ — EN>s s j *2CF,SO,- (eq. 34)
' Ph Ph
‘A 2 = @A m (eq. 35)
' 37% 63%
+ 2 R o (eq. 36)
‘ ~ |dre H,
oTt
PhN(SnMe,), + 2 ——= PhN(SO,CF,)SnMe, + PhN(SO,CF),  (eq.37)
e . To.__OTf
;b . 2 e % (eq. 38)
R R
; SO,CF,
Y2 + (eq. 39)
SO.CF,
-kR‘ g 0SiMe,
' R + 8 R ~ (eq. 40)
. &
R, R, R" =:H, alkyl, aryl R’
. R +.3 . 41
o ; R')§--osm«a3 (eq. 41)
B, R’=alkyl, aryl R

ethers (eq. 40). '**-'*” While bulky groups
in the substrate lower the silylation rate,
electron-withdrawing substituents have lit-
tleeffect. Cyclicketones work well, and cy-
clic enones give the silyl enol ethers very
readily. Some 1,3-diketonesundergo bissil-
ylation to give 1,3-bis(trimethylsilyl-
oxy)-1,3-dienes (eq. 41).'3¢-1¢?

Esters can give more than one product on

treatment with TMS triflate. One equiva-
lent of 3 gives ketene O-alkyl-O-(trimeth-
ylsilyl)acetals (eq. 42);'¢*-'* excess 3 leads
to mixtures of the ketene acetal and 2-tri-
methylsilylalkanoates. These mixtures are
thermodynamically controlled.'**'"* How-
ever, since the ketene acetals are more sus-
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ceptibleto hydrolysis, the alkanoates can be
isolated from these mixtures. Lactones are
morereactivethan theesters, and give cyclic
bissilylated products (eq. 43).'**'¢¢ Oxe-
tan-2-one undergoes ring opening.'%¢

N,N-Dialkyl amides react readily with 3,
giving an intermediate iminium salt (eq.
44),'¢5:166:171.172 which can be deprotonated
bytriethylamineto give ketene N,O-acetals
if the amide contains an electron-withdraw-
ing group.'”

There are a variety of other nitrogen-con-
taining organics which react readily with 3.
Tertiary amines which are used for depro-
tonation in the silylation reactions of 3 will
also form adducts with 3.'”* These adducts
are very water-sensitive. Imines that have
a-hydrogens can be silylated by 3 at nitrogen
to give N-trimethylsilylenamines (eq. 45).'"
Nitriles are silylated in the a-position using
3/amine base.'”* Excess 3 can lead to mul-
tisilylation, and usually a mixture (eq. 46).
Nitroalkanesreact with 3 to give silyl nitron-
ates (eq. 47).'7¢-'7¢

Unlike trimethylsilyl iodide, TMS triflate
does not give cleavage products when react-
ed with ethers except tetrahydrofuran.'”
Epoxides, however, react readily with 3 in
the presence of DBU,'*° usually yielding
trimethylsilyl ethers of the allylic alcohols
(eq. 48).

Trimethylsilyl triflate, like triflic acid or
triflicanhydride, can also be used to gener-
ate cations, but without the Bronsted acidity
of 1. This means that reactions such as eq.
49 proceed without protonation of the
heterocyclic base, giving improved yields of
the desired nucleosides.'®'-'** Transglycos-
ylation of sugars on nucleosides (eq. 50) has
also been effected using 3, with yield im-
provements over the tin(IV) chloride meth-
Od . 185

TMS triflate converts acetals to ethers via
treatment of the cationic intermediate with
alkylsilanes (eq. 51).'*¢ With allyltrimeth-
ylsilane, the ether of a homoallylic alcohol
is obtained.'®’

The alkyl, vinyl, and aryl esters of
CF,SO;H have been included in a very re-
cent review.’ Please refer to this review for
a complete description of the methods of
preparation of these esters. Some applica-
tions of these triflates deserve mention here.
Alkyl triflates can be used for alkylation at
oxygen (eq. 52, 53)'#*-'°2 and nitrogen (eq.
54),"3-'7 and for the generation of carbo-
cations.!?*2°* Vinyl triflates generate reac-
tive intermediates such as vinyl cations*®*
and unsaturated carbenes (eq. 55,56).205-2%
Although aryl triflates do not generate
phenyl cations,?'° they can be used to aryl-
ate carbanions (eq. 57).*'"*'?

R‘\/j’,\ ka3 0SiMe, (00, 42)
i Ot eq.
Snniy O f R .~ R’ 9

R =alkyl, alkoxy; siloxy o

R’=alkyl, aryl, silyl

SiMe,

o o OSiMe,
o)
R\HJ\ R OSiMe,
1 z{ + 3 — = R \:N R OTf (eq. 44)
R=H, alkyl aryl, CN R ®
~ _-SiMe,
+.3 B o X (eq. 45)
MeCN + 3 —» (Me,SI),CCN + (Me,Si),C=C=NSiMe, (eq. 46)
o Me,SiO o
3 + (eq. 47)
ozN\)ko/ -O/N\\)ko/
OSiMe,
()o + 38— = O/ (eq. 48)
OSiMe,
N/ R
0. "OAc
(eq. 49)
"‘——> BzO‘} :: ’
R= H alkyl
B B
0. )
AcO AcO
- + B s K 7‘ s (eq. 50)
AcO OAE AcO OAc
B, B’ =heterocyclic bases
SlMe3
OMe e *OMe oTt"
R,C-OMe '+ 3 R:C-OMe
' Et,SiH (eq. 51)
l N SiMe,
R,CHOMe
ch/\/
R=H, alkyl, aryl (')Me

Q + ROTf ———— Q oTf

R

(eq. 52)

R=prim.alkyl
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Many metal triflate salts (5) are now
known, including those of sodium (5a),
potassium (5b), barium (5¢), cesium (5d),
copper(I) (5e), and silver(I) (5f).* Pure 1 can
be recovered on a large scale from 5a or Sb
(or trialkylammonium triflates) by suspen-
ding themetalsalt in 100% sulfuric acid and
thendistilling.®'°¢!?* Pure 5f as well as 1-d,
can be made from S¢."'*

Two o fthe most used salts are copper(I)
triflate (5e) and silver(l) triflate (5f). The
historic usesof Se have been olefin complex-
ation and cyclodimerization.* Recently,
Evers and Mackor?'**!* and Salomon and
co-workers?'* cited numerous examples of
photocyclodimerization of olefins using Se
ascatalyst (eq. 58). Wilcox and co-workers
studied the photolysis of 1,8-divinylnaph-
thalene inthe presence of 5e (eq. 59).2'¢ Cop-
per(I) triflate also catalyzes the addition of
carbenes to olefins.?'” The complex, trans-
cyclohexene/Se, has been the subject of a
pseudorotational conformation study.?'®
The chemistry o f 5fis quite varied, and in-
cludes the formation of olefin, alkyne,?*'*
and arene ‘‘crypt’’ complexes,?° trifluoro-
methyl triflate,?*' oxapenam derivatives,???
and aryl halides.??* Complexes o f gold,??42*
platinum,??¢ and ruthenium?*” have been se-
lectively modified by using 5f. Its use in car-
bohydrate chemistry is well known,??%:22*
and has been reviewed.?** THF polymers
can also be made using 5f as catalyst,23!,232

Insummary, itisevident from the forego-
ing that triflic acid and its derivatives are
useful in a broad spectrum of organic chem-
istry, ranging from mechanistic and organo-
metallic to carbohydrate, polymer, and syn-
thetic chemistrv. Inorganic chemistry has
also made good use of 1. Triflic acid and its
derivatives can be used both catalytically
and as stoichiometric reagents. This wide-
spread use of 1 is attributable to a unique
combination of three major properties of
the acid, namely its very high acidity, its
greatthermalstability, and its non-oxidizing
nature. Its continued use in the future, in-
cluding expanded use in industrial proces-
ses, is clearly indicated by the exponential
growth of literature references in this area
since the first appearance of 1 in the
mid-1950’s.
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Enzymes as Catalysts

in Organic

Enzymes are proteins having catalytic ac-
tivity. They are involved in virtually every
transformation which occurs in vivo, and
thus catalyze large numbers of transforma-
tions of biologically important molecules.
They also catalyze reactions of many sub-
stances which do not occur in vivo. Given
this wide range of catalytic activity, one
might expect enzymes to be widely used in
organic synthesis in vitro. In fact, their use
has been small compared with other classes
of catalysts (acids and bases, metals, or-
ganometallic compounds).

Why are enzymes not more widely used
as catalysts in organic synthesis? A num-
ber of factors contribute to a long-standing
preference of organic chemists for non-en-
zymatic catalysis:

First, tradition, coupled with a certain
lack of motivation. Organic synthesis, in
recent years, has focused on terpenes, ster-
oids, alkaloids, prostanoids, and other
classes of water-insoluble substances. Its
principal concerns have been the formation
of carbon-carbon bonds and the regioselec-
tive functionalization of hydrocarbon skel-
etons. Enzymes which form carbon-carbon
bonds are, in fact, neither the easiest to ob-
tain nor the most straightforward to use.
For the reactions involved in synthesis of
complex carbon skeletons, conventional
chemical methods are generally more effi-
cient than biological methods.

Second, perceived technical difficulties.
Organic chemists believe that enzymes are
expensive and delicate. In fact some are and
some are not, and even those which are ex-
pensive and delicate may still be very ef-
fective and inexpensive as catalysts by vir-
tue of their high catalytic rate constants or
their ability to simplify complex synthetic
schemes. Many of the problems of instabili-
ty and cost can be ameliorated by appro-
priate experimental technique.

Third, specificity. One of the strengths
of conventional organic synthesis is that it

Synthesis

produces methods which often have wide
generality. Organic chemists suspect en-
zymes of being highly specific in their ac-
tion. Again, some are and some are not.
High specificity may be a disadvantage if
one is trying to produce general synthetic
methods; it can be a great advantage if one
is interested in that particular transforma-
tion which the enzyme catalyzes.
Fourth, unfamiliarity. The techniques
for isolating, manipulating, and assaying
enzymes are unfamiliar to most organic
chemists."? Many enzymes useful in syn-
thesis are, of course, now commercially
available, and others of use in new applica-
tions could be made available commercially
if demand for them existed. The techniques
for manipulating enzymes are, in general,
relatively straightforward experimentally.
Enzymatic assays represent a point of con-
siderable and lingering dissatisfaction to
many people trained in the relatively precise
and easily understood analytical methods
of organic chemistry. Enzyme assays seem
intrinsically sloppy and ill-defined, relative
to methods based on GLC or HPLC. It is
nonetheless possible, by an excercise of
will, to overcome one’s sense of distrust
and unease in using these methods, and to
obtain reproducible and reliable results.

Enzymatic catalysis is, of course, no
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panacea. While enzymes have deficiencies
as catalysts relative to metallic platinum,
for example, the reverse is also true. The
real strength of catalysis by enzymes lies in
its selectivity. The real strength of catalysis
by platinum lies in its generality. Which
type of catalyst is best suited for a particu-
lar application? The answer depends upon
the application. As chemistry turns more
to the synthesis of complex substances
which are derived from biology or related
to biologically important materials (or,
more accurately, as chemistry is forced to
turn to these classes of materials by advanc-
es in other areas of science and by exhaus-
tion of current problems in conventional
chemistry), a number of new methods —
enzymology, recombinant DNA technolo-
gy, fermentation, tissue culture — will be-
come an increasingly important part of the
synthetic chemist’s armamentarium.’ En-
zymology is the most fundamental of these
biological techniques (the others simply
represent methods of using enzymatic cat-
alysts in preformed, packaged, cellular sys-
tems) and is certainly the most ‘‘chemical’’
of these techniques.

Nomenclature. One significant obstacle
(not mentioned above) to the use of en-
zymes by organic chemists has been nomen-
clature. Certain enzymes are named accord-
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ing to tradition (‘‘old yellow enzyme’’) or
according to their source (papain from pa-
paya). These names give no hint of their
catalytic activity, and make browsing for
useful activities difficult for synthetic
chemists not trained in biological chemis-
try. The systematic IUB (International
Union of Biochemistry) nomenclature div-
ides enzymes into six groups, and assigns
a name and number to each based on its
assumed function in vivo (Table 1). The
numbers in this system are of archival use
only. The names are often misleading: oc-
casionally they do not correspond even to
the principal function of the enzyme in
vivo, and frequently do not indicate useful-
ly the type of catalytic activity nor the spe-
cificity of the enzyme. For example, the en-
zyme glycerol kinase (EC 2.7.1.30) catalyz-
es the phosphorylation of glycerol to sn-gly-
cerol-3-phosphate. The name of the enzyme
does not imply that the phosphorylation is
enantiospecific. More importantly, it does
not indicate that this enzyme phosphoryl-
ates several other useful substrates (for ex-
ample, it smoothly converts dihydroxyace-
tone to dihydroxyacetone phosphate — a
substrate of great utility in aldol reactions
catalyzed by aldolase). Unfortunately,
from the vantage of a synthetic chemist
searching for useful catalytic activity, there
is presently no solution to the problem of
recognizing the synthetically important
features of the catalytic activity of a par-
ticular enzyme aside from simply knowing
the appropriate literature (and often, even
here, experimental research is required be-
cause the substrates of interest to biologists
are not always those of interest to organic
chemists).

We caution organic chemists that a uni-
form system of units for expressing catalyt-
ic activity is not used throughout biochem-
istry and enzymology. The standard unit
of enzymatic activity is the International
Unit (I L.U. =1 umole of substrate trans-
formed or product formed per min), but
units such as nmol/min or hour and those
based on optical absorbance are also com-
mon. Another system of units based on the
katal (I kat=1 mol s' substrate trans-
formed or product formed) has also been
recommended, but has not been widely
used. In searching the literature for char-
acteristics of a new enzyme, it is essential
to check explicitly the units in which cata-
lytic activity is expressed. For reference, ap-
proximately 700 I.U. of enzymatic activi-
ty will catalyze the formation of one mole
of product per day.

Rather than follow the IUB system of en-
zyme nomenclature, we have found it more
useful to divide enzymes into five groups,

Table 1. International classification of enzymes (class names, code numbers, and
types of reactions catalyzed) (partial listing)

1. Oxido-reductases (oxidation-reduc-
tion reactions)

1.1 Actingon _CH—OH

1.2 Actingon ,C=0

1.3 Actingon C=CH—

1.4 Actingon _CH—NH,

/' N/ N/ \N/ \/

1.5 Actingon _CH—NH—

Ve

1.6 Acting on NADH; NADPH

2. Transferases (transfer of functional
groups)

2.1 One-carbon groups

2.2 Aldehydic or ketonic groups
2.3 Acyl groups

2.4 Glycosyl groups

2.7 Phosphate groups

2.8 S-containing groups

in order of their increasing complexity of
use in organic synthesis:

1) Simple hydrolases and isomerases.

2) Enzymes requiring no added cofac-
tors (especially those using flavins and pyr-
idoxal phosphate as cofactors).

3) Enzymes requiring cofactor regenera-
tion [that is, those using ATP or other nu-
cleoside triphosphates and NAD(P)(H)].

4) Enzymes having particular problems
of availability or stability, or those requir-
ing uncommon cofactors (S-adenosylmeth-
ionine or adenosine 3’-phosphate 5'-phos-
phosulfate).

S) Complex multi-enzyme systems.

This review will concentrate on the first
three classes of enzymes. Its principal ob-
jective is to illustrate the types of synthetic
reactions for which enzymes might be con-
sidered as catalysts.

GENERAL CONSIDERATIONS
Enzymes have three characteristics as
catalysts:

i) they accelerate rates of reactions;

ii) they are often highly selective in their
activity;

iii) their catalytic activity may be regu-
lated, that is, strongly influenced by the
concentration of reactants, products, co-
factors or other species present in solution.

The first and second are the bases for the
utility of enzymes as catalysts; the third is
most often the cause of problems since it

3. Hydrolases (hydrolysis reactions)
3.1 Esters
3.2 Glycosidic bonds
3.4 Peptide bonds
3.5 Other C—N bonds
3.6 Acid anhydrides

4. Lyases (addition to double bonds)

~ ~

4.1 /C=C\
~

42 /C=O
~

4.3 /C=N—

5. Isomerases (isomerization reactions)
5.1 Racemases

6. Ligases (formation of bonds with ATP
cleavage)

61 C—-0O

6.2 C—S

6.3 C—N

6.4 C—C

is the basis for product inhibition, that is,
the (not infrequent) decrease in catalytic ac-
tivity of the enzyme as relatively low con-
centrations of products accumulate.

Enzymes are normally most soluble and
stable in water or in water containing
relatively small quantities of polar co-sol-
vents (especially polyhydric alcohols, di-
methyl sulfoxide, and related species). They
normally function best with substrates
which are soluble in these media, although
it is often possible to carry out reactions
using substrates which are only partially
soluble in water. Two-phase systems com-
prising water and an insoluble organic
phase as well as miscible aqueous/organic
solvent systems are being explored exten-
sively as media in which to reverse hydro-
lytic reactions, i.e., dehydrations.*¢ Pres-
ently, these types of reactions are primar-
ily of use in protein chemistry,’-* but their
applications will probably be extended to
other areas.

Enzymes are most often immobilized on
insoluble supports.®'® There are two rea-
sons for immobilizing enzymes: to make it
possible to recover and reuse them at the
conclusion of a reaction, and to enhance
their stability under the conditions of the
reaction. The second is usually the more
important. In practice, we almost always
use enzymes in immobilized form, because
the stability enhancement more than com-
pensates for the activity lost during immo-
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bilization. We have developed a method
(based on a water-soluble polyacrylamide
derivative containing active ester function-
alities — polyacrylamide-co-N-acryloxysuc-
cinamide, PAN) which has very wide appli-
cability to the relatively delicate enzymes
useful in complex organic synthesis
(Scheme I).'"" Many other methods are
available, ' but in our experience, proce-
dures based on PAN have shown the widest
generality and have given the highest reten-
tion of enzymatic activity on immobiliza-
tion. This procedure is particularly useful
in enzyme-catalyzed synthesis of complex
organic compounds on scales of 1g to sev-
eral kilos.

Enzymes used as catalysts in organic syn-
thesis (as opposed to enzymes for mechan-
istic enzymology studies) need not be par-
ticularly pure. The major considerations
are that the cost of a unit of activity (in this
context ‘‘cost’’ means either the purchase
price or the expenditure of effort in a bio-
chemical preparation) and the specific ac-
tivity — the number of units of activity per
milligram of protein — be acceptable. The
second parameter is of practical importance
in immobilization: an enzyme having a low
specific activity may require a very large
volume of polymer gel for immobilization,
and may therefore be difficult or imprac-
tical to handle in immobilized form.

