Aldrichimica Acta

Volume 24, Number 1, 1991

Simple, Novel Methods for the Synthesis of Carbonyl
Compounds Using Metal Complexes as Catalysts

Samarium(ll) lodide in Organic Synthesis

chemists he!®ing chemists in research & mdustry

aldrich chemical company.inc.


ggama
Volume 24 Number 1 1991


Aldrichi

Volume 24, Number 1, 1991

A publication of the ALDRICH CHEMICAL COMPANY

Aldrich Chemical Co., Inc.

1001 West Saint Paul Avenue
Milwaukee, Wisconsin 53233 USA

To Place Orders

Telephone 800-558-9160 (USA/Canada)
414-273-3850

TWX 910-262-3052 Aldrichem MI

TELEX 26 843 Aldrich MI

FAX 800-962-9591
414-273-4979

Mail P.O. Box 2060

Milwaukee, WI 53201 USA

Customer Service
Customer Inquiries
Technical Information
Bulk Sales

Custom Synthesis
Flavors & Fragrances

General Correspondence

800-558-9160
800-231-8327
800-255-3756
800-255-3756
800-227-4563

P.O. Box 355, Milwaukee, WI 53201 USA

Belgium
Aldrich Chemie

Bd. Lambermontlaan, 140 b6

B-1030 Bruxelles/Brussel

Telephone: 32 (0)2 242 8750

(local) 114747
Telex: 62302 Alchem B
FAX: 022428216

France

Aldrich-Chimie S.a.r.l.
BP 234

67006 Swasbourg Cedex
Telephone: 88327010
Telex: 890076 Aldrich F
FAX: 88751283

Germany

Italy

Aldrich Chimica

Via Pietro Toselli, 4
20127 Milano
Telephone: 022613689
Telex: 330862 Aldrch I
FAX: 022896301

Japan

Aldrich Japan

Kyodo Bldg. Shinkanda
10 Kanda-Mikuracho
Chiyoda-Ku, Tokyo
Telephone: 032580155
FAX: 032580157

Spain
Aldrich Quimica

Aldrich-Chemie GmbH & Co. KG Apt. de Correos 161

D-7924 Steinheim
Telephone: 07329870
For orders: 0732987110
Telex: 714838 Aldri D
FAX: 0732987139/239

Holland

Aldrich Chemie
Lambermont 140 b6
B-1030 Brussel

Telephone: 32 (0)2 242 8750

(local) 060224748
Telex: 62302 Alchem B
FAX: 022428216

28100 Alcobendas (Madrid)

Telephone: 6619977
Telex: 22189 SAQS-E
FAX: 6618084

United Kingdom

Aldrich Chemical Co. Ltd.
The Old Brickyard, New Road
Gillingham, Dorset SP8 4JL

Telephone: 0747822211

For orders: 0747824414
Telex: 417238 Aldrch G

FAX: 0747823779

©1991 by Aldrich Chemical Company, Inc.

The Bible is the world’s most
diverse book: what stories of
true love and unmitigated
hatred, of ecstasy and depres-
sion!

When we worry about the
Middle East, as we do so much
right now, we can find encour-
agement in the story of the love
of a “Jordanian” woman, Ruth,
) a woman who became the an-

Fig.1 cestor of David and hence of
the Messiah, for her “Israeli” mother-in-law, Naomi. This is one of the
most heart-warming stories.

Incontrast, one of the strangest stories is illustrated on our cover, which
could be called “Don’t Kill the Messenger.”

Atfirst our chemist collectordid not know its subject, but a good friend,
Dr. Volker Manuth, explained that Willem de Poorter, a Rembrandt
student, has here illustrated a story very rarely depicted in the 17th century.
The first chapter of the second book of Samuel tells of the arrival of a young
Amalekite before David. He has brought Saul’s crown and news of the
death of Jonathan and Saul on Mount Gilboa. David was stricken with
grief at the news and ordered the messenger to be killed.

Why did David have him killed? Surely not only because he had
brought such tragic news and had helped Saul in his suicide. It was
probably also because he was an Amalekite.

During the Exodus from Egypt these wild nomads attacked the Israel-
ites (Exodus 17:8-16), striking the hindmost, the weakest first. Moses
commanded the Israelites (Deuteronomy 25:17-19), “Remember what
Amalek did unto you. . .you shall blot out the remembrance of Amalek
from under heaven, you shall not forget.” King Saul forgot and spared the
life of Agag, King of Amalek (I Samuel 15:1-35) and that led to Samuel's
leaving Saul and eventually to Saul’s suicide.

Dr. Manuth explained that de Poorter used a Bible illustration (Fig. 1)
by Hans Holbein, the Younger, clearly showing David’s deep griefand the
relationship between David and the messenger.

The Amalekites have disappeared, but the spirit of terrorism has not.
The kind of love that Ruth shared with Naomi must still exist, but a Ruth
of today might fear her own people. How can we encourage people to think
of each other as individuals, rather than as stereotypes — Amalekites or
Arabs or Jews?

The Detective’s Eye: Investigating the Old Masters

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

If you relish detective work and puzzles about Old Master paintings,
you will find much to enjoy in this fully illustrated catalog, and you will
learn something about our chemist collector’s interest in art and connois-
seurship as well.
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with ball-point pen, and they retain their  Editor’s Note: Aldrichnow carries the NMR tube
adhesive power in both high- and low- labels shown here.

temperature regimes (at least -100 to
+160°C). We recommend the use of these
labels for the universal labelling of NMR
samples.

P.S. Farley
MRPRA
Brickendonbury
. L Hertford, SG13 8NL
In a recent issue of Aldrichimica Acta (Vol. England
23, No. 2), the use of the perforated edge of a
chart paper was proposed as a convenient Dr. H. Parkes
method to label 5-mm NMR tubes. We have .
found that small adhesive labels (37 x 9 mm) Dep a””;':;;ﬁ CCkhéZ',',sez NMR tube labels
usedin theelectricalindustry to label electrical Gordon House Self-laminating vinyl labels (8.7 x 38 mm) resist
wires are an ideal method to label any NMR 29 Gordon Square oil, water, and, solvent. Usable temperature range
tube regardless of size. The labels have an London, WCIH OPP is-40to 1 50°F (-40t0 66°C). Supplied in a package
opaque, white section suitable for writing on England of 25 cards (26 labels/card).

Do you have aninnovative shortcut or unique laboratory hint you'd like to share with your fellow chemists? . If so, please senditto Aldrich
(attn: Lab Notes, Aldrichimica Acta). For submitting your idea, you will receive, at no cost, a laminated periodic table poster. If we publish
your Lab Note, you will also receive The Detective's Eye: Investigating the Old Masters (see previous page). We reserve the right to retain
all entries for consideration for future publication.

[7<a

Professor M.F. Lappert of the School of Chem-
istry and Molecular Sciences at the University of
Sussex and Professor Philip Power of the Depart-
ment of Chemistry at the University of California
at Davis suggested that we offer bis(trimethylsilyl)-
chloromethane. Use of the bis(trimethylsilyl)-
methyl ligand has permitted the isolation of sev-
eral transition-metal and main-group compounds.
The most common method for the introduction of
the bis(trimethylsilyl)methyl ligand is by treat-
ment of (Me,Si),CHLi with an active halide. The
precursor for the preparation of the lithium deriva-
tive is the chloride, (Me,Si),CHCI.

Naturally, we made this compound.
Lappert,M.F. Adv. Chem. Ser.1976, 158, 256. Hitchcock,P.B.;

Lappert, M.F.; Leung, W.P.; Buttrus, N.H.J. Organomet. Chem.
1990, 394, 57 and references therein.

(Me3Si),CHCI

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

Aldrichimica Acta, Vol. 24, No. 1, 1991
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The past twenty years have witnessed
a significant increase in the utilization of
transition-metal complexes as catalysts
for a variety of oxidation, reduction, and
carbon-carbon bond-forming reactions.
One example of the latter class is carbon-
ylation reactions in which carbon mon-
oxide is the source of one of the carbon
atoms participating in the coupling pro-
cess. The purpose of this article is to pro-
vide an account of recent developments
at Ottawa on synthetic methods which
are of considerable potential. Several dif-
ferent synthetic approaches will be de-
scribed, including the net addition of
formaldehyde, formic acid, or ester to an
unsaturated organic substrate and the
"stitching" of one or two carbon monox-
ide units into a small ring to construct a
larger cyclic system.

The regiospecific hydroesterification
of olefins to branched-chain carboxylic
esters can be effected under exception-
ally mild conditions, affording products
in high yields by the use of carbon mon-
oxide and oxygen in acidic alcohol, and
catalytic quantities of palladium and
copper chlorides (eq. 1).! Overall, this
reaction involves Markovnikov addition
of a formate ester to a double bond. One
can synthesize the carboxylic acid rather
than the corresponding ester by simply
using water in tetrahydrofuran instead of
alcohol as the reaction solvent.? Of par-
ticular note is the application of this reac-
tion to the preparation of nonsteroidal
anti-inflammatory agents including
ibuprofen (Scheme 1) and naproxen.
Repetition of the hydrocarboxylation
reaction in the presence of (R)-(-)- or (§)-
(+)-1,1'-binaphthyl-2,2'-diyl hydrogen
phosphate gave optically active acids in
high enantiomeric excess.’

Lactones can be prepared from un-

saturated alcohols by an intramolecular
version of the hydroesterification reac-
tion. Five- and six-membered ring lac-
tones have been synthesized by this
method.*’ Asymmetric induction can be
attained, in up to 61% ee, by the use of
poly-L-leucine (MW ~21,700) as an added
chiral ligand (eq. 2).® The intramolecular
addition of palladium hydride to the co-
ordinated double bond of a five-coordi-
nate palladium(II) complex intermediate
(Fig. 1) is the probable chiral discrimina-
tion step in the asymmetric induction
process.

Howard Alper

Department of Chemistry
University of Ottawa

Ottawa, Ontario, Canada KIN 6N5

Recipient of the Canadian Alﬁed Bader
Award in 1990.

CO,R’
0, PACl,, CuCl, i
RCH=CH, + CO + R/OH ——2 "% plume (eq. 1)
HCI, r.t., 1 atm
Scheme 1
e Me_ _CO,H
CO. 0,, PdCL,, CuCl,
HC!, HzO. THF
rt, 1atm
50°C, 500 psi
3h
COM,
CHel;
Me_ _CHO
Me
MeCH=CHCH,OH + CO ——z oClz CuC, y 2)
e 2 HCI, THF, poly-Leucine - (8
rt., 1 atm
o
(R), 61% ee
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Hydroformylation

An alternate route to ibuprofen and
other anti-inflammatory agents is via the
hydroformylation of olefins to aldehydes,
and subsequent oxidation.” Although nu-
merous publications have appeared on
olefin hydroformylation, few have reported
highly regioselective or regiospecific
routes to branched chain aldehydes. We
have found that the zwitterionic complex
1 (Fig. 2), easily prepared from rhodium
chloride, sodium tetraphenylborate, and
1,5-cyclooctadiene, catalyzes the conver-
sionof monosubstituted styrenes (Scheme
1) or vinyl ethers (eq. 3) to branched chain
aldehydes in excellent yield and regiose-
lectivity. The process is also regiospecific
for 1,1-disubstituted olefins such a o-meth-
ylstyrene, but the product formed has the
aldehyde unit attached to the least substi-
tuted carbon atom of the double bond (eq.
4).% The reaction is not useful for simple
aliphatic monosubstituted olefins, since it
lacks any regiocontrol. However, the pres-
ence of abulky group (e.g., --Bu) results in
the formation of the linear aldehyde in a
regiospecific process.

Metal Catalyzed
Carbonylation—Ring
Expansion Reactions

Three-membered ring heterocycles
undergo carbonylation and ring expan-
sion in the presence of different metal
catalysts. For example, 2-arylaziridines
can be converted to B-lactams in excellent
yield, using rhodium(I) complexes as cata-
lysts.? Insertion of carbon monoxide into
the aryl bearing carbon-nitrogen bond
occurs with retention of configuration (eq.
5). Use of d- or I-menthol as a chiral ligand
in the carbonylation of racemic aziridines
enables one to achieve the synthesis of -
lactams in high optical purity by kinetic
resolution. It is conceivable that binuclear
rhodium complexes, containing bridging
menthoxy ligands, are primarily respon-
sible for the observed chiral discrimination.
a-Lactams also experience carbon mon-
oxide incorporation into the saturated ring
carbon-nitrogen bond affording azetidine-
2,4-diones (eq. 6).'° However, insertion
into the weak nitrogen-nitrogen bond,
rather than the carbon-nitrogen bond,
occurs when diaziridines are employed as

substrates in the presence of palladium or
cobalt complexes (eq. 7).!' Finally, palla-
dium compounds catalyze the conversion
of methyleneaziridines to o-methylene-
B-lactams with coordination of the nitro-
gen lone pair and the m-electrons of the
double bond to palladium fixing the site of
incorporation of carbon monoxide (eq.
8)_12

Metallocycles may play an important
role in the ring expansion of three- to four-
membered heterocycles with, for instance,

o)

Figure 1
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A N Figure 2
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: o}
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c—N, | ( > )
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Ph
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coordination of the 2-substituent of an
arylaziridine directing oxidative addition
of the metal into the ring carbon-nitrogen
bond to give an azametallacyclobutane
(Scheme 2). An azairidacyclobutane has
been isolated and characterized.'?

A question which needs to be addressed
concemns the scope of the carbonylation
ring expansion process in terms of the ring
size of the reactant. In other words, is the
noted process limited to strained ring sys-
tems, and if not, are the regio- and stereo-

Scheme 3
R R
0 - e 2 O, - O\
NR’/ 85-90°C (o] R (o]
3.4 atm f;l f;l
2 R’ R’
3 4
Ar R=Ar
1) DIBAL R? =Me
,N o 2) CH,= CHCOMe
Me H

Scheme 4

LS e, 'j/g cocor e [ cacor
- Lonm’ N=Co(CO), 4 N=Co{CO); 4
o F|l' él

ColCO)~ ===

Co(CO),

X=NR’,0, S

00.Co,(CO),
e

60, Coy(CO),
T e2%

v
Sw

4
CH,CO,Et

NG00

Lo
®

+ CO _C05(COly: AuEB1: Hus(CO)n_.
s 120°C, DME

31 +*

Co(CO),~ - N=Co(CO); Co(CO),~
B

Me
{ S {eq.9)

s” O
R (eq. 10)

R*

(I (eq. 11)

CHZCOQEt

chemical features in accord with those
found in the case of aziridines?

The four-membered ring compound, 1-
methyl-2-phenylazetidine (Scheme 3; 2,
R=Ph, R'=Me), reacts with carbon mon-
oxide in the presence of catalytic amounts
of cobalt carbonyl to form 1-methyl-3-
phenylpyrrolidin-2-one, 3, in 90% iso-
lated yield, with only traces of isomeric
4.'* [Although rhodium (I) complexescan
be used, product yields are significantly
less than when compared with cobalt.]
Therefore, carbonyl insertion occurs,
almost exclusively, into the substituted
ring carbon-nitrogen bond, analogous to
the results obtained with 2-arylaziridines.
This reaction provides a facile entry to the
mesembrine alkaloids, 5, several of which
exhibit CNS activity.!> While 2-alkylazir-
idines do not undergo carbonylation and
ring expansionunder the usual conditions,
2-alkylazetidines are carbonylated to the
five-membered ring lactam. Furthermore,
the regiochemistry is opposite to that found
for 2-phenylazetidine, with the 1-substi-
tuted-5-alkylpyrrolidin-2-one, 4, isolated
as the only product in all cases. Both 3 and
4 (with 4 as the major product) were formed
when 1-tert-butyl-2-(methoxycarbonyl)-
azetidine was employed as the reactant.

A novel expansion of four- to seven-
membered ring heterocycles occurred for
2-vinylazetidines leading to tetrahydro-
azepinones. This new reaction may be oc-
curing via a cationic m-allylcobalt com-
plex (Scheme 4). This intramolecular
cyclization-carbonylation reaction is of
considerable potential for the preparation
of a variety of azepinones.

Y-Butyrolactones and y-thiobutyrolac-
tones (eq. 9) are formed in excellent yields
by regiospecific carbonylation of oxe-
tanes and thietanes, respectively, using
catalytic quantities of cobalt and ruthe-
nium carbonyls [20:1:1 ratio of hetero-
cycle: Co,(CO),:Ru,(CO),,]. While either
metal carbonyl alone can catalyze this
reaction, superior product yields were
realized using a mixture of both metal
catalysts.' An attractive feature of the
reactions of all three classes of four-
membered ring heterocycles is the ob-
served stereospecificity, and consequently
this methodology is of value for the con-
struction of five-membered ring lactams,
lactones or thiolactones, with stereochemi-
cally defined substituents (eq. 10).

The ring expansion process is also

Aldrichimica Acta, Vol. 24, No. 1, 1991 5
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applicable to five-membered ring com-  phenylglycidol, itis the minor product,the  cal phase-transfer conditions to those used
pounds with the regiochemistry mimick- major one (42% yield) being 2-C-(2,5- for B-epoxy alcohols afford the 2-C-lactic
ingthatofthe four-memberedring hetero- ~ dihydro-2-oxo-3-phenylfur-5-yl)lactic  acids in good yields. As in the previously
cycles (eq. 11, 12)."7 These processes can  acid, obtained as the anti-diastereomer. described double carbonylation reaction
also be used for five-membered ring hetero-  The conversion of 3-phenylglycidol and  ofepoxidesto ai-keto lactones, enol cobalt
cycles having two heteroatoms (e.g., other -epoxy alcohols to 2-C-lactic acids complexes may participate in the conver-
oxazolidines). is a diastereospecific process, and consti-  sion of 2,5-dihydro-2-oxofurans to 2-C-
tutes the first example of a net triple car-  lactic acid derivatives (Scheme 7).
0 bonylation reaction (eq. 14).2' Careful work
j has demonstrated that sequential mono-
¢ and double carbonylation reactions are . .
occurring in this overall process, with the The researc‘h S}lmmanzed above is du_e
Double carbonylation processes canbe  7,5. dihydro-2-oxofuran as the key organic to the splen(pd 1'ntellectua1 z.md expen-
defined as reactions involving the incor-  intermediate. Indeed, treatment of 7 or its mental' coptrlbutlons of an industrious,
poration of two carbon monoxide units at  analogs with carbon monoxide, methyl enthusiastic group of 'co-workers whose
adjacent sites. This area has attracted jodide, and cobalt carb onyl under identi- names are mentioned in the references. I
widespread interestin recent years. ' Most
studies have focused on the palladium- or o A HO  Ar
cobalt-catalyzed conversion of halides to Afv +CO __Co,(CO)g. Mel_. — (eq. 13)
o-keto acids, esters, or amides. In the case S R ':qagz {01%*3_1 D #—S
ofahalodiene,a methylene a-ketolactone “r1,1am © o
was isolated using nickel cyanide as the
catalyst under phase-transfer condition.' Ar OH
o-Keto lactones (or the enol tautomer) ArW\/OH _CO, Mel, Co,(CO), J—V—Me (eq. 14)
were also formed by phase-transfer-cata- o TDA~111§:2:*6P?\M9 P 0" CoM
lyzed reaction of epoxides with carbon '
Scheme 5
Ph
CO, Mel, PTC \;7 T co q
Coy(CO)g — ™ MeCOCo(CO), ——=& PhCHCH,0CMe —®= PhCHCH,0CMe
Co(CO), COCo(CO),
o PhCCH,0" ~ PhGCH,0COMe PhCCH,0COMe
-— il RN*OH if x
PR YO HO” “?—Qo(coh HO” > COCo(CO), HO” ~ ~Co(CO),
OH o)
monoxide and methyl iodide in the pres- Scheme 6
ence of catalytic amounts of cobalt car- Ph OCOMe
bonyl and either a quaternary ammonium Ph\7\/OH CO, Mel, Co,(CO), Ph OH
salt® or TDA-1 as the phase-transfer cata- o) TDA-?:‘:C;’;‘[;‘PI\MQ (.o - (00)400>_-S
lyst (eq. 13). A possible mechanism for P COMe OH
this reaction is depicted in Scheme 5 (il- — (CO),Co™
lustrated for styrene oxide). In order to (ij
secureevidence for this pathway, thereac- 0 co
tion of B-epoxy alcohols with carbon 7 \\1)0”
monoxide was examined, since it was 2)H*
reasoned that the hydroxymethyl group in Ph OCOMo P POOMe pnon P oooMe
intermediate 6 (Scheme 6) could intercept - (CO),Co _2—3
the acylcobalt portion of the complex to yl_s (CO)Co R " % ch
ultimately produce 2,5-dihydro-2-oxo-3- ° 6
phenylfuran, 7. While 7 is formed from 3-



¢ :
MeCCo(CO), w=2 CH,=CCo(CO),

have indeed been privileged to have had
such a first-class group of associates. I am
also indebted to NSERC, British Petro-
leum, and the Merck-Frosst Centre for
Therapeutic Research, for support of this
work.
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First introduced by Kagan and co-
workers as a reagent for organic synthe-
sis,! samarium(II) iodide, 1, continues to
provide chemists with an ever-increas-
ing variety of useful transformations.?
To demonstrate the broad scope of its
applications to organic synthesis, repre-
sentative examples of the conversions
which have employed this reagent are
highlighted in this review.

Samarium(Il) iodide, 1, can be pre-
pared in tetrahydrofuran (THF) as an ap-
proximately 0.1 M solution from samar-
ium metal through its oxidation with
1,2-diiodoethane,? molecular iodine,* or
mercuric iodide (Scheme 1).5 The reac-
tion gives Sml, initially, but this is sub-
sequently reduced by samarium to form
a beautiful blue solution of Sml,.

A powerful reducing agent [E° (Sm*¥/
Sm*) = -1.55 V], Sml], initiates a
variety of selective couplmg reactions
and functional group conversions with
halogen- and oxygen-containing sub-
strates.? These transformations can be
either radical or carbanionic in nature.
Many of the latter transformations can
be viewed as occurring through stepwise
processes involving two equivalents of
Sml, which ultimately results in a net
two-electron reduction accompanied by
the formation of Sm(III) by-products.!
This reactivity can be effectively util-
ized for the deoxygenation of or-
ganoheteroatom oxides."* Employing
hexamethylphosphoric triamide (HMPA)
as a cosolvent enhances the reduction of
sulfoxides and is essential for the deoxy-
genation of sulfones, phosphine oxides
and organotin oxides (Scheme 2).7

In several cases, isoxazoles, 2, are re-
ductively cleaved with Sml, in THF to
provide the corresponding B-amino
enones, 3 (eq. 1).® This process is com-
_ patible with ester, acetal and alkene func-
tionalities. However, the presence of
halogen or aldehydic groups in these
substrates leads to coupling and reduc-
tion coproducts.

