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The 'H NMR spectral parameters of prostaglandin Fy, (5¢), prostaglandin Fy4 (5a), 8-epi-prostaglandin Fy,
(5b), and derivatives are discussed. Evidence is presented for the occurrence of a restricted number of conforma-
tions in the three series. The solvent-dependent variation of the 'H NMR spectral parameters of prostaglandin F,,,
is interpreted on the basis of intramolecular hydrogen bonding between the 9- and 11-hydroxyl groups.

Studies of the conformational behavior of prostaglandins
are important since it has been shown that there exist strict
stereostructural requirements for certain characteristic ac-
tions?2 and for substrate suitability with prostaglandin-me-
tabolizing enzymes.2b The restraints applied to the prosta-
glandin molecule to fix a preexisting receptor site2d as a
stable conformational isomer, or conformer, are so far little
understood. Especially x-ray analysis® and theoretical cal-
culations? have brought some knowledge about the confor-
mation of prostaglandin Fiz and of prostaglandins of the E
series. The results of these studies are generally interpreted
on the basis of a conformation (designated ‘“‘hairpin” %) in
which the two side chains are closely aligned. In these studies
abstraction is made of the molecular environment, as no sol-
vent effects are taken into account. In a series of refined ex-
periments using different techniques Andersen® has investi-
gated the occurrence of the “hairpin” conformation in solvated
prostaglandins. While a lot of work is done in understanding
the relation of the side chains, little attention has been paid
to the conformational behavior of the five-membered ring in
this molecule.” Accurate 1H NMR spectral data of prosta-
glandins are scarcely found in the literature (see, however, ref
8). These data should be suited for the study of the confor-
mation of the cyclopentane part of the prostaglandin mole-
cule. We will discuss the 'H NMR spectral data of the pros-
taglandins Fy,, Fi4, and 8-epi-Fy, in chloroform-d; and
methanol-d4, and we will present evidence for the occurrence
of a restricted number of conformations. Hydrogen bonding
in aprotic medium, between the 9- and 11-hydroxyl groups of
prostaglandin Fy, will be proven. The latter fact may be of
crucial importance in understanding the ability of prosta-
glandins to pass through discrete conformational states as the
environment changes.

Results and Discussion

In Tables I-III the relevant 'H NMR spectral parameters
are found for products with three different configurations, a
(as found in prostaglandin F), b (as found in 8-epiprostag-
landin F,), and ¢ (as found in prostaglandin F1,; Scheme I).
Whereas products 1-6 are prostaglandins,® compounds 7-10
are used as references.!? Comparison of the 'H NMR spectral
parameters of a large number of differently functionalized
1,4-dihydroxy- (and diacetoxy-) 2,3-dialkylcyclopentanes!?
indicates comparable pseudorotational itinerary energetics
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for products with the same configuration. We will therefore
assume throughout the discussion that the conformational
behavior of prostaglandins is similar to that of the model
compounds 7 and 8 as far as the cyclopentane is concerned.
Although only sums of vicinal coupling constants are available
to substantiate this assumption in the case of prostaglandins
with a and b configurations, individual coupling constants will
be used for prostaglandins with the “natural” ¢ configura-
tion.

One can expect that the conformational behavior of prod-
ucts with the a configuration will be dictated by the require-
ment of the two trans alkyl side chains to be diequatoriall? on
the base of torsional strain. Calculations!? of the potential
energy of the ten twist and the ten envelope conformations
encountered during the itinerary of pseudorotation+15 of 7a
show that the Co conformation with the methyl groups in the
most puckered part of the molecule (§,7'; Scheme 1) is the
minimal-energy form. This conformation is, however, only
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Scheme II. Conformations for 1,4-Dihydroxy-
(or diacetoxy-) 2,3-dialkylcyclopentanes
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Table I. 'H NMR Spectral Parameters of a Series
(Prostaglandin Fys Analogues)®
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Scheme III. Chemical Shift Values for Olefinic Hydrogen

Atoms?