The stability of an enzyme determines its
lifetime under operating conditions, and
can be quite high. The major factors lead-
ing to stability are immobilization, exclu-
sion of dioxygen and other oxidizing agents
(when working with enzymes having oxida-
tion-sensitive groups — especially cysteine
SH groups'® — close to the active site), and
exclusion of proteases (which might de-
grade the enzyme) from the reaction me-
dium. The stability of many enzymes is im-
proved by the addition of substrates or
products to their solutions so that their ac-
tive sites are always occupied; this strategy
is usually absolutely necessary for obtain-
ing high yields during immobilization. "

SPECIFIC CHARACTERISTICS
Simple hydrolases and isomerases. The
first group of enzymes is that most widely
used in industrial enzymology: the produc-
tion of 6-aminopenicillanic acid'® and as-
partic acid,'’ the isomerization of glucose
to fructose,'® and the various applications
of proteases and glycosidases in detergents
and food processing all depend upon this
type of enzyme (Scheme II).*'*'? Most of
these processes have been developed for
specific large-volume applications, e.g., the
interconversion of glucose and fructose is
carried out on a scale of more than 10° lbs
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per year in the United States. These indus-
trial processes are interesting in that they
establish the practicality of enzymatic pro-
cesses for large-scale synthesis, but they are
not of wide generality. They also establish
the fact that these enzymes can be manipu-
lated by chemical engineers.

Applications of these enzymes to re-
search should be more widespread than
they are, because, as a class, they are readi-
ly available and easily handled. One impor-
tantexample is provided by the asymmetric
synthesis based on the hydrolysis of diesters
by esterase (Scheme III).'* A second is the
generation of unusual sugars by the regio-
specific aldol condensation catalyzed by al-
dolase (Scheme 1V).?° The preparation of
6-deoxyfructose (used as a starting material
for the flavor principle Furaneol® ) pro-
vides an illustration of the application of
this type of reaction.

More complex enzymes requiring no
added cofactors. The second group in-
volves enzymes which require cofactors
which do not themselves require an added
regeneration system. Flavins, pyridoxal
phosphate, lipoic acid, biotin, metal por-
phyrin complexes, and related species bind
tightly to their respective enzymes, and in
general, regenerate automatically during
the course of the enzyme-catalyzed reac-
tions. This group includes oxygenases and
hydroxylases (flavoenzymes), transaminas-
es (pyridoxal-phosphate-containing en-
zymes), carboxylases and decarboxylases
(lipoic-acid- and biotin-containing en-
zymes), monooxygenases, peroxidases and
mutases (metal-porphyrin-containing en-
zymes).?' With the exception of glucose ox-
idase (primarily to remove dioxygen from
foods)’? and transaminases (occasionally
for analysis),? this group has had relative-
ly few applications in organic synthesis
(Scheme V). Potential uses of these en-
zymes are amino acid synthesis (transami-
nases), selective hydroxylation and peroxi-
dation (peroxidases,?* hydroxylases, pros-
taglandin cyclooxygenases, lipoxygenase*’),
Baeyer-Villiger oxidation and asymmetric
epoxidation (ketone monooxygenases), se-
lective elimination and addition of water
(dehydrases), epimerization (epimerases),
and carbon-skeleton rearrangement (B,,-
containing mutases).?'

Enzymes requiring nucleoside triphos-
phate or nicotinamide co factors. The third
group of enzymes — those requiring nu-
cleoside triphosphates (especially ATP) or
nicotinamide cofactors [NAD(P)(H)] — is
probably the group of greatest interest to
academic synthetic organic chemists and to
others concerned with syntheses of fine
chemicals.?* Most enzymatic synthetic reac-
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tions — the transformation of smaller mol-
ecules to larger, more complex ones — in-
volve the nucleoside triphosphates; the nic-
otinamide cofactors are utilized in most en-
zymatic redox reactions (Scheme VI). It has
been estimated that approximately 70% of
all enzymes use XTP, NAD(P)(H) or CoA
as a cofactor. In general, these are the en-
zymes which seem to hold the key to the
enzyme-catalyzed synthesis of complex sub-
stances.

The principal barrier to the use of these
enzymes has been the cost of the cofactors.
These costs range from approximately
$1,000/mol for NAD* to several hundred
thousand dollars/mol for the more expen-
sive cofactors; these prices are sufficiently
high that they exclude stoichiometric use
of the cofactors. Instead, it has been neces-
sary to develop schemes for the in situ re-
generation of the cofactors. The problems
of cofactor regeneration have been essen-
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tially solved (at least at the level required
for synthesis of fine chemicals) for ATP?"-3¢
and NAD(P)(H);*'-** the regeneration of
XTP (X =G,C, and U) from XDP* is also
straightforward. Scheme VII shows the two
methods preferred for the in situ regener-
ation of ATP from ADP. Both of these
schemes are well known, and have been
used on small scales in analytical and mech-
anistic enzymology for many years. The
trick in developing procedures valuable in
large-scale synthesis was to find convenient
routes to the phosphate donors, acetyl
phosphate and phosphoenol pyruvate.
Acetyl phosphate can now be made by a
very simple procedure involving acylation
of phosphoric acid with acetic anhydride,
removal of the excess acetic acid by extrac-
tion, and neutralization (Scheme VIII).*'
Phosphoenol pyruvate (PEP) requires a
slightly more complex synthesis,*’ but can
also be made easily on a mole scale. Both
of these regeneration procedures have their
specific applications. The preparation of
acetyl phosphate is experimentally the sim-
pler of the two, and the corresponding re-
generation procedure is the more common-
ly used. PEP is, however, much more sta-
ble in solution, and a stronger phosphoryl-
ating agent than AcP. It is used when either
of these characteristics is a convenience or
a requirement.

A number of reactions which consume
ATP generate AMP as a product. A sim-
ple modification of the scheme illustrated
above makes possible the regeneration of
ATP from AMP (Scheme [X).**** The
same enzymes and cofactors are required,
and only one other component is added —
the enzyme adenylate kinase, which cata-
lyzes the phosphorylation of AMP to ADP
by ATP.

Acetate kinase and pyruvate kinase will
accept all of the nucleoside diphosphates
as substrates, and catalyze their conversion
to nucleoside triphosphates.*** This fact
provides the basis for regeneration of all
of the nucleoside triphosphates from nu-
cleoside diphosphates. Relatively few reac-
tions generate XMP (X=U, G, C); for
these few, at present, no truly practical re-
generation scheme exists since adenylate
kinase is specific for AMP.

Scheme X provides examples of applica-
tions of the ATP regeneration systems. The
selective phosphorylation of glucose at C,
illustrates the selective derivatization of an
unprotected carbohydrate;?’ the conversion
of glycerol to sn-glycerol-3-phosphate is
enantiospecific and is the best route pres-
ently available to the chiral synthon re-
quired for enantiomerically pure phospho-
lipids.** Phosphoribosyl pyrophosphate
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(PRPP) is an important intermediate in nu-
cleoside and nucleotide biosynthesis, and
should be valuable in a number of synthetic
applications.**
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The ATP used in these syntheses is typi-
cally cycled in situ approximately 100 times;
this value is limited only by achievement
of a convenient rate in the reaction — the

Aldrichimica Acta, Vol. 16, No. 2, 1983

31



nucleoside triphosphate cofactors are them-
selves intrinsically stable in solution. The
total turnover numbers obtained for the en-
zymes (total turnover number = TTN =mol
of product/mol of enzyme) is usually in the
range of 10° to 10%. The enzymes can usual-
ly be recovered in good yield and reused if
immobilized.

Regeneration of the nicotinamide cofac-
tors presents an intrinsically more complex
problem than that for the nucleoside tri-
phosphates, both because many of these
materials are more expensive than the nu-
cleoside triphosphates and because their
stability in solution is only modest. None-
theless, satisfactory routes for regeneration
of all of these species are now available.
For oxidative regeneration from reduced
cofactors, the best procedure is that devel-
oped by Jones and co-workers, utilizing an
intermediate flavin with dioxygen as the ul-
timate oxidizing agent (Scheme XI).*
When oxygen cannot be used in the system
due to the sensitivity of one of the consti-
tuent enzymes, an alternative system based
on conversion of a-ketoglutarate to glu-
tamic acid can be used.*® Scheme XII gives
examples of synthetic applications which
require regeneration of oxidized nicotinam-
ide cofactors. The most widely explored
system is that based on the ability of horse
liver alcohol dehydrogenase (HLAD) to ox-
idize alcohols selectively to ketones or al-
dehydes.*’-*

The regeneration of reduced from oxi-
dized nicotinamide cofactors is a more dif-
ficult problem, for several technical rea-
sons. A number of routes have been ex-
plored to accomplish this regeneration. The
most practical for use in organic synthesis
involve glucose-6-phosphate,*' formate,*?
or ethanol*® as the ultimate reducing agents
(Scheme XIII). The advantages of the route
based on formate dehydrogenase are that
no byproduct is formed in the reaction and
workup is very simple. Its disadvantages
are that it is applicable only to the reduc-
tion of NAD and the enzyme is relatively
expensive. The scheme utilizing glucose-6-
phosphate dehydrogenase from L. mesen-
teroides is applicable to both NAD and
NADP, and the enzyme is readily available,
sturdy, and inexpensive. The substrate for
the reaction (glucose-6-phosphate) is, how-
ever, less readily available than formate or
ethanol and the product — 6-phosphoglu-
conate — may complicate the workup in
some circumstances. The procedure using
ethanol as a starting material has the ad-
vantages of a readily available reducing
agent and an innocuous product. However,
two relatively expensive enzymes are re-
quired, and it is applicable only to NAD.
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In our laboratory, all of these three systems
are commonly used. Scheme XIV gives ex-
amples of applications of the reducing re-
generation systems to typical problems in
organic synthesis, %"

Multistep syntheses involving cofactors.
The examples given so far have been pri-
marily those involving one-step transfor-
mations of simple molecules. An important
use of synthetic enzymology is the construc-

°“CU

(100% ee)

tion of schemes involving multiple, coupled
enzymatic steps and which carry out com-
plex syntheses. Scheme XV outlines the
conversion of glucose to ribulose-1,5-di-
phosphate;?® Scheme XVI illustrates the
synthesis of lactosamine.*? These represent
the most complex syntheses which are prac-
tical at this time. The synthesis of ribulose-
1,5-diphosphate is a particularly interesting
example. This substance is important as a
substrate in studies of the enzymology of
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ribulose diphosphate carboxylase, the crit-
ical enzyme in carbon dioxide fixation in
plants. The characteristics of the molecule
are such that development of a practical
synthesis based on conventional chemical
transformations seems improbable. The en-
zymatic route, despite its apparent com-
plexity, has been carried out on a scale
yielding several-hundred-gram quantities of
ribulose diphosphate. The synthesis of lac-
tosamine, however, represents the first suc-
cessful step in a program utilizing the Leloir
pathway enzymes for carbohydrate synthe-
sis.

Summary. For what types of reactions
should organic chemists consider enzymes
as catalysts? The range of applications in
the preceding treatise suggests that synthe-
ses involving (or producing) sugars, chiral
substances, polysaccharides, amino acids,**
proteins, nucleic acids, and intermediates
in major metabolic pathways are all plausi-
ble candidates for enzymatic reactions.
Enantioselective or regioselective hydroly-
ses of esters and amides,** and selective oxi-
dation of alcohols to ketones or reduction
of ketones to alcohols are also plausible
candidates for current enzymology. Reac-
tions for which enzymology is not applica-
ble are those which produce water-insoluble
hydrocarbons and related species and those
in which the principal technical problem
centers on the construction of carbon-car-
bon bonds.

THE FUTURE: MORE COMPLEX SYN-
THESES

A very large number of enzymes are
known. The majority of the enzymes which
so far have been exploited in synthesis are
those which are commercially available and
inexpensive. This group of enzymes is now
accessible to all synthetic organic chemists
at the modest cost of learning the experi-
mental techniques required to assay, ma-
nipulate, and immobilize them. An enor-
mously larger number of catalytic activities
are available to those willing to carry out
simple isolations (often from commercial-
ly available cell sources such as yeast,
animal and plant tissue, or E. coli) and
small-scale fermentations. Quantities of en-
zymes are often now limiting, but it is im-
portant to remember that, in principle, vir-
tually any enzyme can be made in quanti-
ty using recombinant DNA techniques if
the demand for that enzyme justifies the
effort.

Many of the most exciting areas of
biology and pharmacology — immunolo-
gy, neurobiology, endocrinology, molecu-
lar genetics, membrane biology — are be-
coming more molecular. Plant and insect
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biology are also being explored actively at
the molecular level. An increasing number
of applications which will depend upon the
availability of biological substrates will
arise in these areas. Synthetic enzymology
will play an important role in the synthesis
of these substances. The compounds to
which it is best applied — water-soluble
biological molecules or molecules analo-
gous to biological molecules, especially car-
bohydrates, nucleic acids, lipids, and pro-
teins — are those for which conventional
‘‘abiological’’ chemistry has not (yet) de-

veloped satisfactory synthetic methods.
Applied enzymology will thus complement
conventional chemistry on the one hand,
and more biological synthetic techniques
(fermentation, recombinant DNA technol-
ogy, and tissue culture) on the other. This
entire group of biologically derived synthet-
ic techniques will represent an important
part of organic synthesis in the future, and
an essential set of techniques for those who
wish to work at the boundary between
molecular biology and biochemistry or me-
dicinal chemistry.
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Lectins

Peter Balding
Ken C. Humphryes

Production Division, Sigma London

Recent years have witnessed a remarka-
ble increase in the clinical and research ap-
plications of a group of biochemical rea-
gents collectively known as lectins. These
receptor-specific proteins' have been isolat-
ed from a wide variety of natural sources:
seeds, plant roots and bark, fungi, bacteria,
seaweed and sponges, mollusks, fish eggs
and from the body fluids or sera of both
invertebrates and lower vertebrates. They
have also been found in mammalian cell
membranes. The precise physiological role
of lectins in nature is still unknown: sugar
transport or storage, attachment of nitro-
gen-fixing bacteria to plant root nodules
and effectors or modifying agents of cell
division (mitosis) are among the many sug-
gestions which have been advanced. De-
spite this lack of knowledge concerning
their role in vivo, lectins have proved to be
very valuable in a wide variety of applica-
tions in vitro."**

Lectins, originally termed phytohaemag-
glutinins, were discovered just before the
turn of the century. Stillmark,’ employed
with Kobert in 1888 tc investigate an out-
break of cattle food poisoning, found that
extracts of the castor oil plant Ricinus com-
munis would cause haemagglutination (the
specific aggregation of a suspension of red
blood cells in isotonic salt solution). It was
soon found that ricin, as the extract was
called, was not only toxic and haemagglu-
tinating but also antigenic; so it was used
together with anti-ricin by Ehrlich in 1891
as a model for bacterial toxins in his fun-
damental work on antitoxic immunity.®
Ricin occurs in two forms with different
specificities: RCA 120 and RCA 60, with
molecular weights of 120,000 and 60,000,
respectively.

Following the discovery of ricin, extracts
of plants were examined for haemaggluti-
nating activity and a number of interesting
lectins were discovered. These included
abrin, the toxic lectin from the seeds of
Abrus precatorius,’ lentil lectin from Lens
culinaris,®* phytohaemagglutinin (PHA)
from Phaseolus vulgaris,” and concanava-
lin A (now referred to as Con A) which was
found in extracts of jack bean meal, Can-
avalia ensiformis. Con A was the first lec-
tin to be purified. ' Among the first lectins

Poole, Dorset, England

to be isolated from plant tissues rather than
from seeds were those from the potato, So-
lanum tuberosum, and tomato, Lycoper-
sicon esculentum.'' However, they ap-
peared to have no important scientific or
commercial application. Then in 1948 the
first blood-group-specific lectins were dis-
covered.'”'* Extracts of Lima beans
(Phaseolus limensis) and of Vicia cracca
seeds were found specifically to agglutinate
the red cells of individuals of blood group
A. Red cells from individuals of blood
group B or O were not agglutinated. In ad-
dition, extracts of Cytisus sessilifolious, La-
burnum alpinum and Lotus tetragonolobus
(syn. Tetragonolobus purpureus) were
shown preferentially to agglutinate red cells
of blood group O, rather than those of
blood group A or B. This discovery resulted
in a renewed interest in the reagents, for
which the term lectin was coined (from the
Latin for ‘‘to pick out’’ or ‘‘to choose’’).'*
In the intervening years many other lectins
have been discovered with and without
blood-group specificity, and from research
into their structure and specificity, the fol-
lowing ‘‘definition’” of a lectin has
emerged. "'* Lectins are proteins or glyco-
proteins of non-immune origin that aggluti-
nate cells and/or precipitate complex car-
bohydrates. With one possible exception,
all lectins so far described are highly spe-
cific carbohydrate-binding molecules; this
binding activity is usually inhibited by a
simple monosaccharide solution, although
for some lectins solutions of di-, tri- and
even polysaccharides are required. The ex-
ception, a glycoprotein isolated from a
strain of the bacterium £. coli, agglutinates
erythrocytes; the agglutination is not inhib-
ited by carbohydrates, but by the amino
acid L-histidine.'® It is thought that this
reagent may fall into a completely separate
group of receptor-specific proteins.

Although it was originally hoped that
lectins might totally replace antisera for
blood grouping, the range of blood-group
specificities has proved to be limited. How-
ever, the blood-group-specific lectins are
extremely valuable in automated proce-
dures where large volumes are required.
Prime examples are the anti-A-specific lec-
tin'” from the snail Helix pomatia, and the

anti-A,-specific lectin'® from the seeds of
Dolichos biflorus. One long-standing prob-
lem has been the lack of a suitable anti-B-
specific lectin; this deficiency may at last
have been overcome'® with the isolation of
the anti-B lectin from the seaweed Ptilota
plumosa.

Other applications in the biological
sciences (see refs. 1, 3, 4), with examples of
the relevant lectins in parentheses, include
the mitogenic stimulation of lymphocytes
resulting in cell division (PHA, Con A and
PWM from Phytolacca americana), the
isolation, purification and structural studies
of carbohydrate-containing molecules (Con
A, Lens culinaris), and the fractionation of
cells and other particles (i.e., viruses) (Helix
pomatia, Glycine max, Arachis hypogaea,
Con A). Lectins also act as probes for
studying the structure of cell surfaces (Helix
pomatia, Dolichos biflorus, Triticum vul-
gare, Arachis hypogaea). This last area is
perhaps the most exciting recent develop-
ment. To the pathologist, lectins are avail-
able as specific tissue markers for easy iden-
tification of lectin-binding sites in thin sec-
tions of human tissues, both frozen and
formalin-fixed/paraffin-embedded, or
membranes of isolated cells in suspension.
To facilitate such studies lectins are conju-
gated with readily identifiable markers such
as the fluorescent dyes fluorescein isothio-
cyanate (FITC), dichlorotriazinylaminoflu-
orescein (DTAF) and tetramethylrhoda-
mine isothiocyanate (TRITC), radio-
opaque substances (radioactive isotopes,
ferritin), enzymes (peroxidase, alkaline
phosphatase) or biotin. The binding speci-
ficity of labelled lectin can be demonstrated
by binding inhibition with the addition of
the competitive sugar, or by prevention of
binding by prior treatment with specific
purified glycosidases. Using these tech-
niques, lectins have been found to represent
a valuable histochemical tool for studying
tissues and cells under normal and patho-
logical conditions. Results so far achieved
seem to be particularly relevant in the field
of gastrointestinal pathology, malignant
lymphomas, skin tumors and breast pathol-
ogy.
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Lectins cited in the text are listed below;
with a range of conjugates, they are availa-
ble from Sigma.