Initial studies by Kagan! revealed that
Sml, in THF gave coupled products from
benzylic halides while their alkyl counter-
parts were reduced to the parent hydro-
carbon. Molander found that SmlL, in
the presence of methanol as a proton
source, efficiently reduces o-heterosub-
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stituted ketones at low temperature (i.e.,
-78°C).? As illustrated for 3-bromocam-
phor, 4 (eq. 2), a wide variety of sulfur-
and oxygen-containing o-substituents can
also be reductively cleaved to provide the
corresponding ketones in excellent yields.
The dehydroxylation of acyloins, while
less efficient than for substrates with bet-
terleaving groups, is enhanced by the ad-
dition of acetic anhydride prior to reduc-
tion with Sml,.’

Recently, this methodology has been
developed into a convenient protocol for
the reductive cyanation of aldehydes and
ketones through cyanophosphate inter-
mediates (eq. 3).!° The approach is quite
general for both aliphatic and aromatic
substrates as well as for o,3-unsaturated
aldehydes and ketones.

Although o-bromo esters were effi-
ciently debrominated at -78°C with SmlI,
in THF, a-acetoxy esters were not re-
duced under these conditions.’ However,
Inanaga has recently reported that by
employinga THF-HMPA solvent system,
Sml, effects the clean reduction of -

‘oxygenated (e.g., OAc, OMe, OTHP, OH)

esters at room temperature, as is repre-
sented for 8 (eq. 4).!' While alcohols
were satisfactory proton sources for the
deoxygenation of acetoxy and alkoxy de-
rivatives, pivalic acid proved to be supe-
rior for the reduction of a-hydroxy esters.

Reductive 1,2-eliminations are observed
with Sml, for 3-chloro furans and pyr-
ans.”? Furans provide alkenes with high
(>95%) E-selectivity. Pyrans normally
exhibit a modest trans selectivity for 2-
alkyl derivatives, but with 2-alkynyl-3-
chloropyrans (e.g., 12), a remarkable Z-
selectivity is observed (eq. 6). When
combined with the high E-selectivity of
the related furanyl system, 10 (eq. 5),
these processes provide very useful en-
tries into either cis or trans enynes which
also contain the versatile alcohol func-
tionality.

Dihydrofurans, 15, are produced from
the reduction of o,0-dibromodeoxyben-
zoin, 14, with Sml, in the presence of sty-
renes or 1,3-butadienes (eq. 7).'3 This
conversion gives results similar to those

16
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%
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obtained from the reduction of 14 with
zinc'* and is believed to proceed through
a ketocarbene or carbenoid intermediate.
The observation of C-H insertion by-
productsin the case of a.-methylstyrene is
consistent with such a mechanistic path-
way.

The samarium-based Simmons-Smith
reaction is thought to form carbenoids
from samarium metal and diiodomethane
by analogy to the iodomethylzinc inter-
mediates from the standard protocol.!s
Unlike zinc reagents, however, these inter-
mediates selectively cyclopropanate al-
lylic alcohols to the complete exclusion
of reaction at isolated alkene centers.'®
Similar chemistry, possibly involving
Sm(III) carbenoids, is observed for SmIz,

CN
/K/\ CO,E!

7

(eq. 3)

- (eq. 4)

9

CO,Me

(eq.5)

(eq. 6)

V4

13

Ph

Y
“Ph
15

A +—OH
Ph>A<H

HO
17

(eq- 7
Ph

(eq. 8)

(eq. 9)

ICH,Cl and allylic alcohol substrates (eq.
8). Imamoto had shown earlier that Sml,
and diiodomethane could effectively
cyclopropanate lithium enolates under very
mild conditions, providing a convenient
route to cyclopropanols, 17 (eq. 9)."” These
mild conditions, together with the change
from zinc to samarium, evidently provide
stable intermediate cyclopropylates which
do not form the a.-methylated ketones ob-
served with the Simmons-Smith method-
ology.'®

Reaction of the SmL/CH,, system with
aldehydes or ketones leads to isolable
iodohydrins, 18 (eq. 10)." The precise
nature of this process is not understood,
but it was established that if epoxides
were formed as intermediates, these would




(o]
Sml,
— e OH
80 CHITHF \k/\/ * 1-Bu \/v( (eq. 10)

3 min, r.t., 90% 14:1
18
N ., X Smi, P 011
‘ i AN NN\ )
L\/\/ DMAE/THF /HMPA q. 11)
24 h,r.1.,95% vans/cis = 3
1) CH, Vsm
& P) SmupMAE/HMpA d//:/S (eq. 12)
O\ <COEt HO, CO,Et
’ Sml,
T ———
THF/HMPA/DMAE (eq.13)
76%
2 2
\/\/\A\1 H; \'/\COQEt (eq. 14)
: OH
@ CozEt 5n|n -90'0
24

OAc

THF/i -PrOH

undergo ring-opening with Sml, to give
the observed iodohydrin product. From
the pioneering studies of Kagan, Sml, is
known to efficiently deoxygenate epox-
ides in the presence of a proton source
such as z-butyl alcohol.! The reaction
takes several days at room temperature
and gives F/Z mixtures. However, in many
cases, excellent conversions to alkenes
are obtained free of either alcohol or
ketone by-products. Reasoning that trace
quantities of Sm(III) could initiate this
deoxygenation through [-iodoalkoxy-
samarium(III) intermediates, Inanaga® de-
veloped a very rapid and efficient proce-
dure for this conversion employing HMPA
andN,N-dimethylaminoethanol (DMAE)
additives (eq. 11). He also combined this
with his iodomethylation methodology to
result in a new one-pot olefination of
carbonyl compounds (eq. 12). The Sim-
mons-Smith procedure, which gives both
olefination and cyclopropanes from car-
bonyl compounds,'® may follow a similar
pathway. However, the mild conditions
and relative inertness of isolated alkenes
toward cyclopropanation with Sm(III)
carbenoids, may account for the fact that
these latter products are not observed
with the samarium-based methodology.
The selective reduction of o,f3-epoxy

Smi, . —
Ph/\/\/\/ W N SN~ + /\/\/\/ (eq. 15)

40°C, 2h,85%
26
25

— = — =
OAc Bu,SnCl SnBu, (eq. 16)

catalyticPd(PPhy),
28 6h, rt, 85% 29

o
1) Sml, HO
e al NGNS
NS ¢ PReH B e Mo P €317

H,0
) 30
OH
CHO . =\_ 1) Smlz N -
| 2 min, r.t., 54% (eq. 18)
2) HO A

31

(7:1)

ketones?! and esters?? can be induced by
Sml, to provide a convenient route to the
corresponding [3-hydroxy carbonyl com-
pounds (eq. 13). Molander has also ex-
tended this reaction to vinylogous sys-
tems to provide an elegant approach to
the synthesis of optically active trans al-
lylic alcohols (eq. 14).23

The Pd-catalyzed reduction of both
allylic and propargylic acetates can be
effected with Sml, (eq. 15).”***% For the
latter case, the relative amount of allene
(i.e., 26) can be increased to 20:1 em-
ploying very hindered alcohols as proton
sources [e.g., (i-Pr),CHOH].* When these
alcohols are replaced with carbonyl com-
pounds and other electrophiles, good yields
of the corresponding cross-coupled prod-

ucts are obtained (eq. 16).2%
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Kagan discovered that Sml, induces a
Barbier-type reaction of alkyl halides with
ketones to provide tertiary alcohols such
as 30 (eq. 17).! Benzylic halides or allylic
halides,?” acetates® and phosphates?® are
sufficiently reactive to permit this cou-

o o BzIOCH,CUSmI
4 h,r.t., 56%

AN

34

pling with aldehydes to give secondary
alcohols (e.g., 31) in good yields (eq. 18).
Aldehydes with Sml,, in the presence of
less reactive halides, can either undergo
pinacolic coupling or be reduced to the
corresponding primary alcohols. The re-
ductive properties of the secondary
alkoxysamarium(III) adducts formed in
this reaction were found to be responsible
for this latter process. These same inter-
mediates, generated from other sources,
were found to function as effective cata-
lysts in a novel samarium-based Meer-
wein-Ponndorf-Verley-Oppenauer proto-
col.?? Aldehydes and ketones are reduced
under these reversible conditions by
employing an excess of 2-propanol. Al-
termatively, alcohols can be oxidized by
acetone to provide the corresponding
carbonyl compounds in good to excellent
yields (e.g., 33) (eq. 19).

The hydroxymethylation of aldehydes
and ketones via a samarium-based Bar-
bier reaction was described by Imamoto
and co-workers.*® Aldehydes required
tetraethylene glycol ethers as cosolvents
to suppress pinacol formation. The resul-
tant monobenzylated diols were hydro-
genated under standard conditions (Pd/C)
to obtain the deprotected 1,2-diols. Other
chloromethyl ethers were also success-
fully coupled to ketones. The utility of
this methodology was demonstrated by
its application in the synthesis of racemic
frontalin, 36, through 35 (eq. 20).

Very recently, Sml, provided a very
useful o-hydroxyacetyl anion equivalent,
38, by its reaction with benzyl chloro-
methyl ether in the presence of 2,6-xylyl
isocyanide, 37, and HMPA.> The rea-
gent efficiently adds to aldehydes and
ketones. At -30°C, reaction of 38 with
protected p-glyceraldehyde was complete
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in 14 hours, and after acetylation, the
coupled product, 39, was obtained in
quantitative yield with high anti selectiv-
ity. Hydrolysis and reduction gave b-
ribulose, 41 (Scheme 3).

Molander and Etter first demonstrated
the utility of Sml, in a Barbier-type intra-
molecular alkylation of cyclic ketones.*
This operation provides a variety of bicy-
clic alcohols in excellent yields. The prod-
ucts are normally obtained as cis/trans
mixtures (eq. 21), but excellent cis selec-
tivity (>99.5%) is observed for
bicyclo[3.3.0]Joctan-1-ol. More recently,
it was found that metal chelation employ-
ing B-oxo amides and esters as substrates
could provide excellent diastereoselec-

tive control in these intramolecular cycli-
zations.*> The highly substituted cyclopen-
tanes obtained (e.g., 45, 46) contained
three new asymmetric centers, epimeric
only at the C-3 position (eq. 22).
Inanaga® demonstrated that o-bromo
esters could be utilized in an intramo-
lecular Reformatsky-type process to pro-
vide an efficient synthesis of medium-
and large-ring lactones (eq. 23). Performed
under dilute conditions, the reaction showed
little diastereoselectivity for examples
which employed substitution alpha to
bromine. By contrast, Molander found
that extremely high selectivities could be
obtained in his synthesis of B-hydroxy-
O-valerolactones, particularly for reac-

B'\/“\ |
346,07, 83% o«c 82% (eq.23)
Ac,0, DMAP
(o]
Sml2 fo)
OH
<1 min, 0<C, 71% /(l* (eq: 24)
Ph -
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° .25
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" o) 78%
0 osml . WO OH
k Ph’u\n 'Osni:"r“: 95% 1 — 2% Ph")—'é*H (eq. 26)
e D Ph”*~H H o
53
(o]
\ Sml_Phi
O)kH N TH:I;,:PA O/K’/J (eq.27)
N~ <5 min, r.t, 73%
OEt Sml, s f—{uss CO, E
{eq.28)
THF/MeOH .
OHC T7%, -78°C HO
200:1
57 (>200:1) 58

tants which contained substituents beta to
the ketone functionality (eq. 24).> The
transition state leading to 50 with a cis-
1,3-diequatorial relationship of the sub-
stituents at the  and 6 positions in 50 is
highly favored over its diastereomeric
alternative in a reaction which is believed
to proceed through a samarium enolate-
carbonyl chelate.

Recently, Inanaga®® demonstrated that
the insect pheromone, ferrulactone, 53,
was available in four steps from geraniol
viatwo applications of the reductive prop-
erties of Sml, (eq. 25). This samarium-
mediated cyclization provided the de-
sired macrolide ring skeleton and the
reduction of the derived allylic benzoate
with the SmI/THF/HMPA system in the
presence of pivalic acid afforded the natu-
ral product.

The intermolecular coupling of alde-
hydes or ketones to give high yields of the
corresponding pinacols, 55, can be achieved
with Sml, (eq. 26).”” A number of func-
tionalgroups (i.e., NOZ, CO,H,CN, OMe,
NMe,) in the para position of aromatic
aldehydes were found to survive this
coupling intact. Essentially no diastereo-
selectivity was observed in the reaction
(e.g., 55: dl/meso = 56:44), which is thought
to proceed via a ketyl intermediate, 54.
Except for acetaldehyde, good to excel-
lent yields (66-95%) of 55 are obtained
for aromatic and aliphatic aldehydes as
well as for methyl ketones.

Inanaga found that the intermediate
phenyl radicals generated from Sml, and
iodobenzene could readily abstract a hydro-
gen atom from 1,3-dioxolane to provide a
clever masked formylation of aldehydes
and ketones (eq. 27).3® While the precise
nature of the process is not fully under-
stood, the 1,3-dioxolanyl radical is ap-
parently involved and is either further re-
duced to the anion which adds to the
carbonyl compound or couples with a
ketyl to give 56.

The intramolecular pinacolic coupling
induced by Smlz, unlike the above-men-
tioned intermolecular examples, can
provide diols in a very stereoselective
manner (eq. 28).% It was suggested that
the preferred chelation leading to this
coupling may occur between the
samarium(III) ketyl and the ketone which
accounts for the dominant cis diol stereo-
chemistry observed in 58. The absence of
this chelation for the carboethoxy moiety
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apparently results in an electronically-
based preference for the formation of
these products having an unusual trans
relationship between this group and its
adjacent hydroxyl.*0

The reduction of ¢,3-unsaturated ac-
ids and esters with Sml, in the presence of
alcohols provides very high yields of the
corresponding saturated acid (eq. 29).!

The above process can be avoided when
more reactive substrates are present to
acceptelectrons from SmlL,. For example,
the coupling of aldehydes or ketones with
o.,B-unsaturated esters via Sml,,*' pro-
vides a very convenient route to y-lac-
tones including spiro derivatives (e.g.,
61) (eq. 30). The reaction is very rapid in
the presence of added HMPA. Fukuzawa
et al. showed that this methodology could
be utilized in an intramolecular sense for
the preparation of bicyclic lactones (eq.
31).42

Very recently, Enholm and co-work-
ers** have examined this process with a
variety of conjugated olefins containing a
d-aldehyde functionality. This procedure
results in a modest trans selectivity in the
cyclopentanes formed (e.g., 65) regard-
less of the alkene substitution (i.e., Ph,
CN, CO,Me) (eq. 32). However, for ring
closures to cycloalkanones, the trans
substitution pattern about the olefin por-
tion of the molecule in 66 is essential to
achieve the high trans selectivity ob-
served for the appendant groups on the
newly formed C-C bond in 67 (eq. 33).
This approach was employed in the syn-
thesis of the C-ring precursor to the fun-
gal metabolite, anguidine, 68 (Scheme
4).4 At -78°C, Sml, effected the cycliza-
tion to afford 71 and 72 with a 5:1 selec-
tivity. Isolated in 65% yield, 71 was sub-
sequently converted to the desired pre-
cursor of 68.

Inanaga hasrecently demonstrated that
ketones can be coupled to alkenes which
contain a variety of activating substitu-
ents (e.g., OAc, SiMe,, CH,OAc, Ph, and
vinylic).* Coupling to 2-trimethylsiloxy-
1,3-butadiene, 73, takes place at the 4
position selectively to provide a novel
entry to y-hydroxyketones (e.g., 74) (eq.
34).

Some time ago, -keto esters and am-
ides containing the simple alkene func-
tionality were demonstrated to undergo
smooth intramolecular coupling with Sml,
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to provide highly substituted cyclopentyl
systems in a very selective manner (eq.
35).% This olefin-ketone coupling over-
comes the difficulties encountered with
potential secondary halide precursors to
71 which give retro aldol products. More
extensive studies have been reported
recently wherein the origin of the high

stereoselectivity observed in these cycli-
zations is discussed in detail.°

It is possible for Sml, to induce a
tandem radical cyclization resulting in
the stereoselective formation of natural
polycyclic ring systems such as those
found in the triquinane series of sesqui-
terpenes. This scenario was most ele-

- o
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—_— (eq. 34)
e e S G L. K~
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gantly demonstrated by Curran and co-
workers# in their total synthesis of ()-
hypnophilin, 81 (Scheme 5), a sequence
which also constitutes a formal synthesis
of ()-coriolin. The tandem cyclization
was established to be a radical process
with less than two equivalents of Sml,
being required for the complete reaction
of 79. Also, no deuterium was incorpo-
rated into 80 upon quenching with D,O.

The pioneering studies of Kagan es-
tablished that Sml, effectively coupled
acid chlorides to form o.-diketones (e.g.,
82) (eq. 36).* The reaction is most ame-
nable to aryl derivatives, but aliphatic
acid chlorides can also be coupled with
lower efficiency. When an equimolar
mixture of an acid chloride and an alde-
hyde or ketone is added to Sml, in THF at
room temperature, good yields of the cor-
responding ketols (e.g., 83) are obtained
after an aqueous work-up (eq. 37).* In an
attempt to trapacyl radicals or acylsamar-
ium intermediates, both thought to be
intermediates in these reactions, acid
chlorides were prepared with a proximate
allyl ether functionality. A double cycli-
zation occurs with the formation of cy-
clopropanols (cf., 85) (Scheme 6).® While
several mechanistic pathways are pos-
sible to account for the formation of these
cyclopropanols, the most probable would
appear to involve the addition of an acyl
radical to the double bond with resulting
formation of radical 86. This species is
not unlike those implicated in intramol-
ecular olefin-ketone couplings.**#¢ Such
intermediate radicals could also be formed
in Imamoto’s cyclopropanation of lith-
ium enolates with Sml, and CH,], to give
related products.!” An alternative path-
way involving an acylsamarium species,
87, which rearranges to an oxycarbene,
88, was also considered plausible for this
conversion.

In addition to the above coupling
reactions, the formation of an
acylsamarium(II) intermediate can ac-
count for the cyclization of an acid chlo-
ride to give the acyliridium complex, 90,
(eq. 38)3' which was found to require two
equivalents of Sml,.

In conclusion, it is apparent that the
chemistry of samarium(II) iodide is both
diverse and fascinating. With the power-
ful reducing capability of this soluble rea-
gent, many highly useful transformations
can be conveniently accomplished. Clearly,
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unraveling the mechanistic subtleties of
thereductive processes involving polyfunc-
tional compounds will be particularly chal-
lenging. Undoubtedly, many new syn-
thetic applications for samarium(Il) io-
dide will be forthcoming.
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Our chemist collector loves to buy problem paintings — those
with problems of attribution or with the subject in doubt. This
painting (oil on canvas, 34 x 25 inches) obviously depicts Tobias
catching the fish — the seventh Tobias on our Aldrichimica Acta
covers. Itis fully signed Janvande Venne, but who was this artist?
Our chemist collector knows of only one other painting with this
signature, a winter landscape dated 1670, which belonged to the
museum in Darmstadt but which was bumt during the last war.
However, surely an artist who painted so wellmusthave produced
other works. Dealers have often erased signatures to be able to
attribute works to better known and, hence, more valued painters.
We don’t even know whether this artist was Flemish or Dutch.
Perhaps our cover will lead to other paintings, resulting in aclearer
understanding of this painter’s work.

The Detective’s Eye: Investigating the Old Masters

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

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

Telling Images—Images Révélatrices
Large, 150-page catalog of thirty-six Old Master paintings now in a
travelling exhibition touring Canada. All were given by the Baders to
Queen’s University.
The catalog illustrates all thirty-six paintings, thirteen of them in
color. The extensive scholarly text written by Professor David McTavish
is in English and French.

Pictures from the Age of Rembrandt

Twenty-eight paintings that have been reproduced on our Acta
covers, and seven that have been on our catalog covers were among the
thirty-six paintings in an exhibition of Dutch paintings at Queen’s
University in Kingston, Ontario. The fully illustrated catalog written by
Professor David McTavish contains a wealth of art-historical informa-
tion — enough for several evenings of relaxed enjoyment— probably the
best value in art-history anywhere.
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Dr. RF.W. Jackson at the University of
Newcastle and Mr. D.J. Wadsworth, working
with Professor S.V. Ley at Imperial College,
suggested this interesting reagent for the prepa-
ration of tert-butyl ethers and esters.

NH

t-BuO CCly

Naturally, we made this compound.

Wessel, H.-P.; Iversen, T.; Bundle, D.R. J. Chem. Soc.,
Perkin Trans. 1 1985,2247. Armstrong, A.; Brackenridge,
I; Jackson, R.F.W,; Kirk, J.M. Tetrahedron Lett. 1988, 29,
2483.

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

In February 1931, one of the greatest
chemistsof thiscentury, Professor Tadeus
Reichstein, presented a lecture on the true
meaning of alchemy at the ETH in Ziirich.

With any order of Aldrich products, you
can now obtain, at no charge, a printed
English version or a photocopy of the
original German manuscript.

7222,319-0 The Meaning of Alchemy
722,320-4 Der Sinn der Alchemie

Aldrich warrants that its products conform to the infor-
mation contained in this and other Aldrich publications.
Purchaser must determine the suitability of the product
for its particular use. See reverse side of invoice or
packing slip for additional terms and conditions of sale.
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In a previous article,! we discussed the
benefits of having fluorine in a molecule
and, in general terms, the chemistry of
fluoroaromatic compounds. Heterocyclic
compounds offer many opportunities for
the synthetic organic chemist, and the
challenges offered by the presence of fluorine
are just as exciting. Fluoroheterocyclic
compounds are important in both aca-
demic and industrial fields and will con-
tinue to be of significant interest. In order
to introduce this area, we shall consider
the synthesis, reactions, and commercial
applications of those compounds contain-
ing five- or six-membered heterocyclic
rings substituted with either fluorine or a
polyfluoroalkyl group. Heteroatoms will
be limited to O, N, and S. Reviews are
available on polyfluoroheteroaromatic
chemistry >* and general fluoroheterocyclic
chemistry.’