5.3
L

A

TR
k

\
TSl

281

ol

2 E o
Uﬂnd

a

18 123 181
o

-
I
a a a

i~
o

Product lah 2al 4a/ 5a* 6a! T7am
Solvent CCl; CDCl; CD3sOD CDsOD CDCl3 CCl
oH-104f c 2.00 1.85 1.90 1.99 1.97
dH-10/0f 1.76 2.00 1.85 1.80 1.95 197
oH-92 3.88 497 3.95 3.95 407 4.67
oH-11#¢ 3.83 4.89 3.88 3.87 3.98 4.67
§H-8 ¢ ¢ ¢ ¢ ¢ 1.49
oH-12 ¢ 2.18 c 1.90 1.95 1.49
TeJ 10/ d d d 14.0 11 14.2
3J 107/ 15.0 d d 14.0 d 14.2
J 9¢ 22.0 23.5 23.0 21.6 d 21.8
zJ 118 17.0 17.5 17.0 18.5 18 21.8

@ Qbtained at 300 MHz at room temperature; chemical shifts
are given in parts per million (5 scale) relative to Me,Si as internal
standard; coupling constants are given in hertz. ® H-10 cis with
OH-9 or Ac-9; H-10’ trans with OH-9 or Ac-9. ¢ Could not be lo-
cated. 9 Could not be measured. ¢ Sum of vicinal coupling con-
stants given in hertz. /¢ The values superscripted by f or g have
not been unambiguously assigned and can be pairwise permuted;
e.g., in la 8H-9 can be either 3.88 or 3.83, but then the tied value
of J 9 must also be exchanged with ZJ 11. » Registry no.,
61557-24-2. ' Registry no., 61557-35-5. / Registry no., 62860-86-0.
k Registry no., 10164-73-5. ! Registry no., 21562-49-2. ™ Registry
no., 62860-87-1.

slightly more stable than the two nearest envelope confor-
mations 8F and 2E. Restricted pseudorotation, designated
pseudolibration by Altona,1%¢ may occur around the mini-
mal-energy form. Important coupling constants of 7a are 3.Jg 15
= 10.4 and 3Jg g = 3J,1 12 = 7.6 H2.192 The former value clearly
locates the maximum pucker of the ring in the Cg-C;3 bond;
the latter relatively small coupling constant can be interpreted
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a For products 1, 2, 5, and 6, the straight lines correspond
to the chemical shift values of H-13 (values in parentheses
are for J,, ,,) and the dotted lines to the corresponding
values of H-14 (values in parentheses are for *J,, ,:); >/, 14
are comprised between 15.0 and 15.5 Hz; straight lines for
H-2' of the 3-methyl-2-butenyl side chain, dotted lines for
H-7' of the 8-methyl-7-nonenyl side chain (products 9 and
10). b Chemical shifts are given in parts per million relative
to Me,Si as internal standard. ¢ Methanol-d, solution.

d Chloroform-d, solution. ¢ Carbon tetrachloride solution.

as well by a single &,T" form as by a rapidly interconverting pair
of 8E and oF conformations, or a combination of both
possibilities. Anyhow, in the simple model compound 7a cal-
culation and experiment point in the same direction. We as-
sume that in the prostaglandins 1a~6a the maximum pucker
will also be in the Cs-C12 bond. The value of ZJ1; is here
systematically somewhat smaller, that of Z.Jg somewhat larger
than the unique value found in 7a. This is precisely what
would be expected for the predominant occurrence of one E
form. The ring conformation observed by Abrahamsson? for
the tri-p-bromobenzoylated prostaglandin F;5 methyl ester
is also an envelope conformation with C;s at the flap position.
While it is satisfactory to find the same basic conformation
in the solid state and in solution, we are not able to assign H-9
and H-11 unambiguously and hence cannot tell which atom,
Cs or Cys, occupies the flap position preferentially. It has been
suggested” on the basis of 13C NMR data that there exists in
solution a hydrogen bond between the 9-hydroxyl group and
the 5,6 double bond and between the 11-hydroxyl group and
the 13,14 double bond in prostaglandin Fog, among other
prostaglandins. The possible occurrence of a weak hydrogen
bond between a hydroxyl function and a w-electron cloud is
a well-known phenomenon;!6 it has been shownl!7 that this
results in a downfield shift (e.g., 0.1 ppm) of the vinylic hy-
drogen atoms. Our data, however, do not support the existence
of such a hydrogen bond in the prostaglandins 5a and 6a since
the chemical shifts of the olefinic hydrogen atoms 13 and 14
in prostaglandin F;5 methyl ester (6a) and the corresponding
diacetoxy derivative 2a are nearly identical (Scheme III).
Analogous calculations!3 of the potential energy during
pseudorotation for 7b indicate the presence of two distinct
minima of equal energy in the potential energy curve, coin-
ciding with the two twist conformations {,7" and §2T (Scheme
I1). Comparison of the values for the sum of coupling constants
of the hydrogen atoms 9 and 11 obtained for the dimethyl
derivative 7b and the prostaglandins (e.g., 5b) indicates that
in the latter products one twist conformation should be more
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Table I1. 1H NMR Spectral Parameters of b Series (8-Epiprostaglandin F,, Analogues)®