L9758 Abrus precatorius (abrin)
L0881 Arachis hypogaea (peanut)
L2380 Bandeiraea simplicifolia
C7275 Canavalia ensiformis (Con A)
L1135 Dolichos biflorus

L8004 Glycine max

L3382 Helix pomatia

L5880 Lens culinaris

1.2886 Lycopersicon esculentum (tomato)

L8754 Phaseolus vulgaris (phytohaemag-
glutinin)

L9379 Phytolacca americana (pokeweed
mitogen)

L9260 Ptilota plumosa

L8508 Ricinus communis (Ricin-RCA
60)

L8259 Ricinus communis (Ricin-RCA
120)

L5010 Solanum tuberosum (potato)

L9254 Tetragonolobus purpureus

L1005 Triticum vulgare (WGA)

L6005 Phaseolus limensis (lima bean)

L6760 Laburnum alpinum

R1254 Anti-Ricinus communis lectin

(rabbit serum)

5-Thio-p-Glucose:
How Do Enzymes Work?

5-Thio-D-glucose (1) can be a key to the
enzymatic synthesis of a myriad of prod-
ucts, each of which would constitute a uni-
que enzymic mechanistic probe.

Monomeric carbohydrates in aqueous
solution can exist as pyranoses, furanoses,
acyclic carbonyls, or acyclic hydrates. Gen-
erally enzymes will bind only one of the
forms available to a substrate although this
may not be the form subsequently pro-
cessed by the enzyme. Since the rate of ring
opening for sugars with sulfur substituted
for the ring oxygen is particularly slow,'?
these molecules can place dramatic limits
on enzyme catalysis. In the glycolytic path-
way (Scheme I) successful conversion of 1
to S-thio-D-fructose 6-phosphate (3) via
hexokinase (Sigma) and isomerase (Sigma)
would explain the nature of the substrate
bound and reactive intermediates exploited
by these enzymes.

Conversion (Scheme II) of 3 to 3-thio-
erythrose 4-phosphate (4) with transketo-
lase (Sigma) would provide a key biosyn-
thetic intermediate for the shikimic acid
pathway. In microorgantsms erythrose 4-
phosphate is the starting point for biosyn-
_ thesis of aromatic amino acids while in
plants it is ultimately converted to lignins
and tannins. The most important new her-
bicide on the market is glyphosate (N-phos-
phonomethylglycine). It is known that gly-
phosate functions on the plant enzymic
level as a competitive inhibitor of the bind-
ing of erythrose 4-phosphate.® Successful
conversion of 1to 4 would pose fascinating
questions:

Scheme | - Glycolysis

John W. Frost

Department of Chemistry
Harvard University

Cambridge, Massachusetts 02138
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Scheme Il - Shikimic Acid Pathway

3-thioerythrose 4-phosphate
4

DHQ
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OH synthetase OH inactivation? °
4 2-deoxy-6-thio-n-arabino- 6

heptulosonic acid 7-phosphate
(6-thio-DAHP)

5

a) Is 4 a competitive inhibitor of eryth-
rose 4-phosphate or is it a substrate
for DAHP synthetase (Scheme I11)?

b) If 6-thio-DAHP (5) is formed would
it be a suicide substrate for dehydro-
quinate (DHQ) synthetase, the next
enzyme on the shikimic acid path-
way?

As can be seen, S-thio-D-glucose could
be an interesting starting point for glycoly-
sis, the pentose phosphate shunt, and the

shikimic acid pathway. Aside from mech-
anistic conclusions drawn from its action
with enzymes, S-thio-D-glucose may even
yield a safe, mechanism-based herbicide.
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About Our Cover:

Our chemist-collector bought the painting on our cover for the best reason we
know: the sheer joy of looking at it.

He had never heard of Guidobono, a little known
Italian artist of the 17th century, who painted this mov-
ing Parting of Tobias from his Blind Father. Baroque
artists loved this apocryphal story, perhaps because of
their concern with blindness, and this is the third
Tobias to appear on an A cta cover.

Aldrichimica acta

This depiction is very different from our two pre-
vious Acta covers (Figs. 1 and 2), and a comparison of
them shows clearly the differences between Italian,
Flemish and Dutch baroque art. The Dutch painting
(Fig. 1) by a Rembrandt student, Paulus de Lesire, is of
subdued color, and father, mother and son — and even
the angel — look like contemporary placid Dutchmen.
The father in the Flemish painting by Jan van de Venne
(Fig. 2) looks like an Eastern European Jew who found
his way to Antwerp into a much more colorful, thea-
trical setting. The Italian painting, vibrant with vivid
blues and reds, concentrates on the blind father’s emo-
tion-filled face and gnarled hand as he clutches his son
in a last embrace. And how differently the painters saw
the son! The Dutch Tobias is an experienced doctor
who knows exactly how to treat his father’s eyes. The
Flemish son is a youth, while the Italian is merely a
child about to leave home for the first time. Here are
one beginning and two conclusions to the story. Ba-
roque artists painted many different episodes in the
story, and our chemist-collector hopes to find others.

Fig. 2

Are you interested in our Acta covers? Selections from the Bader Collection, with
30 duotone reproductions, many of previous Acta covers, and an introduction by
Professor Wolfgang Stechow is available to all chemist art-lovers.

Also, many paintings reproduced on our Acta covers were shown at the
Milwaukee Art Center in an exhibition, ‘“The Bible Through Dutch Eyes,”’ arranged
by Dr. Bader in 1976. The fully illustrated catalog with 66 black-and-white and 4
full-color reproductions contains many art historical and Biblical comments.

Six beautiful 11 x 14-in., full-color reproductions of paintings on our catalog
covers are available, ready for framing, to add beauty to your laboratory.

©1983 by Aldrich Chemical Company, Inc.
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Recently we encountered difficulty dur-
ing small-scale ester rectification. Several
esters, dried over anhydrous MgSO,,
foamed vigorously on vacuum rectifica-
tion, sometimes with foam reaching the top
of the column. We tried anti-foaming
agents and filling the glass with glass wool
but have now found two techniques satis-
factory.

a. A blowing-over capillary — a capillary
tube from which air or N, is blown horizon-
tally above the liquid to destroy the foam.
This method is less satisfactory because air
or N, passing the column affects the rectifi-
cation.

b. A gas-phase turbine-type stirrer — a stir-
rer placed directly above the liquid phase,
thereby immediately destroying the foam
produced. This method is preferred because
the distillation is not affected at all. We had
no difficulty maintaining the vacuum, us-
ing an all-glass stirrer with KPG collar,
even without special devices like a nitrogen
inlet. The esters probably do not dissolve
the collar grease, which sometimes happens
with other organic solvents.

J. Housmans

Central Laboratory DSM
Department POCP

P.O. Box 18

6160 MD Geleen, Netherlands

We had occasion to use 200-ml amounts
of anhydrous liquid HF in an organic prep-
aration. The reaction was carried out in a
plastic bottle in a well ventilated hood. At
the conclusion of the reaction and before
work-up, the excess HF was slowly blown
off under a stream of nitrogen. This caused
etching and translucency of the safety glass
panels of the hood door, side panel and the
light fixtures. These had to be replaced at
asignificant cost and lost operation time in
the hood. Thereaf'ter, allinside glass panels
were covered with a 4-mil polyethylene
plastic sheet cut to size and fastened to the
metal frames with a cloth adhesive tape.
After a number of reruns of this prepara-
tion, the glass panels have remained trans-

parent. 0.P. Goel, Ph.D.
Warner-Lambert Company
Pharmaceutical Research Division

Ann Arbor, MI 48105

In our laboratory, we have found that
an efficient, low-dead-volume flow restric-
tor for HPLC fraction collection can be
quickly fabricated from a discarded section
of a fused silica capillary GC column. Sim-
ply swage several feet of column to the de-
tector outlet using a graphite-vespel ferrule
and a zero-dead-volume double female
connector. This has proven absolutely trou-
ble-free in hundreds of LC runs. It com-
pletely prevents bubble formation in the de-
tector cell and preserves excellent resolu-
tion in the collected fractions, with mini-
mum holdup.

Michael Alexander
Department of Pharmacology
The Ohio State University
Columbus, Ohio 43210

I wish to point out a method of cleaning
nonpolar materials from glassware.
Organic chemists tend to use relatively
polar solvents such as acetone or alcohol
forremoving tars and residues from flasks.
Although such solvents are quite effective
for moderately polar materials, hydrocar-
bons and chlorinated solvents are more ef-
fective with nonpolar materials such as
silicone oil. With crude oil (petroleum),
acetone is indeed not the solvent of choice,
so I tried one of the degreasers sold for
cleaning automobile engines, machinery,
garage floors, etc. The material, essential-
ly a solution of a dispersing agent in a
kerosene-type solvent, works quite well.
After the organic material has dissolved
(with warming if necessary), the solution
can be disposed of with waste solvents.
Water disperses most of the degreaser and
dissolved material and washing with soap
and water removes most of the rest. An ad-
vantage over the usual solvent-cleaning ap-
proach is that, unless the amount of residue
in the glassware is considerable, one por-
tion of degreaser can remove the material.
At least one brand of degreaser is sold as
a concentrated solution to be diluted with
kerosene; presumably a somewhat more
polar diluent, or one with a different boil-
ing point, could be used.

Joseph H. Ross

Associate Professor of Chemistry
Indiana University at South Bend
South Bend, IN 46634

We have used the AtmosBag™ to sam-
ple water-sensitive and toxic reagents in the
warehouse.

The AtmosBag is placed over the 55-gal.
drum of raw material and a positive
nitrogen pressure is created by passing
nitrogen through one of the inlets. The
drum is opened, the cover placed to one
side and the sample withdrawn. When sam-

pling is completed the drum is covered and
the bag withdrawn.

We have thus sampled thionyl chloride
and sodium methoxide, both of which are
toxic and moisture-sensitive.

We have also sampled smaller drums,
but in this case the bag is placed over the

whole drum.
Luis N. Guedes

Q.A. Manager
Janssen Inc.
Gurabo, Puerto Rico 00658

Any interesting shortcut or laboratory hint
you’dliketoshare with Acta readers? Send
it to Aldrich (attn: Lab Notes) and if we
publish it, you will receive a handsome
Aldrich coffee mug as well as a copy of
Selections from the Bader Collection. We
reserve the right to retain all entries for

consideration for future publication.

“Please
us-”

g o,

v-Butyrobetaine hydroxylase catalyzes
the final reaction in the biosynthesis of R-
carnitine.’ This interesting enzyme is over-
produced by Pseudomonas sp. AKI grown
with y-butyrobetaine as its sole source of
carbon. Dr. Robert Pascal of Princeton
University needed an inexpensive source of
v-butyrobetaine for the large-scale prepara-
tion of this hydroxylase for mechanistic
studies.

y-butyrobetaine
hydroxylase

MeNN_~"CO; —— (5=

a-ketoglﬁtarate
Me,N“_CO;
Naturally, we made it.

1) Lindstedt, G.; Lindstedt, S.; Nordin, 1. Biochem-
istry 1971, 16, 2181.

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

The chemical synthesis of oligodeoxy-
ribonucleotides (DNA) has been under in-
vestigation for many years, as evidenced by
various reviews.'"!' However, it is only in
the last few years that significant advances
have been made in synthetic techniques
which afford improved yields of relatively
easily purified products within a reasonable
period of time. Many of these advances
have been spurred by the current intense
interest in recombinant DNA research, in
both the academic and industrial fields.

Despite the importance of oligonucleo-
tide synthesis to recombinant DNA work,
the field is well known only to people work-
ing in the area. It is viewed as one dominat-
ed by biochemists, microbiologists, and ge-
neticists when, in fact, much of the work
is done by synthetic organic chemists. Re-
cent publications by Biichi'? and Rapo-
port'® indicate that oligodeoxynucleotide
synthesis is attracting natural-product
chemists as well.

Thetotalsynthesis of an oligonucleotide
poses a bewildering array of problems and
it is the methodology developed to solve
these problems that makes this field inter-

esting. In large part, synthesis is similar to
that of many other natural products — se-
lective protection and deprotection of func-
tional groups. It is not the intent of this ar-
ticle to review the extensive literature de-
voted to the development and use of the
various protecting strategies as that is cov-
ered amply by review articles.'~"' Rather,
this review will describe the approaches to
DNA synthesis which are most widely used.

Why synthesize such a molecule? Such
a synthesis may be motivated by the same
driving force as for many natural-product
syntheses — the challenge. In addition, syn-
thetic oligodeoxynucleotides have impor-
tant uses in the study of DNA. Aside from
the obvious — the chemical synthesis of a
gene (‘‘...conceptually simple, but chemi-
cally sophisticated...””'¥) — these macro-
molecules are used in studies of DNA struc-
ture and function, gene regulation, and for
providing ‘‘short’’ sequences for recombi-
nation of DNA fragments from natural
sources. These topics are beyond the scope
of this review; the reader isreferred to the

The Chemical Synthesis of DNA

Geoffrey C. Crockett
Aldrich Chemical Company, Inc.

excellent summary by Wu, Bahl, and Na-
rang'® and the informative and entertaining
monograph cited in reference 14.

2. The Structure of DNA
Single-stranded DNA is a polymeric mol-
ecule comprised of a backbone of a sugar
(deoxyribose)-phosphate oligomer to which
is appended, at each sugar residue, a
heterocyclic base (B* in 1). The four most

S
o 0 B
7
O=P=-0" .
R
4! N

Common Symbols and Abbreviations

Nucleosides
dA: 2'deoxyadenosine
dC: 2'deoxycytidine
dG: 2:deoxyguanosine

T: thymidine (sometimes seen as dT)

Nucleotides

dpA: - 2:deoxyadenosine:-5:0-phosphate
dpC: 2:deoxycytidine-5-0-phosphate
dpG: 2:deoxyguanosine-5-0-phosphate

pT: thymidine-5:0:phosphate

DMT: dimethoxytrityl

OMe

MMT: monomethoxytrityl

Bz: benzoyl
An: anisoyl

- iBu: isobutyryl
Ac: acetyl : .
B = general nucleoside base
B’=general N-protected nucleoside

base
B HO o)

HO \]»oH

B

OH

©1983 by Aldrich Chemical Company, Inc.
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common bases B* are adenine (A, 2), cyto-
sine (C, 3), guanine (G, 4) and thymine (T,
5). The combination of sugar and base is
called a nucleoside, while the nucleic acid
monomer, i.e., the combination of the
sugar, base, and phosphate residues, is
termed a nucleotide (Fig. 1).

The four common 2'-deoxynucleosides
are 2'-deoxyadenosine (dA; 6, B=A);
2'-deoxycytidine (dC; 6, B = C); 2'-deoxy-
guanosine (dG; 6, B = G); and thymidine
(T; 6, B=T). A common abbreviated
structure of a deoxynucleoside is shown in
Fig. 2 and will be used in this article.

A simplistic assembly of a synthetic
DNA from readily available starting nu-
cleosides, is shown in eq. 1. Such a reac-
tion is impractical — there are too many
sites in the molecule (6) which can react
with phosphoric acid. Also, the molecule
is sensitive and therefore harsh reaction
conditions must be avoided. Deoxyguano-
sine dramatically illustrates the extent of
these problems (Fig. 3). The sites of possi-
ble side reactions in the other nucleoside
bases are readily identifiable.

The problem of DNA synthesis entails
the formation of a linear polymeric sugar
phosphate ester by the stepwise addition of
ester bonds at exactly the correct phospho-
rus atoms and hydroxyls of the sugar resi-
dues. This is accomplished by selective pro-
tection/ deprotection of reactive sites in the
appropriate sequence. The protecting
groups must be easily introduced and re-
moved, the latter being especially impor-
tant. Due to the sensitive nature of the mo-
nomeric units and DNA itself, great care
must be taken to circumvent two of the big-
gest problems: internucleotide bond cleav-
age (breaking of the DNA strand) and de-
purination (loss of adenine or guanine via
cleavage of the glycosidic bond). Not only
do side reactions lower the yield of final
product, they can create serious purifica-
tion problems. The difference between an
octadecanucleotide which lacks one ade-
nine somewhere in the chain, and one that
does not, may be physically minimal but
biochemically disastrous.

3. Protection I — The Base Residues
Of the four common deoxynucleoside
bases, only thymine does not contain a pri-
mary amino group capable of being acylat-
ed, phosphorylated, or sulfonated. (Sulfo-
nation is a potential side reaction in the
condensation reaction in which the sugar-
phosphate ester bond is formed; see Section
6.2.) The amino groups of the other bases
are usually protected as amides, the most
common derivatives being the following:
for dA, benzoyl (Bz); for dC, benzoyl or,
less frequently, anisoyl (An); and for dG,

. NH, NH; 0 ~
& A ‘ NZEs : h# 03 NH HN3 4 3 3
; NY &/ : 0" N ?il R °NH, o >
o | | e o
9 3 :  4 5
5 ‘ | HO— B
o-t-o 5. N v
e : ; : 0 : ‘
OH ; : ‘0—5;'—;0 .
: 2 N 'Oa
7 8
a nucleoside a5tnucleotide a 3‘nucleotide
B | L Fig.2 o HO— _O B
n Ho\}»ou ¢ wHPO, — . ‘,HQ\}?OH =
. (eq. 1) o2 Oon
Fig.3 ~ 0-=— derivatizable potential phenol
o o | kNHWamide, ~

_derivatizable
alcohol

oH

isobutyryl (iBu). These specific groups were
developed some twenty years ago through
arduous research by Khorana and co-work-
ers,'® and are still applied to the bases of
deoxyribonucleosides and -tides (as well as
the ribonucleosides and -tides from which
synthetic RNA is prepared). In addition to
affording chemical protection, derivatiza-
tion serves another useful purpose —
monomers and oligomers are rendered
more soluble in common organic solvents,
making chemical and purification opera-
tions (especially chromatography) easier to
perform. A comprehensive study of acyl
protecting groups for the three nucleosides
has been made;'’ the conclusions suggest
that the above derivatives are the best.

3.1. The Choice of Acyl Groups

One might wonder why the three bases
require different acyl groups. The reasons
for, and the development of each group are
outlined briefly.