Introduction of Fluorineinto a Heterocycle
Partially fluorinated heteroaromatics can
readily be obtained by the conversion of
-NH, to -F using the Balz-Schiemann®and
related reactions. The intermediate tetra-
fluoroborate salt can be decomposed by
pyrolysis,”as can the diazonium fluoride.?
Salts that are too soluble in aqueous medium
for isolation can be decomposed in situ.
Photochemical decomposition is a useful
technique in this instance and is of great
interest in the development of antiviral
compounds.® Transformation of -NH, to
-F can also be achieved using rerz-butyl
nitrite in pyridine-HF, the concentration
of HF being critical.'® (eq 1-3)!*"?
Introduction of elemental fluorine into
a heterocycle can be achieved by the use
of fluorine or an electrophilic fluorinating
reagent. Direct fluorination was once
notorious for being unpredictable and
nonselective;however, extensive work has
gone into developing new approaches to
overcome these problems.'*'¢ By careful
choice of conditions, selective or total
fluorinationis possible. Directfluorination

of uracil enabled the large scale production
of 5-fluorouracil (1, eq 4),'7 and this has
been extended to other nucleosides.'®
Introduction of an organometal site enables
fluorination to occur selectively (eq 5)."*
On the other hand, highly branched N-
heterocycles can be perfluorinated.?
There is increasing literature on the use
of electrophilic fluorinating (F*) reagents,
especially in the synthesis of bioactive
molecules where selectivity and mild reaction
conditions are important considerations.
Examples include trifluoromethyl hypo-
fluorite (CF3OF),21 whichconvertscytosine
to S5-fluorocytosine in 85% yield,”? and
cesium fluoroxysulfate (CsSO,F),”> which
reacts with uracil to give S-fluorouracil.?*
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Acetyl hypofluorite (MeCO,F) has been
used to fluorinate bimane derivatives.”®

Extensive fluorination of heterocycles
can be achieved by the use of halogen
exchange methods,? high-valency metal
fluorides,?” and electrochemical methods.2®

Halogen exchange methods are of major
importance in the synthesis of polyfluoro-
azaaromatics, with the activating influence
of the ring nitrogen having a major effect
on the ease of substitution of chlorine by
fluorine. This hasenabled a general approach
to be developed whereby the hydrocarbon
analog is polychlorinated, followed by
halogenreplacement withpotassium fluoride.
As with fluoroaromatics, the conditions
and source of fluoride ion can be varied
depending on thereactivity of the precursor
and the product desired. This process is
widely applicable and has enabled the
synthesis of, for example, pentafluoro-
pyridine,” perfluoroquinoline and -iso-
quinoline,* and perfluoropyrimidine.?
Although potassium fluoride is the most
common source of fluoride ion, sodium
fluoride can be used with highly activated
compounds suchas 1,3,5-trichlorotriazine.*
Halogen exchange is also possible athighly
activatedsites using KHF,.”> Crownethers
and tetraalkylammonium salts can be used
toenhancereactivity (eq6).3*** Electrophilic
halogen exchange is also possible with
HF?¢ and antimony fluorides.”’

While fluorination-defluorination/dehy-
drofluorination is a useful route to
fluoroaromatics, the yields are very low
for fluoroazaaromatics. In contrast, how-
ever, fluorinated furans® and thiophenes®
can be obtained in good yield by high
valency metal fluoride (HVMF) fluorina-
tion and subsequent dehydrofluorination.
This allows access to compounds that,
being m-electron rich, are not suitable for
the nucleophilic halogen exchange route
(Scheme 1).

Complex mixtures canarise during HVMF
fluorination, but it has been found that the
introduction of a polyfluoroalkyl group
greatly enhances stability. This has al-
lowed a methodology to develop whereby
a fluoroalkene is added by a free radical
reaction to an ether, followed by fluorina-
tion with the HVMF to give the perfluoro
analog in excellent yield (eq 7).* Re-
cently this has been extended to electro-
chemical fluorination.*!

Electrochemical fluorination is the process
whereby an organic compound is electro-
lyzed in HF, usually with KF to improve
conductivity, and at potentials below that
at which fluorine is evolved. Saturation
occurs together with perfluorination; for
example, pyridine yields perfluoropiper-
idine.*? Perfluorocyclic ethers can be ob-
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tained directly, as mentioned before, or
from straight chain esters that can un-
dergo cyclization. Cyclic tertiary amines,
such as derivatives of morpholine and
piperidine, are similarly perfluorinated.®

Introduction of a
Polyfluorinated Side Chain

The trifluoromethyl group is the most
importantpolyfluorinated side chain. Sulfur
tetrafluoride converts -CO,H to -CF, (eq

8)**% and enables, for example, trifluoro-
methylated pyridines to be obtained in 70-
75% yield.** Trifluoromethylated thio-
phenes can be obtained similarly,*” and
the reaction is quite general. The trans-
formation of -CCl, to -CF, can be carried
out using HF*® either on its own or with
antimony pentafluoride (eq 9).

Both of these methods have disadvan-
tages related to reaction conditions, toxic-
ity, and difficulty of handling; therefore,




thereis anincreasing searchfornew methods
for directly introducing -CF,. Trifluoro-
methyliodide will trifluoromethylate bromo-
and iodoheterocycles in the presence of
copper.®® The reaction is believed to pro-
ceed via a complex involving [CF,Cu]®
and this has led to an interest in preform-
ing it; a review on the preparation of
[CF,Cu]isavailable.’’ Trifluoromethylation
ofbioactive molecules, such as halouracils,
is possible. Burton’s reagent (Cu, CF Br,,
AcNMe,) allows direct trifluoromethylation
of 2-chloropyridine.>* Other methods in-
volving an intermediate copper complex
include the copper(l) iodide assisted de-
composition of sodium trifluoroacetate
(eq 10).5455

Other sources of the trifluoromethyl
groupinclude electrolysis of trifluoroacetic
acid;* bis(trifluoroacetyl) peroxide,’” which
trifluoromethylatesthiopheneingoodyield
via an electron-transfer mechanism; and
CF,N(NO)SO,CF,, which introduces the
CF, group into uridine.*®

Longer perfluoroalkyl chains may be

 F4C CF.
5 9

introduced by reaction of the perfluoroalkyl
copperreagent with a bromoheterocycle.®
Photochemical perfluoroalkylation of so-
dium imidazolide with perfluoro-n-alkyl
iodides yields 4-fluoroalkylated com-
pounds.” Groups such as -CF,CF, and
-CF(CF,), can be introduced into acti-
vated heteroaromatics via the respective
carbanions. This area will be discussed in
the Reactions section. A novel route en-
ables the introduction of -CHFCF, by
nucleophilic attack of 2 on CF,CF=CF,

(eq 11).8!

Formation of a Heterocyclic Ring
from Fluorinated Precursors

There are many approaches to the syn-
thesis of heterocyclic rings from fluori-
nated precursors. As expected, nucleo-
philic substitution plays animportantrole,
although sometimes the distinction be-
tween nucleophilic attack and cycloaddi-
tion, as in the case of 1,3-dipoles, is rather
arbitrary.®> Reaction of 1,3-dipoles with
fluoroalkenes and alkynes is a tremen-

FaC CF,

: Nudleophile
 CF4CF=C~C=CFCF, - - n (eq 12)
' FL Ny CF,
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Ko, | @
Bl @ :E (ea13)
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X=0,8
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(CF2),C=0 Fe-N_ [ X (6q 17)
N CF,
° CF,

dously important area with many intrigu-
ing ring structures being obtained and
rearrangements leading to further inter-
esting derivatives.

Conversely, fluorinated 1,3-dipoles, such
as CF,C=N"-O" and CF,C=N"'-C'HAr, may
be used as synthons for trifluoromethyl
azoles.®® Cycloaddition reactions allow
access to a wide range of heterocycles, for
example, the [4% + 27t] addition of nitriles
to perfluorocyclohexa-1,3-diene yields 2-
substituted tetrafluoropyridines,** which
areotherwise not readily accessible. Con-
densation reactions using classical meth-
ods offer another possible approach.5

The use of hexafluoroacetone as ameans
of synthesizing heterocycles containing
the CF, grouphas beenreviewed.® Oxazoles,
thiazoles, and imidazoles are potential
end-products (eq 16),%” and also allow
access to CF,-substituted a-amino and a.-
hydroxy acids.®® Other fluorinated build-
ing blocksinclude (CF,),C=C=S in cyclo-
addition reactions;® trifluoropyruvic acid
hydrate fortrifluoromethylated benzoxazine,
thiazine, and oxazoles;”® and trifluoro-
pyruvaldehyde in the synthesis of CF,-
pyrazines.”!

A few examples of the tremendous number
of reactions and fluorinated compounds
are illustrated in equations 12-17.7%76

Highly fluorinated azaaromatics react
with a wide range of nucleophiles with
reactivity increasing along the series
perfluoropyridine, -pyrimidine, and -s-
triazine. A substantial amount of work
has gone into understanding the factors
that influence the reactivity and orienta-
tion of substitution.” The ring nitrogen
has a dominant influence with o- and m-
fluorines being strongly activating.”®
Perfluoroazaaromatics are considerably
weaker bases than their hydrocarbon ana-
logs; however, protonation with Lewis or
proton acids can occur. Subsequent reac-
tion with nucleophiles leads to a different
pattern of substitution.”

A wealth of chemistry is based around
polyfluoroalkylation reactions involving
perfluorocarbanions (R.") and perfluoro-
azaaromatics. The reaction sequence can
be likened to an inverse demand Friedel-
Crafts.®® As in the Friedel-Crafts reac-
tion, rearrangements can occur, with fac-
tors such as carbanion stability being im-
portant. With polysubstitution, the R,
groups may begin to control the site of
further attack, steric effects may become
important, and some of the reactions can
be reversible. Competition between ki-
netic and thermodynamic control can re-
sult, and this area has considerable
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significance for mechanistic chemistry
(Scheme 2).8° Recent developments in-
clude an investigation into the chemistry
of the nitrogen anion 3. This anion is
observable on the NMR time scale and can
be trapped with various electrophiles,® as
well as fluoroazaaromatics (Scheme 3).%2
The thermal and photolytic chemistry
of perfluoroalkylated azaaromatics is a
rich area of study. The striking thermal
stability of perfluoroalkyl-substituted
strained rings, thought to be a kinetic
phenomenon,® has enabled many unusual
compounds to be isolated. Photochemical
transformation of perfluoroalkyl pyridines
allows access to valence isomers of sur-
prising stability. For example, 4 is un-
changed after six months at room tem-
perature (eq 18).% Fluorine or R_ groups
are useful in monitoring skeletal rear-
rangements, because side reactions are
kept to a minimum. Different R_ groups
on the same ring allow insight into the
mechanism, and '*F-NMR is very useful
in structural determination. Fluorinated
thiophenes® and furans® can undergo similar
photochemical transformations.
Photochemical decomposition of fluori-
nated 1,2,3-triazine derivatives leads to
interesting structures and there is evi-
dence for the generation, trapping, and
direct observation of an azete (eq 19).%
Thermal rearrangement of fluorinated
pyridazines gives predominantly pyrimi-
dines in a radical process that is compli-
cated by the fact that one compound pro-
motes the rearrangement of the other (eq
20).%8 High-valency metal fluoride fluori-
nation of perfluoroalkylated azaaromatics
can lead to cyclic azaolefins via a radical
cation mechanism.* In some instances,
the products themselves undergo photo-
chemical conversions to cyclobutenes by
a rare example of a photochemically in-
duced retro-Diels-Alder reaction.
Pentafluoropyridine can be reduced elec-
trochemically via a radical anion to the
4,4"-bipyridyl 5.°' An alternative would
be the usual copper coupling reaction,*
and indeed, much standard chemistry can
be carried out on fluoroheterocycles (Scheme
4). Selective chlorination of tetrafluoro-
pyrimidine with anhydrous hydrogen chloride
offers a new route to 5-fluorouracil.®
Organometallic compounds can be ob-
tained, but they are relatively unstable
and their chemistry is not as well devel-
oped as the chemistry of fluoroaromatics.?
For many fluoroheterocyclic compounds,
the chemistry available is standard and
will not be discussed. With perfluorinated
cyclic ethers and amines, the lack of reac-
tivity is their main feature, although treat-
ment of perfluoro(N-alkyl-cyclic amines)
with oleum yields perfluorolactams.*
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The uses of fluoroheterocycles are as
many as they are varied; therefore, only
general areas with examples will be de-
scribed here. The interested reader is
directed toward two volumes on industrial
organofluorine chemistry.%9
Agrochemicals and pharmaceuticals are
major areas of interest. In both cases, the
presence of fluorine either imparts some

useful property to the end-product or is
important as an activating or leaving group
in a complex synthesis. Agrochemical
intermediates®” include 6 (eq 21)°® and 7
(eq 22).* Trifluoromethylated pyridines,
such as 8, are of continuing interest,'* but
the overall complexity of types is illus-
trated by two herbicides (9 and 10).

The antitumor activity of 5-fluoro-
uracil (5-FU) is well known, ! but there is
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a continual search for new and more effi-
cacious compounds.'? Developments in-
cludeN-tetrahydrofuranyl uracils. Ftorafur'®3
is a source of in vitro 5-fluorouracil and is
claimed to be more effective and less
toxic than 5-FU. S5-Fluorocytosine is an
orally active antifungal agent. The im-
portance of investigating all isomers for
bioactivity is well illustrated by the fact
that 2-fluorohistidine, an antiviral agent,
shows a wide spectrum of activity while
4-fluorohistidine is devoid of activity.!®
Fluorinated cyclic ethers have been con-
sidered as inhalation anesthetics (e.g., 11,
Figure 2).!% Replacement of hydrogen
with fluorine reduces flammability but
can lead to instability toward alkali scrub-
bers, and incomplete substitution is nec-
essary for good anesthesia. A balance
between hydrogen and fluorine has to be
struck.

Mefloquine was developed as an
antimalarial agent to overcome the in-
creasing resistance toward other agents
and illustrates how a complex molecule
can be constructed from a simple building
block.'® In many cases, fluorine can be
used as an activating or leaving group in a
synthetic chain. For example, enoxacin, a
potent antibacterial agent, can be pre-
pared from fluoronictonic acid deriva-
tives, while 12 is an intermediate for oth-
ers.'” Fluoroquinolones are tremendously
important antibacterials.

A great deal of interest has been ex-
pressed in perfluorosaturated compounds
as potential blood substitutes, where their
physical and chemical properties are of
great value.'® Residence time in the body,
toxicity, emulsification properties, and
solubility of both oxygen and carbon di-
oxide are just some of the many factors
that have to be considered. Perfluoro-
nitrogen and -oxygen heterocycles such
as 13 are potential candidates.

The inertness of saturated fluorinated
heterocycles has encouraged investiga-
tion into their use as hydraulic and heat
pump fluids.'” They have electrical prop-
erties that make them useful as electrical
insulating oils (e.g., 14).!'% Perfluoro-
alkylated-s-triazines are also useful as
high-temperature lubricants and hydrau-
lic fluids"! and as elastomers.5

Polyfluoroazaaromatics are important
precursors to fiber-reactive dyes.!'? Reactive
dyes based on fluoropyrimidines have been
on the market since 1970, with 5-chloro-
2,4,6-trifluoropyrimidine being the principal
intermediate. In all cases, it is the activation
of the compound toward nucleophilic
substitution thatis important (eq23). There
is continued interest in development of
dyes based on triazines or containing a
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broad range of chromophores. Reduction
in waste and improvement of fastness are
also of concern. A typical example of a
fiber-reactive dye is 15.'"
Fluoroheterocyclics find diverse
applications in polymers. An example of
the use of fluorine as a leaving group is
illustrated by 2,6-difluoropyridine, an
intermediate for aromatic polyether
synthesis.'* Compound 16 formsthe basis
of a new family of polymers (Teflon AF -
DuPont) which, together with the usual
properties of fluoropolymers, also has a
very high glass transition temperature and
excellent optical clarity.!"> For example,
electrical conducting materials can be
obtained from, for example, 17.!16
Finally, fluorinated heterocyclesare used
in analysis and as reagents. 2-Fluoro-1-
methylpyridiniump-toluenesulfonate (18)
activates hydroxyl groupsonpolysaccharide
gels."” Pentafluoropyridine selectively
protects phenolic and alcoholic functions
in steroids.''® Perfluoroalkyl-s-triazines
canbeused asmarkersinmass spectrometry.
2-Fluoro-1,3-dimethylpyridinium tosylate
(19) is an unusual fluorinating agent,''*
while 20 is anexample of the ever increasing
numberofsources of electrophilic fluorine.'?
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The great contribution of R.B. Woodward
and his contemporaries to the field of or-
ganic synthesis was the demonstration that
organic chemists were capable of synthesiz-
ing highly complex organic substances in the
laboratory. In their days, it was known that
synthesis had to be carried out with func-
tional groups. Since chemical reactivity was
poorly understood, the synthetic planning
had to be very general in nature, and each
step had to be discovered along the way by
studying the reactivity of each intermediate.
Later, the reactivity of functional groups
became better understood, and it became
possible to put more logic into synthetic
planning. It is on this basis that E.J. Corey
and his contemporaries were able to demon-
strate the value of the principle of
retrosynthetic analysis, which is based on
the chemical reactivity of functional groups.

Progress in organic synthesis is presently
achievedthroughthediscovery of new chemi-
cal reactions (methods, etc.), new reaction
conditions with an emphasis on asymmetric
synthesis, and new synthetic strategies. It is
recognized that a good synthetic plan should
have a high degree of control on the chemical
reactivity (chemoselectivity), regioselec-
tivity, and stereoselectivity (enantio- and
diastereoselectivity). Furthermore, a good
plan should be simple, minimizing bond-
forming processes as much as possible, es-
pecially functional-group manipulations
(transformation, activation, protection, and
deprotection).

Returning to synthetic strategy, it is also
recognized that a chemical process can be
classified in three different categories. It can
either be intermolecular or intramolecular in
nature, and the latter can be subdivided to
formation of a bond via a simple cyclization
reaction or via a transannular process. In
1984, we briefly discussed the merits of
these different approaches in another
Aldrichimica Acta article.! Itwas mentioned
that transannular processes ought to be very
powerful synthetically. Indeed, being car-
ried out on macrocycles, there is a high
degree of conformational restriction. As a
result, proximity effects become operative,
and very often these effects will increase the
rate of one reaction and slow down others
that are normally competing. The total syn-
thesis of ryanodol? was described as one of

the rare examples where transannular pro-
cesses are used as key steps. In this synthe-
sis, the formation of therequired macrocycles
for one of the transannular processes was
produced indirectly via the cleavage of a
small ring.

It was also noted that transannular proc-
esses had not been used frequently in synthe-
sis, because this approach requires the use of
macrocycles. It was pointed out that if direct
methods for the formation of large rings
would become available, synthetic chemists
would be in a position to develop new, inno-
vative strategies of molecular construction.
We alsosuggested that it should be relatively
easy to construct macrocycles using a simple
and direct method of cyclization. However,
one condition had to be respected; namely,
the acyclic precursor should have some
unsaturation appropriately located along the
chain in order to cut down the degrees of
freedom while eliminating, at the same time,
most of the transannular steric repulsion
during the cyclization step.

We concluded that article by reporting
some preliminary results® showing that a
ten-membered ring could be produced under
medium dilution conditions via the direct
displacement of an allylic or propargylic
chloride by a malonate anion. A ten-mem-
bered ring being one of the most difficult
medium rings to construct directly, it should
be relatively easy to construct various larger
rings. We became convinced that there was
a real future for the development of new
powerful synthetic strategies based on
transannular reactions on macrocarbocycles.
The remainder of this article reports the
progress we have made in this direction.

The transannular Diels-Alder reaction on
macrocyclic trienes was selected as our first
objective. This reaction is generally recog-
nized as the most powerful synthetic method
for the construction of carbocycles. It is also
well suited for a transannular process, be-
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cause the two reacting species, the diene and
the dienophile, are neutral (not positively or
negatively charged), requiring, in principle,
only heat to undergo the Diels-Alder cy-
cloaddition process. This study was also
attractive from a synthetic point of view. In
two steps from an acyclic triene (1 - 2 — 3),
it appeared possible to construct a tricyclic
compound having four stereogenic centers
and one functional group in ring B (Scheme
1).

Our first two attempts in this direction met
with failure because we could not induce the
desired macrocyclization.* In the first case,
we constructed trans-trans-trans (TTT) B-
keto ester 4 (Scheme 2) having an allylic
chloride but could not induce its conversion
into macrocycle S. This result was rational-
ized by the fact that the chain is probably too
rigid due to conjugation, preventing cycliza-
tion. TTT B-Keto ester 6, which lacks the
aromatic ring, was then constructed, and
again, the desired macrocycle 7 could not be
obtained. The enolate salt of 6 is still too

Scheme 1

)
o --
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highly conjugated, and the two ends of the
chain cannot easily reach each other to in- Scheme 2
duce the macrocyclization. We therefore

decided to try the macrocyclization step on o
precursors that were less conjugated and
registered our first successes.

The acyclic p-keto ester 8 (Scheme 3) Me
having a trans-trans olefin geometry was peany a
prepared, and it produced (K,CO,, Nal, ac-
etone) the desired macrocycle 9 in 77% :
yield.® This product was then converted into 4 5
the macrocyclic trienone 10 having a cis- '
trans-trans (CTT) geometry. Similarly, the
other trans-cis acyclic B-keto ester 16° was

N COOMe

= MeO

prepared and converted into macrocycle 17 N COOMe
(74%), which, in turn, was transformed into p)
the TCC macrocyclic trienone 18. We were et

then ready to attempt our first transannular
Diels-Alder reactions.

On heating at 300 °C, CTT macrocyclic ; 6 7
trienone 10 gave a mixture of three Diels- ‘
Alder products (13, 14, and 15; 1.8:2:1) in
90% yield. The result was more complex
than anticipated, but this could be readily
explained. We had observed the formation Scheme 3
of the expected product 13, having a cis-anti-
cis (CAC) geometry, but molecular models
revealed that this is a sterically hindered
process. When the diene takes the cisoid
geometry required for the Diels-Alder reac-
tion (cf. 11), there is severe steric repulsion
between the methyl group and the C ; meth-
ylene group in the transition state. As a
consequence, a competitive process took
place, starting with a 1,5 sigmatropic hydro-
gen migration producing a new macrocyclic
trienone 12 with TCT geometry. This can
then easily undergo a Diels-Alder reaction,
relatively free of steric interaction, produc-
ing atricyclicketone 14 with CAC geometry
and a secondary methyl group. At the reac-
tion temperature, tricyclic ketone 14 was
then thermally equilibrated with the iso-
meric ketone 15 via their corresponding enol
intermediate.

Study of the other macrocycle 18 gave
better results. On heating at 300 °C, TCC

macrocycle 18 was cleanly transformed 13 (CAC) 15 (CAC)
(90%) into th'e tricyclic .ketone ZQ by RS o O o
transannular Diels-Alder with concomitant Me Me

COOMe COOMe

decarbomethoxylation. In this case, only

Me
one product was observed because there is
only one Diels-Alder reaction that can take Gt 7 COOMe
place without severe steric hindrance at the =

transition-state level (cf. 19) to produce tri-
cyclic ketone 20 having the trans-syn-cis
(TSC) geometry.

While this work was progressing, we also
carried out a systematic studyondirectmacro-
cyclization affording 11- to 14-membered
rings containing two sites of unsaturation
(triple or double bond, cis or trans) using the
displacement of allylic and propargylic chlo-
ride with a malonate. This work® clearly
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showed that the desired macrocycle is the
predominant product, formed in good yield
in most cases. The next step was to verify
that macrocyclization could be induced di-
rectly from an acyclic triene using the in-
tramolecular alkylation of a malonate with
an allylic chloride.