Product 1bé 2b* 3b¢ 4b/J 5b* 6b! 7hm
Solvent CCly CCly CCl, CD30D CD30D CDCl; CCly
sH-100 1.55 c ¢ ¢ c c 1.50
oH-1078 2.32 2.68 2.68 2.47 2.46 2.41 2.66
6H-9 3.80 4.78 4.77 3.84 3.81 3.9 4.68
sH-11/ 3.85 4.81 4.82 3.92 3.90 4.0 4.68
oH-8 1.97 2.12 2.11 2.04 c ¢ 2.17
6H-12 2.59 2.73 2.72 2.67 2.62 2.73 2.17
TeJ 10 8 d d d d d 8.0
IJ 10 14 14.5 16 d 15 14.5 154
IJ9 19 d 19 d 21 d 16.2
TJ 11 12 d 14 d 14 d 16.2

@ Qbtained at 300 MHz at room temperature; chemical shifts are given in parts per million (8 scale) relative to Me4Si as internal
standard; coupling constants are given in hertz. ® H-10 cis with OH-9 or Ac-9; H-10’ trans with OH-9 or Ac-9. ¢ Could not be located.
¢ Could not be measured. ¢ Sum of vicinal coupling constants given in hertz. / The assignment of the H-9 and H-11 resonances is based
on the downfield 3 effect of the C13-C14 double bond. # Registry no., 61507-23-1. » Registry no., 61557-37-7. ! Registry no., 61557-36-6.
J Registry no., 61557-40-2. # Registry no., 26771-96-0. ! Registry no., 21562-53-4, ™ Registry no., 53099-13-1.

Table IT1. 'H NMR Spectral Parameters of ¢ Series (Prostaglandin F,, Analogues)®

2¢! 3c/

Product leh CDCl; CDCls Be* 6c! Tem 8c”
Solvent CCI4 (CCL4) (CC14) CD30D CDClg CCL; CC14
SH-100 1.70 ¢ ¢ 1.57 1.77 1.53 1.66
dH-10b 2.00 2.55 2.50 2.36 2.16 2.51 2.02
oH-9 4,06 5.15 513 4,10 4.19 5.03 3.92
6H-11 3.80 4.87 4.90 3.81 3.95 4,57 3.67
6H-8 ¢ c c c ¢ 1.52 1.29
dH-12 ¢ 2.55 2.50 2.21 2.27 1.79 1.59

d d
J 10,10 -14.5 (=15.5) (—15.5) —14.5 -15.0 -15.7 ~14.8
d d
J 9,10 d (d) (d) 2.0 1.0 1.8 1.3
d d
J 10,11 d (d) (d) 5.5 2.5 5.0 2.7
5.5f d
J 9,10 d (6.08) (5.57) 6.2 5 6.2 4,7
8.5/ d
J 10,11 d (9.58) (9.01) 8.75 7.5 8.8 7.4
d d
J 8,9 d (d) (d) 6 d 4.9 3.8
d d
J 11,12 d (7.75) (8.75) 7 d 7.8 4.7
d d
J 8,12 d (12.0) (12.0) 11 d 11.8 10.4
d d
ZeJ 10 5.0 (d) (d) 5.0 3.5 6.8 4.0
d d
ZJ 10 d (15.5) (14.5) 15.0 12.5 15.0 12
11 11
ZJ 9 9.5 an (10) 14.0 12.0 12.9 10
d 20
zJ 11 14.5 (22.5) (22) 22.0 16.0 21.6 16

@ Obtained at 300 MHz at room temperature; chemical shifts are given in parts per million (5 scale) relative to Me4Si as internal
standard; coupling constants are given in hertz. ® H-10 cis with OH-9 or Ac-9; H-10’ trans with OH-9 or Ac-9. ¢ Could not be located.
¢ Could not be measured. ¢ Sum of coupling constants given in hertz. /¢ Values superscripted by f or g can be pairwise permuted.
h Registry no., 61557-25-3. ¢ Registry no., 62860-88-2. / Registry no., 62860-89-3. #* Registry no., 745-62-0. ! Registry no., 13227-94-6.