3.1.1. Deoxyadenosine

Initial work on the protection of N¢ of
dA focused on the anisoyl group, presum-
ably because of its success with dC-N* pro-
tection (see Section 3.1.2). However, in the
attempted preparation of dA*", extensive
loss of the anisoyl group was observed.'®
Benzoylation was then investigated, and
found suitable.'® A discussion on N¢-pro-
tection of dpA can be found in ref. 16a.

N kN/; Nﬂzkder:ivalti‘zablé amine

\,glyc‘osridic bond: a hydrolyzable 'a‘minal;‘

anomeric and epimerizable

The N¢ benzoylation of dA has one
shortcoming. Reese has reported’ that the
glycosidic bond (1'-sugar to base) of N¢-Bz-
dA (dA®) is considerably more labile in
acidic media than that of dA. Thus, a side
reaction that occurs with dAP is depurina-
tion. This fact has obvious implications in
the preparation of multiprotected mononu-
cleosides and oligonucleotides. Presumably
dA® residues within an oligomer possess
the same acid lability. Depurination of
dA*™ also occurs in basic media.'® A solu-
tion is still being sought for this problem,
which is of particular concern during acid
removal of the 5'-O-dimethoxytrityl group,
as discussed in Section 5.

3.1.2. Deoxycytidine

The benzoyl group was evidently selected
for N* protection of dC after the develop-
ment of its use on dpC.'*® With dpC, the
acetyl group was initially investigated, but
was found to be too acid-labile in later steps.
In addition, dpC#¢ was too insoluble in
pyridine for subsequent reactions. The ben-
zoyl group proved more satisfactory in
both these regards.

In the same work,'®® anisoyl was pre-
ferred to benzoyl, the N*-An group being
less sensitive to base. The same preference
has been cited by Catlin and Cramer.'®
However, benzoyl is the group most fre-
quently cited in the literature of the past
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two years, and dC* is the predominant
derivative available commercially. This
may reflect the difficulties encountered in
the preparation of dCA".?°

3.1.3. Deoxyguanosine

The task of finding an acceptable pro-
tecting group for the exocyclic nitrogen (N?)
of dG was more difficult than for dA and
dC. Attempted preparation of 3',5’,N2-tri-
acetyl-dG gave only 3',5'-diacetyl-dG'® —
the N2-acetyl group was not stable enough
to survive the workup of the reaction. The
use of benzoyl showed some success.?"??
However, dG"# oligonucleotides eluted
very slowly on ion-exchange chromatogra-
phy, a phenomenon ascribed to the low pK,
(ca. 8.5) of the amide proton;?' deprotona-
tion resulted in increased retention. Finally,
the isobutyryl group was considerably more
stable than acetyl, and without the draw-
back of the benzoyl group.2"??

3.2. Introduction of the Acyl Groups

The preparation of base-protected nucle-
osides is generally still accomplished by the
classic method of Khorana,*2¢ a rather te-
dious process (eq. 2). The nucleoside is first
peracylated. Then, the O-acyl groups are
removed by treatment with NaOH/alco-
hol/pyridine. The reaction workup consists
of neutralization of NaOH with an excess
of the pyridinium form of Dowex 50 ion-
exchange resin. This is followed by filtra-
tion and extensive washing of the resin and
concentration of the combined filtrate and
washings. The product is crystallized from
the solution and further purified as neces-
sary. This general procedure is quite effec-
tive, but rather cumbersome on a large
scale as relatively large volumes of solution
are obtained. For example,? in a prepara-
tion of dG™* starting from 2.85g (10
mmol) of dG, the procedure involved wash-
ing the resin with two liters of ethanol. The
yield of product was not specified, but may
be assumed to be about 80% based on a
scale-up by another author.?*

In the preparation of N¢-benzoyldeoxy-
adenosine (dA"), the peracylation proce-
dure results in a unique intermediate. The
product contains two N-benzoylgroups(see
ref. 25); the relatively unstable second ben-
zoyl group is removed during deesterifica-
Iion.léc,27

Until very recently, no significant ad-
vances had been made toward a simplified
general preparation of base-protected
mononucleosides, with the possible excep-
tion of dC.?® Jones et al.?” have published
aprocedure forall three N-acylated nucle-
osides which obviates the need for two sep-
arate steps. The approach, termed “‘tran-
sient protection,”’ is based on persilylation
of the nucleoside, followed by in situ N-ac-

: B—NH, excess o B-NHCR
-+ = RCOCI il
i HO OH o (RW*CO),O RCO olciR
-in_pyridine 0

ylation and silyl ether hydrolysis yielding
dA®, dC¥ and dG™® in a one-pot reaction
sequence (eq. 3). In the case of dA, quench-
ing with aqueous bicarbonate rather than
with aqueous ammonia in the last step gives
dA® (vide supra).

““Transient protection’’ has been applied
by Hata et al. to N® of dA with the phtha-
loyl group.?’

Very recently, Rapoport and co-work-
ers'’ investigated a new general approach

Il
‘ B—NHCR
1):NaOH/0? (eq. 2)
2R T HO-oH

to circumvent the weak nucleophilicity of
the nucleoside amino groups. The strategy
is outlined in egs. 4, S and 6. Note that the
procedure for dA is different from that for
dC, resulting in a higher yield of dA®:.
Further, in the protection of dG (eq. 6), the
6-oxo function is also blocked, an impor-
tant solution to a problem which has
plagued oligonucleotide chemists for years,
viz., side reactions involving the O® of dG

BF,

based on the benzyloxycarbonyl (Cbz) 1l N

— NN -

group.’® A new method of introduction PREH,OC N_N Et

using 1-(benzyloxycarbonyl)-3-ethylimidaz- 9

olium tetrafluoroborate (9) was developed
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iBu = COCH(CH,),

Aldrichimica Acta, Vol. 16, No. 3, 1983

49




leading to undesirable byproducts. This
problem is discussed at length by Gaffney
and Jones in a paper describing another so-
lution.*! Their strategy for O¢-protection of
dG is outlined in eq. 7. The groups shown
in eq. 7 protected the guanine ring during
phosphorylation, avoiding extensive by-
product formation. The limitations of these
various groups and conditions for their re-
moval are also discussed.*'

Hata’? recently reported another protec-
tion strategy for dG (outlined in eq. 8) and
showed that the protected guanine ring sur-
vives typical oligomer synthesis reactions.

4. Protection II — The Sugar Hydroxyls

Oligodeoxynucleotide synthesis is gener-
ally designed such that only the 5'-hydrox-
yl group of the sugar moiety requires pro-
tection. The monomethoxytrityl (p-anisyl-
diphenylmethyl; MMT) and dimethoxytri-
tyl (di-p-anisylphenylmethyl; DMT) groups
are most frequently used, with the latter
predominating in the recent literature. Kho-
rana pioneered the use of these groups
which were initially investigated as alterna-
tives to the unmethoxylated trityl (Tr)
group for the 5'-O-protection of uridine, a
ribonucleoside.* In these studies, it was
found (as predicted) that the rates of acid
hydrolysis increased ten-fold with each
methoxy group. Trimethoxytrityl (tri-p-
anisylmethyl) was briefly investigated, but
was too labile. The ease of removal of the
5'-O-protecting group is very important in
oligodeoxynucleotide synthesis. For every
monomer added to the chain, a DMT (or
MMT) group must first be removed. As
noted earlier (Section 3.1.1), significant de-
purination of dA" residues (to a lesser ex-
tent, dG™®*) can occur under acidic condi-
tions (see also the next section).

Introduction of the DMT (or MMT)
group is easily accomplished (eq. 9). The
base-protected deoxynucleoside in pyridine
is treated with a slight excess of dimethoxy-
trityl chloride. After reaction and aqueous
work-up, the product is purified by chro-
matography to remove DMT alcohol and
any unreacted or 3,5 '-bis-tritylated nucleo-
side. Experimental procedures for the intro-
duction of MMT and DMT to the four nu-
cleosides (dA*, dC*, dG*" and T) can be
found in references 23 and 24, respectively.

DMT (or MMT) groups confer a number
of useful properties on the nucleoside, nu-
cleotide, and oligonucleotide intermediates.
They are more soluble in organic solvents
because of the lipophilic DMT (or MMT)
groups and are thus easier to work with,
and they are more amenable to purification
by conventional silica gel chromatography.
The methoxytrityl groups contain a power-
ful chromophore which enables quantita-

GiBu

DMTO\}»Oﬁ(SPh)Z
i

glyoxal
it

o

DMTQ o:»(sph)2

(eq. 8)
QiBu .
Me,CHCO)0_ ois
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tive evaluation of reactions and products
by UV spectroscopy.** Lastly, the MMT
and DMT groups are easily removed in
dilute acid solution (see Section 5).

Some synthetic strategies require a nu-
cleoside with a free 5'- and a protected
3'-hydroxyl group (11). Usually this is ob-
tained by 3’-O-benzoylation of a 5-O-tri-
tylated,*®®<3* silylated,*¢ or p-chlorophen-
oxyacetylated*’ nucleoside (eq. 10) followed
by removal of the 5'-O-protecting group.

5. Deprotection I — 5’-O-Detritylation
Although deprotection®® (80% aqueous
acetic acid) resulted in substantial depurina-
tion of dA residues,*® only recently has the
search for less harsh but effective condi-
tions been undertaken. Since the publica-
tion of the first major modification in
1977 ,** an overwhelming number of meth-
ods has developed. The depth of the prob-
lem is evident from Table 1, which is prob-
ably not comprehensive. The entries are
listed in chronological order to emphasize

ROJ*O“$—OJ¥OR’

L

(eq. 11)
0

the intense activity.

It is difficult to predict which method
will prove best and/or most generally ac-
cepted. Each new method is considered for
speed, efficacy and extent of depurination.
In a few instances'’***** a comprehensive
comparison of methods is given.

Interestingly, removal of DMT groups
using 80% acetic acid at the end of the olig-
omer synthesis is easily accomplished with
no depurination, provided the base N-acyl
groups have been removed.**®

6. Assembly of the Oligonucleotide —
Phosphorylation
6.1. The Phosphodiester Approach
The phosphodiester synthesis was devel-
oped by Khorana' for oligonucleotide prep-
aration. The name implies the phosphoryla-
tion product (12, eq. 11), a diester of phos-
phoric acid. For many years it was the
mainstay of oligonucleotide synthesis; most
of the essential techniques of protection,
phosphorylation (condensation), and de-
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Tablel
Reagents for Detntylahon
. . Year
o Reage’nts
‘ ,:‘80% acetic acid/20% water 1962
2% PhSOsHIT 3 chioroform- methanol - 1977
_10% CLCCO,HI7:3 chioroform-methanol 1980
ZnBr, in CH,NO, (sat'd. solution) - 1980
. ZnBr, in CH,CI, (sat'd. solutlon)‘ - 1980
~ FeClyin CHCI, 1980
- 01N TSOHICH,CN - - o 1981
- 2.5% AICI;, 1% 2,6-di- tert. butylpyrldlne in CH,CN 1081
© 2.5% BF,, 1% 2,6-di-tert-butylpyridine in CH CN - 108t
_ ZnBr, in 85:15CH,Cl,- isopropanol ; o 1981
. ZnBr, in 1% H,0-CH,NO, (sat'd. solutlon) 11981
1M ZnBr, in 85:15 CH,Cl,-MeOH . ‘ 1982
_ EtAICL in hexane; i-Bu,AlCl in toluene rxn run in’ CH,C!2 1982
 1%o0r2% F,CCOMHinchloroform 1982
- 10% CI,CCO,H in chloroforr 11982
. 3% ClLCCO,HinCHNO, 1982
1% or 2% F,CCO,HinCH,Cl, CH,CN 1982
- 3% PhSO;H in 9:1 CH,CI,:DMF 1982
. 2% PhSOHin7: 3CH,CI MeOH +.1982

_‘Only trityl groups studled

protection, as well as purification and char-
acterization, were developed in the applica-
tion of this chemistry. Although not widely
utilized today, the diester method has been
used to synthesize large oligomers success-
fully. A recent example is the total synthe-
sis of a gene.?

6.2. The Phosphotriester Approach
(Protection III)

The triester approach was developed*”'®
to overcome the drawbacks of the diester
approach, including low yield and limited
solubility of reactants and products in or-
ganic solvents (most reactions are run in
pyridine because of this) due to a charged
phosphodiester at each internucleotide link-
age (12 in eq. 11). Obviously, these diffi-
culties increase with increasing chain
length. The limitations of the diester ap-
proach have been adequately discussed.”"*°

The important difference between the di-
and triester approaches is that in the lat-
ter, a fully protected nucleotide, a triester
of phosphoric acid, is formed with the es-
tablishment of each internucleotide linkage
(eq. 12). This has several advantages for
both reactants and products,’ not the least
of which is increased solubility in common
organic solvents. The protecting group on
phosphorus (e.g., the 2-chlorophenyl group
of 13 and 15) remains until the end of the
oligomer synthesis. (See Section 8.1 for a
discussion on the selection and removal of
this group.)

The triester approach has been so refined
as to be regarded as ‘‘standard’’ for oligo-
nucleotide synthesis in solution. It has been
adopted successfully by the more tradition-
al organic chemists who have entered the

g
; DMTO\]‘
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Iz
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33
38
34a, 39b
39a
40
28c
39
39b
39b
41
42

field recently.'*'* Several fairly comprehen-
sive outlines of the ‘‘improved triester ap-
proach’’ exist in the literature,?**°~** in ad-
dition to the review articles already cited.
In this strategy, fully blocked nucleoside
3'-phosphates (17) are prepared (Scheme I)
from each of the four nucleosides. These
derivatives are relatively easily purified by
conventional chromatographic techniques,
and may be stored for later use. The puri-
fied materials can then be decyanoethylated
via 3-elimination with triethylamine (17 —
18) or detritylated with acid (17 —19). The
products 18 can be stored as triethylammo-
nium?* or hemi-barium salts.*'

With the building blocks 18 and 19 of all
four nucleosides, the process of chain as-
sembly can be initiated with the condensa-
tion of a 5'-OH component and a 3'-O-
phosphate component (eq. 13). Chain ex-
tension can then proceed via detritylation
or decyanoethylation of 20, followed by
condensation with the appropriate 18 or 19,
respectively.

4 g4

B o B

. B :
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+ HO\}*OR e Y DMTO\J-O-I:’-O\}—OR
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(eq. 13)
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In solution syntheses it is easier and more
economical to use a block synthesis than
to add mononucleotides ad infinitum to a
growing chain.?***-5" Fully protected oligo-
nucleotide blocks, usually containing five
to eight nucleoside residues, are prepared
and after appropriate deprotection two
blocks are condensed to form a longer
chain (eq. 14).

Much effort has gone into the search for
condensing reagents for a rapid and clean
second phosphorylation reaction (eqs. 13,
14). Dicyclohexylcarbodiimide (DCC) and
arylsulfonyl chlorides, first used by Kho-
rana,' have been replaced for the most part
by arylsulfonolides of heterocyclic bases,
e.g., 21-24, which give much cleaner reac-
tions. Chemical modification of guanosine
bases by 24 is usually observed, but is re-
versed during final deprotection of the
phosphates.5}

Recently the combination of triisopro-
pylbenzenesulfonyl chloride (TPSCI1)** and
N-methylimidazole was reported superior
to the sulfonolides in both speed and ab-
sence of side reactions.*”** The authors also
cite many references to condensation rea-
gents.

The mechanism of the condensation re-
action has finally been clarified. Russian
chemists have reported evidence from *'P
NMR experiments that an intermediate py-
rophosphate, 25, is formed from the 3'-O-
phosphate intermediate 18 (eq. 15).% This
pyrophosphate then reacts with the 5’-OH
component to give the triester product 20.

Worth noting in this section is the recent
publication of a method for the 5'-O-phos-
phorylation of deoxynucleotides and oligo-
mers.*® The synthetic strategy is a triester
approach. However, as the protecting
groups used are radically different than
those used in the above examples, a discus-
sion of this new technique is beyond the
scope of this article.

6.3. The Phosphite Approach

This strategy, developed after the triester
approach, incorporates a totally different
phosphorylation protocol. Conceived by
Letsinger,* it was shown to be very effec-
tive in the synthesis of oligothymidylic acids
30 (B*=T, R =trichloroethyl; eq. 16).

This strategy uses the fact that dichloro-
phosphites 26 react faster than dichloro-
phosphates, even at low temperatures. In
addition, the phosphite triester intermedi-
ates 28 are easily and mildly oxidized to
phosphates 29 with iodine and water. Thus,
it overcame a major disadvantage of the tri-
estermethod — that it was not easily modi-
fied to give good yields of products in solid-
phase (polymer-supported) synthesis.* It is
also noteworthy that the second phosphityl-
ation step (27 — 28) requires only an
organic base like collidine.

A milestone in phosphite technology was
reached in 1980-1981. In the course of
adapting the Letsinger procedures to the
synthesis of mixed oligonucleotides on a
solid support, Caruthers*® used methyl di-
chlorophosphite, a reagent originally used
by van Tamelen** in oligoribonucleotide
(RNA) synthesis. The principal advantage
of this reagent is that the methyl protecting
group is removed under milder conditions
(SN2 displacement with thiophenoxide
anion under non-hydrolytic conditions; see
Section 8.2) than a trichloroethyl group,

which Letsinger removed with sodium
naphthalenide in HMPA.*” Caruthers used
the basic Letsinger approach shown in eq.
16. The chlorophosphites 27, although
highly reactive, are stable enough for stor-
age at -78° for up to a week.””

This technology was rapidly accepted by
other investigators for solid-phase oligonu-
cleotide synthesis, 024396 with little vari-
ation in synthetic strategy other than the
modifications in the 5'-O-detritylation al-
ready presented in Section 5. A major de-
parture from the general Letsinger-Caruth-
ers scheme (eq. 16) is that shown ineq. 17,
in which the 5-OH of the nucleoside bound
to the support is phosphitylated with
MeOPClL.. The resulting 5'-O-monochloro-
phosphite is then treated with a 5'-O-DMT
base-protected nucleoside. After oxidation
and detritylation, chain extension contin-
ues.**

In an extension of this phosphite work,
Caruthers®'**¢** and others®* have devel-
oped new phosphite reagents of increased
stability to both hydrolysis and air oxida-
tion. These reagents (34) are synthesized
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(eq. 20) from protected nucleosides and
phosphoramidites 31-33 prepared from
MeOPCl, (egs. 18 and 19).°** The hydro-
lytic stability of the nucleoside phosphor-
amidites 34 is dramatically demonstrated
by their high-yield preparation in a reaction
sequence which includes an aqueous
workup.®*?

A further advantage of phosphoramidite
chemistry is that little or no 3'-3’ dimer (35)
is formed. This dimer is a significant by-
product in the reaction with MeOPCl,,*? a
procedure that is thus rather wasteful of the
expensive nucleoside starting material.