The acyclic precursor 21 (Scheme 4)
contains a tetrasubstituted enol ether as a

Me

dienophile, a trans-trans diene, a malonate
ester, and an allylic chloride. It was
synthesized and submitted to macrocycliz-
ation conditions (slow addition to a
suspension of sodium hydride in THF-DMF
at 70 °C). To our surprise, this experiment’
directly gave two tricyclic products having
the TST and the CSC structures 23 and 24,
respectively, in a 2:1 ratio. Thus, the

Scheme 4

OR,
y = CH,CgHs
5 = CHOMe
X = CH,CH(COOMe),
v=C

23 (TST)

Y2

xi

connector

- D!ENOPHILE
conneclor 7_\1 (\/(\
' x

, DIENE

MACROCYCLIC TRIENE

~Hy
R,OCH; 7z

24 (CSC)

Scheme 5
CONVERGENT GENERAL STRATEGY

it

ACYCLIC TRIENE

27

TRICYCLIC COMPOUND
ABC[66.6]

anticipated 13-membered trans-trans-cis
macrocyclic triene 22 could not be isolated,
as it directly underwent the Diels-Alder
reaction. Formation of the two products
results from the fact that the diene and the
dienophilecanreact in twodifferent manners
(cf. 22A and 22B). In this case, the cisoid
conformation of the trans-trans diene is
essentially sterically free, facilitating the
Diels-Alder reaction (vide infra), but it was
felt that proximity effects due to the 13-
membered ring must be the main driving
force for this very facile cycloaddition. This
was demonstrated by comparingthereactivity
of acyclic triene 21 (X = CO,Me) with
macrocyclic triene 22. Compound 21 (X =
CO,Me) should be more reactive because its
dienophile is now conjugated by an ester
function; however, it was found to be
unreactive even when heated at 210 °C for
10 h. Clearly, this indicated that the trans-
annular Diels-Alder reaction represents a
definite synthetic advantage, as it can greatly
enhance the chemical reactivity of dienes
and dienophiles. As aresult, the Diels-Alder
reaction becomes a more general process
when carried out in a transannular fashion.

Having shown that a macrocyclic triene
can be constructed directly from an acyclic
triene precursor, we decided to modify our
general approach for the study of the syn-
thetic potential of the transannular Diels-
Alder reaction. The methods used so far for
the preparation of the acyclic triene, being
linear in nature, were lengthy and cumber-
some. We wanted more flexibility in our
approach and decided to adopt a highly con-
vergent method using prefabricated building
blocks. This method was already developed
for our general study on the macrocyclization
of 10- to 14-membered ring dienes. This
approach is summarized in Scheme 5 and
consists of assembling four different build-
ing blocks: a diene and a dienophile, each
having two potential leaving groups, and two
connectors.

The assembling of the macrocyclic triene
is carried out in the following order. One
connector is firstreacted with the dienophile
via a displacement reaction of a homoallylic
leaving group (Y, = mesylate). This is then
followed by anallylic coupling reaction with
the diene compound (displacement of X ).
The homoallylic functional group in the re-
sulting product is then converted into a good
leaving group (Y, = mesylate) and reacted
with the second connector, producing the
acyclic triene precursor 25. The remaining
allylic functional group is then activated (X
is converted to an allylic chloride) in order to
undergo the desired macrocyclization.

Thereareseveraladvantages to this highly
convergent approach. Several dienes and
dienophiles having various geometries and
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substituents can be readily prepared and
quickly assembled with the help of all sorts
of connectors, producing a large variety of
macrocyclic trienes. The use of connectors
has the additional advantage that they can
play a role as substituents at the Diels-Alder
stage and, more importantly, can become
useful functional groupslater. This approach
provides tricyclic compounds, having a
functional group in each ring, that can be
useful for further elaboration. In principle,
the connectors can also be chiral in nature,
and this provides an opportunity (vide infra)
for the induction of chirality at the Diels-
Alderstep, yielding optically active tricyclic
compounds. Thus, these connectors, which
can be very useful in the preparation of
macrocycles,canalsoservelater as functional
groups or as devices {or the control of
stereoselectivity (diastereo- and enantio-
selectivity) during the formation of tricyclic

eight different configurations. For example,
a TC diene with a T dienophile corresponds
to a TCT configuration, where the three
letters refer to the unsaturations at C,, C,, and
C, . respectively (cf. 26). Tricycle 27, which
has four chiral centers (C, and C_ . steroid
numbering), can exist in eight dif ferent race-
mic diastereoisomeric configurations (e.g.,
CAC, TST, etc.), as indicated in Table 1.
On first analysis, each triene configura-
tion can theoretically lead to two different
tricyclic diastereoisomers (and their respec-
tive enantiomer). For example, triene CTT
can give either tricycles TAT or CAC. How-
ever, as indicated in Table 1, it can be pre-
dicted that several transannular Diels-Alder
reactions cannot take place. This is due to

the fact that the Diels-Alder reaction must
take place via a boat-like transition state,
producing an A.B.C.[6.6.6] tricycle in which
the middle ring must be in a boat conforma-
tion. Indeed, molecular models showed that
because of this restriction, which is
stereoelectronic in nature, it is sterically
impossible, in some cases, to reach the re-
quired chair-boat-chair transition states. For
instance, due to steric reasons, tricycle TAT
cannot take a conformation with ring B in a
boat form. As a result, it becomes impos-
sible to produce this compound from macro-
cyclic trienes CTT and TCT.

On the other hand, there are tricycles that
can take two such conformations and can
thus be produced from two different trienes.

Table 1. Predictions for the Transannular Diels-Alder

compounds. Entry - -Tricycle Triene Tricycle
In our general preliminary study, it was Stereochemistry Geometry Stereochemistry
important to choose a connector that would
not create additional chiral centers. Di- (1) TAT - =% CTT SRR CAC
methyl malonate was chosen for both con-
nectors. This is a versatile symmetrical (2) TAT = =X TCT - CAC
connector that can be alkylated under mild X
conditions, yetitcan be easily converted into 3 TAC cCcT CAT
a stereogenic center if necessary. (4) TAC = - TTT - CAT
The next step in this project was the con-
sideration of the relationship between geo- (5) TSC = =X C1C: ——= CST
metrical isomerism of the macrocyclic triene
and stereochemistry in the resulting tricycle.® (6) TSC TCC X CST
A diene can have four different configura- <X e
tions (TT, TC, CT, or CC) and the dienophile @ o1 cee C8C
can have two (C or T). The corresponding (8) TST = —-— TTC — CcSC
macrocyclic triene 26 can therefore have
ible 2. Macrocyclization and Transannular Diels-Alder Reaction
ntry Macrocycle Diels-Alder Tricycle Ratio Yield
__geometry (yield) temp time stereochemistry
 CTT (87%) 300°C  2h 32 (CAC) — 91%
 TCT  (30%) 350°C  1h 32 (CAC) + 36 + 37 2:3:1 >90%
CCT  (66%) 300°C  3h 38 + 32 (CAC) + (36 + 37) 6.4:1.4:1.7 >90%
_ TIT (notisolated) 80°C  — 56 (CAT) + 57 (TAC) 12 65%
CTC  (81%) 300°C 2.75h  43(CST) s 89%
TCC  (88%)  300°C 2h 46 (TSC) — 100%
CCC (72%) 365°C - 30min 43 (CST) + 46 (TSC) 11 95%
TIC (notisolated) - 80°C — 62 (TST) — 53%

46
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28 R=H, R=Me
30 R=Me, R'=H

37:(ccm

This is the case for tricycle CAC, which can
be formed from either a CTT or a TCT
macrocyclic triene. There are other situa-
tions where the tricycle can take only one
conformation with ring B in a boat form.
These tricycles can therefore be produced
from only one macrocyclic triene. For in-
stance, TSC can be produced from triene

Scheme 6

E
™ 29 R=H,R'=Me -
31 R=Me, R'=H
Me
—_—
E
E
34 (CTT)

Scheme 7

——
———

30 (TCT)

l

32 + 35 + 36

= 28 (CTT)

l

32

40 (TcT)

TCC, but not from triene CTC. Also, if the
triene cannot take a conformation leading to
aboat-like transition state as required for the
transannular Diels-Alder, then this reaction
should not take place. This is the case for
triene CCT.

In summary, the predictions for the eight
triene configurations are the following: one

Me

32 CAC

35 (CAC)

triene (CCT) cannotundergo the transannular
Diels-Alder, five trienes (CTT, TCT, CTC,
TCC, and CCC) can give only one racemic
diastereoisomer, and two trienes (TTT and
TTC) can each give, theoretically, two race-
mic diastereoisomers. Also,only one (TAT)
of the eight diastereoisomeric tricycles can-
not be produced directly by a transannular
Diels-Alder reaction. Itis also interesting to
mention that syn and anti tricyclic com-
pounds are derived from cis and trans
dienophiles, respectively.

The next stage in our investigation was to
submit these predictions to experimental veri-
fication.® The required four dienes and two
dienophiles were synthesized and assembled
using dimethyl malonate to produce the eight
acyclic trienes. Macrocyclization was car-
ried out by slow addition of the acyclic
trienes 25 to a solution of cesium carbonate
in THF-DMF (1:1) at 80 °C. The results
obtained at the macrocyclization step and at
the Diels-Alder stage are summarized in
Table 2. Macrocycles were isolated in six
cases (entries 1-3 and 5-7). In the remaining
cases (TTT and TTC), tricyclic compounds
rather than the expected macrocycles were
directly isolated, indicating that the Diels-
Alder reactions took place at the temperature
of macrocyclization (80 °C). The mild reac-
tion conditions for these Diels-Alder cy-
cloadditions can be explained by the fact
that, in the TTT and the TTC macrocycles,
the TT diene can take the required cisoid
conformation that is devoid of steric repul-
sion. The other macrocycles were heated at
high temperature (>300 °C) in order to ob-
serve a complete thermal conversion. This
indicates a severe steric hindrance prevent-
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41 (CTC) R<Me RzH

44 (TCC) R=H R'=Me

50.-(CcC)

ing the cisoid conformation when the diene
has a CT or CC geometry.

Macrocycle CTT 28 (Scheme 6) gave the
expected CAC tricycle 32 at 300 °C. The
same tricycle 32 was also obtained from
macrocycle TCT 30 at 350 °C but as a
mixture with two other components (35 and
36; 2:3:1). Compound 35 was shown to have
an unexpected CAC tricyclic structure hav-
ing the methyl group on the double bond. (36
could not be isolated pure, and its structure is
unknown.) The aboveresults can be ration-
alized in the following way. Assuming that
the Diels-Alder reaction takes place via a
chair-boat-chair-like transition state, molecu-
lar models clearly indicate that the methyl
group creates much more steric hindrance in
the CAC transition state from TCT (¢f. 31)
than that from CTT (c¢f. 29). As a conse-
quence, the reaction 28 — 29 — 32 is quan-
titative, but reaction 30 — 31 — 32 is not.
The formation of the unexpected tricycle 35
from macrocycle 30 can be explained by a
competing transannular ene reaction pro-
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42 R=Me; R'=H

45 ReH R=Me

Scheme 9

51

ducing 33, which can in turn give TCT
macrocycle 34. This compound is then eas-
ily transformed into tricycle CAC 35, be-
cause the Diels-Alder reaction is no longer
sterically hindered by the presence of the
methyl group. Interestingly, the process
30 — 33 — 34 is an oxido-reduction process
where the dienophile andthedienehave been
mutually interconverted.

The prediction that the macrocyclic triene
CCT 37 (Scheme 7) is not allowed to directly
produce a tricyclic compound was supported
experimentally. On heating at 300 °C, triene
37 gave ten-membered bicycle 38 (64%)
along with a mixture of the three products
(32, 35, and 36) previously obtained from
macrocyclic trienes TCT 30 and CTT 28.

The major bicyclic product (38) is formed
from 37 by atransannular ene reaction. Since
we know that TCT 30 gives 32 + 35 + 36,
while CTT 28 gives 32, it is reasonable to
assume that macrocycle CCT 37 must have
partly isomerized into a mixture of macrocy-
clic trienes CTT 28 and TCT 30 in order to

43 R=Me R=H

46  R=H R'=Me

52 (CTC R=Me R'=H)
(TCC R = H R'=Me)

produce the mixture of 32, 35, and 36. The
thermal isomerization of the macrocyclic
triene CCT can be explained by two consecu-
tive 1,5 sigmatropic hydrogen migrations
from 37, which can yield either macrocyclic
triene TCT 30 or CTT 28 via the CTT and
TCT intermediates 39 and 40, respectively.
It is interesting that intermediates 39 and 40
do not undergo a Diels-Alder reaction, prob-
ably because they would produce tricycles
having an A.B.C.[5.6.7] ring structure. This
formation must be sterically disfavored by
the seven-membered ring.

TheDiels-Alder reaction of CTC and TCC
macrocyclic trienes 41 and 44 (Scheme 8)
produced the corresponding CST and TSC
stereoisomers 43 and 46, respectively, as
predicted, in excellent yield. This is readily
explained, since both processes can take
place via chair-boat-chair-like transition
states devoid of severe steric repulsion, as
indicated in structures 42 and 45.

CCC Macrocyclic triene 47 (Scheme 9)
was predicted to give only CSC tricycle 49




via transition state 48, which appears to be
quite sterically crowded. This situation re-
sults from the fact that the cis-cis diene is
severely sterically congested when it takes
the cisoid geometry required for the Diels-
Alderreaction. Not surprisingly, on heating
at 365 °C, none of the predicted CSC tricycle
49 was isolated; rather, it produces an ap-
proximately 1:1 mixture of wicycles CST 43
and TSC 46. Clearly, this indicates that the
process 47 — 48 — 49 is too costly energeti-
cally, and CCC macrocycle 47 instead un-
dergoes thermal isomerization to give a mix-
ture of CTC and TCC macrocycles 41 and 44,
which are then converted into tricycle CST
43 and TSC 46, respectively. Again, the
thermal conversion of 47 into 41 and 44 can
take place by two consecutive 1,5 sigmatropic
hydrogen migrations (¢f. 50-52).

Scheme 10

=l
Il
\/\\3.

54 R=Me R=H
55 R=H R=Me

Scheme 11

As previously mentioned, the remaining
macrocyclic trienes TTT and TTC were not
isolated, as they underwent the Diels-Alder
reaction at the temperature of macrocycliza-
tion. The TTT macrocycle 53 (Scheme 10)
gave a 1:2 mixture of tricycles CAT 56 and
TAC 57. This is in accord with the original
prediction, since the TTT macrocycle can
react via conformations 53A and 53B to
yield tricycles CAT and TAC, respectively.
The two competing pathways can be best
compared byexaminingtheir respective tran-
sition states, 54 and 55. Using this method of
comparison, it can be seen that the only
difference between the two competing tran-
sition states is the location of the methyl
group. Molecular models show that the
methyl group is sterically more crowded in
transition state 55, which leads to the TAC

——

57 (TAC)

E
£

Eo
E
Me
H : ‘

61 (CSC)

tricycle §7. The difference does not appear
to be very large; a mixture is therefore ex-
pected. What is surprising, however, is that
this analysis predicts a ratio where the CAT
tricycle 56 would be predominating. This is
in contradiction with the experimental ratio,
and this topic will be discussed again later.

The TTC macrocyclic triene gave only the
TST tricycle 62 (Scheme 1 1) rather than the
predicted mixture of CSC and TST tricycles
61 and 62. This experimental result can be
readily explained by consideration of the
relative steric effect played by the ester
functions. The TTC macrocycle can either
react via conformation S8A or 58B leading
to tricycles CSC 61 and TST 62, respec-
tively. Analysis with molecular models re-
veals that, in the transition state §9, which
leads to tricycle CSC 61, there are two 1,3-
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diaxial-type steric interactions between each
pseudo-axial ester function and the CH at-
oms of the olefin of the final product (cf. 59).
There are no equivalent interactions in the
competing transition state 60. This steric
effiect would therefore be the main discrimi-
nating factor favoring formation of TST
tricycle 62. The macrocyclization of TTC
acyclic triene was repeated at lower tem-
perature (45 °C), and the corresponding
macrocycle was isolated pure although in
low yield. As anticipated, the TTC macrocy-
clic triene 58 was quantitatively converted
into TST tricycle 62 upon reflux in ben-
zene.!?

In general, the results summarized in Table
2 confirm the predictions made in Table 1.
The anomalous results (entries 2, 7, and 8)
are readily rationalized on the basis of a
simple analysis at the transition-state level.
The results demonstrate the power of tran-
sannular Diels-Alder reactions on macrocy-
clic trienes for the construction of tricyclic
compounds. Indeed, so far six of the eight
possible diastereoisomers can be obtained
and the degree of stereochemical control is
remarkable. The next step in this project was
the evaluation of the potential of this strategy
as a general method for the synthesis of
polycyclic natural products.

For instance, triterpene 69 (Scheme 12)
can be viewed as an A.B.C.D.E.[6.6.6.6.5]-
pentacyclic system that can be constructed
from one of the three key tricycles: 66
(A.B.C.[6.6.6]8-Me,10-Me), 67 (B.C.D.-
[6.6.6]18-Me,14-Me), or 68 (C.D.E.[6.6.5]14-
Me). Thesetricyclescan, in turm, come from
the macrocyclic trienes 63, 64, and 65, which
vary in their ring size (13- and 14-mem-
bered) and in the degree of substitution on
the diene and dienophile components. This
type of retrosynthetic analysis can be carried
out with most diterpenes, triterpenes, and
steroids. As a result, it can be foreseen that
transannular Diels-Alder reaction on
macrocycles is potentially a general method
for the synthesis of most natural products
belonging to these classes. In fact, this
synthetic method is even more general in
nature, since it leads not only to natural
products, but also to polycyclic products
having either varied stereochemistry for the
skeleton or all sorts of substituents. Most
terpenes and steroids are classified in two
books.!"2 Using this source of information,
we have estimated that there are more than
4000 natural products that could be con-
structed from about 50 types of key tricyclic
intermediates. Table 3 shows the number of
natural products that can be made from the
20 most important tricycles.

The next objective of our investigation
was clear. We had to verify that the Diels-
Alderreactionwouldremainthepredominant
pathway when the diene and the dienophile

50

Aldrichimica Acta, Vol. 24, No. 2, 1991

Scheme 12
SYNTHETIC STRATEGIES FOR A TRITERPENE

66 'A.B.C.[6.6.6]8-Me,10-Me
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are diversely substituted. We first studied
the macrocyclization and subsequent Diels-
Alder reaction on macrocycles having no
substituentson the dieneandthe dienophile.'?
The macrocycles having a cis-cis diene were
not considered, as they are prone to undergo
thermal isomerization and lead to a mixture
of products. Four macrocycles were studied,
and the predicted tricyclic isomer was
obtained in each case (CTT —» CAC, TTT —»
CAT, CTC — TSC, and TTC —» TST). No
side products were observed because the
energy barrier for the Diels-Alder reaction
has not been unduly raised by the presence of
alkylsubstituents. Due to symmetry reasons,
the TTT tricycle can only yield one isomer
since the CAT and TAC stereoisomer are
identical substances. The same reasoning
applies for CTC (TSC = CST).

We then examined macrocycles having a
tetrasubstituted, unactivated dienophile bear-
ing two methyl groups (¢f. 64 — 67).!
Again, four macrocycles were studi¢d, and
specific formation of one stereoisomer was
observed in each case (CTT - CAC, TTT —»
CAT, TTC > TST,andCTC — CST). It was
remarkable to observe that the TTT macro-
cyclic triene was not isolated, as it went
directly to the CAT tricycle (CAT = TAC).

E Me
68 C.D.E[6.6.5]14:-Me

L Lo,
5 . /\ﬁr‘ 1
E ! éf x

This result is synthetically attractive be-
cause it shows that tricycles having two
adjacent stereocontrolled quaternary centers
can be easily constructed by this strategy.
This indicates that the synthetic route (64 —
67 — 69) for the synthesis of triterpenes via
a B.C.D.[6.6.6]8-Me,10-Me tricyclic inter-
mediate should be taken seriously into ac-
count. Indeed, this could lead to a rather
simple synthesis of complex triterpenoids.
There are several natural products having
alkylgroupsatC, andC, (cf. A.B.C.[6.6.6]8-
R,10-R, Table 3). Therefore, macrocycliz-
ation and the Diels-Alder reaction were un-
dertaken with dienes and dienophiles each
having one methyl group. Six different
macrocycles (63) were studied,'” and it is
worth noting that all macrocyclizations were
carried out in good yield (57-93%). In this
series, it was possible to isolate the macro-
cycles having a TT diene because the pres-
ence of a methyl group on the diene gener-
ates enough steric hindrance to prevent the
formation of the cisoid conformation at the
temperature of macrocyclization. Three
macrocycles (TCC, TTT, and TCT) gave
only one stereoisomer while the others (CTT,
CTC, and TTC) led to mixtures. The TCC
macrocycle gave, as predicted, only the cor-




Table 3. Key Tricyclic Structures Recognized in Various
Natural Products

Number of Key tricycles Number of
natural natural
products products
B.C.D.[6.6.5]
70 8R,13R 70
700 8R,14R 76
40 9R,13R,14R 30
1350 13R 570
13R,14R 550
- AB.CJ6.6.5)
. 9R,10R 25 C.D.E.[6.6.6]
1 17 13R,14R,17R 30
14-0xa,8R,10R 25 14R,17R 200
 B.C.D.[6.6.6] C.D.E.[6.6.5]
8R,13R 32 14R,17R 41
~ 8R,14R 280 14R,18R 17
 8R,13R,14R 18
~ 17-0xa,8R,13R 33
Scheme 13
E
E
Me
E

72 (CAT)

responding TSC tricycle. This is readily
explained on the basis of a chair-boat-chair
transition state devoid of severe steric repul-
sion (similar to 44 — 45 — 46). The TTT
macrocycle 70 (Scheme 13) underwent the
Diels-Alder reaction at 200 °C producing
only TAC tricycle 74. In this case, the CAT
tricycle 72 was not observed because there is
one additional severe steric interaction in the
corresponding transition state 71 when com-
pared with 73, which leads to 74. The TCT
macrocycle gave a CAC tricycle, which was
found to have a methyl group on the olefin,
as well as a secondary methyl group in ring
C.'** Thus, a process similar to the one
previously described for TCT macrocycle 30
(30 — 33 — 34 — 35, where H, = Me) is
again taking place, with the exception that it
is the major transformation. In this case, the
wansient formation of an intermediate equiva-
lenttobicycle 33, having an additional methyl
group (33, H, = Me), could be detected by
NMR spectroscopy. The other three
macrocycles (CTT, CTC, and TTC) gave
complex mixtures of tricycles. These mix-
tures were obtained because the methyl group
on the diene creates additional steric interac-
tion in the required cisoid conformation, and
as a result, competing isomerization pro-
cesses of the macrocyclic dienes took place
prior to the Diels-Alder reaction. In sum-
mary, these results are understood, but de-
tails are omitted in this article.