The amidite 34 must first be activated for
subsequent reaction with a 5’-OH residue.
This is done with a weak acid (eq. 21); the
resulting reagent (36) is then reacted in situ
with a 5"-OH nucleotide of the growing
chain. The use of tetrazole is advantageous
in that additional base need not be used.*>**

In another recent development, Letsinger
reported a new reagent (37) which is more
selective in 3-O-phosphitylation than either
methyl dichlorophosphite or 2,2,2-tri-
chloroethyl dichlorophosphite.®* The phos-
phate protecting groups derived from 37
areremoved from the oligomer with tri-z-
butylphosphine in DMF/triethylamine.

7. Polymer-supported Synthesis of Oligo-
deoxynucleotides

The aim of much research on oligonu-
cleotide synthesis is the development of an
automated system. The commercial advan-
tages are obvious. As with polypeptide syn-
thesis, the easiest way to automate is to im-
mobilize the growing chain on a solid poly-
mer support so that reagent and wash solu-
tions can be mixed in or pumped through.
Polymer-supported synthesis in this area is
still in its infancy; no one synthetic tech-
nique (phosphotriester or phosphite) has
won overwhelming acceptance, although
the use of a derivatized silica gel and the
phosphite technology seems favorable. Ear-
ly work in this area is covered in several re-
view articles.*-'" Table II cross-references
recent articles by technology and solid sup-
ports used.

A polymer-supported synthesis begins
with the selection of a support. Selection
is based on a number of factors, most of
which are beyond the scope of this review
(refer to articles cited in Table II). The
choice of a support is limited to one which
can be derivatized to bind a nucleoside.
This usually requires appending to the resin
some group with a free primary amine. The
amine is treated with succinic anhydride,
and the resulting polymer-bound half-acid
is esterified with the free 3'-OH of the de-
sired nucleoside (eq. 22). Chain extension
then proceeds stepwise, nucleotide residues

being added using phosphotriester or phos-
phite technology. Removal of the protect-
ing groups from the oligomer, and removal
of the final product from the solid support,
are discussed in the following section.

8. Deprotection II — Unblocking Syn-
thetic DNA

8.1. Phosphotriester-synthesized Oligo-
mers
At the end of a phosphotriester synthesis
(Section 6.2), one is left with an oligonu-
cleotide of the general structure 38, in

which Ar is 2-chlorophenyl and R is either

a protected phosphate (-P(O)(OAr)OCH;-
CH.CN) or a benzoyl group. Typically, the
protecting groups are removed by the fol-
lowing sequence:
1) triethylamine-pyridine for the P-O-
cyanoethyl groups;
2) tetramethylguanidine-aromatic aldox-
ime in aqueous dioxane for the P-O-

2-chlorophenyl groups;

3) concentrated ammonium hydroxide
for the acyl groups from the base res-
idues (this will also remove a benzoyl
group from the 3’-O position); and

4) 80% acetic acid (aq.) for the dimeth-
oxytrityl group.

Particular attention has been devoted to
step 2. An enormous amount of effort has
gone into the development of a protection-
deprotection system for the phosphoric
acid residues, culminating in the develop-
ment, in Reese’s laboratories, of the widely
accepted system using 2-chlorophenyl as
the blocking group (4-chlorophenyl is also
used, but 2-chlorophenyl appears to be pre-
ferred because it is removed 2.5 times as
quickly in the deblocking step®’**) and al-
doximate anion as the deblocking agent.
This anion is generated in situ from the al-
doxime and the strong organic base tetra-
methylguanidine. This combination was es-
tablished through consideration of the pK,
of the phenol from which the blocking
group is derived and the pK, of the aldox-
ime (for details, see ref. 67). These studies
were aimed at developing a blocking-de-

Aldrichimica Acta, Vol. 16, No. 3, 1983

53




blocking protocol in which the blocking
group would be sufficiently stable to the
reaction conditions in various steps of oli-
gonucleotide synthesis, but would be re-
moved with minimal cleavage of internu-
cleotide phosphate bonds and other side re-
actions.

This deblocking step apparently involves
nucleophilic displacement of phenoxide at
phosphorus by aldoximate anion, followed
by elimination of aromatic nitrile to give
the phosphate anion (eq. 23).%’

Four aldoximes (39-42) were investigated
by Reese; the last is suggested as the best.¢’
The use of all four is described in the litera-
ture.

8.2. Phosphite Triester-synthesized

The major difference in deprotection of
oligomers prepared by phosphite technol-
ogy is that the phosphate protecting group
to be removed is methyl rather than aryl.
Methyl-group cleavage is accomplished
with thiophenoxide anion, as mentioned
above. Although ammonia may be used,
thiophenoxide deprotection is much clean-
er.*® All other deprotection operations are
accomplished in the same manner as in Sec-
tion 8.1. Descriptions can be found in the
articles already cited.

8.3. Polymer-supported Syntheses

The operations are the same as those in
the preceding sections. Cleavage of the oli-
gomer from the support is accomplished at
the time the acyl groups are removed from
the base residues with ammonia.

9. Summary

There is much demand for sequence-spe-
cific DNA fragments, which have a variety
of uses in molecular biology and genetic en-
gineering. The most reliable method of pro-
ducing these fragments is by chemical syn-
thesis for which several synthetic protocols
are in use today. This article has briefly
summarized the most common methodol-
ogies to introduce organic chemists to this
rapidly expanding field. Detailed discus-
sions of the various strategies may be found
in the review articles cited.** A compilation
of references is also available in the bro-
chure ‘‘Reagents for Oligonucleotide Syn-
thesis’’ published by the Aldrich Chemical
Company (1982).
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New Developments in
Chemiluminescence Research

One can scarcely open the current ab-
stracts without seeing new patents or arti-
cles pertaining to the applications of bio-
and chemiluminescence.! A laboratory
curiosity a few decades ago, the branch of
photochemistry dealing with these phenom-
ena has evolved into a specialty in itself.

My interest in chemiluminescence (CL)
began at an early age, when I observed the
action of base and peroxide on 3-amino-
phthalhydrazide (luminol, 1), one of the

o

l;\lH
NH

NH, -0
1:(luminol)

first compounds with this property to have
been discovered.? My interest grew as the
oxalate system (‘““CYALUME®” light
sticks) began to appear in the literature.?
As a result, I did a great deal of research
in this area while in school, work that con-
tinues today.

Much of my energy has been focused on
the oxalate system (CYALUME®-type
compounds). Besides being the most effi-

cient man-made system (with quantum
yields approaching 32%),* its mechanism
allows one to choose a fluorescer of any de-
sired spectral output.® This is because the
oxalate ester merely generates the energy
from which light is produced by singlet to
ground-state relaxation of the fluorescer
(eq. 1).

Ideally, the fluorescer should be soluble
in organic solvents, stable to peroxides, and
efficient (having a high byuorescence)- OFf the
compounds known to the art, the bis(phen-
ylethynyl)anthracenes (BPEA, 2) are espe-

CHuO,C 1 (]? (].]) ; CO,C:Hy
Ci ;O—C-—C-—q |
Ci Ci
Ci CPPO cl
O, 0
Neee?

[slow]
+fluorescer—— fluorescer® '+ 2C0,

Steven K. Gill

Liquid Light Laboratories

815 South Harbour Way, Suite 14
Richmond, CA 94804

cially good.” They are readily synthesized®
and many have fluorescence quantum
yields approaching unity,® suggesting their
use as scintillation agents, laser dyes, and
electrochemiluminescence fluorescers. In-
deed, initial results in our laboratories with
1-chloro-BPEA have been very encourag-
ing, satisfying all three criteria.

Other commonly used fluorescers are
9,10-diphenylanthracene (DPA, 3),
bis(phenylethynyl)naphthacene (BPEN, 4),
and rubrene (5,6,11,12-tetraphenylnaph-
thacene, 5). Rubrene gives the highest

0 of
N &
H,0; catalyst \c'_‘lz

(organic solvent; e.g.,
dimethyl phthalate)

[fast] dioxetane-type
intermediates

0—0

(eq. 1)
[fast]

—— fluOrescer  + hy (light
equivalent to

0—0 fluorescence spectrum
of material)
C—Ph
1]
R, - C R,
_n R,
L
R; C=C~—Ph
2
RyR;,R5,R=H BPEA \... CL=515nm
;=Cl; R;,R;;Ri=H 1-Chloro-BPEA ). CL=535nm
R,=Cl;-R;,R;R;= 2-Chloro-BPEA ... CL=525nm
R,R;=Cl, R, R,=H = 1,5-Dichloro-BPEA \... CL.=519nm
R,R;=Cl, R,R;=H " 1,8:Dichloro:BPEA A,.. CL = 565nm
R,=Et, R;R,R,=H 2:-Ethyl-BPEA A, CL =520nm
Ph C=C~Ph
- 3/(DPA) 4 (BPEN)
N CL=430nm Ao CL=605nm
Ph C=C—Ph
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known quantum yield in this system.

5 (rubrene)
Aaox CL = 56850m

Besides the well known uses of the ox-
alate system for emergency lighting, sport-
fishing lures, life jacket markers, etc., it is
beginning to be recognized as an excellent
analytical tool.

The use of chemiluminescence in analysis
is not new; many articles have been pub-
lished on the use of luminol for the deter-
mination of numerous inorganic cations,'®
hydrogen peroxide,' and even blood, de-
pending on the catalytic effect of hemo-
globin.'? Siloxene, a silicone hydroxyhy-
dride pseudomorphic after calcium silicide,
is a little known but highly effective chemi-
luminescence redox indicator,'? indicating
excess oxidizer by its yellow-orange light
emission.'* Tetrakis(dimethylamino)ethyl-
ene (TKDE) is a sensitive indicator of the
presence of oxygen,'® showing the concen-
tration of O, by its blue-green ‘‘oxylumi-
nescence’’.'* Even pyrogallol,'” lucigenin,'®
and lophine'® have been used as CL indi-
cators for various analytical pathways.

Recently, a number of patents'® have
covered the derivation of isoluminol and
naphthoic hydrazides to produce com-
pounds that are, in effect, chemilumines-
cence-labelled. This is an area of current
research and development, and we may ex-
pect a number of new assay systems based
on isoluminol conjugates (eq. 2).

It is my belief that eventually modifica-
tions of the oxalate system will replace
many of these other techniques. The versa-
tility of a fluorescer structure, the ease with
which oxalate esters are synthesized, and
the superior CL quantum efficiency of the
system leads one to speculate that the
future will bring many extremely sensitive
CL analytical techniques based on oxalate
chemistry. Indeed, it is already used in the
detection of polycyclic aromatic hydrocar-
bons,?° dansyl derivatives of amino acids?’
and picomole quantities of hydrogen per-
oxide.??

Our research has centered mostly around
the optimization of the various CL systems,
as well as applying them to everything from
educational displays to the performing arts.
Actually, the possible artistic applications
of chemiluminescence have been recogniz-
ed by a few individuals — CL in the form
of necklaces (repackaged CYALUME® for
the most part) can be seen at any rock con-

HzOQIOH ;
e R e
Tor DMSOJO,/:-BuOK
; \ R»
R=eg. thyroxine |so|dmihOI
; e = (conjugate + h" (eq. 2)

cert these days.

It is interesting to note the slow commer-
cial response to, this potentially lucrative
market.

Part of our research has been in this
area, though technical application remains
our primary focus. We look forward to the
development of new oxalates with higher
quantum efficiency, e.g., compound 6, as
well as new fluorescers to broaden the spec-

Buo,c  SOCK ?ozcaco’a“
cL Nfﬁ*ﬁf‘N cl

: 0.0 O ’

I e cl Cl
6 -

tral range. Already, infrared emitters such
as 7 are known,?* and with the oxalate ester
system having an energy output of about

- 16,17-didecyloxyviolanthrone (DDV)
: =750nm

Mox:

arsenate

luciferin + ATP  .————
. . - buffer

110 kcal/mole, the near ultraviolet should
not be inaccessible. (An amazingly efficient
system that peaks at 325 nanometers is
known!)** It is hoped that a CL laser can
be developed along these lines, though this
remains ‘‘blue sky’’ at the moment.

The possiblities inherent in the oxalate
system are demonstrated by recent patents
detailing its conversion into a water-soluble
reaction.?® Thus, by appropriate substitu-
tion of fluorescers (e.g., 8), or the oxalate
ester itself (e.g., 9), it should be no problem
to prepare extremely sensitive, specific CL
immunoassay standards in a manner analo-
gous to isoluminol derivatives.

As a closing comment, I should mention
the comparative efficiency of biolumines-

- luciferin®

cence (BL). Much of the mechanism of BL
reactions has been elucidated with the ad-
vent of new CL systems and, of course,
firefly luciferin has been the standard for
ATP assay for many years.?* With quan-
tum efficiencies of 75 to 90%, much re-
mains to be learned from these systems.
Thissister field is also yielding many new
tools for analytical and diagnostic uses, and
will be more useful with time. (For a good
overview of the subject, see Deluca, M.;
McElroy, W.D., Eds. ‘‘Bioluminescence
and Chemiluminescence — Basic Chemis-
try and Analytical Applications’’; Academ-
ic Press: New York, 1981.)

C—Ph
lll
<

__carboxy conjugate of CPPO

—g—ﬁ‘—«—-— hydroxylucuenn + hvg

(Bq 3)

A world of possibilities awaits the re-
searcher. Whether its applications be in
special effects or costumes for the perform-
ing arts, or in new analytical techniques,
CL research is expanding rapidly, and we
may expect great advances during the next
few years.
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About Our Cover:

While the subject of this beautiful landscape is clear, its author is still
unknown. The Dutch dealer who sold it assured our chemist collector that it
was by a little known Cologne artist, Johann Hulsmann. It reminded our
chemist of the work of Rembrandt’s teacher, Jacob Pynas. Both were
mistaken, for the painting is monogrammed MCG and dated 1670, by which
time Hulsmann and Pynas had long passed away. Who was the artist of this
beautiful long view? French, Flemish, Dutch, German? He tried to write
God’s Hebrew name, the tetragrammaton, in the sky but certainly did not
know Hebrew. Our chemist would be most grateful to hear from any reader
who can identify this monogrammist MCG.

The story of Noah has a special appeal. All mankind descended from this
one man, who was not a member of an identified people, just a man who
listened to God. Here Noah and his family bring an offering after the flood,
and the first rainbow appears as a token of God’s promise never again to
destroy all of mankind.

There is a particular poignancy to this story today. God promised that He
would not destroy the world, but have we any assurance that we will not
destroy it ourselves?

Are you interested in our Acta covers? Selections from the Bader Collec-
tion, with 30 duotone reproductions, many of previous Acta covers, and an
introduction by Professor Wolfgang Stechow is available to all chemist art-
lovers.

Also, many paintings reproduced on our Acta covers were shown at the
Milwaukee Art Center in an exhibition, ‘“The Bible Through Dutch Eyes,’’ ar-
ranged by Dr. Bader in 1976. The fully illustrated catalog with 66 black-and-
white and 4 full-color reproductions contains many art historical and Biblical
comments.

Six beautiful 11 x 14-in., full-color reproductions of paintings on our
catalog covers are available, ready for framing, to add beauty to your
laboratory.

Many of the early issues of the Aldrichimica Acta have become very rare.
Please do not throw your issues away. In time, we believe that complete sets
will become valuable, and — if you do not want to keep them — there prob-
ably are chemists near you who would be interested.

©1983 by Aldrich Chemical Company, Inc.
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Since the introduction of flash chroma-
tography by Still et al.' in 1978, the tech-
nique has become a ‘‘standard’’ method of
purification in many laboratories. Often,
we find that the initial packing of the col-
umn is the most troublesome aspect of the
technique. It takes several column volumes
of solvent to degas completely the silica gel,
and if excess pressure is applied to the col-
umn to force out the last air bubbles, the
column is liable to crack when the pressure
is released. This problem is particularly
prominent with small-diameter (~2cm)
columns. An easy and efficient modifica-
tion of the packing procedure is as follows:
The solvent is poured onto thesilica gel and
allowed to percolate through the column
without external pressure until it drips from
the column. (This takes 5-10 minutes.)
Application of pressure then usually packs
the column within 30 seconds. Columns
thus packed are also less likely to crack.

J. Michael Chong & Ilan D. Suckling
Department of Chemistry
University of British Columbia
Vancouver, B.C. V6T 1Y6, Canada
'Still, W.C.; Kahn, M.; Mitra, A. J. Org. Chem. 1978,
43, 2923,
Editor’s note:  Flash chromatography col-
umns of various capacities are available
from Aldrich. In addition to those listed
on page 1352 of the 1982-1983
Catalog/Handbook, Aldrich now offers
the two-liter apparatus and solvent reser-
voirs for all the columns. See page 80.

We have increased the usefulness of your
Kugelrohr distillation apparatus by using
the frame of a horizontal rotary evaporator
for support. The collection bulbs replace
the evaporator and condenser flasks and
rest on the rollers provided. The bulbs can
be cooled with water, ice, etc. The existing
connections for vacuum are used. The air-
driven rocker motor is connected to the
evaporator-drive pulley with a belt. The
modified apparatus is convenient to use
and easy to operate.

Robert G. Jensen, Professor

Mark B. Fey, Graduate Assistant
Department o f Nutritional Sciences
University o f Connecticut

Storrs, CT 06268

I wish to point out a method of cleaning
nonpolar materials from glassware.
Organic chemists tend to use relatively
polar solvents such as acetone or alcohol
for removing tars and residues from flasks.
Although such solvents are quite effective
for moderately polar materials, hydrocar-
bons and chlorinated solvents are more ef-
fective with nonpolar materials such as
silicone oil. With crude oil (petroleum),
acetone is indeed not the solvent of choice,
so I tried one of the degreasers sold for
cleaning automobile engines, machinery,
garage floors, etc. The material, essential-
ly a solution of a dispersing agent in a
kerosene-type solvent, works quite well.
After the organic material has dissolved
(with warming if necessary), the solution
can be disposed of with waste solvents.
Water disperses most of the degreaser and
dissolved material and washing with soap
and water removes most of the rest. An ad-
vantage over the usual solvent-cleaning ap-
proach is that, unless the amount of residue
in the glassware is considerable, one por-
tion of degreaser can remove the material.
At least one brand of degreaser is sold as
a concentrated solution to be diluted with
kerosene; presumably a somewhat more
polar diluent, or one with a different boil-
ing point, could be used.

Joseph H. Ross

Associate Professor of Chemistry
Indiana University at South Bend
South Bend, IN 46634

We find the Aldrich AtmosBag™ Floor
Base (Z210,691-7) ideal as a TLC reagent
spray chamber base. Our home-made Plex-
iglas chamber (14" x 14" x 14") is placed
on the polyethylene base (32" x 22") which
is located in a fume hood. The base is very
durable to the corrosive sprays and is easi-
ly cleaned.