Several studies were also carried out with
13-membered macrocyclic trienes (785,
Scheme 14) that can lead to B.C.D.[6.6.5]
tricycles (76).'® Again, it would be too
lengthy to discuss these results in detail.
Suffice it to say that the Diels- Alder reaction
gave results similar to those observed with
14-membered rings; however, yields of
macrocyclization were generally lower.
Study of 15-membered macrocyclic trienes,
which can produce A.B.C.[6.6.7] tricycles,
was alsocarried out.’®” The case of the TTT
macrocycle 77 turned out to be quite inter-
esting, because this macrocycle, in which the
cisoid conformation is sterically free, was
stable at room temperature. The Diels- Alder
reaction that gave the expected TAC and
CAT tricyclic isomers 78 and 79 had to be
carried out at 200 °C. Thus, one extra
methylene group makes a significant differ-
ence, since the corresponding Diels- Alder
reaction in the 14-membered series took
place at less than 80 °C. This is a clear
indication that proximity effects play an
important role in the case of the transannular
Diels-Alder reaction. Those proximity ef-
fects are further substantiated by the fact that
the corresponding TTT acyclic triene does
not undergo the corresponding Diels-Alder
reaction when heated at 200 °C for 20 h.1

It can be concluded from the above study
that transannular Diels-Alder reaction on
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macrocycles is a general process where ring
size and alkyl sustituents can be varied. It is
certainly worth exploring from a synthetic
point of view. The next step in the elabora-
tion of this new general synthetic method
was to start working with another variable,
the connectors, in order to see if they can be
used as a device for the control of the rela-
tive, as well as the absolute, stereochemistry
of tricycles.

The first case studied was the TCC
macrocycle 80 (Scheme 15), which has three
ester functions and produced via 81 and 83,
respectively, a 63:37 mixture of racemic
TSC tricycles 82 and 84, isomeric at C,.'8
This result is explained by the steric effect
played by the monoester function at the
transition-state level. This group is
equatorially oriented in 82 and axially ori-
ented in 84. Upon basic equilibration with
sodium methoxide, an 84:16 ratio of 82 and
84 was obtained. This indicates that, at the
transition-state level, the axial steric interac-
tion (¢f. 83) must be slightly less important,
because the C-C,, bond is not yet com-
pletely formed.

We then carried out a similar study with
CTT macrocyclic triester 85.' Based on an
analysis similar to the one just described, we
expected the formation of only CAC stereo-
isomer 89, because in this case, the forma-
tion of the other stereoisomer requires a
rather severe pseudo-1,3-diaxial steric inter-
action that is developing between the ole-
finic CH atoms and theester function (cf. 86)
at the transition-state level. However, con-
trary to our expectation, we found out that
macrocycles 85 gave a 1:4 mixture of CAC
isomers 87 and 89. This result came as a
surprise, because it was thought that the
difference in steric effects between the two
processes (cf. 86 and 88) would be sufficient
to completely eliminate the minor one. It
was also a disappointment, because the at-
tempt to use a chiral connector as a device to
obtain complete control of stereochemistry
of the tricycle was compromised.

We were also hoping to use the connectors
for controlling the CAT/TAC ratio in the
Diels-Alder reaction of TTT macrocycles.
This goal was important synthetically since
there are several natural products that have
either the CAT or the TAC stereochemistry.
Again, the results obtained were not com-
pletely satisfactory.? The predicted product
was always the major isomer (~80%), but the
other possible stereoisomers were always
presentto someextent. Forinstance, 90 gave
mainly the TAC stereoisomer 92 as pre-
dicted, while 91 gave mainly the CAT ste-
reoisomer 93. However, to be useful syn-
thetically, 100% stereochemical control is
required!

At this stage, we realized that there were
several results that could not be explained
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80 (TCC)

E z
@
H
85 (CTT)
E
Y
Me
Ramay
E
X
90 X=FE YzH
91 X=H, Y=E

completely, and we started to seriously
questionthe validity of ourtheoretical model,
which was based on the assumption that the
Diels-Alder reaction always takes place via
a chair-boat-chair-like transition state. For
instance, why did our theoretical model
predict the preferential formation of CAT
tricycle 56, while the experiments produced
a 2:1 ratio in favor of the TAC isomer 57
from TTT macrocycle 53 (Scheme 10)? It

81.R{ =COOMe, Ry =H
83 R, = H, R = COOMe

86 R, = COOMe, R =H
88 Ry =H, Ry = COOMe

92 (TAC)

82 R, = COOMe, Ry=H
84 R, = H, R, = COOMe

87 R;=COOMe, Rp=H
89 R;=H, R = COOMe

does not appear possible to invoke the
influence of stereoelectronic effects since
the only substituent is a methyl group. This
led us toassumethatthe formation of tricycles
CAT and TAC might take place via a boat-
boat-chair rather than the normally more
appealing chair-boat-chair transition states
54 and 55. In transition states 54 and 55,
there is asevere 1,3-diaxial steric interaction
between one ester function and the olefinic



CH group. This interaction occurs in ring A
for CAT (cf. 54) and in ring C for TAC (cf.
§5). These steric interactions can be
eliminated ifthe formation of CAT and TAC
56 and 57 takes place from boat-boat-chair
wansition states 94 and 95, respectively
(Scheme 16). Moreover, these two new
transition states are quite appealing because
therelativeratioof the TAC and CAT tricycles

E
108 (ch0)

56 and 57 can be readily explained. Indeed,
in 94 the methyl group is in a boat-like
conformation creating more steric hindrance
than in 95 where the methyl group is in a
chair-like orientation. On that basis,
transition state 95 is of lower energy than 94,
and this explains why the TAC tricycle is
obtained as the major isomer.

It is important to rigorously establish the

Scheme 16

E
E —
94 R=Me, R=H _
95 R=H,R'=Me
Scheme 17

- 102 X=H,Y = OMOM -
104 X = OMOM,Y =H

105 (CAC)

preferred conformation of the Diels-Alder
transition states, not only in order to explain
the results obtained so far, but also because
this new knowledge is a prerequisite for the
conception of synthetic routes with com-
plete control of the relative and absolute
stereochemistry. Demonstration that a boat-
boat-chair can compete with a chair-boat-
chair transition state was realized by the
study of the Diels-Alder reaction of CTT
macrocyclic triene 96, which contains an
additional acetonide ring with a trans junc-
tion (Scheme 17).2' Racemic macrocycle 96
gave a 7:3 mixture of tetracycles 98 and 100.
Molecular models indicate that tetracycles
98 and 100 are formed from chair-boat-
chair-chair and chair-boat-boat-chair transi-
tion states 97 and 99, respectively. In this
case, transition state 97 does not suffer from
severe 1,3-diaxial steric interaction. It is
therefore surprising to observe that transi-
tionstate 99 can compete with97. However,
this situation occurs because of a
stereoelecwronic effect related to the pres-
ence of the C-O bond, which raised unduly
the energy level of transition state 97. This
stereoelectronic effect was first observed by
studying the Diels-Alder reaction of CTT
macrocyclic triene 101, which has an OR
group (R = methoxymethyl).”? This com-
pound gave CAC tricyclic isomers 103 and
105 in 63:37 ratio, indicating that the transi-
tion state 102, with an axially oriented OR
group, is of lower energy than that of 104,
with an equatorially oriented OR group. This
result is surprising, as it is contrasteric in
nature. However, it indicates that a stereo-
electronic effect raising the energy of 104
must be occurring. Weare suggesting that in
104, the OR group, being equatorial, is
antiperiplanar to the C-C bond, which is in
the process of formation. Overlap of the C-
OR antibonding orbital with this electron-
poor C-C bond at the transition state must be
destabilizing. As a result, the predominant
formation of CAC tricycle 103 via 102 was
observed. These results further indicate that
the study of the transannular Diels-Alder
reaction is also interesting from a mechanis-
tic point of view, because it provides experi-
mental information not readily available ei-
ther from intermolecular or simple intramo-
lecular studies. This is because the
transannular Diels-Alder reaction provides
much better information on the precise con-
formation of transition states.

It was mentioned at the beginning of this
article that the TAT tricycle cannot be ob-
tained directly from a transannular Diels-
Alder reaction. Since a vast number of
natural products contain this relative stere-
ochemistry, it was of interest to demonstrate
that the TAT tricycle can be readily obtained
from the isomerization of another tricycle.
At the same time, it was also interesting to
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show that one chiral center onthe macrocycle
could induce the control of the absolute
configuration of tricycles. Both of these
aspects were examined by the study of the
optically active TCC macrocyclic triene 107
(Figure 18).2
The optically active cis dienophile, having
ap-methoxybenzyl group, was prepared from
L-(S)-glyceraldehyde acetonide.?* Further
coupling with dimethyl malonate and the
trans-cisdiene, following the general method
described in Scheme 5, gave TCC allylic
chloride 106, which was cyclized under the
usual conditions to yield crystalline TCC
macrocyclic triene 107 in 80% yield. The
TCC macrocycle 107, when heated at 270 °C
(3 h), led to the formation of optically active
TSC tricycle 108 in 85% yield after chroma-
tography. Removal of the p-methoxybenzyl
protecting group with DDQ, followed by
oxidasion (PCC) of the resulting alcohol,
gave a TSC tricyclic ketone that was con-
verted by isomerization (Na,CO,, MeOH) to
the more stable TAT tricyclic ketone 109.
We have also studied several macrocycles
where the diene and dienophile were first
assembled by an aldol reaction. Only the
most interesting cases are reported here.?
On attempted macrocyclization at 80 °C, the
TTT acyclic triene 110 (Scheme 19), having
a bis-sulfone (E = SO,Ph) as a connector,
gave exclusively the TAC tricycle 113 in an
overall yield of 90% with none of the nor-
mally competing CAT tricycle being ob-
served. A similar result?”” was obtained with
TTT acyclic triene 110, having a bis-malonate
connector (E = CO,Me), which again gave
only 113 but in a lower overall yield (70%).
In these two cases, the Diels-Alder reac-
tion of the transient macrocycle 111 can take
place via chair-boat-chair transition state
112, which is devoid of destabilizing effiects
due to the appropriate orientation of the two
functional groups in the newly formed ring

E
Cl
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C. Thus, the presence of these two substitu-
ents disfavors the occurrence of the chair-
boat-boat competing transition state previ-
ously observed in other situations. This ap-
proach is quite interesting synthetically, be-
cause the use of an asymmetric aldol coupling
methodology can, of course, lead to optically
active tricycles with complete control of the
relative and the absolute configuration. This
approach is also quite appealing for future
elaboration of ring C, because the problem of
regioselectivity is, in principle, solved. In-
deed, having two functional groups in this ring
should facilitate the direct introduction of
other substituents or rings.

These last experiments indicate the general
direction our laboratory is taking. Problems
needing to be addressed and presently under
investigation are the following: (a) new meth-
ods of macrocyclization, (b) discovery of con-
nectors that would be more amenable (includ-
ing the problem of regioselectivity) to further
synthetic transformation once the tricycle has

been produced, (c) dienophiles conjugated
with a functional group to facilitate the
Diels-Alder reaction and to obtain dia-
stereoisomeric control from the endo rule,
and (d) new solutions concemning the con-
trol of relative and absolute configuration.
The most important operation is to find
appropriate target molecules to be con-
structed in order to demonstrate the power
of the transannular Diels-Alder reaction on
macrocycles.

In the course of our general study, a total
synthesis of a steroid derivative using the
transannular strategy was reported by
Takahashi and co-workers.?® The TTT
acyclic precursor 114 (Scheme 20),
containing a D-ring, was first assembled
andcyclized using ethoxyethyl cyanohydrin
as a connector [LiN(TMS),, 80 °C] to
produce the corresponding macrocycle in
75% yield. The cyanohydrin ether was then
hydrolyzed under acid conditions to produce
the TTT macrocyclic ketone 115. Upon

Scheme 18

Scheme 19

COOMe
Me
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heatingat 180 °C, 115 was converted into the
steroid 116 (84%), having a CAT
stereochemistry forthe newly formed A.B.C.
rings. Inthis case, the trans junction between
the macrocycle and the cyclopentanone ring
sterically inhibits the formation of other
stereoisomers having a TAC stereochemistry.

Weareconcludingthisarticle by reporting
two model studies that were carried out
while having a specific target in mind. The
first case?® concerns the TCC acyclic triene
117 (Scheme 21). This contains an allylic
pivalate that can be converted into TCC
macrocyclic triene 118 in 80% yield using a
palladium catalyst [O,N-bis(trimethylsilyl)-

acetamide, (Ph,P),P, Ph,PCH,CH,PPh,,
THF].? Heating 118 at 180 °C gave TSC
tricycle 119 with a B.C.D. stereochemistry
corresponding to that found in 14f-
hydroxysteroids. Appropriate modification
of this model series should, therefore, lead to
an interesting synthesis of cardioactive
steroids. In the second case,® the CTT
acyclic triene 120 was cyclized to give CTT
macrocyclic triene 121in 75% yield. Heating
121 at 220 °C provided, via transition state
122, CAC tricycle 123 in 76% yield after
chromatography. This A.B.C.[6.6.5] tricycle
can be viewed as an interesting key
intermediate for the synthesis of the complex

Scheme 20

115 116
Scheme 21
M Me
Me €
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122

veratrum alkaloids, 124. Indeed, it has the
correct ring size and functionalities required
for the first three rings, and only one chiral
centet (C;) need be corrected in order to
serve as a useful key intermediate for the
synthesis of this complex family of steroidal-
alkaloids.

Work on the development of a general,
rationally designed method for the synthesis
of several classes of diterpenes, triterpenes
and steroids, and closely related products is
presently in progress in our laboratory.
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Readers of theAldrichimicaActahave known for twenty-four years that
our chemist collector prefers Dutch 17th century paintings, preferably of
Biblical subjects by Rembrandt students. But occasionally he just cannot
resist buying more modem paintings. So it was with this large family
portrait (oil on canvas, 59 x 91 inches), which he first saw in the basement
of a Paris dealer. The clothing suggests that it was painted about 1815,
butwhereand by whom? Is thering on the middle finger of the mother's
left hand a clue to the country and denomination? The desk looks New
England of the period, but there may have been desks just like this in
Scandinavia. The family Bible is open at "Acts", in English.

The raw canvas was exported from England by the London firm of Jesse
Middleton which supplied canvases to Rembrandt Peale and Gilbert
Stuart, but probably also to European artists. The sylvestris pine of the
heavy stretcher could have grown in North America or northern Europe.
Prof. R. B. Hoadley and his students at the University of Massachusetts at
Ambherst have developed a method' to distinguish between them, which
involves measurements of fusiformray heights. Unfortunately, thereis a
range where one cannot distinguish between North American red pine
and northern European Scots pine, and values obtained from this
stretcher fall into that range.

What is most enchanting is the depiction of the personalities: the stern
father (a minister?), the mother, concerned mainly with the welfare of the
family, and each of the children, alikein some ways, yet so different. And
don't overlook the dog and cat.

Our hope is that descendants of this family will recognize their ancestors
and so point to where this was painted and perhaps even to the artist.

Some years ago, in Aldrichimica Acta 11, 3 (1978), we depicted a
Dutch church, and several readers identified the church through its
distinctive organ. Perhaps readers will be able to help us with this, also.

The quality of this painting makes it a fitting cover for the Acta withthe
truly exciting papers of Prof. Grieco and Dr. Williams.

1) "The Use of Fusiform Rays as a Basis for Distinguishing the Woods of P.
sylvestris and P. resinosa," Zarifan, S.A. M.Sc. Thesis, University of Massachusetts
at Amherst, Department of Forestry and Wildlife Management, May, 1987.

T he Detective’s Eye: Investigating the Old Masters

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

If you relish detective work and puzzles about Old Master paintings, you will
findmuchtoenjoy inthisfullyillustrated catalog, and you will learn something
about our chemist collector’s interest in art and connoisseurship as well.
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I was surprised to find that one type of flask
which has been made by German and Czech
glassblowers for at least 50 years was not
available in the U.S. Since this flask with the
roundbottom, the "Apollo" flask, is so useful to
the organic chemist, I suggest that Aldrich
might like to offer it.

It has properties similar to the Apollo space
ship; when dropped on water it has two stable
positions. In most cases it will stand on a bench
in a stable position without a ring, and it can
floatonaliquid surface, evenina very unstable
position, keeping the neck up. It will floatin a
stable position upside down in a liquid. This

Apollo Flasks

Lowprofile flasks foreasy access witha spatula.
Inner shape of the flask is best for the con-
trolled evaporation of foaming solvents, such
as toluene or xylene, on a rotovap.

means that if a filled flask drops from the
rotavap, most of the solution remains inside
the flask. Simply close the neck with a
stopperandremoveit fromthebath. A further
advantage of the Apollo flask is that it has a
larger inner volume than the round-bottom
flask for the evaporation of foaming liquids,

and the inner surface of the flask is easily

reached with a spatula.
Dr. Pavel Drasar
Institute of Organic Chemistry
and Biochemistry
Czechoslovak Academy of Sciences
Flemingovo 2
CS-166 10 Praha 6
Czechoslovakia

Editor's Note: Aldrich now offers five vol-
umes of Apollo flasks in both §14/20 and
$14/23 joint sizes. These are listed below.
For more information, contact our Technical
Services Department at 800-231-8327.

&
]

Ol

Dr.Ian O'Neil of the University of Liverpool
kindly suggested that we offer a reversed phase
silica gel for column chromatography. Using
chromatography methods, compounds such as
organic stannanes,' amino-acids, nucleosides,
carboxylic acids, and sulfonic acids may be
readily separated.

Naturally, we made this material.

(1) Farina, V.J. Org. Chem. 1991,56,4985. (2)O'Neil, L A.
Synlett. 1991, 661.

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

New Diazo Transfer Reagent

NEt,
Et2N—l§'t- N, B~
NEt,

This new reagent, suggested by Prof. Ralph
Raphael of Cambridge University, bears a
strongly basic phosphorimine nitrogen (allow-
ing basic autocatalysis), generates a neutral
leaving group (hexaethylphosphoramidic
triamide, easily removed as its hydrobromide
salt), and is reportedly exceptionally stable
against shock, friction, and rapid heating.

McGuiness, M.; Shechter, H. Tetrahedron Lett. 1990, 31,
4987.

Aldrich warrants thatits products conform to the infor:
mationcontained in thisand other Aldrich publications.
Purchaser must determine the suitabilityof the product
for its ‘particular. use. See: reverse- side of invoice or
packingslip foradditional termsand conditions of sale.
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Organic Chemistry in
Unconventional Solvents

Introduction

The use of water as a solvent in organic
chemistry has, for the most part, been nonex-
istent despite the fact that many biochemical
processes occur in the presence of water at
ambient temperature. Whereas Mother Na-
ture discovered the secrets of water millions
of years ago, the organic chemist has only
recently come to appreciate the enormous
potential water holds for those engaged in
synthetic organic chemistry.

Our own realization that water can have a
profound effect on the way one does organic
chemistry goes back a few years to our early
work on the quassinoids. Infact, it was over
ten years ago that we embarked on a total
synthesis of the highly oxygenated
quassinoid, chaparrinone, employing a Diels-
Alder approach (Scheme 1). The strategy
that we adopted was a modification of the
[4+2] cycloaddition chemistry we had devel-
oped in conjunction with the first successful
synthesis of the parent quassinoid, quassin.'

Thereare, inprinciple, four possible Diels-
Alder adducts that can arise from cycloaddi-
tion of 1 and 2: two adducts from the B-face
of the dienophile and two from the o-face, all
via endo transition states. In reality, only
two of the four possible adducts were antici-
patedsincethe presence of theangular methyl
group in the dienophile precludes approach
of the diene from the PB-face. Proceeding
along conventional lines, the diene and
dienophile (Scheme 1) were dissolved in
benzene and allowed to reflux over an ex-
tended period of time. One major product
that possessed the incorrect configuration at
C(14) was isolated.

The problem of reversing the selectivity in
the Diels-Alder reaction proved to be a for-
midable challenge. However, after exten-
sive experimentation, the desired reversal in
selectivity could be achieved by conducting
the Diels-Alder reaction in water and em-
ploying the sodium salt of 4-methyl (E)-3,5-
hexadienoic acid as the diene.? Equally
noteworthy was the fact that, in water, the
rate of the reaction was dramatically acceler-
ated. Best results were obtained when the
reaction was conducted with a five-fold ex-
cess of diene carboxylate (2.0 M in water).

Several features of this reaction warrant
comment. The reaction rate is dramatically
slowed upon lowering the concentration of

diene below 1.0 M. Furthermore, upon addi-
tionof organic solvents (e.g., dioxane, metha-
nol, tetrahydrofuran) to help solubilize the
dienophile, the reaction rate, once again, is
dramatically slowed. The above observa-

Paul A. Grieco

Department of Chemistry
Indiana University
Bloomington, Indiana 47405

tions strongly suggest that aggregation of the
diene carboxylate plays a critical role in
helping to solubilize the dienophile. How-
ever, the observed rate acceleration, along
with the reversal in selectivity, is attributed

Dr. Stephen Branca, Aldrich Chemical, presenting Dr. Paul A. Grieco wth the 1991 ACS
Award for Creative Work in Synthetic Organic Chemistry.
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to the hydrophobic effect (the entropy driven
association of nonpolar species in water that
minimizes their exposure to water). When
several transition states are possible, the
more compact transition state, occupying
the smallest volume, should be favored.
Examination of the transition state leading to
the desired C(14) B-H adduct reveals a com-
pact, ball-like structure, whereas the transi-
tion state leading to the undesired isomer is
bulky and cumbersome.

The enhanced reaction rate and reversal in
selectivity observed above led us to investi-
gate further the scope of water and other
unconventional solvents for the Diels-Alder
reaction. I would be remiss at this point if I
did not mention the pioneering work of
Breslow who was the first to report the
hydrophobic acceleration of the Diels- Alder
reaction between cyclopentadiene and methyl
vinyl ketone in water.>*

Diels-Alder Reactions in Aqueous Medium
During the course of our study on the
aqueous Diels-Alder reaction, we found that
diene carboxylates react in water at ambient
temperature witha wide range of dienophiles.®
Much of this work has been published and
will not be reviewed here; however, several
applications of this methodology to natural
products synthesis, as well as an application
to a novel carbocyclic ring forming reaction,
are deserving of mention. In the latter cat-
egory, we were particularly intrigued to find
that, during the examination of the reaction
of diene carboxylates with a number of sub-
stituted benzoquinones, we obtained a novel
pentacyclic compound.® Exposure of 2,6-
dimethylbenzoquinone to 1.5 equiv of a 1.0
M solution of sodium (E)-3,5-hexadienoate
in water containing a catalytic amount of
sodium hydroxide gave rise to carboxylic
acid 3 (Scheme 2). The anticipated Diels-
Alder adduct is obtained in the absence of
base. The formation of 3 arises via
deprotonation of the Diels- Alder adduct fol-
lowed by two sequential 1,4-Michael addi-
tion reactions (Scheme 3). Similar results
were obtained with sodium (FE)-4,6-
heptadienoate. Other substituted
benzoquinones (e.g., 2,5-dimethyl-
benzoquinone) behave similarly.

Two examples serve to illustrate the appli-
cability of the aqueous Diels- Alder strategy
to the synthesis of natural products. The
synthesis of the bicyclic lactone 6, which
constitutes the basic AB ring system of the
sesquiterpene lactone, vernolepin, was
readily realized via a one pot procedure
(Scheme 4).” Cycloaddition of sodium (E)-
3,5-hexadienoate with the a-substituted ac-
rolein 4 in water followed by direct reduction
of the intermediate Diels-Alder adduct §,
without workup, gave rise, upon acidifica-
tion, to 6 in excellent yield.

Scheme 2

e : i o
: : COO™Na*
N\/
H,0.25°C,;1h
88%
o

Scheme 3

In connection with synthesizing the
Inhoffen-Lythgoe diol (Scheme 5), a novel
intermolecular Diels- Alder strategy in water
was employed, wherein an intact C(20)
stereocenter, as part of a diene unit, was used
to elaborate directly the stereocenters of the
latent C/D trans-fused hydrindane ring sys-
tem at C(13) and C(17).® Remarkably, con-
densation of methacrolein with the sodium
salt of chiral diene 7 proceeded in water,
giving rise to carboxylic acid 8. Approxi-
mately 15% of the other diastereoisomer

_oBn T

Vernolepin

could be isolated. In contrast to the high
degree of diastereoselection observed above,
the corresponding reaction employing the
methyl ester of 7 gave no diastereoselectivity
in the absence of water.

The aqueous Diels- Alder methodology can
be extended to dienes bearing other water
solubilizing groups. In this regard, we have
examined the sodium salt of (F)-2,4-
pentadienylphosphonic acid (Scheme 6)° and
the dienyl ammonium chloride salts (Scheme
7)!° derived from (E)-2,4-pentadienyl-
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amine and (E)-3,5-hexadienylamine. The
Diels- Alder reactions were conducted along
the lines delineated above, employing a five-
fold excess of diene, generally 1.0 - 2.0 M in
water. In all cases, the Diels-Alder adducts
were derived from endo transition states
with ortho regiochemistry. With respect to

_ Scheme5

Scheme6 "

HO 45mn

Scheme 7

. NH7HCL
e
, H,0,85°C.20h

//\/\//\Nug«c&
RO.25C.2h

99%

_Inhoffen-Lythgoediol

the dienyl ammonium salts, the Diels-Alder
adducts underwent subsequentinternal imine
formation. Uncyclized free amino com-
pounds could not be detected upon workup.
The (E)-2,4-pentadienylphosphonic acid used
in connection with the above study was pre-
pared, in straightforward fashion, by an

Arbuzov reaction between (E)-2,4-penta-
dienyl bromide and tris(trimethylsilyl) phos-
phite, followed by exposure of the resultant
bis(trimethylsilyl) (E)-2,4-pentadienylphos-
phonate to methanol.

Water as a Solvent for the
Claisen Rearrangement

In the midst of our study on aqueous Diels-
Alder chemistry, we became intrigued by the
possibility of promoting Claisen rearrange-
ments in water. There was ample precedent
in the literature to suggest that water should
have an accelerating influence. In fact, a
number of research groups had indepen-
dently demonstrated that polar solvents ac-
celerate Claisen rearrangements.'’

In a preliminary, qualitative study, allyl
vinyl ether 9 was shown to undergo [3,3]-
sigmatropic rearrangement in water at 60°C,
giving rise to aldehyde 10 (Scheme 8). Re-
arrangement of the corresponding ester 11 in
water is equally facile and efficient at 60°C
despite the fact that the reaction medium is
heterogeneous. In contrast, the rearrange-
ment of 11 proceeds very slowly in benzene
(Scheme 8). A solvent polarity study on the
rate of the rearrangement of allyl vinyl ether
9 has been conducted in solvent systems
ranging from pure methanol to water at
60°C."” The first order rate constant for the
rearrangement of 9 in water is 18 x 101,
compared to 0.79 x 10! in pure methanol.

The accelerating influence of water as a
solvent on the rate of the Claisen rearrange-
ment has been demonstrated on a number of
substrates, which clearly illustrates the enor-
mous potential it holds for those engaged in
the synthesis of natural and unnatural prod-
ucts.” Notable, among the many cases that
have been examined, is the rearrangement of
allyl vinyl ether 12 (Scheme 9), which pro-
ceeds at 80°C. During his total synthesis of
aphidicolin, McMurry found that the Claisen
rearrangement of 12, wherein the 1,3-diol
unit was protected, required temperatures in
excess of 200°C and was plagued by the
elimination of acetaldehyde."

Equally remarkable is the effect of water
on the rearrangement of allyl vinyl ether 13
(R = Na; Scheme 10), a key intermediate in
a synthesis of the Inhoffen-Lythgoe diol.
The rearrangement of 13 (R = Na), which
presumably occurs via a boat transition state,
proceeds at 95°C. The corresponding ester
13 (R = Me) led only to recovered starting
material upon prolonged heating in decalin
at 95°C.

In an attempt to probe further the potential
of water as a solvent for the Claisen rear-
rangement, we set out to study the rearrange-
ment of the [4.5.5.5]-fenestrene derivatives
14 and 16 (Scheme 11), which, as a direct
consequence of the [3,3]-sigmatropic pro-
cess, would impart significanttorsional strain
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to the novel functionalized fenestrenes 15
and 17. Note that fenestrene 17 possesses a
trans ring fusion between the two five-mem-
bered rings common to the acetaldehyde
unit.

Claisen rearrangement of allyl vinyl ether
14 proceeded at 90°C, affording aldehyde
15. The structure of 15 was unambiguously
established by single-crystal X-ray analysis
of the corresponding carboxylic acid. The
transformation of 16 into 17 was surpris-
ingly facile. It is particularly interesting to
note that all previous attempts to employ
Claisen rearrangements within the carbon
framework of a fenestrane system, as well as
efforts to synthesize a fenestrane possessing
a trans ring fusion, have been unsuccessful.

Lithium Perchlorate in Diethyl Ether —
A Unique Medium for Accelerating

the [1,3]-Sigmatropic Rearrangement
of Allyl Vinyl Ethers

Therate accelerations recorded above have
been attributed, in part, to stabilization of a
polar transition state by water. We were
particularly intrigued with the idea of using
other, more polar media to lower further the
barrier for the Claisen rearrangement. In
view of the fact that lithium perchlorate
solutions in diethyl ether have previously
been employed to accelerate reactions with
polarized transition states, we set out to
examine the effect of lithium perchlorate-
diethyl ether on the rate of the Claisen rear-
rangement. Over thirty years ago, Winstein®
demonstrated that the ionization rate of p-
methoxyneophyl p-toluenesulphonate in 0.1
M LiCIO,-Et O increased by a factor of 10°.
Similarly, Pocker'® has observed that 5.0 M
LiClO0,-Et,O increases therate of ionization
of trityl chloride by 7.0 x 10°.

In order to probe the effect of lithium
perchlorate in diethyl ether on a number of
simple allyl vinyl ethers, a number of sub-
strates (e.g., 18; Scheme 12) were initially
exposedto 0.1 MLiClO -Et,O. After several
hours at ambient temperature, no reaction
was observed. However, exposure of 18 to
1.0 M LiCIO,-Et,O over 24 h resulted in the
disappearance of the starting allyl vinyl ether
and the formation of one major product,
which was not the product of the anticipated
[3,3]-sigmatropic rearrangement, but instead
the result of an exclusive [1,3]-sigmatropic
rearrangement (Scheme 12). The rearrange-
mentof 18is best performedin3.0 M LiCIO,-
Et,0. The intervention of the [1,3]-
sigmatropic rearrangement during the course
of a Claisen rearrangement is a rare event,
witnessed previously in only a very few
special cases where the normal [3,3]-process
is either energetically or sterically unfavor-
able, or both.

The above procedure, utilizing 3.0 M
LiClO-Et,Otopromote[1,3]-rearrangement

0;01 Mpyndmam H,O

_benzeno

24h

1 O NNaOH soln
95°C. 5 h: -

i 82% - iR

Scheme 11
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of allyl vinyl ethers, is applicable to a variety
of substrates.”” For example, a 0.2 M solu-
tion of allyl vinyl ether 12 (Scheme 13)in 3.0
M LiClO,-Et,0 underwent exclusive [1,3]-
rearrangement within 1 h at ambient tem-
perature, givingrise to 19 and 20 in a ratio of
5:1. Use of 5.0 M LiCIO-Et,O afforded 19
and 20 in the same ratio within a few min-
utes. Interestingly, exposure of the corre-
sponding C(12) epimeric allyl vinyl ether to
3.0 M LiCIO,-Et,0 gave rise, within 1 h, to
a 94% yield of 19 and 20 in a 5:1 ratio.

We were surprised to find that the
fenestrene-derived allyl vinyl ethers 14 and
16, employed above in conjunction with the
aqueous Claisen rearrangement study, also
underwent [1,3]-sigmatropic rearrangement,
giving rise to the same aldehyde 21 (Scheme
14), suggesting, as did the data from the
rearrangement of allyl vinyl ether 12, that
the observed [1,3]-rearrangement products
may arise via dissociated ions, followed by
recombination. In order to determine the
extent of ionization of allyl vinyl ethers in
3.0 M LiCIO,-Et,0, allyl vinyl ethers 22 and
23 (Scheme 15) were subjected to a cross-
over experiment. In a separate set of experi-
ments, prior to the crossover study, it was
established that both 22 and 23 (each 0.1 M
in3.0 M LiClO,-Et,0) undergo smooth trans-
formation within one hour to their respective
[1,3]-rearrangement products 26 and 25, in
excellent yields. Upon admixture of 22 and
23, a mixture of aldehydes 24 and 25, and
ketones 26 and 27 was obtained in a ratio of
1.0:1.8:1.5:1.6, suggesting that dissociated
ions are involved. We also established, via
kinetics, that the reaction rate for the [1,3]-
rearrangement of substrate 18 is dependent
upon the concentration of lithium ion; how-
ever, additional factors may be operational.

Acceleration of Diels-Alder Reactions in
5.0 M Lithium Perchiorate-Diethy! lther

Our longstanding interest in the Diels-
Alder reaction led us to examine lithium
perchlorate in diethyl ether as a medium for
effecting [4+2]-cycloadditions, despite the
general view that the rate of the Diels-Alder
reaction is essentially independent of sol-
vent polarity. This consensus is not surpris-
ing since, for years, the Diels- Alder reaction
has been thought of as proceeding via a
highly ordered, relatively nonpolar transi-
tion state. However, contrary to this widely
held view, we have seen that a polar solvent,
such as water, can have a profound effect on
the rate of a Diels-Alder reaction. Unfortu-
nately, there are limitations associated with
water as a solvent: the vast majority of
organic compounds are insoluble in water
and water precludes the use of moisture-
sensitive substrates.

Our findings in this area clearly reveal that
5.0 M lithium perchlorate in diethy] ether is
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a powerful medium for facilitating [4+2]-
cycloadditions.'®!® A few representative
examples serve to illustrate the effect.
Whereas the reaction of trans-piperylene
with 2,6-dimethylbenzoquinone in 5.0 M
LiClO,-Et,0 is complete within a few min-
utes (Scheme 16), the corresponding reac-
tion in water is extremely sluggish. In the
case of the sensitive diene 28, reaction with
methyl acrylate (Scheme 17) was complete
in a few hours. In contrast, the reaction of 28
with methyl acrylate in benzene required 72
h at 60°C in order to go to completion.?

Diels-Alder adducts that hitherto were not
accessible via conventional means can now
be realized in 5.0 M lithium perchlorate in
diethyl ether. For instance, furanis known to
be a poor diene in the Diels-Alder reaction
because of its aromaticity. In addition, the
high temperatures required are not compat-
ible with the furan cycloaddition products
that cyclorevert at high temperatures. To
circumvent the above difficulties, ultrahigh
pressure has been employed to effect furan
Diels-Alder chemistry. In his classic synthe-
sis of cantharidin, Dauben found that reac-
tion of furan with dienophile 29 required 15
kbar of pressure in order to realize reaction.?'
In striking contrast, the Diels-Alder reaction
between furan and 29 proceeds smoothly in
5.0 M LiCIO-Et,O at ambient temperature
and pressure (Scheme 18).

During the course of our study with
dienophile 29, we found that ethyl acetate
and acetone can be employed in place of
diethyl ether. For example, reaction of furan
with 29 in 5.0 M lithium perchlorate in ethyl
acetate proceeds at a reaction rate that is
comparable to the rate in diethyl ether and
gives rise to the Diels-Alder adducts shown
in Scheme 18 in improved yield. Also effec-
tive was the use of 5.0 M lithium perchlorate
in acetone. In contrast, the reaction rate was
slowed considerably when tetrahydrofuran
was employed.

Equally fascinating and informative was
the observation detailed in Scheme 19,
wherein methylbenzoquinone was exposed
to excess cyclopentadiene in 50 M lithium
perchlorate in diethyl ether. The formation
of Diels-Alder adducts, such as 30 and 31,
normally requires ultrahigh pressure and is
accompanied by copious amounts of
dicyclopentadiene, a result that is not sur-
prising since reaction rates for all Diels-
Alder reactions should be increased under
pressure due to the fact that all [4+2]-cy-
cloaddition reactions proceed with a highly
negative volume of activation. Interest-
ingly, during the formation of 30 and 31 in
5.0 M lithium perchlorate-diethyl ether, the
rate of dimerization of cyclopentadiene is
not affected. A similar discovery was made
recently by Forman and Dailey?? who ob-
served that the reaction rate for the Diels-
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Alder reaction between styrene and 1,3-
diphenylisobenzofuran is unaffected by
lithium perchlorate in diethyl ether.?? In this
same report, Forman and Dailey present
evidence indicating that the rate accelera-
tions observed in lithium perchlorate-diethyl
ether are consistent with lithium ion cataly-
sis.

Lithium Perchlorate Catalyzed Con jugate
Addition of Silyl Ketene Acetals to
o,B-Unsaturated Carbonyl Compounds
Several years ago, in conjunction with an
approach to bruceantin, we were unable to

carry out the 1,4-conjugate addition of a silyl
ketene acetal to activated enone 32 (Scheme
20) either thermally or under conventional
Lewis acid catalysis (e.g., titanium tetra-
chloride or a 1:1 mixture of titanium tetra-
chloride and titanium tetraisopropoxide in
methylene chloride). We have found that
lithium ion catalysis will promote the conju-
gate addition of silyl ketene acetals to highly
functionalized, hindered o,3-unsaturated car-
bonyl systems.”® For example, treatment of
a 0.1 M solution of activated enone 32 in 1.0
M lithium perchlorate in dimethoxyethane
with 1-methoxy-1-(¢-butyldimethylsiloxy)-

, ,'Sesbiani'myideA, 'i

ethylene gave rise, in excellent yield, to a
single 1,4-addition product, 33, possessing
the C(14) a stereochemistry (Scheme 20).
Use of 1.0 M lithium perchlorate in diethyl
ether gave rise to considerable amounts of
the 1,2-addition product. It is of interest to
note that previously, in those instances where
the thermal Michael reaction has failed due
to steric congestion, or in cases where con-
ventional Lewis acids are not compatible
with existing functionality, ultrahigh pres-
sure has been used to promote conjugate
addition reactions.?*

The lithium perchlorate catalyzed Michael
reaction has been conducted on a number of
substrates, including sterically demanding,
[3,B-disubstituted, unsaturated carbonyl com-
pounds (Scheme 21). In the majority of
cases examined, 1.0 M lithium perchlorate in
diethyl ether appears to be the solvent of
choice; however, more demanding situa-
tions may require increasing the concentra-
tion of lithium ion. Whereas silyl ketene
acetal 34 undergoes smooth 1,4-addition to
cyclohexenone in 1.0 M lithium perchlorate-
diethyl ether at ambient temperature and
pressure, the more demanding silyl ketene
acetal 35 required the use of 5.0 M lithium
perchlorate in diethyl ether (Scheme 22). No
reaction was observed using 1.0 M lithium
perchlorate in diethyl ether.

Lithium perchlorate has also been em-
ployed to catalyze the 1,4-addition of silyl
ketene acetals to o,3-unsaturated &-lactones.
Reactions involving unsaturated lactones are
best carried out in 2.5 M lithium perchlorate
in diethyl ether. For example, treatment of a
0.1 M solution of &-lactone 36 in 2.5 M
lithium perchlorate in diethyl ether at ambi-
enttemperature and pressure with I -methoxy-
1-(z-butyldimethylsiloxy)ethylene afforded,
within a few minutes, an excellent yield of
lactone 37 (Scheme 23). Similarly, unsatur-
ated lactone 38 was transformed into lactone
39, a key intermediate in a recently com-
pleted synthesis of thecytotoxic natural prod-
uct sesbanimide A (Scheme 24).
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The Molecular Basis of

Biological Order

An essential feature of many biological
interactions is reversibility. For example,
the DNA double helix must form when a
second complementary strand is built from a
template strand, but sections of a double
helix must come apart in order to expose a
template strand during transcription. Addi-
tionally, small globular proteins unfold
readily and reversibly, and their net stability
(typically 20 to 80 kJ mol™') is shown, in this
article, to correspond to about 1 to 5 amide-
amide hydrogen bonds. When these poly-
meric molecules involve enormous numbers
of hydrogen bonds, shown in this article to be
much stronger than hitherto thought, how is
such low net stability achieved? This article
argues that a key element in determining this
low net stability is the number of rotors that
must be restricted in passing from a random
coil to a highly ordered structure. Thus,
reversibility in biology will frequently be
associated with organized structures formed
from flexible molecules. It is shown that the
formation of the most common neutral-neu-
tral hydrogen bonds in biologically impor-
tant molecules [other than ROH...O(H)R] is
favored entropically, due to the release of
watermolecules fromthe polar functionalities
thatformthe hydrogen bonds. Natural selec-
tion has utilized functionalities that release
an amount of water (favorable entropically)
sufficient to restrict a few rotations (unfa-
vorable entropically) as part of a strategy to
yield functional molecules and complexes of
small net stability.

Specifically, we have recently measured
the intrinsic binding energy of the amide-
amide hydrogen bond in aqueous solution as
-20 7 kJ mol"'. We conclude that this free
energy of binding is largely entropy driven,
and find its origin in the disordering of water
molecules released from the amide CO and
NH groups involved in hydrogen bond for-
mation. The free energy of binding corre-
sponds to a factor of atleast 1000 in selectiv-
ity. A factor greater than the specificity of 2
to 20 hitherto accepted for individual un-
charged hydrogenbonds. The free energy of
binding of the amide-amide hydrogen bond,
themost prevalent hydrogen bond in a folded
protein, has repercussions for views of the
freeenergy changes involved in protein fold-
ing. We show that the favorable entropy
change associated with amide-amide hydro-
gen bond formation closely balances the

unfavorable entropy change associated with
the ordering of the peptide backbone. Thus,
there is a relatively small overall entropy
change upon protein folding. It is shown that
similar factors are involved in RNA duplex
formation, where the hydrogen bonds be-
tween base pairs are again concluded to be
stronger than previously thought.

An equation for the estimation of associa-
tion constants (either intramolecular or in-
termolecular) in aqueous or nonpolar media
is presented. This equation may prove use-
ful, in some cases, for estimating rough
optimal binding constants for drugs to recep-
tors, and possibly for substrates to enzymes.

Introduction

If the question, “What is the most impor-
tant hydrogen bond in biology?” is posed,
there might be some consensus for the an-
swer, “the amide-amide bond” (Figure 1).
For after all, it occurs on the order of 100
times even in the smallest of proteins. Sur-
prisingly, there is still uncertainty with re-
gard to the strength of this bond when formed

/

o, ‘,c*--o
~ c=0---HN]

Figure 1. 'The'amide-'émiydé bond.

Dudley H. Williams
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in aqueous solution. And yet it is clear that
the subject of molecular recognition might
develop into a mature scientific discipline
(i.e., one capable of making predictions)
when this, and related interactions, have
been at least approximately quantified.

To make the necessary semi-quantitative
determinations, either theory or experiment,
or a combination of both, could be used.
Computational approaches are having some
success, but, in my own group, we have used
an approach that uses some theory, but relies
heavily on experiment. The theory used to
analyze the experimental data is simple and
approximate, and was established by others
many years ago. It is outlined first, with the
principles being illustrated by the binding of
the antibiotic ristocetin A to the cell wall
peptide analogue N-Ac-D-Ala-D-Alato give
the complex in Figure 2.
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Figure2. The compléx resulting from the binding of the antibiotic ristocetin A
to the cell wall peptide analogue N-Ac-D-Ala-D-Ala.
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An Approximate Partition of the Free
Energy of Binding: Equations for the
Estimation of Binding Constants

We use four factors for the free energy of
binding. The consideration of only four fac-
tors is justified only if the ligand and receptor
show good van der Waals complementarity,
and if the conformations of the bound compo-
nents correspond closely to conformational
energy minima in the separated states.!? The
firstfactoris the low probability of “catching”
the ligand on the receptor in the absence of
intermolecular forces. The second is the
adverse free energy change (largely entropic)
associated with the restriction of any internal
rotations of either component upon complex
formation. The third is the promotion of
binding if hydrocarbon fragments can be re-
moved from exposure to water upon complex
formation, and the the fourth factor is the
promotion of binding due to favorable inter-
actions of polar functional groups in the com-
plex. These four factors are now enumerated
and elaborated.

(1) Any bimolecular binding process is
entropically unfavorable due to the formation
of a single molecule of complex, which oc-
curs with loss of translational and rotational
entropy. When allowance is also made for the
small intrinsic exothermicity of such a pro-
cess (due to the release of the kinetic energy
associated with the loss of three degrees of
rotational freedom and three degrees of trans-
lational freedom), the unfavorable free en-
ergy of association (AG_, , kJ mol ™) as a func-
tion of the molecular weight of a ligand bind-
ing to a larger receptor is given in Figure 3.!
As with all other free energy changes given in
this account, it can be converted to an effect
on log K by dividing by 5.7 (for room tem-
perature binding). This scale is given on the
right hand side of Figure 3. We find that
within 4 kJ mol’, the same values apply for
any molecular shape (rod, disc, or sphere) of
a given molecular weight binding to any re-
ceptor of molecular mass 1,200 or greater.!
Thus, for example, AG,, is adverse to binding
by a factor of 10" for a ligand of molecular
weight 150, where the molecular weight in-
cludes bound solvent molecules, whichcan be
regarded as translating and rotating with the
ligand.

(2) Following Page and Jencks,’ we note
that binding is adversely affected by approxi-
mately 5 to 6 kJ mol" (AG ) for each rotation
restricted upon association. In the case of the
complex in Figure 2, we approximate that no
rotations of the antibiotic are stopped by the
binding process (its peptide backbone is al-
ready relatively rigid due to the cross-linking
of all the amino acid sidechains), whereas
four rotations of N-Ac-D-Ala-D-Ala (see ar-
rows in Figure 2) are restricted upon associa-
tion. Thus, these rotational restrictions are

adverse to binding by ca. 10*. We note later
that, for long chains with correspondingly
larger moments of inertia of groups attached
to the bond where rotation is to be restricted,
the free energy cost of restricting a rotor may

rise to 8 or 9 kJ mol'. Taking generalized
values for the free energy cost of restricting
rotations is, of course, an oversimplified ap-
proach, but is justified on the grounds that in
many cases it works well. A more sophisti-
cated approach would involve a knowledge of
the free energy of rotation over 360° in the
free state, and of the residual torsion in the
bound state.