D. DeClercq

Grain Research Laboratory Division
1404-303 Main Street

Winnipeg, Manitoba

R3C 3G8 Canada

TLC analysis of reaction mixtures in
high-boiling solvents such as dimethyl sul-
foxide, dimethylformamide, pyridine, etc.,
is beset with problems of low resolution,
excessive spreading, and gross changes in
mobility of appropriate spots. Overlap of
a solvent spot with those of reaction prod-
ucts can further complicate the separation.
Drying of TLC plates with hot air or infra-
red lamp could lead, in many instances, to
decomposition of sensitive materials. These
difficulties are circumvented by drying the

Aldrichimica Acta, Vol. 16, No. 4, 1983

TLC plate in vacuo below 0.1mm prior to
development. In our laboratory, we con-
veniently use lyophilization flasks attached
to a lyophilizer, but a vacuum desiccator
connected to an ordinary oil pump may
also be employed. The whole procedure can
easily be monitored visually. The original
““‘wet’’ spot usually becomes dry in 2-3 min.

Jiri Zemlicka, Ph.D.
Michigan Cancer Foundation
Detroit, Michigan 48201

Any interesting shortcut of laboratory hint
you’d like to share with Acta readers? Send
it to Aldrich (attn: Lab Notes) and if we
publish it, you will receive a handsome
Aldrich coffee mug as well as a copy of
Selections from the Bader Collection. We
reserve the right to retain all entries for
consideration for future publication.

(i,

Recently Dr. Arnold Brossi at the NIH
suggested that we offer bis(tricyclohexyltin)
sulfide which has been described as an ele-
gant reagent for the conversion of carbon-
yls to thiocarbonyls. The authors describe
our other sulfurating reagent, Lawesson’s
Reagent, as the ‘““most effective sulfurating
reagent to be reported to date...’’ but “‘ex-
tremely sensitive to moisture and very dif-
ficult to prepare and handle in pure form.”’
We have sold many hundreds of bottles of
Lawesson’s Reagent, albeit of only 97%
purity. Clearly this new tin reagent will
have advantages for some reactions where
Lawesson’s Reagent is cumbersome to use.

Naturally we now offer both.

Steliou, K.; Mrani, M. J. Am. Chem. Soc. 1982, 104,
3104.

It was no bother at all, just a pleasure to
be able to help.
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New Transformations of 2,3-Epoxy
Alcohols and Related Derivatives.

Easy
Substances

C.H. Behrens

1. INTRODUC :

Epoxides are highly regarded as inter-
mediates in organic synthesis, a reputation
resulting from the special reactivity exhibit-
ed by this functional group.' The introduc-
tion of an epoxide moiety into a polyfunc-
tional compound is normally straightfor-
ward since epoxides are easily accessible
from carbonyl or olefin precursors.? The
Darzens condensation and the reaction of
sulfur ylides with aldehydes or ketones rep-
resent familiar epoxide syntheses from car-
bon-oxygen double bonds. However, selec-
tive oxidation of an olefinic system is decid-
edly the most common and reliable route.
Functionalized epoxides are generally ac-
cessible from substituted olefins because al-
kenes are oxidized more readily than most
functional groups.

The opening of epoxides with nucleo-
philes occurs under an extremely wide
range of reaction conditions. Good nucleo-
philes (e.g., RS-, RSe") react with epoxides
under neutral or alkaline conditions. In an
acidic medium even weak nucleophiles
(e.g., ROH, H,0) react rapidly with epox-
ides. The epoxide-opening reaction is one
of the best methods for the synthesis of two
contiguous stereochemically defined sp?
carbon centers. The mechanism, and hence
the stereoselectivity, of this reaction is
dependent on the conditions employed.
Under neutral or alkaline conditions the

©1983 by Aldrich Chemical Company, Inc.

Routes to Homochiral

ring opening can proceed by either an Sp;2
mechanism or a borderline Sx;2 mechanism
in which the Sy;2 transition state possesses
substantial Sy/1 character.' In either case
the epoxide is opened stereospecifically
with inversion. Ring opening in an acidic
medium can occur by either a borderline
Sn2 or an Syl mechanism. An S p;1 mech-
anism is implicated by a loss of stereochem-
ical integrity at the carbon atom being sub-
stituted. With scant exception, the Sy/1
mechanism does not intrude unless the
epoxide bears at least one functional group
(e.g., phenyl, vinyl, methoxyl) which has
the capacity to stabilize an adjacent carbo-
nium ion through resonance.

The regioselectivity of an epoxide-open-
ing reaction is related to the mechanism of
the reaction, and is therefore dependent on
the reaction conditions. Experience predicts
that an epoxide-cleavage reaction that is
conducted in acid (i.e., via a borderline
Sn2 mechanism) will result in ring opening

Carl H. Behrens

K. Barry Sharpless

Department of Chemistry
Massachusetts Institute of Technology
Cambridge, Massachusetts 02139

at the more substituted epoxide terminus,
whereas the opposite regioselectivity is an-
ticipated when the epoxide cleavage is con-
ducted under basic conditions where an
Sn2 mechanism will be operative. Al-
though the regioselectivity is strongly de-
pendent on the mechanism of the reaction,
itisalso influenced by the particular steric,
conformational and electronic effects in a
given substrate. The complex interrelation-
ship that exists among these factors makes
the study of regioselective epoxide opening
reactions a fascinating topic worthy of the
continued attention it has received.

The diastereoselective synthesis of epoxy
alcohols has advanced considerably in the
past several years. The peracid-* and tran-
sition-metal-catalyzed'** epoxidations now
used to prepare this important class of com-
pounds are highly effective and reliable.
The recently developed asymmetric epoxi-
dation reaction is unique in that it allows
the enantioselective synthesis of 2,3-epoxy

Professor K. Barry Sharpless (right) receiving the A.C.S. Award for Creative Work in
Synthetic Organic Chemistry, sponsored by Aldrich, from Dr. Irwin Klundt, vice-president

of Aldrich.
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alcohols.® Since the catalyst system for
asymmetric epoxidation tolerates many
substitution patterns, a large variety of
homochiral (enantiomerically pure) 2,3-
epoxy alcohols are now conveniently acces-
sible. Clearly, the asymmetric epoxidation
of prochiral allylic alcohols in conjunction
with selective epoxide-cleavage reactions
shows great potential as a versatile route
to homochiral substances. That potential
is already being demonstrated in the rapid
adoption of the method for a variety of
synthetic applications.'® Nevertheless, we
have known since the birth of asymmetric
epoxidation in 1980 that the rate-limiting
step in finding applications for it is finding
new uses for 2,3-epoxy alcohols (e.g., 1).
Chemists know well what to expect of sim-
ple epoxides but the presence of an adjacent
hydroxyl constitutes a less precedented situ-
ation. A priori one imagines that it would
be much better if the asymmetric epoxida-
tion process worked with simple olefins so
that one could make epoxide 2 rather than
the hydroxy substituted analog 1. However,
further consideration and especially our re-
search experiences of the past two years
lead us to believe that chiral epoxy alcohols
(e.g., 1) are actually more useful intermedi-
ates than their deshydroxyl analogs (e.g.,
2). The reasons for this conclusion will be-
come evident as the present account un-
folds. This article focuses on our recent in-
vestigations of 2,3-epoxy alcohols and
closely related derivatives. It is not a typical
review article in that most of the results dis-
cussed here have not been previously pub-
lished.®

2. TERMINAL EPOXID

3-o0ls)

Although barely studied until a few years
ago, the 2,3-epoxy alcohol moiety has prov-
en to be quite an interesting substrate for
nucleophilic ring-opening reactions. In
principle, there are three reactive sites for
nucleophilic substitution in a 2,3-epoxy al-
cohol (1, Scheme I) corresponding to the
carbon backbone of the epoxy alcohol. The
reactivity of the C-2 and C-3 positions is
immediately apparent, but a discussion of
this topic is deferred until Section 3.2. A
subtle latent reactivity at the C-1 position
can be revealed in one step by means of the
Payne rearrangement.’” Payne was the first
to publish detailed observations on epox-
ide migration in simple acyclic 2,3-epoxy
alcohols. However, these epoxide migra-
tions were already well known in carbohy-
drate chemistry.'*'" The Payne rearrange-
ment is carried out in aqueous sodium hy-
droxide, usually in the presence of a co-sol-
vent, and involves the equilibration of a
2,3-epoxy alcohol with the isomeric 1,2-

Scheme |

epoxy-3-ol. Although aqueous NaOH is the
usual catalyst for the Payne rearrangement,
weaker bases such as K,CO; or DBN have
also been observed to catalyze the rear-
rangement.® The relative proportions of
1,2- and 2,3-epoxy alcohols at equilibrium
are remarkably substrate-dependent, but
the germane observations are that primary
epoxy alcohols are more stable than sec-
ondary epoxy alcohols, and that the trans
configuration is more favorable than the
cis.” Since the Payne rearrangement usual-
ly produces a mixture of epoxy alcohols, it
has limited preparative value per se.

The Payne rearrangement occurs fairly

independently conceived and developed by
the Ganem group at Cornell."

The first choice of nucleophile in the
Masamune-Sharpless exploration'® of this
concept was PhSNa, but r-BuSNa was later
found to be even more selective in this ap-
plication. The 2,3-epoxy alcohol is heated
to reflux in aqueous ¢-BuOH in the
presence of NaOH, and the mercaptan is
slowly introduced over a period of 1-2
hours. A faster rate of addition depletes 4
resulting in increased formation of C-2-
and/or C-3-opened products, while a slow-
er rate leads to lower yields attributable to
the formation of triol (via C-1 opening of
4 by hydroxide). The optimized yields of
Sa and Sb are 85% and 81%, respectively.
This reaction has been applied to many
other 2,3-epoxy alcohols, with the yield of
2,3-dihydroxy sulfides ranging from 47-
8800.'>'224 Very recently it was found that

Scheme Il
Payne Rearrangement — Opening Sequence
, , OH
R - ; R
Y, 0 HO R OH Nu )\A
2 -
R /<’/\OH H,O, t+-BuOH R/K"/‘ opening R H Nu
A "0 OH
3a R=BnOCH, Payne 43 R=BnOCH, 5a R =BnOCH,
R'=H rearrangement R =H R =H
3b R=H 4b R=H Nu=t-.BuS
R’'=BnOCH, R’=BnOCH, 85% vyield
5b R=H
R’=BnOCH,
Bn=PhCH, Nu =t-BuS
81% vyield

rapidly, and a considerable difference in re-
action rates of the isomeric terminal and
internal epoxides was anticipated. There-
fore, it appears plausible that 4, which is
continuously regenerated in situ via the
Payne rearrangement of 3, could be selec-
tively and irreversibly captured by a nucleo-
phile (Nu) as shown in Scheme II.'° This
Payne rearrangement-opening strategy was

simple amines may be superior to thiolates
as nucleophiles inthe Payne rearrangement-
opening sequence.'* As shown in egs. 1-3,
diethylamine is introduced selectively at the
C-1 position of the 2,3-epoxy alcohols in
what is clearly a rearrangement-opening
process. Probably because alkyl amines are
less reactive nucleophiles than alkyl thiol-
ates (RS-), the undesired ring opening of

) 0.5N KOH/Et,NH (1:1)
NN -
OH reflux, 3h
OH (eq. 1)
NN NEt,
63%* OH
o OH
Ph__0 _<J ~ 0.5N KOH/ELNH (1:1) _ ppy O\A/\
Y OH reflux, 3h o T NEt: (eq. 2)
Ph oh OH
64%*
OH
o OBn O5NKOHIELNH (t1) _ o
OH reflux, 3h > BN \/\E/\Nﬂz (eq. 3)
OH 70%*

*These yields are not optimized.
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the 2,3-epoxy alcohols at the C-3 or C-2 po-
sition appears to be less of a problem with
amines than with RS- as the nucleophile.
Another noteworthy feature of this discov-
ery is that the uncharged amine, albeit pres-
ent in great excess, is the successful nucleo-
phile in spite of the presence of the hydrox-
ide ion.

The Payne rearrangement-opening se-
quenceis limited in that many nucleophiles
are incompatible with the reaction condi-
tions; almost all organometallic reagents,
including cuprates, organolithiums, metal
hydrides, etc., are too basic to survive the
protic conditions. Furthermore, some rea-
gents (e.g., NaBH,) that can tolerate the
reaction conditions only work well with the
most favorable epoxy alcohol substrates.'®
In order to increase the scope of the Payne
rearrangement-opening reaction, it is
necessary to isolate the terminal epoxy
alcohols 4. The 2,3-dihydroxy sulfides 5
were identified as viable starting materials
because their availability from 3 had been
demonstrated. The conversion of a 2,3-di-
hydroxy sulfide to a 1,2-epoxy alcohol is
conceptually accomplished by selective
S-alkylation followed by base-mediated in-
tramolecular elimination as shown in
Scheme III.'* In practice, the reaction of
5b with Me;OBF, (Meerwein’s reagent)'®
afforded the methyl sulfonium salt 6b as
expected. The CH,Cl, solution of the crude
reaction mixture was then treated with
aqueous NaOH to effect closure to the
epoxide 4b by elimination of ¢-butyl methyl
sulfide. As expected, there was no evidence
of oxetane formation, and threo 4b was
isolated in high yield as a relatively pure oil.
In the case of Sa, the S-alkylation with
Meerwein’s reagent was also efficient
(Scheme IV), but attempted sulfonium-salt
elimination using aqueous NaOH afford-
ed erythro 4a contaminated with substan-
tial amounts of 3a.'* That the erythro-
1,2-epoxy alcohol is much more sensitive
to base-catalyzed rearrangement than the
threo-1,2-epoxy alcohol is a reflection of
the relative stability of the parent trans- and
cis-2,3-epoxy alcohols.”!” In order to ob-
tain pure erythro 4a it was necessary to con-
duct the elimination reaction under non-
isomerizing conditions.” Thus, treatment of
6a with NaH in CH,Cl, afforded pure 4a
as a colorless oil in high yield; similar re-
sults were obtained with methanolic
Me,NOH.'*

The advantages of this three-step se-
quence for the rearrangement of a 2,3-
epoxy alcohol to the 1,2-epoxy alcohol via
a 2,3-dihydroxy-1-sulfide (diol sulfide
route) are illustrated in Scheme V, in which
a series of high-yield ring-opening reactions
of both erythro- and threo-1,2-epoxy alco-

hols 4 is presented. Consider gq. 4, in which
NaN; is introduced at C-1. Earlier we re-
ported that NaNHTSs reacts with 3b in re-
fluxing aq. ¢-BuOH in the presence of
NaOH to give a 61% yield of the corre-
sponding threo-2,3-dihydroxy-1-toluenesul-
fonamide. Sodium azide is not an effec-
tive substitute for NaNHTs in the Payne
rearrangement-opening sequence. How-
ever, under non-isomerizing conditions
azide is an excellent nucleophile for the ring

opening of 1,2-epoxy-3-ols. This indirect
route for substituting nitrogen at C-1 also
has the advantages of substrate generality'’
and the fact that azides may be reduced to
primary amines under a variety of mild
conditions in near-quantitative yield, while
the deprotection of a toluenesulfonamide is
much more difficult. The NaBH. reduction
of 2,3-epoxy alcohols under Payne rear-
rangement-opening conditions is only reli-
able for certain cis-epoxy alcohols.' With

Scheme il
OH OH
Bno\/:’\/\ Me,OBF‘_> Bno\/:\/\ Bu aq. NaOH
< S-t-Bu  CH,Cl, CH,Cl,
OH OH \Me
5b OH 6b
BnO, 2 .
\/\{::
ap ©
threo, 80-85% yield
Scheme IV
OH OH OH
Bno\/\/\s gy MesOBF. BnoM,f-Bu NaH__ BnO .
Y -¢-Bu TSo s P
OH enich 6a OH Me CHCE 4a °
5a erythro
aq. NaOH 80-85% yield
OH o
BnO, . + BnO
4a 3a
Scheme V
;{H/v NaN, NHcCI R PH
R A aq.MeOCH,CH,OH,a ~ R N,
OH (eq. 4)
4a R=BnOCH,, R'=H (erythro) 7a 91% yield
4b R=H, R"=BnOCH, (threo) 7b 83% vyield
R, OH LiAIH, RAY e
R/V Et,0, 0°C R/kg/
"0 OH (eq. 5)
4a R=BnOCH,, R'=H (erythro) 8a 83% yield
4b R=H, R'=BnOCH, (threo) 8b 84% yield
R OH Meo.Cui R OH
. e,Culi )
R " E1,0, 40°C © R&a/\"‘e
OH (eq. 6)
4a R=BnOCH,, R'=H (erythro) 9a 74% yield
4b R=H, R =BnOCH, (threo) 9b 75% yield
OH R OH
. Li—-C=C—CH,0THP__ )\/\
R 7 : 40°C — o Y OTHP
0 Et,0,-40°C — r.t. ] % (€q. 7)
4a R=BnOCH,, R'=H (erythro) 10a 63% yield
4b R=H, R"=BnOCH, (threo) 10b 55% yield
R MeOH, r.t. R T C=N
(o} e, T OH (eq. 8)

4a
4b

R=BnOCH,, R'=
R=H,R'=

H (erythro)
BnOCH, (threo)

11a 50% yield
11b 89% yield

Aldrichimica Acta, Vol. 16, No. 4, 1983

69



most 2,3-epoxy alcohols, reduction with
NaBH. under isomerizing conditions leads
to a mixture of 1,2-, 1,3-, and 2,3-diols. In
contrast, Red-AI® has been recognized as
an extremely selective reagent for the reduc-
tion of 2,3-epoxy alcohols at C-2 to yield
1,3-diols exclusively.?® In this reaction a
mechanism involving intramolecular deliv-
ery of the hydride has been proposed to ac-
count for the very high selectivities ob-
served. The LAH reduction of 1,2-epoxy
alcohols at C-1 affords 2,3-diols (eq. 5),
nicely complementing the Red-Al reaction.
The remaining examples (eqs. 6-8) illustrate
some of the types of carbon-carbon bond-
formingreactions that may be useful in the
synthesis of complex natural products; es-
pecially interesting is eq. 7.' Convenient
entry to the higher internal deoxy sugars
from 10 is anticipated by deprotection and
reduction to the E or Z allylicalcohol fol-
lowed by an asymmetric epoxidation as
previously described.'?

When applying this new epoxide-isomer-
ization sequence to acid-sensitive substrates
such as 12 and 14 (Scheme VI), it proved
essential to buffer (using 2,6-di-fert-butyl-
pyridine) the S-alkylation step or adventi-
tious acid, produced by or introduced with
the Meerwein’s reagent, wreaked havoc
upon the acetonide protecting groups.
Using this modification, the S-alkylation of
12 and 14 was straightforward. Subsequent
elimination using NaH in CH,Cl, proceed-
ed uneventfully to afford epoxy alcohols
13 and 15 in good yield. This buffered pro-
cedure is important since the reiterative
method for the construction of homochiral
polyhydroxylated compounds depends crit-
ically upon the properties of the acetonide
protecting group.'>??