(3) For every square angstrom (A?) of hy-
drocarbon fragments removed from exposure
to water by the binding process, we assume
the binding energy to be increased by 0.19 kJ
mol'.#* This value is based on thermody-
namic measurements of the solubility of simple
hydrocarbons in water, which indicate that
this hydrophobic effect is essentially entropy
driven at room temperature. Thus, if the area
of hydrocarbon buried is xA2, then the free
energy change (AG,) due to the hydrophobic
effect is taken as 0.19x kJ mol™.

(4) The bringing together of the two bind-
ing entities is accounted for in factors 1 and 2.
Thus, the free energy of binding that results
from the interaction of any pair of functional

groups (AGp) is the same if the process occurs
either intramolecularly or bimolecularly. Al-
though such values, “intrinsic binding ener-
gies” when they occur with optimum geom-
etry for binding,® have the potential to be
fundamental and usefully constant numbers,
it will remain for future experiment to estab-
lish or refute this potential. We will show that
the binding energy of the amide-amide hydro-
gen bond is similar at two sites within an
antibiotic complex, and assume that other
values, which have been determined for the
interactions of specified functional groups,
will behave similarly.

In summary, the free energy (AG, kJ mol')
of a bimolecular association, following the
above specifications, is approximated by equa-
tion 1, where }:AGp represents the free ener-
gies of binding for each set of interacting
functional groups summed over all such sets
of interactions.

For the more general case where AG__
represents the total conformational strain en-
ergy produced upon binding, and AG_,, repre-
sents the change in van der Waals energy
between free and bound states (due, for ex-
ample, to the existence of van der Waals
repulsions or cavities in the complex), then
equation 2 results."
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The Application of Equation 1: The
Intrinsic Binding Energy of the Amide-
Amide Bond

The thermodynamic parameters for the bind-
ing of the ligand N-Ac-Gly-D-Alatoristocetin
A and to the related antibiotic vancomycin,
are available, as are those for the binding of N-
Ac-D-Alatothesame antibiotics.” Inpassing
from the former to the latter ligand, the left-
most amide-amide hydrogen bond in Figure 2
is deleted. The resultant reduction in the
binding energy is 10.5 kJ mol! (mean value
for the two antibiotics). But, as shown in
equation 3, we must correct for the fact that
the larger ligand is more difficult to catch (by
3 kJ mol'',! factor 1), and for the fact that two
more rotors are restricted in the binding of the
larger ligand (10 to 12 kJ mol ', mean value of
11 kJ mol”, factor 2).

We conclude' that the intrinsic binding
energy of this particular hydrogen bond is -24
+7kJmol'(eq3). Ananalysis’ of the thermo-
dynamics of formation of a second amide-
amide hydrogen bond in Figure 2 to the car-
bonyl group of the amino acid associated with
ring 4 gives AGp =-18 £7kJ mol'. Taking the
mean value of all the antibiotic data for this
biologically crucial hydrogen bond gives AGp
=-20+7 kJmol', aselectivity in binding of ca.
10? to 10*—much greater than has previously
been appreciated, as will be discussed later.
Moreover, the thermodynamic data’ show
thatthe difference in the binding energy of the
two ligands is essentially completely entropy
driven. The favorable free energy of binding
of amide-amide hydrogen bond formation in
water is almost all entropic in origin. What is
the physical explanation for the experimental
result?

The overall change occurring upon forma-
tion of the amide-amide hydrogen bond in
aqueous solution is given in Scheme 1. Con-
sider first the enthalpy change on passing
from left to right in Scheme 1. The change
involves making two hydrogen bonds and
breaking two hydrogen bonds.® In terms of
electrostatic binding energy (enthalpy), all of
these hydrogen bonds may be of different or
similar strengths. For example, it could plau-
sibly be proposed that the order of exother-
micities would be C > A =B > D. But, even
if this were so, it seems likely that the mean
strength of A + B would be similar to the mean
strength of C + D. Thus, the overall enthalpy
change (AH) would be near zero, as found
experimentally.

What is the physical origin of the large
favorable entropy of binding? In the equa-
tions for binding (equations 1 and 2), the
losses, in rotational and translational entropy
and in entropy due to the restriction of internal
rotations, in making bond C have been fac-
tored out. Thus, a favorable entropy change
on passing from left to right in Scheme 1
arises because water is much more ordered by
the NH and CO groups of the two amide
groups participating in hydrogen bond forma-
tion than is water by bulk water. It is the
release of water from the participating amide
functionalities that provides much of the fa-
vorable free energy change. This last conclu-
sion provides support for the postulate that the
exothermicities for the formation of the hy-
drogenbonds is C > A =B > D. Itis probably
because the electrostatic interactions of the
amide groups with water molecules are stron-
ger than those of water with water that the
amide groups order water more effectively
than bulk solvent.

Is the Approach a Useful Approxima-
tion and of General Applicability?

It should be noted that, in the above deter-
mination of the amide-amide hydrogen bond
strength, the binding of one slightly truncated
ligand (N-Ac-D-Ala) was compared with an-
other (N-Ac-D-Gly-D-Ala). ThetermAG __ is
very similar for these two ligands, and roughly
independent of the broad assumptions made
in determining this parameter (Figure 3). A
test of the reliability of the AG , parameter
would, therefore, be to determine the same
thermodynamic amide-amide hydrogen bond
parameters by a method that uses the esti-
mated absolute value of AG, . This has been
done’ by considering the data of others for the
dimerization of urea,!®and of the cyclic lactams
d-valerolactam'' and diketopiperazine'? in
aqueous solution. The values we obtain® per
amide-amide hydrogen bond are AG =-27 kJ
mol!' for urea, AGp = -27 kJ mol"! for 6-
valerolactam, and AGP = -25 kJ mol"! for
diketopiperazine. If these values are broken
down into AH and TAS terms (at room tem-
perature), then from the urea data AH = OkJ
mol' and TAS = 27 kJ mol", from the &-
valerolactam data AH = -8 kJ mol' and TAS =
19 kJ mol ", and from the diketopiperazine
data AH = -5 kJ mol"' and TAS = 20 kJ mol"'.
These values merit comment.

First, the AG values for the amide-amide
hydrogen bonds formed to the antibiotics and

~ Scheme1 ,
. H\ -:c-_—o, HN: - ;g-_—‘o "
.t JOe-HN =  C=0--HN + ,0---H-O

in the dimers are in gross terms similar, and
both are much largerthan previously believed
forthese bonds in water. However, the values
obtained for the dimers are, on average, about
6 kJ mol"' more negative than for the antibiot-
ics. This might partly reflect greater vibra-
tional motion per hydrogen bond associated
with the two hydrogen bonds of the dimers
relative to the vibrational motion in the more
extensive set of hydrogen bonds in the antibi-
otic complexes. The difference may also
reflectinadequaciesin theestimation of AG .
or variations in CO to NH bond angle between
the two cases. The finding of AG_ values for
amide-amide hydrogen bond formation much
larger than hitherto believed and self-consis-
tent within one to two orders in magnitude in
binding constant, by two different methods,
argues well for their utility. But will AG,
values be usefully constant in the general
case?

Intuitively, it might be anticipated that AGp
values for an interaction X...Y would change
as Y makes progressively more interactions
with X. For example, if X is the electron
acceptor, then its affinity for electrons should
be less after binding the electron donor Y than
before, assuming Y to be a better electron
donor than the displaced solvent molecule.
Therefore, when the second Y binds to X, to
give Y...X...Y, the AGp value for the second
interaction is anticipated to be less than for the
first. There is experimental evidence that this
is indeed the case, but the effects are not
necessarily large, and can, in any case, be
allowed for if the appropriate experimental
data are available. Thus, when successive
ammonia molecules (1 to 6 molecules) asso-
ciate with Ni** in aqueous solution, the asso-
ciation constants are 468, 132, 41, 12, 4, and
0.8 M"'."*!* That is, the mean decrease in the
intrinsic binding constant of the (n+1)* am-
monia over the n ammonia is a factor of 3.6
M, and the mean decrease of the intrinsic
binding energy is only 3 kJ mol. Specifi-
cally, we estimate that the first ammonia
molecule binds with an intrinsic binding free
energy of about -55 kJ mol"', the second one
with an intrinsic binding energy of about -52
kJ mol’!, the third with an intrinsic binding
energy of-49kJ mol',and so on. In summary,
AG, values may decrease somewhat if one of
the functionalities involved is already partici-
pating in other favorable interactions, but the
effect may not be large.

Second, as for amide-amide hydrogen bond
formation to the antibiotics (Figure 2, remi-
niscent of the formation of a B-sheet), amide-
amide hydrogen bond formation in the dimers
described above is largely entropy driven.
Once more, it is the release of water from the
amide functionalities that largely provides
the favorable free energy change (with an
additional contribution due to residual mo-
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tions associated with the amide-amide hydro-
gen bonds).

Having made a case that AG,, may be
reasonably well estimated, and that AGp val-
ues may not show large variations for speci-
fied functional group interactions, how useful
is the generalization that AG =5to 6 kJ mol'?
Certainly, this value may tendtoincrease with
an increase in the moments of inertia of the
end groups whose rotational motion is re-
stricted by the “freezing out” of the rotation.
(It is later concluded that AG, may be, on
average, near 8 to 9 kJ mol for freezing out
N-C, and C_-CO rotors of a long peptide
backbone, such as those found in a protein.)
Additionally, it will tend tobe decreased by an
increased rotational barrier for this same rota-
tion. If necessary, these variables can be
accommodated in a subsequent, more sophis-
ticated approach. But, in the meantime, we
have tested the usefulness of the simple ap-
proximation, in one case, by comparing the
binding constants of 3 and 4 to the antibiotic
ristocetin A (Figure 4)."

The former binds with abinding constant of
12,000 M (AG = -23 kJ mol™), and the latter
with a binding constant of 120,000 M (AG =
-29kJ mol'). Thepresence of the doublebond
in the latter freezes out a rotation present in
the former, leading, on the basis of the simple
approach, to a predicted increase in the bind-
ing energy of 5 to 6 kJ mol”, in excellent
agreement with the experimental value of 6 kJ
mol!. A more sophisticated approach, allow-
ing for a small difference in hydrophobic
effectbetween the two ligands and also for the
increased barriers to rotation about the bonds
between the C=C double bond of 4 and its
carbonyl groups (due to conjugation), pre-
dicted an increase in binding energy of 8 kJ
mol’, still in good agreement with experi-
ment.

The above considerations, with the justifi-
cations of the values of the parameters used,
take care of all the principles involved in the
approach. Itappearsthatthe approach may be
of general utility, and some consequences for
systems of wide interest are now presented.
Consequences fer Drug/Receptor and
Enzyme/Substrate Interactions

For the interaction of a drug at a comple-
mentary receptor, or for the interaction of a
substrate with an enzyme, equation 1 can be
used (given the appropriate values of AGP) to
estimate roughly the maximum possible bind-
ing constant.'®® The utility of the equation
depends upon the availability of AGp values
for a wide variety of functional group interac-
tions that are commonly found in drug/recep-
torand enzyme/substrate interactions.'¢® Table
1 gives values that we have determined so far,
although they may, of course, require adjust-
ments as a consequence of subsequent experi-

Figure 4.3 blnds wnth a blndlng constant of 12, 000 M (AG = -23 kJ mol') and

4 binds with a bmdmg constant of 120 000 M! (AG

AG.\

P

-29kd mol’). -

‘ Table 1
Values (kJ mol . in aqueous solution) for Some COmmon

Functlonal Group Interactlons of Blologlcal Importance'

N-NH
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sEstimated errors inthese values are +30%,

binferred on the basis of theoretical arguments.””

ments and numerical refinement of the ap-
proach. Clearly, an enormous number of
important values remain to be determined, but
some important principles can already be
illustrated with this limited set of provisional
values.

First, it is clear from a consideration of
equation 1 (in conjunction with Figure 3, the
cost of restricting rotors, the limited benefits
of hydrophobic effects for association, and
Table 1), that a small linear peptide can never
bind strongly to another small linear peptide
in aqueous solution through formation of an
isolated element of B-sheet (Figure 5). The
formation of one amide-amide bond (-20 +7
kJ mol", taking the mean of the antibiotic-
derived values as being more reliable than
those for dimerization) per two residues (re-
peat unit of Figure 5) can, at best, counter the
unfavorable free energy change of restricting
four backbone rotations (probably 20 to 24 kJ
mol™'), but is not sufficient to also overcome
the unfavorable loss of rotational and transla-
tional free energy for a bimolecular associa-

O

/\/u\N
, e

/U\/ '
N N
H

o

Figure 5. An isolated element of a
B-sheet. ,

T-+0

tion (Figure 3). It is for this reason that the
antibiotics of the vancomycin group must
have cross-linked sidechains in order to work.
Through this crosslinking (Figure 2), the rota-
tion of the antibiotic backbone is restricted,
and physiologically useful binding of a small
unconstrained peptide becomes possible. (The
ordering of the peptide backbone of small
globular proteins is covered subsequently.)
Second, as would be expected, intrinsic bind-
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ing constants of polar groups to multiply-
charged metal ions will be large (e.g., Table
1). Interactions to multiply-charged ions are
important for productive binding of ligands
otherwise capable of forming only weak or
few hydrogen bonds (e.g., of ethanol to alco-
hol dehydrogenase, carbon dioxide to car-
bonic anhydrase, and oxygen to hemoglobin).

Why Do Different Types of Uncharged
Hydrogen Bonds Vary Greatly in Free
Energy of Formation?

It is evident from the data given in Table 1
that different types of uncharged hydrogen
bonds vary greatly in their free energy of
formation in aqueous solution—from the large
value for the amide-amide hydrogen bond (ca.
-20 kJ mol'»,' to the very small value for the
hydroxyl-hydroxyl hydrogen bond (-2 kJ
mol").2 It is postulated that both ends of an
amide dipole organize coordinated H,0 more
than H,O is organized in bulk water, and that
release of H,0 from the amide functionalities,
therefore, provides a major part of the favor-
ableentropy change observed for amide-amide
hydrogen bond formation. Let us now esti-
mate the free energy of formation of the
amide-hydroxyl bond (NHCO...HOR, Scheme
2) from a theoretical analysis.

IfROH...OH,, where ROH is aphenol (as in
tyrosine) or an alcohol (as in serine), and
H,0...H,0 hydrogen bonds are assumed to
have similar electrostatic (AH) strengths, then
the water molecules associated with ROH will
be ordered to aboutthe same extent as those in
bulk water. There will be no significant net
entropy change associated with the release of
water from ROH. Thus, the intrinsic binding
free energy of the NHCO...HOR interaction
will be derived essentially from the entropi-
cally favorable release of the relatively highly
ordered water molecules associated to the
amide carbonylgroup. If we make the reason-
able postulate that each end of the amide
dipole (NH or CO) organizes coordinated H,0
to about the same extent, then the favorable
entropy of formation of NHCO...NHCO will
be about twice that of NHCO...HOR, as is
found experimentally (Table 1)."

These concepts are further strengthened by
extending the arguments to the intrinsic bind-
ing free energy of the hydroxyl-hydroxyl in-

teraction (Scheme 3). Since the hydroxyl
group is assumed to organize coordinated
water, through hydrogen bond formation, to
about the same extent irrespective of whether
the hydroxyl group is part of a phenol, alco-
hol, or water, the entropy change associated
with this interaction is postulated to be near
zero. The enthalpy change is also, of course,
near zero (Scheme 3), and, hence, so is the
intrinsic binding free energy (Table 1). In-
deed, small values (e.g., -2 kJ mol!) for
deletion of a hydroxyl-hydroxyl interaction
are found experimentally.® Since these ex-
perimental values are based on protein engi-
neering experiments, there are several pos-
sible reasons why they might be small and
negative rather than zero from the analysis
associated with Scheme 3. For example, in
the mutation of i-tyrosine to phenylalanine,
the analysis is more complicated than indi-
cated in Scheme 3, for several possible rea-
sons. Thus, the deletion of a hydroxyl group
results in a cavity, a partially or totally col-
lapsed cavity (with an associated cost in free
energy of reorganization), or a cavity accom-
modated by a water molecule (but in a space
that has evolved to be somewhat smaller than
is required for a water molecule).®

Consequences for Protein Folding

Creighton has recently reviewed'® our un-
derstanding of the physical basis of the stabil-
ity of the folded conformations of proteins,
and noted that, “currently there appears to be
an unprecedented degree of confusion in the
literature.” He notes contradictory statements
by different authors, such as “stability is
maintained only by...van der Waals and hy-
drogen bonding” and “hydrogen bonding op-
poses folding”. In this section, it is proposed
that the concepts developed and the param-
eters presented in earlier sections may clarify
the situation.

1. Organization of the Peptide Backbone
As noted in the introduction, by far the most
common hydrogen bond in a protein is the
amide-amide hydrogen bond—about 60 to 70
in a typical 100-residue protein.'” It is clear
that the physical basis of protein folding can-
not be analyzed until an approximate free
energy of this hydrogen bond is defined. We
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have now measured this value (-20 +7 kJ
mol').! Physically, this value corresponds to
the answer to the question, “What is the free
energy change upon making the amide-amide
hydrogen bond in aqueous solution, when the
unfavorable free energy change associated
with bringing the amide functionalities into
the bonding geometry has been factored out?”
Thus, itis a general parameter for this interac-
tion, appropriate to both unimolecular (pro-
tein folding) and bimolecular (substrate/re-
ceptor) interactions.

There are two important points to note
about this value. First, it is much larger than
the values previously accepted for uncharged
hydrogen bonds (in the range of 0 to -7.5 kJ
mol", giving a factor of 0 to 20 to selectivity),?
and specifically much larger than the value
accepted for the amide-amide hydrogen bond
asinvolved in protein folding.?? As we have
already seen, the amide-amide hydrogen bond
gives a factor of 10? to 10* to selectivity.
Second, it is associated with a very small
enthalpy change, being almost completely
entropy driven. In summary, it is suggested
that the amide-amide hydrogen bond is a
major entropy driven, free energy change in
promoting protein folding.

To illustrate the important consequences
for the understanding of protein folding of the
above conclusion, we apply the Gibbs equa-
tion, AG = AH - TAS, where a negative AH
indicates heat given out in a change, and a
negative value of TAS indicates an overall
increase in order in a change occurring at a
temperature, T (degrees K). In the globular
proteins that have been studied calorimetri-
cally, itis clear that at room temperature both
AH and TAS of folding are remarkably small
(given the very large number of interactions
involved).? A small TAS for folding imme-
diately poses the question, “How can this be
so, since a folded protein clearly has a much
more ordered peptide backbone than does the
unfolded state from which it is formed?”

It is evident from the study of model pep-
tides that many o-helices of moderate length
(i.e., 15 to 50 residues) are formed with AG
not far from zeroin aqueous solution at physi-
ological temperatures.”® Additionally, AH per
residue for helix formation is relatively small
(-3.8t0 -5.5 kJ mol! perresidue).? It follows
that TAS for isolated helix formation (Figure
6) is similarly negative, but, most impor-
tantly, similarly small (compared to the fa-
vorable and large value of TAS for amide-
amide hydrogenbond formation). Since there
is good evidence that the small AH value for
helix formation is not critically dependent on
the nature of the amino acid sidechains,? the
small value of TAS must be a property of the
changes involving the peptide backbone. In
making a long helix, these changes are: one

- amide-amide hydrogen bond is made per resi-
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due, and two rotors (N to C‘ and Ca to C=0)
per residue are restricted. There may also be
a small effect due to further restriction of an
already limited amide bond rotation. Wehave
already concluded that the cost of restricting
arotor in a long chain will be greater than the
5to 6 kJ mol taken for a terminal amino acid.
Since a consensus set of thermodynamic pa-
rameters for the amide-amide bond from our
work"® (weighting more those derived using
the more reliable AG_parameter than those
derived using absolute values of AG,,) is AG
=-20kJmol', AH=-2kJmol',andTAS=18
kJ mol', then the value of AG to freeze out the
backbone rotations of one amino acid residue
must be ca. 20 kJ mol'. Since the experimen-
tal exothermicity of helix formation (-3.8 to -
5.5 kJ mol™! per residue) is close to the exo-
thermicity of hydrogen bond formation and
restriction of two rotations,* the AG value for
stopping the rotations of one amino acid resi-
due finds its origins essentially completely in
TAS (ca. -22 kJ mol?, Table 2). That is, it is
largely an adverse entropy change due to the

Figure 6

organization of the peptide backbone, as de-
manded by any physically plausible interpre-
tation.

The value of AG of about 20 kJ mol! to
restricttherotations of one amino acid residue
at room temperature is an entirely reasonable
value—38 to 9 kJ mol" per N-C_and C-C(O)
rotor in a long chain, with perhaps an addi-
tional marginally unfavorable increment due
to very limited restriction of sidechain o-8
rotation (alanine excepted). Amino acid
sidechains are, of course, important in the
“fine-tuning” of helix stability, but it is ar-
gued that the large and opposing effects are
mainly properties of amide-amide bond for-
mation and of the restriction of peptide back-
bone rotations.

Similar conclusions apply to B-sheet for-
mation. In the formation of an extended B-
sheet, the central parts of the sheet form one
amide-amide hydrogen bond per residue (Fig-
ure 7). As in the case of helix formation, the
peptide backbone of one amino acid in the
protein has to be restricted for every amide-

amide hydrogen bond that is made. Assuming
that B-sheet formation involves an intramo-
lecular strain and hydrophobic effect of the
backbone that is not much different to that for
o-helix formation, then again the entropic
advantage of amide-amide hydrogen bond
formation will be about equal and opposite to
the entropic disadvantage of organizing the
peptide backbone of one amino acid residue.
As in the case of o-helix formation, formation
of an infinitely extended B-sheet will occur
with AG near to zero per residue (excluding
"fine-tuning").