As just described, the diol sulfide route
is ideal for the rearrangement of certain
2,3-epoxy alcohols to the 1,2-epoxy alco-
hols. For the diol sulfide route to work
well, two requirements must be met. First,
the substituents on the 2,3-epoxy alcohol
moiety must be inert to both NaOH and
t-BuSNa at 75°C. Second, the 2,3-epoxy
alcohol must bear an alkoxy substituent at
C-4. The latter arises from a consideration
of the first step of the diol sulfide route.
The isolated yield of 2,3-dihydroxy sulfide
obtained in the Payne rearrangement-open-
ing sequence with simple hydrocarbon 2,3-
epoxy alcohols (i.e., those not bearing an
alkoxy substituent at C-4) can fall to 47%
due to the formation of substantial
amounts of C-3 and C-2 ring-opened iso-
mers. A C-4 alkoxy substituent suppresses
these side reactions and affords a greater
yield of the C-1 ring-opened isomer.***

®Registered trademark of Aldrich Chemical Co., Inc.
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Scheme VI
+ OH 7L
4 S goyBu _MeOBF, CHCL _ NaH o
| AN CH.Cl, 0 G
H s
01 2 N OH
. 13
(88%) 65% yield
O7L-o OH Me;OBF,, CH,Cl, __ NaH 7L °
\N—\/S“tau | ~ CH,Cl, o N
BnO—j 14°H N BnO—g OH
* 15
(75%) 72% yield

*Signifies yield from the 2,3-epoxy alcohol
in the rearrangement-opening step.

In an alternate route for the rearrange-
ment of 2,3-epoxy alcohols, latent reactiv-
ity at the C-1 position is unveiled by con-
version of the C-1 hydroxyl into a leaving
group such as mesylate or tosylate. Under
basic conditions, the reaction of 2,3-epoxy-
1-sulfonate esters with nucleophiles gener-
ally results in the selective displacement of
the sulfonate ester, leaving the epoxide unit
intact.'@?* However, under acidic condi-
tions the 2,3-epoxy-1-sulfonates may be re-
gioselectively (C-3 opening) and stereospe-
cifically (inversion at C-3) solvolyzed as

shown in egs. 9-11. These compounds may
then be treated with mild base to eliminate
the sulfonate ester group (eqgs. 11-13), giv-
ing the desired 1,2-epoxy-3-ol. It should be
apparent that the success of this diol sul-
fonate route for the synthesis of homochir-
al 1,2-epoxy alcohols depends critically
upon the regioselectivity in the epoxide-
opening step, since ring opening at C-3
leads to one 2,3-diol whereas ring opening
at C-2 leads to its antipode. Thus, the high
enantiomeric excess obtained in the asym-
metric epoxidation step will be diminished

&9 cat. HCIO,
NN o 3:1 DMSO/H,0
95% ee OH (eq. 9
N N\
/ H OMs
OH
86% ee, 77% yield
OMe
\c:)/\ cat. HCIO, \/W
N NN OMs _W} Y E)H OMs
95% vyield
°y (eq.10)
1) TsCl, py, -10° oH Na,CO,
2) cat. HCIO, T OTs CH,OH
aq. THF, A r.t.
[ oH (eq. 11
87% yield
HO OH
MeO,C 2 K:CO, MeO,C = (eq. 12y
\/\/\cg\ms CH,OH \/\/\q q.
rt. 98% yield
OH NaH OH
C
/\5/\07'5 THF, cat. DMSO® 75 (eq. 13)*
OH
72% yield




unless the epoxide hydrolysis is highly re-
gioselective. Fortunately, in one carefully
examined case, the C-3 : C-2 regioselectivity
was at least 15 to 1. This was determined
by the application of both the diol
sulfonate and the diol sulfide routes to a
sample of optically active (95% ee)
(25,395)-2,3-epoxy-1-decanol as shown in
Scheme VII. The diol sulfonate route (using
MsCl) gave a 77% overall yield of 2,3-di-
hydroxy-1-mesylate. This compound was
estimated to have an ee of ca. 86% by shift
reagent NMR studies on the corresponding
diacetate. This enantiomeric purity requires
that the regioselectivity of the epoxide hy-
drolysis be at least 15 : 1. That the epoxide
hydrolysis in this case occurs at C-3 (with
inversion) was demonstrated by the conver-
sion of the 2,3-dihydroxy mesylate to the
1,2-epoxy alcohol. This compound has an
almost equal but opposite rotation to the
1,2-epoxy alcohol that is obtained stereo-
specifically from the same (95% ee)
(28,35)-2,3-epoxy-1-decanol by a Payne
rearrangement-opening sequence with
t-BuSH.

The diol sulfonate route for the rear-
rangement of 2,3-epoxy alcohols to 1,2-
epoxy alcohols requires reaction conditions
and substrates which nicely complement
those of the diol sulfide route. Thus, sub-
stituents on the 2,3-epoxy alcohol moiety
must be resistant to fairly acidic conditions.
In addition, the 2,3-epoxy alcohol must be
free of any steric and/or electronic influ-
ences which disfavor ring opening at C-3.
For this reason, a C-4 alkoxy substituent
on the 2,3-epoxy alcohol would be detri-
mental to the enantioselectivity of the diol
sulfonate route. It is interesting to note that
in contrast to the diol sulfonate route, the
diol sulfide route is not subject to a loss of
enantiomeric purity due to a nonregiose-
lectiveepoxide opening. A regioselectivity
problem in the diol sulfide route leads to
different substances (regioisomers instead
of enantiomers) which are usually separable
by flash chromatography. Another differ-
ence between the two routes is that they
give opposite enantiomers of the 1,2-epoxy-
3-ol from the same homochiral 2,3-epoxy
alcohol (Scheme VII).

In summary, the stereospecific rear-
rangement of a 2,3-epoxy alcohol to the
1,2-epoxy-3-ol is a very important transfor-
mation because it makes a broad range of
compounds accessible from a single 2,3-
epoxy alcohol precursor. The two comple-
mentary methods presented above should
allow this desirable conversion with a con-
siderable variety of substrates.

There is a general consensus that for in-
ternal epoxides the site of nucleophilic at-

the presence of inductive electron-with-
drawing groups.*° On the basis of inductive
electronic effects alone, functionalized
epoxides should be opened by external nu-
cleophiles regioselectively at the distal car-

Scheme VI
H/(')\/\
1) MsCl, Et,N, CH,Cl, _ K,CO, HO
2) cat. HCIO, = R N7 Soms —p o .
DMSO: H,0 (3:1), A HO R "
77% yield 74% vyield
ca. 86% ee []8 =-15.3°
(c=1.42,CH,Cl,)
3.0 HO
wCiHyg 7 OH R/\g/\S%‘Bu
28, 38, 95% ee HO R=n-C;H,
73% yield
[a]§ =-11.5°(c = 2.1, EtOH)
HO
t-BuSH : 1) Me,OBF,, CH,CI Ho
Bu 0
R S-¢-B 3 4 202 E
aq. NaOH /I\ 2) NaH, CH,Cl, R/\<cl)
t-BuOH, A
47% yield 40% yield
[a]8= +12.5° [al8= +17°
(c= 2.0, EtOH) (c=2.8,CH,Cl,)

tack depends collectively on steric, elec-

tronic, and conformational effects. Con-
formational analysis in epoxide-opening re-
actions is usually restricted to the cyclohex-
ane oxides and the epoxy sugars in which

the epoxide is fused to the pyranose ring.

With rare exception these epoxides are sub-
ject to highly selective trans-diaxial nucleo-

philic ring opening, dissonant steric and/or

electronic effects notwithstanding. On the
other hand, the conformational factors that
affect the regioselectivity of the ring-open-
ing reactions of acyclic epoxides are poor-
ly understood and are generally weak. In
these epoxides, substituent steric effects
seem to dominate the regioselectivity exhib--
ited by external nucleophiles. However, in

some cases (e.g., certain 2,3-epoxy alco-

hols), we are finding that the substituent

steric effects often nearly cancel each other,

and that the substituent electronic effects

emerge as important factors influencing the
regioselectivity exhibited by external nu-
cleophiles.

Most Sp.2 reactions are retarded by the
presence of inductive electron-withdrawing
substituents,?¢ This is illustrated by several
well known relative-rate studies (Schemes
VIII-IX) in which substrates bearing such
groups react with nucleophiles slower than
comparablyhinderedmodel compounds.?’-*
This effect of electron-withdrawing substi-
tuents implies that the central carbon atom
is more electron-deficient in the Sy/2 tran-
sition state than in the ground state. It is
interesting to note that the rate of pyrami-
dal inversion of amines is also lowered by

bon atom if the functional group is elec-
tron-withdrawing. For example, the epoxy
crotyl ether 16 is selectively opened at C-3
(eq. 14) by isopropylamine.*' Another ex-
ample is found in the highly selective sol-
volysis of 1,1, 1-trifluoro-2,3-epoxybutane
(18) in ethanol (eq. 15) to give I,1,1-tri-
fluoro-2-hydroxy-3-ethoxybutane (19) as
the exclusive (=250 : 1) product.*?

Scheme VIl g jative
rate?
Mo g, FhSNa, MeOH,0°¢
r .
PhSNa, MeOH, 0°C
C|\/\Br — = 0.19

E PhSNa, MeOH, 0°C
\/\Br ————3 .16

Scheme IX

Relative
rate

Kl, acetone, 75°C
_ - 1.0

Me” "¢y

PN

Kl, acetone, 75°C
CF, Br —— >

0.00016

PN

Kl, acetone, 75°C
CF, OTs ————— >

0.00007

The simplest explanation for the ob-
served regioselectivity in these reactions is
that the electron-withdrawing inductive ef-
fect of the heteroatom(s) deactivates the
proximate carbon atom of the epoxide for
nucleophilic attack. In this connection, we
interject the somewhat amusing observa-
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tion that the epoxide group itself probably
owes its very existence to this electron-with-
drawing heteroatom inductive effect. That
is, if it were not for the mutually deac-
tivating (i.e., stabilizing) effect of the ad-
jacent C-O bonds inherent in the epoxide
structure, the strain energy might well
render the ring unstable to spontaneous,
heterolytic openingat or below room tem-
perature.

In contrast, resonance-donating substi-
tuents tend to promote Sp2 reactions be-
cause they are capable of effectively stabi-
lizing the incipient partial positive charge
on the carbon undergoing nucleophilic at-
tack. Epoxides bearing resonance-donating
substituents are often (but not always)
opened at the proximate carbon atom,
especially under acidic reaction conditions.
But even under basic conditions, resonance
stabilization of an adjacent incipient par-
tial positive charge can outweigh steric
and/or electron-withdrawing inductive ef-
fects in direct external nucleophilic ring-
openingreactions. For example, each of the
ring openings depicted in eqs. 16-18 can-
not be explained by steric or electron-with-
drawing inductive effects. In each case,
resonance effects appear to be the domi-
nant factor.

The effect of a carbonyl-containing func-
tional group on nucleophilic substitution
reactions at the adjacent carbon atom is
quite dramatic. For example, it is well
known that displacement reactions proceed
faster (ca. 10* times) with acyl and phenacyl
chloride than with n-butyl chloride. Ethyl
chloroacetate is not as reactive as phenacyl
chloride, but still reacts ca. 1700 times
faster than n-butyl chloride.?**%*¢ Interest-
ingly, we have noted (vide infra) that 2,3-
epoxy amides show a high selectivity for
C-2 ring opening with soft thiolate (RS-)
nucleophiles. This may be an example of
the acyl type of activation influencing an
epoxide ring-opening reaction. However,
harder nucleophiles (especially amines)
have been demonstrated to open 2,3-epoxy
amides selectively at C-3. In these cases the
acyl type activation does not appear to be
operative.

Clearly a great deal of work is needed
before these nucleophilic epoxide-opening
reactions are well understood. However, in
the remainder of this article we wish to con-
vey our present level of understanding of
the factors affecting the regioselectivity of
these processes.

3.2 2,3-Epoxy Alcohols

Regiocontrol in the ring-opening reac-
tions of 3-monosubstituted-2,3-epoxy alco-
hols is of considerable interest. As reliable,
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Scheme X
(0] -PrNH NH-.-Pr
aq. i-Prl H
me” L oar — Me” N"Noar (eq.14a)
16a OH
17a (erythro)
(24-54% vyield)*
Me ; NH-(-Pr
O aq. i-PrNH, H)
A Me” "\ ga, (€. 14b)y"
OAr OH
16b 17b (threo)
(53-71% vyield)*
*The product of C-2 opening was not detected.
O OH
Me EtOH Me
CF,/<I/ 50, CF; . (eq. 15)
18 19 OEt
Scheme XI
\/\/\T>\ LA,
OMe Et,0, A \/\/\!/\OME (eq. 16)®
= OH
20 21
(o] N,
NaN, OH
dioxane, A (eq. 17)*
22 23
0o NaN, N, _ oH
< dioxane, A \/\/c’” NN (eq. 18)*
24 25 26

Scheme XII

1) ROCOCIor RNCO

)R-N=C=0

2) base

/ 2) acid
‘ R'\<‘\/0H
<)

Red-Al® RY\/OH

OH

regioselective nucleophilic ring-opening
procedures for these compounds become
available, their utility as building blocks in
organic synthesis will be greatly enhanced.
One reliable means of regioselective ring
opening utilizes the C-1 hydroxyl group as
a point of attachment for internal nucleo-
philes. This strategy has been explored with
great success by several research groups.?®?*’
These intramolecular methods (Scheme
XII) enable extremely selective nucleophilic
substitution at the C-2 position. Derivatiza-
tion of a 2,3-epoxy alcohol with a chloro-
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R -?“(Z
YT

(eq_ 19)20, 37a-d

OH
R (o]
\N._<
R' H o (eq_ 20)202,375,0,@
OH

(eq. 21)*

formate or an isocyanate (eq. 19), followed
by acid-catalyzed ring opening of the epox-
ide at C-2 by the carbonyl oxygen atom
yields a 5S-membered cyclic carbonate. Sim-
ilarly, treatment of an epoxy alcohol with
an isocyanate (eq. 20), followed by intra-
molecular base-catalyzed epoxide opening
at C-2, affords a S-membered cyclic ure-
thane. In fact, this process can be per-
formed as a one-pot operation by treatment
of the epoxy alcohol with an isocyanate and
NaH in THF.?’* Although LiAIH. and
DIBAL-H do not appear to be influenced



by hydroxyl-directing effects,2°¢%3¢ the
aforementioned (Section 2) Red-Al reduc-
tion of 2,3-epoxy alcohols to 1,3-diols (eq.
21) is thought to be another example of an
intramolecular opening of 2,3-epoxy alco-
hols at C-2. Hydroxyl-directing effects have
been implicated in the ring-opening reac-
tion of 2,3-epoxy alcohols with other nu-
cleophiles as well.*#°

Although the intramolecular epoxide-
opening reactions of 2,3-epoxy alcohols are
quite selective, the range of nucleophiles
that may be employed is restricted by the
requirement that there be a means of at-
tachment available. Intermolecular nucleo-
philic ring opening of 2,3-epoxy alcohols
promises to be more versatile than the in-
tramolecular method. For example, ring
opening withdialkylcuprates is an extreme-
ly useful reaction that has been the subject
of considerable research. For the most part,
dialkyl cuprates appear to open 2,3-epoxy
alcohols at the least hindered position or
non-selectively in the case where C-2 and
C-3 are comparably hindered. These re-
sults, as well as results from the reactions
of cuprates with 2,3-epoxy ethers and other
miscellaneous epoxides, suggest that steric
factors are decisive in determining the re-
gioselectivity of the cuprate-addition reac-
tion.'®***! However, in some instances re-
gioselective cuprate opening reactions are
observed even in the absence of a signifi-
cant steric bias for ring opening at either
C-2 or C-3.#? In contrast to dialkyl cu-
prates, organoaluminum reagents?'¢:#2243
and amines®' appear to open 2,3-epoxy al-
cohols and ethers reliably at C-3 in sub-
strates where there is presumably very lit-
tle difference between the steric hindrance
at C-2 and C-3.

We have been especially interested in the
ring-opening reactions of frans-3-monosub-
stituted-2,3-epoxy alcohols that are avail-
able by asymmetric epoxidation of trans-3-
monosubstituted-2-propenols. These 2,3-
epoxy alcohols are internal epoxides and,
as discussed in Section 3.1, the regioselec-
tivity exhibited in the intermolecular nu-
cleophilic ring opening of internal epoxides
reflects the combination of the steric and
electroniceffects of all of the epoxide sub-
stituents. For all 2,3-epoxy alcohols, a com-
mon feature in the collective substituent-
directing effects is the electronic deactiva-
tion of the C-2 carbon atom by the elec-
tron-withdrawing inductive effect of the
C-1 hydroxyl group. This C-2 deactivation
is responsible for the modest tendency
toward regioselective nucleophilic ring
opening at C-3 in simple 3-monosubstitut-
ed-2,3-epoxy alcohols. We have already
seen (eq. 9) how conversion of the C-1 hy-

droxyl to the more strongly electron-with-
drawing sulfonate ester can enhance regio-
selective opening at C-3. In order to ex-
amine this C-3 directing effect more close-
ly, the ring-opening reaction of a series of
3-monosubstituted-2,3-epoxy alcohols with
NH.N; was performed, and the results are
presented in Scheme XIII. From a compar-
ison of the regioselectivities observed it is
possible to qualitatively assess the relative
importance of steric and electronic effects
on regioselectivity. In the progression from
compound 27 to 29 the steric hindrance at
C-3 increases. The C-2 and C-3 positions
of 27 are comparably hindered, but the
ratio of C-3 to C-2 ring opening is 3.5 to
1.** The C-3 position in 28 is more hindered
than that in 27, but preferential C-3 open-
ing is still obtained, although the C-3 : C-2
ratio has decreased to 1.7 to 1. These results
are consistent with an electronic deactiva-
tion of the C-2 position by the C-1 hydroxyl
group. This electronic deactivation effect
is admittedly not very potent (at least when
N, is the nucleophile) and fails to cause
any neopentyl substitution, as the ring-
opening reaction of 29 occurs exclusively
at C-2. This is not surprising, since neopen-
tyl substitution is difficult to achieve under
any circumstance.® It is unlikely that intra-
molecular hydroxyl-directing effects have
much influence on the selectivities observed
in the ring opening of 2,3-epoxy alcohols
with NH.N,. The C-3 : C-2 ratio for open-
ing of 30 parallels that of the parent epoxy
alcohol 27. In another control experiment,

2,3-epoxy alcohol 31, with comparable
steric and electronic environments at C-2
and C-3, is opened nonselectively (1 : 1) by
NH.N;.