Since AG is near zero for formation of
extended sheets and helices, both can be popu-
lated reversibly at room temperature. The
“permanent” population of such structures
(i.e., in folded proteins) would then be depen-
dent on additional favorable free energies of
“fine tuning”. These “fine tuning” factors
would include the nature of the amino acids
sidechains, and the ability of two transiently
stable amphiphilic helical or sheet structures
to stabilize each other via hydrophobic inter-

Figure7
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actions between the helices, sheets, or sheet
and helix. The requirement of AG near zero
for extended elements of sheet and helix, and
evidenced by much prior experimental work,
seems inescapable. If AG were large and
negative for such structural elements, then
almost any such element could be formed
with a low probability of reversal, and hence
mistakes would be common in folding path-
ways. If, onthe other hand, AG were large and
positive for such elements, then their popula-
tions would be insignificant, and protein fold-
ing would be too slow. The similar intrinsic
stabilities of sheets and helices is evidenced
not only by the fact that the difference in
preferences of specific amino acids to occur
in either unit is not large,?” but also by the fact
that pentapeptides of the same sequence can
occur either in sheet or helix.?® Additionally,
O’Neil and DeGrado have shown® that the
relative thermodynamic stabilities of each of
the 20commonly occurring aminoacids in the
a-helical versus random coil states varies by
only 3.2 kJ mol! from the most favorable,
alanine, to (excluding proline) the least favor-
able, glycine. Marginal helix and sheet stabil-

ity in the absence of tertiary interactions is
largely, but not exclusively, a property of the
thermodynamic characteristics of the peptide
backbone defined above.

2. A View of the Balance of Free Energies,
Enthalpies, and Entropies Involved in Pro-
tein Folding

The large favorable free energy of amide-
amide hydrogen bond formation means that
the balance of free energy changes respon-
sible for protein folding must be reconsid-
ered. Since the hydrophobic core of a protein
has packing close to that of a solid, and the
unfolded state does not, there is net van der
Waals stabilization of the folded state. From
the structures of a number of relatively small,
water soluble, globular proteins, the number
of hydrogen bonds, magnitude of the hydro-
phobic effect, and van der Waals stabilization
of an average protein of 100 residues (one
lacking crosslinks and cofactors) can be esti-
mated.*® The data and associated conclusions
are presented in Table 3.

By far the most reliable number in Table 3
is the total AG, but it is also reliably known
that AH and TAS of folding are both small.?*
Since amide-amide hydrogen bonds predomi-
nate over all others, hydrogen bond formation
is enormously favorable entropically, and to
an extent that the most probable value is about
double that for the hydrophobic effect. Since
the overall entropy of folding is small, it
follows that the disordering associated with
the release of water from polar and hydrocar-
bon groups closely balances the ordering of
both the peptide backbone and the sidechains
(restriction of internal rotations, Table 3).%°
Additionally, since AH of folding is also
remarkably small (near -1 kJ mol! per resi-
due), it follows that the significant release of
heat due to efficient packing of the hydrocar-
bon core, small exothermicity of hydrogen
bond formation, and restriction of internal
rotations,” must be balanced by an opposing
endothermic process. This presumably re-
flects strain in the folded structure, and in-
deed the crude strain value estimated in this
way (Table 3) is consistent with the strain
estimate cited by Creighton.”'

In summary, the numbers given in Table 3

are crude, but what is important and new is the
very large influence of water release from
amides in aiding the restriction of bond rota-
tions upon folding. The free energy change
associated with the hydrophobic interaction is
too small to organize the peptide backbone;
amide-amide hydrogen bond formation is the
major free energy change necessary to bring
this about. Finally, it should be noted that the
large binding energy (-51 kJ mol"') for the
guanidinium-carboxylate interaction (Table
1) is not inconsistent with the weak binding
energies (i.e., AG = 0 to -5 kJ mol") found
experimentally for salt bridges at the surface
of proteins.*>** The cost of rotor restrictions
in the sidechains of amino acids that can form
such bridges (arginine or lysine with aspartic
acid or glutamic acid) is comparable to, but
opposite in sign to, the large intrinsic binding
free energies associated with ion-pair interac-
tions.>33* Additionally, the surface saltbridges
found in proteins may not form the ideal
geometry indicated in Table 1.

Consequencesfor the Formation of RNA
and DNA Helices

The formation of RNA and DNA helical
structures from random coil single strand
structures can be analyzed at three levels:>

(1) in the increment of AG for extension of
single strand helices by an additional base,
which involves only the restriction of 6 rotors
(Figure 8) to be balanced against the forma-
tion of an extra stack of one base or another
(Figure 9A);

(2)intheincrement of AG foreachbase pair
added to a double helix; this involves the
restriction of 12 rotors of the two sugar phos-
phate backbones (the restrictions shown in
Figure 8 occuring twice), the formation of 2
base pair stacks, and the formation of 2 hydro-
gen bonds for A-T (or A-U) base pairs, or 3
hydrogen bonds for G-C base pairs (Figure
9B); and

(3) in the formation of double helical struc-
tures of short duplexes from random coil
single strands. This process involves all the
changes listed under (2), but also involves the
loss of rotational and translational free energy
when the bimolecular association of two
strands to give a duplex occurs.

Thermodynamic parameters are available
for all these changes.

1. Single and Double Helix Extension
The mean values of thermodynamic pa-
rameters for single strand helix formation
(per added single stack, from 10 sets of pub-
lished data, Figure 9A), and for double helix
formation (per added double stack, from 6
sets of published data, Figure 9B) are summa-
rized in Table 4.3¢ A striking feature of the
data presented in Table 4 is the close similar-
ity of the parameters for formation of the two
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structures. The exothermicities must be asso-
ciated mainly with base stacking, and are
almost the same, despite the fact that only one
stack is formed in single strand formation,
and two stacks are formed in double strand
formation. It must be concluded that, per
stack formed, stacking is enthalpically more
favorable in single strand structures than in
double strand structures. This is, of course,
physically reasonable since, in single strand
formation, stacking has to be compatible only
withrotorrestriction; whereas,indouble strand
formation, stacking has to be simultaneously
compatible with both rotor restriction and
hydrogen bond formation (i.e., the geometri-
cal restraints are much more demanding in the
latter situation). The key point is that, despite
this much smaller favorable exothermicity
per base stack in the double strand case, the
extension of a double strand by one base pair
has a favorable free energy of a magnitude
comparable to that for extension of a single
strand by one base (Table 4). This is despite
the fact that the formation of the double strand
structure involves the restriction of 12 rota-
tions, whereas the formation of the single
strand structure involves the restriction of
only 6 rotations.*

In other words, the entropy changes in-
volved in the two very different types of
structural extensions are essentially the same
(Table 4). Therefore, the entropic cost of
restricting the extra 6 rotations necessary for
extension of the double strand structure must
be comparable to the entropic benefit of a
structural feature unique to double strand for-
mation (i.e., to the entropic benefit of forming
two hydrogen bonds, since the data in Table 4
refers to the formation of A-U and A-T base
pairs).

The hydrophobic effect per added base pair
to aduplexis similarto the hydrophobic effect
peradded base pair to a single strand*® (at least
in partdue to the poorer base/base overlaps on
averageindouble-stranded compared to single-
stranded structures, see above), and is ca. 12
kJ mol!. Thus, from the entropy data for
single strand formation in Table 4, if y is the
value of TAS for restricting 6 rotations at
300K:

-116 x300x 107 =y + 12
i.e., y=-47kJ mol.

In light of the physically similar rotor re-
strictions occurring twice over in duplex for-
mation, and using the entropy data for duplex
formation from Table 4, then if z is the value
of TAS for formation of the two hydrogen
bonds of the duplex:

-110x300x 103 =z + 12 + (-47 x 2) + (-5)
i.e., z = 54 kJ mol"

where the last term on the right hand side of
the equation (-5 kJ mol') is a small factor to
allow for the adverse TAS for restriction of
rotation of the adenine amino group upon
hydrogen bond formation (Figure 10). Thus,
the favorable TAS per hydrogenbondis ca. 27
kJ mol'. Strikingly, the entropy change is
large and favorable, as is that derived earlier
inthis article for the chemically similar amide-
amide bond (ca. 18 kJ mol", Table 2). The
large favorable entropy term is again assumed
to find its origin to an important extent in the
release of water from the polar functional
groups involved in hydrogen bond formation
(Figure 10). On the basis of a hydrogen bond
inventory,® hydrogen bond formationin RNA
and DNA duplexes should be approximately
isoenthalpic, since there are the same number
of hydrogen bonds on both sides of the equi-
librium (Figure 10). Thus, it is concluded that
in duplex formation, the free energy of forma-
tion of a hydrogen bond is in the vicinity of -
27kJmol"'. Asfortheamide-amide hydrogen
bond formed in the folding of proteins, the
conclusion is that the hydrogen bonds formed
between bases in the generation of nucleic
acid double helices are stronger than hitherto
thought. Turner et al.,’” derived a strength of
-2 to -8 kJ mol' (specificity of 2 to 20),

whereas the lower limit obtained here, assum-
ing an error limit of +25%, corresponds to a
selectivity of about 3,500.

2. Double Helix Fermation

Given the thermodynamic parameters for
extension of a preformed double helix by one
base pair (Table 4), then formation of a short
(A.U), double helix from single strands of A_
and U, will, in addition, be determined by the
change in translational plus rotational free
energy (AG,, ) for the bimolecular association
of two strands to give one of duplex. Indeed,
the melting temperatures reported* fora num-
ber of short A.U duplexes can be reproduced
by using thermodynamic parameters derived
from Table 4 in conjunction with AG_ taken
as 70-85% of the value read off from Figure
3.%% These results indicate how experimental
data for associations can be used to reduce
uncertainties in the approach.

Uncertainties in the Approach

The experimental parameters used in this
article fall into two classes. First, those that
aredirectly determined on the system of inter-
est, e.g., binding constants. Second, those
that are determined on model systems to

o Flgure 9. Schematlc ||Iustrat|on of base stacklng in the formatlon of a smgle -
strand hehx (A)anda double strand helux (B) ' , -

Table 4

Thermodynamlc Parameters for Smgle Strand
__and Double s,trand,Hellx Formation®

 Structure AG (kJ mol)
Single 2227
Double. 53139

 AH(kJmol) AS(J mol K 4)
374 11617
3818 -1 1016 ¢1e
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allow the separation of variables relevant to
the system of interest, e.g., parameters for the
hydrophobic effect (AG,), for the change in
rotational and translational free energy upon
bimolecular association (AG,,) , and for the
free energy change in restricting internal rota-
tions (AG). It is in this second class of
parameters that the main uncertainties lie. All
that can be said about them is that values
corresponding to the currently accepted num-
bers in the literature have been used. The
values used for AG,_ are consistent with the
relative rates of many unimolecular versus,
otherwise analogous, bimolecular reactions,
and those used for AG_ are, for example, from
experimental rotor restrictions occurring upon
cyclization reactions (and, in one case, from a
system of direct interest, see 3 versus 4).
Nevertheless, uncertainties in these param-
eters remain because the degree of residual
motion in biologically important aggregates
is, itself, uncertain. However, even though
the approach will doubtless evolve and the
parameters be refined, the fact remains that in
evaluation of the strengths of some of the
most important hydrogen bonds in biology,
long established principles regarding entropy
changes have been ignored, and the bonds
appear to be stronger than conventional wis-
dom would have us believe.

Conclusion

Solution binding constants determine
whether a particular ordered structure, per-
haps important for biological function, will be
highly populated. A difficult task in the crude
estimation of solution binding constants is the
estimation of strain and van der Waals repul-
sion energies. Although these can, in prin-
ciple, be allowed for (equation 2), it seems
simplest to first examine structures in which
such strains and repulsions might be minimal.
It is argued, in this article, that some of the
interactions honed by natural selection may
satisfy this criterion, and thereby allow, to a
useful approximation, the application of equa-
tion 1. In these cases, rough optimal binding
constants can potentially be estimated by read-
ing off the low probability of “catching” one
molecule upon another from Figure 3 (or a
modified version of it, see, for example, the
comment on nucleic acid double helix forma-
tion), allowing for the number of rotations
restricted in the binding process, estimating
the hydrophobic effect from the area of hydro-
carbon buried (for associations occuring in
aqueous solution), and allowing for the bind-
ing free energies associated with eachinterac-
tion of polar functional groups (e.g., Table 1).
If the approach proves tobe of general utility,
the measurement of a large number of intrin-

OH,

H
/

HZOl‘u H=N N

 OHp»N

H,0H,0
H,0mH,0

. lllustration of the entropically favorable release of water associated
| the formation of hydrogen bonds between base pairs.

sic binding free energies®® will be necessary
in the future. The parameters suggested in
this article may need subsequent refinement
since they represent early work. However, the
principles involved seem to be well based,
and the initial conclusions physically plau-
sible. In particular, hydrogen bonds formed
inaqueous solution betweenuncharged groups
are concluded to vary in strength. The hydro-
gen bonds in nucleic acid duplexes, and the
main hydrogen bonds in proteins, amide-
amide, are concluded to be stronger than
hitherto believed.*

Rotor restrictions that occur upon associa-
tion are seen as a powerful factor opposing
binding. This point may bear on the frequent
occurrence of polycyclic secondary metabo-
lites, in which 5- and 6-membered rings are
common. Polycyclization, to form small rings,
generates a large amount of order in a small
molecule. The common presence of this order
supports the concept that secondary metabo-
lites (defined as products without a role in the
internal economy of the producer) have
evolved under the pressures of natural selec-
tion to bind to selected targets in organisms
that compete with, or have competed with, the
producer.” It is a further consequence of this
idea that control of the extent of ring forma-
tion will allow subtle control of binding, and,
hence, of physiological function.

Acknowledgements

I wish to thank all my colleagues named in
references 1 and 35 for their efforts in making
this work possible. In particular, special
thanks are due to Andrew Doig for his insight
in semi-quantitatively determining many as-
pects of the theoretical approach. SERC
(UK), Smith Kline Beecham, and the Upjohn
Company are thanked for financial support.
Contributions from Eli Lilly, ICI, Roussel
Uclaf, Pfizer, and Schering towards specific
parts of the program are also gratefully ac-
knowledged.

References

1) Williams, D.H.; Cox, J.P.L.; Doig, A.J.;
Gardner, M.; Gerhard, U.; Kaye, P.T;
Lal, A.R,; Nicholls, I.A.; Salter, C.J,;
Mitchell, R.C. J. Am. Chem. Soc. 1991,
113, 7020.

2) For prior and similar partitioning of the
free energy of binding (but, necessarily,
largely carried out without knowledge of
thereceptorsitesinvolved), see Andrews,
P.R.; Craik, D.J.; Martin, J.L. J. Med.
Chem. 1984, 27, 1648.

3) Page, M.I; Jencks, W.P. Proc. Natl.
Acad. Sci. U.S.A. 1971, 68, 1678.

4) Kauzmann, W.Adv. Protein Chem. 1959,
14, 1. Chothia, C.; Janin, J. Nature 1975,
256, 705.

Aldrichimica Acta, Vol. 24, No. 3, 1991

79



5) This value is ca. 50% larger than that the binding energy will tend to be less Matthews, B.W. Biochemistry 1991, 30,
used in our previous work (ref 1). The than that estimated by equation 1. 7142.
value used previously is based directly 17) Cox, J.P.L.; Nicholls, .A.; Williams, 34) Searle, M.S.; Doig, A.J.; Williams, D.H.,
on the experimentally determined solu- D.H. J. Chem. Soc., Chem. Commun. submitted for publication.
bilities of selected hydrocarbons in wa- 1991, 1295. 35) (a) Searle, M.S.; Williams, D.H., submit-
ter. In such experiments, one side of the  18) Creighton, T.E. Current Opinion in Struc- ted for publication. (b) Searle,
equilibrium involves separate hydrocar- tural Biology 1991, 1, 5. M.S.;Williams, D.H.; Doig, A.J., in
bon and water phases, each restricted to  19) Baker, E.N.; Hubbard, R.E. Prog. preparation.
a specified volume of the container. In Biophys. Mol. Biol. 1984, 44, 97. 36) At the melting temperatures of the RNA
contrast, in the molecular recognition 20) Baldwin, R.L. Trends in Biochem. Sci. and DNA duplexes, the population of the
processes under study, all species have 1989, 14, 291. single strand helical structures is consid-
access to the total volume of the solution.  21) Dill, K.A. Biochemistry 1990, 29, 7133. ered and accounted for as a minor correc-
Thus, the values obtained from the water 22) Pace, C.N.; Heinemann, U.; Hahn, U.; tion.
solubility of hydrocarbons include a fa- Saenger, W. Angew. Chem. 1991, 30, 37) Turner, D.H.; Sugimoto, N; Kierzak, R ;
vorable entropy of mixing (Sharp, K.A; 343. Dreiker, S.D. J. Am. Chem. Soc. 1987,
Nicholls, I.A.; Fine, R.F.; Honig, B. Sci-  23) Murphy, K.P.; Gill, S.J. Thermochim. 109, 3783.
ence1991,252,106). When a correction Acta 1990, 172, 11. 38) Porshke, D. Biopolymers 1971, 10, 1989.
has been made for this factor, the value  24) Privalov, P.L.; Gill, S.J. Adv. Protein 39) The selectivities of the hydrogen bonds
of 0.19 kJ mol'/A? is obtained. Chem. 1988, 39, 191. cited in this article are those for the case
6) Jencks,W.P.Proc.Natl. Acad.Sci.US.A. 25) Scholtz, J.M.; Marqusee, S.; Baldwin in which the separated functional groups
1981, 78, 4046. R.L; York, E.J; Stewart, J.M.; Santoro, are solvated by water. The removal of a
7) Rodriguez-Tebar, A.; Vasquez, D.; Perez- M.; Bolen D.W. Proc. Natl. Acad. Sci. hydrogen bond can give larger selectivi-
Valazquez, J.L.; Laynez, J.; Wadso, I.J. U.S.A 1991, 88, 2854. ties, if the removal gives rise to a cavity,
J. Antibiotics 1986, 39, 1587. 26) Guided by the work of Pitzer (Pitzer, such that the functional group remaining
8) Fersht, AR.; Shi, J.-P.; Knill-Jones, J; K.S. Quantum Chemistry Constable: in the cavity is prevented from hydrogen
Lowe, D.M.; Wilkinson, A.J.; Blow, London, 1953), we estimate an exother- bonding to the solvent (Wolfenden, R.;
D.M.; Brick, P.; Carter, P.; Waye, micity of 2.5 kJ mol” for the restriction Kati, W.M. Acc. Chem. Res.. 1991, 24,
M.M.Y.; Winter, G. Nature 1985, 314, of each rotation. When allowance is 209).
235. Fersht, A.R. Trends in Biochem. made for retention of approximately half  40) Williams,D.H.; Stone,M.J; Hauck,P.R.;
Sci. 1987, 12, 301. this quantity as kinetic energy of the Rahman, P.R. J. Nat. Prod. 1989, 52,
9) Doig, A.J; Williams, D.H. J. Am. Chem. torsion remaining after rotor restriction, 1189.
Soc. , in press. then the net exothermicity for each rotor
10) Schellman, J.A. C.R. Trav. Lab. restriction is slightly in excess of 1 k] About the Author:
Carlsberg. Ser. Chim. 1955, 29, 230. mol . Dr. Dudley Williams is a Reader in Organic
11) Susi, S; Timasheff, S.M.; Ard, J.S. J. 27) Chou, P.Y; Fasman, G.D. Biochemistry = Chemistry at the University of Cambridge,
Biol. Chem. 1964, 239, 3051. 1974, 13, 222. and Deputy Director of the Cambridge Center
12) Gill, S.J;Noll,L.J.J. Phys. Chem.1972, 28) Kabsch, W.;Sander,C. Proc. Natl. Acad.  for Molecular Recognition. Dr. Williams
76, 3065. Sci. U.S.A. 1984, 81, 1075. began his research in organic chemistry at the
13) The Chemical Society (London), Special 29) O'Neil, K.T.; DeGrado, W.F. Science University of Leeds, where he obtained his
Publication 17, 1964. 1990, 250, 646. Lehrman, S.R.; Tuls, Ph.D. in 1961. After three years as a post-
14) The Chemical Society (London), Special J.L; Lund M. Biochemistry 1990, 29, doctoral fellow at Stanford University, he
Publication 25, 1971. 5590. went to the University of Cambridge, where
15) Gerhard, U.; Willliams, D.H., University ~ 30) Doig, A.J.; Gardner,M.; Williams, D.H., hehas carried out work on mass spectrometry,
of Cambridge, unpublished work. unpublished work. NMR, natural products, and molecular recog-
16) (a) This follows since AG , . (equation2)  31) Creighton, T.E. Proteins W.H. Freeman:  nition phenomena. For this work, he has
will, in general, be positive. (b) Where New York, 1984. received the Meldola Medal, the Corday Mor-
an enzyme/substrate interaction involves  32) Horovitz, A.; Serrano, L.; Avron B.; gan Medal, the Tilden Medal, and the Alfred
strain, so that the transition state for Bycroft, M; Fersht, A.R. J. Mol. Biol. Bader Award in Organic Chemistry (1991)
reaction can be bound more strongly 1990, 30, 1031. He was elected a Fellow of the Royal Society
than the substrate (thus aiding catalysis), 33) Dao-pin, S.; Sauer, U.; Nicholson, H.; in 1983.
80 Aldrichimica Acta, Vol. 24, No. 3, 1991



ggama


Rtta
ARChlve
indexes

The Acta Archive Indexes document
provides easy access to all of the
Acta content; 1968 to the present.

The volumes, issues, and content
are sorted as follows:
Chronological

Authors

Titles

Affiliations

Painting Clues (by volume)

From this index, you can jump directly to a
particular volume. Using the sorted sections,
you can locate reviews by various authors or
author affiliation. Additionally, the content

is fully searchable, allowing you to look for

a particular key word from the various

data available.

To access the index, click here.

The life science business of Merck KGaA, Darmstadt, Germany
operates as MilliporeSigma in the U.S. and Canada.

MilliporeSigma and the vibrant M are trademarks of Merck KGaA, Darmstadt,
Germany. Copyright © 2017 EMD Millipore Corporation.
All Rights Reserved.

VOL. 48, NO. 1+ 2015, AL
chemiitry

- AldrichimicaAcTa

GREEN CHEMISTRY ISSUE - B. H. LIPSHUTZ, GUEST EDITOR

AldrichimicaAcTa

CONTREUTORS TOTHISISIIE
Anastas - Censtalsle - Gall
Keenig - Krische - Limshu,

ADDITIONALOKLINECONTRIEUTORS
Regers - Shelden

Catalytic Asymmetric Hydrogenation of a-Substituted Ketones and Aldehydes
via Dynamic Kinetic Resolution: Efficient Approach to Chiral Alcohols

oupling Approachtothe One-StepSynthesisof

ntof Solvent SelectionGuides

evelo

2017-02521
02/17


http://www.sigmaaldrich.com/chemistry/chemical-synthesis/learning-center/aldrichimica-acta.html

	Acta Vol. 24, No. 1

	Simple, Novel Methods for the Synthesis of Carbonyl Compounds Using Metal Complexes as Catalysts

	Samarium(II) Iodide in Organic Synthesis


	Acta Vol. 24, No. 2

	Fluoroheterocyclic Compounds: Synthesis, Reactions, and Commercial Applications
	Transannular Diels-Alder Reaction on Macrocycles: A General Strategy for the Synthesis of Polycyclic Compounds 

	Acta Vol. 24, No. 3

	Organic Chemistry in Unconventional Solvents

	The Molecular Basis of Biological Order


	Acta Archive Indexes Launcher