Clearly the C-3 selectivity exhibited in the
ring-opening reactions of 2,3-epoxy alco-
hols will vanish if C-3 bears a substituent
that is not only sterically demanding but
capable of exerting an electron-withdraw-
ing inductive effect as well. Although the
C-2 : C-3 ratio for ring opening of 32 (see
Scheme XIV) with NH.N; islow (2: 1), 32
is one of the least hindered representatives
of the family of 4-alkoxy-2,3-epoxy
alcohols. The epoxy alcohols 34a-d,
available from D-glyceraldehyde as previ-
ously described, ™ are better model com-
pounds for the highly oxygenated 2,3-
epoxy alcohols that are normally encoun-
tered in the synthesis of polyhydroxylated
natural products via the asymmetric epoxi-
dation method. The selectivity for ring
opening at C-2 in 34a-e is greater than that
in 32. Treatment of 34a-e with NH.N, af-
fords ca. 85-90% yields of the correspond-
ing ring-opened products 35a-e. The C-2 :
C-3 ratios are found to be between 7 and
15 to 1 as determined by NMR analysis of
the crude reaction mixtures both before and
after peracetylation. The origin of the in-
creased C-2 selectivity observed in com-
pounds 34a-e as compared to 32 is not en-
tirely clear. Certainly an acetonide is a more
sterically demanding protecting group than
a methyl ether. In addition, the synergistic

Scheme Xlll
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electron-withdrawing inductive effect of the
two oxygen atoms (on C-4 and C-5) of
34a-e may be a more effective deterrent to
nucleophilic ring opening at C-3 than the
lone oxygen atom (on C-4) of 32. However,
we have found that the C-2 : C-3 ratio for
ring opening of 37 with NH,N; under iden-
tical conditions proceeds with an unusual-
ly low (4.5 : 1) selectivity for such a highly
oxygenated 2,3-epoxy alcohol.

Ring opening of 2,3-epoxy alcohols with
NH.N;, like base-catalyzed intramolecular
opening of epoxides,?°**72- is expected to
find applicationsin the synthesis of certain
amino sugars. For example, compounds
35a-d (Scheme XIV) are precursors to the
four diastereomeric 2-amino-2-deoxy-D-
pentitols. Reduction of the azide group
with H, (catalyzed by Pd/C in methanol)
followed by peracetylation with acetic
anhydride/pyridine leads to thecorrespond-
ing acetonide triacetates.** The acetonide
protecting group is readily cleaved in aque-
ous methanol in the presence of 50X8-200
Dowex acidic resin. A second peracetyla-
tion affords the pentaacetates of the
2-amino-2-deoxy-D-pentitols (i.e., 36a-d)
in good overall yield. Anindependent syn-
thesis (Scheme XV) of 36d starting from
the commercially available 3-acetamido-3-
deoxy-D-glucose (39) by sequential
periodate oxidation,*’ borohydride reduc-
tion, and peracetylation establishes that the
azide openingreaction of 34d proceeds with
the expected inversion of configuration at
C-2.

The efficacy of steric and electronic in-
fluences on the regioselectivity of nucleo-
philic ring opening of 2,3-epoxy alcohols
depends upon the nucleophile that is
employed. For purposes of comparison, the
selectivities for the ring-opening reactions
of a series of 2,3-epoxy alcohols with
PhSNa are presented in Scheme XVI. The
regioselectivity observed in 27 through 29
with PhSNa parallels the regioselectivity
established for the same epoxy alcohols
with  NH.N;. The 2,3-epoxy alcohols
34a,c,d and epoxy ether 34e are selectively
opened with PhSNa at C-2in a greater than
10 : 1 ratio. Similarly, 34a is opened with
PhSeNa (NaHCO, as a buffer) with a
regioselectivity of about 10 : 1. The C-3
selectivity in the ring opening of 27 and 28
with PhSNa is somewhat lower than that
obtained with azide. At the same time, the
C-2 selectivity in 34a,c-e with PhSNa (and
PhSeNa) is at least as great as that with
NH.N;. What appears to be a greater sen-
sitivity (of thiolate nucleophiles) to steric
than to electronic effects has been observed
in other epoxide-opening reactions as
well.*®
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Regioselective ring opening of 2,3-epoxy
alcohols described in Section 3.2 is a deli-
cate balance of steric and electronic effects.
Although modest to good C-3 selectivity
(with external nucleophiles) is observed for
some 3-monosubstituted-2,3-epoxy alco-

hols in which the C-3 substituent is a sim-
ple alkyl group, C-2 selectivity is obtained
for epoxy alcohols such as 34a-d in which
the C-3 substituent is both sterically de-
manding and electron-withdrawing. Since
the intramolecular nucleophilic ring open-
ing of various derivatives of 2,3-epoxy
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alcohols also occur regioselectively at C-2,
it has not been possible to introduce
nucleophiles directly into the C-3 position
of many 2,3-epoxy alcohols. However,
derivatives of 2,3-epoxy alcohols, in which
the hydroxymethyl group is replaced by a
more sterically demanding and/or more
electron-withdrawing functional group, are
expected to exhibit a greater selectivity for
ring opening at C-3 than the parent 2,3-
epoxy alcohols. One obvious replacement
for the hydroxymethyl group that might
serve to increase the C-3 selectivity is one
having a higher oxidation level than an
alcohol. This section is concerned with the
ring opening of 2,3-epoxides in which C-1
isatthealdehyde oxidation level (i.e., 2,3-
epoxy aldehydes). Section 3.4 is concerned
with the ring opening of 2,3-epoxides in
which C-1 is at the carboxylic acid oxida-
tion level (i.e., 2,3-epoxy acids).

Xvi

SPh OH

R/Y\ OH R)\/\OH
H Ph

E
c3 c-2

% Yield, C-3:C-2
~80%, 2.5:1

69%, 1:1

76%, C-2only
76%, C-2 only
67%,ca.1:10

64%,ca.1:10

~80%,ca.1:10"

*Reaction conducted in DMF

]

(eq. 22)*

sealed tube, 140°
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2,3-Epoxy aldehydes are readily prepared
by oxidation of the parent 2,3-epoxy alco-
hol. They are often difficult to purify, so
it is not uncommon to use them immediate-
ly with little or no purification, in the sub-
sequent synthetic step. We did not examine

the nucleophilic ring opening of these 2,3-
epoxy aldehydes, partly because they are
difficult to work with and partly because
the acetal derivative of the C-1 aldehyde
was expected to be a more effective C-3 di-

Scheme XVII

R
R OH _abgc Wo
NN — 0o 0\>

42 R=n-C;H,, 43 R=n-C;Hs

44 R=BnOCH, 45 R=BnOCH,

a) PCC, 3A Molecular sieves (powder),
CH,Cl,, r.t.

b) HOCH,CH,OH, TsOH, PhH, azeotropic
distillation

¢) MCPBA, CH,Cl,, r.t.

recting group than the parent aldehyde.
There is extensive literature concerning nu-
cleophilic ring opening of carbohydrate
epoxy acetals, especially 2,3-anhydropyr-
anosides.™ Unfortunately, the steric and
electronic effects of the acetal functional
group in these compounds are obscured by
the strong preference for trans-diaxial
opening of these epoxides. However, the
potential utility of the acetal functional
group as a regiochemical control element
for nucleophilic opening reactions of acy-
clic epoxides is suggested by the forty-year-
old example of selective ring opening of 40
(eq. 22) at C-3 with dimethylamine.*’

Initially, the 2,3-epoxy acetals 43 and 45
were obtained in racemic form from the
corresponding allylic alcohol by PCC oxi-
dation to the «,B-unsaturated aldehyde,
acid-catalyzed acetalization of the aldehyde
with ethylene glycol, and finally MCPBA
oxidation to the desired product (Scheme
XVII). As shown in Scheme XVIII, these
2,3-epoxy acetals were opened highly regio-
selectively at C-3 with a variety of nucleo-
philes. Thus LiAIH,, NHN;, PhSNa and
Me,CuLi all react with 43, to our limits of
detection, only at C-3. The C-3 selectivity
in epoxy acetal 43 is therefore much greater
than in the corresponding epoxy alcohol 27

Scheme XVIII

R
\Q\ro Nu \/Y\/
Do Y
43 R=n-C,H,
45 R=BnOCH,

Substrate Reaction conditions C-3-Opened product (Nu, % yield)*
43 LiAIH,, Et,0,0°C (H, 83%)
43 NaN,, NH,Cl, ag. THF : MeOCH,CH,OH (N,, 72%)
43 PhSNa, PhSH, THF, A (PhS, 76%)
43 Me,CulLi, Et,0, -40°C (Me, 81%)
45 Me,Culi, Et,0, -40°C (Me, 71%)

*No C-2 products were detected.
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or the epoxy ether 30. Ring opening of 45
with Me;CulLi also occurs at the C-3 posi-
tion. This contrasts to the selective cuprate
ring opening of epoxy alcohol 31 at C-2
under similar reaction conditions.*?*?

Although the selective ring opening of
2,3-epoxy acetals at C-3 is a potentially
useful transformation, it would be of much
greater utility if the acetals were derived
from homochiral 2,3-epoxy alcohols rather
than the racemic substances shown in
Scheme XVII. Oxidation of the 2,3-epoxy
alcohol 46 (Scheme XIX) to the corre-
sponding 2,3-epoxy aldehyde is readily ac-
complished.*® However, acetalization
proved to be very difficult. Several methods
were tried without success, including the
standard acid-catalyzed acetalization with
azeotropic removal of water and two sili-
con-based methods.*' In all cases concomi-
tant acid-catalyzed epoxide opening was
found to be a serious problem. At present
the most successful method is to dissolve
the 2,3-epoxy aldehyde in anhydrous meth-

Scheme XIX

MeO
SRS
—_—

OBn OBn

46 47
”°/>

OBn

46 OBn

i
N
a) PCC,3AMolecular sieves (powder),

h/
CH,Cl,, .t )
b) anhydrous CuSO,, HOAc, MeOH
c) PhNHCH,CH,NHPh, HOAc, MeOH

Ph
/

a,c
—
P

48

anol in the presence of anhydrous CuSO,
and acetic acid, which function as desiccant
and catalyst, respectively.*? This procedure
affords a mixture of products from which
a 40% vyield of the 2,3-epoxy acetal 47 and
a 14% yield of the corresponding C-3-
opened epoxide-methanolysis product can
be obtained. The inefficiency of this reac-
tion prompted us to consider an imidazol-
ine protecting group for the C-1 aldehyde.

Reaction of N,N’-diphenylethylenedi-
amine (Wanzlick’s reagent) with 2,3-epoxy
aldehyde 46 in methanol under acid catal-
ysis affords the 2,3-epoxy imidazoline 48
in 60% yield following chromatography.
However, in preliminary experiments the
C-3 selectivity in the ring opening of 48
with either LiAIH, or Me,CulLi is not as
high as the C-3 selectivity in the corre-
sponding ring opening of 45 and 47.
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In the search for derivatives of 2,3-epoxy
alcohols that are selectively opened at C-3
by external nucleophiles, the tactic of oxi-
dation of the C-1 carbon to the aldehyde
oxidation level (Section 3.3) has a logical
extension in further oxidation to the car-
boxylic acid oxidation level. There have
been numerous literature reports of ring-
opening reactions of 2,3-epoxy acids (i.e.,
glycidic acids), esters, and amides. These
reports demonstrate that the regioselectivity
of the ring opening is dependent on both
the nature of the glycidic acid derivative
and on the type of nucleophile employed.
Thus, 2,3-epoxy esters are opened selective-
ly at C-3 by trialkylaluminum and alkyl alu-
minate reagents,*®*>* pyridinium fluoride,**
and aniline.* The reaction of Me,CuLi
withethyl 2,3-epoxycrotonate is unusual in

oxide-opening reactions is quite impressive.
Unfortunately, the trifluoromethyl group
(which is also at the carboxylic acid oxida-
tion level) is not easy to introduce to or re-
move from organic compounds in a selec-
tive fashion.

2,3-Epoxy amides may be conveniently
prepared from the corresponding epoxy al-
cohols using the two-step procedure depict-
ed in Scheme XX. The 2,3-epoxy alcohols
are readily oxidized to 2,3-epoxy acids with
RuO; in the improved CH,CN : CClL : H,O
solvent system.®® In one case, this is the
only method among many tried which ef-
fected the desired transformation.®' The
2,3-epoxy acid is then coupled with an
amine using DCC and 1-hydroxybenzotri-
azole as catalyst.®>*” The results of ring
opening of some 2,3-epoxy amides with
NaN; in the presence of MgSO. [subse-

0 EtNH HO
/<1/C02Et : CONHE (eq. 23)%
CFg r.t. CF_-, H
20h NHEt
sealed tube
Scheme XX
RuCl,, NalO, R'R”"NH

R OH
<

MeCN, CCl,, H26 DCC; 1-hydroxybenzotriazolg
THF, r.t.

R G
\<‘\CONR R
0

Scheme XXI
R NaN, Mgso, R 1 R A
///ﬁa:xg 4 . A o
\<cl,\°°NRR MeOH.a \g/kcomm + O conrr
N, OH
C-3 C-2
Substrate % Yield, C-3:C-2
49a R=n-C,H,;, R'=Bn,R"=H 95%, 10 : 1
49b R=n-C,H,., R’=Bn,R"=Bn 76%, 10: 1
49c R=c-Hex, R'=Bn,R"=H 41%*,6:1

that the major product is the result of epox-
ide opening at the C-2 position.’® Ring
opening of 2,3-epoxy amides occurs with
high selectivity for C-3 with amine nucleo-
philes.****’ There are many examples of the
very selective reaction of amines with 2,3-
epoxy esters to give 3-amino-2-hydroxy car-
boxamides.>’**“* However, most of these
must actually be considered as selective C-3
ring-opening reactions of 2,3-epoxy amides
because ester aminolysis occurs prior to ep-
oxide cleavage in almost all cases. The only
example in which a 2,3-epoxy amide is se-
lectively opened at C-2 by an amine is
shown in eq. 23.°* Since ring opening of
2,3-epoxy amides with amines is known to
occur selectively at C-3, even when C-3 is
substantially more hindered than C-2,*° the
ability of a trifluoromethyl group to influ-
ence the regioselectivity of nucleophilic ep-

*72% yield based on recovered starting material

quently indicated as Mg(N,),] are presented
in Scheme XXI. Compounds 49a and 49b
afford the C-3 and C-2 ring-opened prod-
ucts in a ratio of ca. 10 to 1. As expected,
the C-3 : C-2 ratio is smaller (ca. 6 : 1) in
the ring opening of the more hindered
epoxy amide 49c. Selective opening of a
2,3-epoxy amide at C-3 with Mg(N,), was
a key step in a synthesis of bestatin.* In
contrast to 2,3-epoxy amides, ring opening
of 2,3-epoxy esters with Mg(N;), occurs
with little selectivity, as seen in Scheme
XXII. Since an ester is a stronger electron-
withdrawing group than an amide, the
weaker C-3 selectivity observed with 2,3-
epoxy esters with Mg(N;), is surprising. It
is interesting to note that the reaction of
NH.N; with epoxy amide 49a affords a
nearly equimolar mixture of C-3 and C-2
ring-opened products. This result strongly




Substrate
49a R=n-C,H,;, R"'=Bn,R"=H
49b R=n-C,H,;, R’=Bn,R"=Bn
49¢ R=c-Hex, R’'=Bn,R"=H

suggests that the magnesium cation is in
some way assisting the C-3 selection in the
opening of 2,3-epoxy amides with azide.
The magnesium ion is expected to interact
more strongly with an amide than an ester
because of the former’s greater basicity.**
However, it is not clear just how the
magnesium ion exerts its effect in the ring
opening of 2,3-epoxy amides.

The ring-opening reactions of some
2,3-epoxy amides with PhSNa are present-
ed in Scheme XXIII. In sharp contrast to
the selective ring opening of these epoxy
amides at C-3 with both amines and
Mg(N,)., selective ring opening at C-2 is
observed with PhSNa. The C-2 : C-3 prod-
uct ratio for the ring opening of 49a with
PhSNa is 5 : 1. The ring opening of 49b

and 49c¢ with PhSNa occurs exclusively at
C-2. The C-2 selectivity of 2,3-epoxy
amides with PhSNa may be mechanistically
related to the unusually facile nucleophilic
substitution reactions of phenacyl and acyl
chlorides.

This account has highlighted the regio-
selective ring-opening reactions of 2,3-
epoxy alcohols and their derivatives. An ef-
fort was made to explain the observed re-
gioselectivities in terms of a delicate balance
between steric and electronic substituent ef-
fects. Emphasis was placed on developing
a sufficient understanding of these effects
so that one can reliably control the open-
ing of a particular substrate to give the
desired product. Scheme XXIV summariz-
es the major trends observed for ring-open-
ing reactions of 2,3-epoxy alcohols and
their close relatives.

Scheme XXII

o NaN,, MgSoO
/\/<‘/C02Me — -2 azi -3 azi
Ph MeOH. 2 C-2 azide + C-3 azide
1.5 1.0 78% yield
(o}
Ph NaN,, MgSO, . .
/\/<\ ~al, Mgst. C-2 azide + C-3 azide
CO,Me MeOH, A
. 1.0 2.3 82% vyield
(ref. 1c)
Scheme XXIII
R SPh OH
, PhSNa A . R , .
\Q\CONRR e CONRR  + \:/\CONRFf
4 H SPh

C-2 C-3
% Yield, C-3: C-2
70%, 5:1
81%, C-2only
60%,C-2only

Each of the carbon atoms of a 2,3-epoxy
alcohol moiety is a potential reactive site
for nucleophilic substitution. The latent re-
activity of the C-1 position can be un-
masked by three different procedures which
transform 2,3-epoxy alcohols to their 1,2-
epoxy alcohol isomers. Intramolecular ring-
opening reactions of certain 2,3-epoxy al-
cohol derivatives at C-2 are highly selective.
The ring-opening reactions of 2,3-epoxy al-
cohols with external nucleophiles may lead
to selective attack at either C-2 or C-3.
When R (the substituent on C-3)is not ster-

Scheme

ically demanding and does not exert an
electron-withdrawing inductive effect, there
is a preference for ring opening at C-3.
However, when R is sterically demanding
and/or inductively electron-withdrawing,
the favored approach is to C-2. The C-1-
oxidized derivatives of 2,3-epoxy alcohols
are useful because the regioselectivity ex-
hibited in their ring-opening reactions with
external nucleophiles may be quite different
from that observed for the original epoxy
alcohol. The 2,3-epoxy acetals appear to be
opened at C-3 by a variety of nucleophiles.
At the carboxylic acid oxidation level it is
interesting to note the switch from selec-
tive ring opening at C-2 in epoxy acids®* to
C-3 in epoxy amides (especially with amine
nucleophiles).'*

2,3-Epoxy alcohols and their derivatives
have already proven to be extremely ver-
satile intermediates for the enantio- and
stereoselective syntheses of polyfunctional
organic molecules. However, our brief ex-
perience in this area convinces us that the
majority of useful transformations of this
important family of substances are yet to
be discovered.
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