m Registry no., 62860-30-6. " Registry no., 62928-69-2.

stabilized than the other one. Indeed Table II indicates a
somewhat smaller value for the sum of coupling constants of
hydrogen atom 11 and a larger value for hydrogen atom 9 in
the prostaglandins (1b—6b), compared to product 7b; this
suggests a more axial position of H-9—and a more equatorial
position of H-11—thus designating 27T as the preferred con-
formation. The location of the alkyl group (C- of the acid side
chain) in the equatorial position and the alkenyl group (C;3)
in the axial position is in accordance with the large 3J15 3
value and with a x-ray study.!8 A hydrogen bridge is geomet-

rically not possible between the axial alkenyl side chain and
the roughly antiperiplanar OH-11.

Since the values for the sums of coupling constants of re-
spectively H-9 and H-11 in the diacetoxy derivatives with ¢
configuration (2¢, 3¢, 7c; Table III) are nearly equal, we be-
lieve that these products have the same conformation or
conformations. Again, the Jg12 of 7c discloses the most
puckered part of the ring. This leaves only three possibilities,
T, 1oE, and 8E, but in view of the magnitude of J; ;0 and Jg g
only the envelope conformation with Cg at the flap has to be
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retained. As mentioned above, this conclusion based on 7e
would also be valid for the diacetoxy prostaglandins. However,
the diols in this series (le¢, 6¢, 8¢) show a much smaller sum
of coupling constants for H-11 and, but to a lesser extent, for
H-9. These data are easily rationalized by accepting the ex-
istence of an intramolecular hydrogen bond between the cis
1,3-hydroxyl groups. This hydrogen bond demands an 1°F
conformation, resulting in a smaller value for ZJ;1. The oc-
currence of this hydrogen bond is independently proven by
IR spectroscopy for 8¢ and 6¢ (methyl ester of prostaglandin
F1.) for which respectively hydrogen bonded hydroxylic ab-
sorptions at 73 and 60 em~! lower frequencies (CCly) are ob-
served. The similarity in conformational behavior of products
6c and 8c is further displayed by four individual coupling
constants comparable in magnitude. The 'H NMR spectrum
of prostaglandin Fy,, itself could only be recorded in metha-
nol-d 4 solvent; this solvent, however, interacts with the hy-
droxyl groups and destroys the intramolecular hydrogen bond.
A great similarity is indeed observed between the individual
coupling constant values of 5¢ and 7c. It has already been
suggested that the side chain alignment in prostaglandins is
more favorable in agueous media than in less polar solvents;2
this is in complete agreement with our observations. No in-
tramolecular hydrogen bond in prostaglandin Fy, (5¢) in a
polar solvent (methanol-d4) is observed and the minimal-
energy conformation 8E has the two side chains in the most
puckered part of the molecule, with a torsional angle around
73°, thus allowing alignment of the side chains. However,
considering prostaglandin F;, methyl ester (6¢) in an apolar
solvent (chloroform-d;) one has to consider also conformation
10F on the basis of intramolecular hydrogen bonding; the very
large torsional angle (around 120°) clearly does not allow side
chain alignment in this envelope conformation. It cannot a
priori be predicted if the conformation of the five-membered
ring actually induces the alignment of the side chains in
prostaglandins in a certain medium or if the reverse situation
is correct. Considering the magnitude of the different energy
values, which have to be accounted for, we advise the latter
possibility.1?

Practical information can be learned from the !H NMR
data of the olefinic hydrogen atoms of the 13,14 double bond.
Theoretical calculations have shown that the most favorable
position of the 13,14 double bond is an eclipsed one with H-12
and H-15;%8 this is in accordance with the absence of a
homoallylic coupling between hydrogen atoms 12 and 15 in
products 5 and 6. The chemical shift values for the hydrogen
atoms located on the 13,14 double bond of 15(R)-prosta-
glandins (e.g., 2 and 4) are situated at lower field compared
to the values of the corresponding 15(S) products.2 A re-
markable regularity is observed when considering the chem-
ical shift values of H-13 as a function of the configuration: the
magnitude of the é value increases when considering consec-
utively the b, ¢, and a configuration. The influence of the steric
position of the vicinal alkyl side chain and the hydroxyl (or
acetoxy) groups on the chemical shift of an H-1’ atom of a side
chain has already been observed.?! As already mentioned, our
results do not concord with the occurrence of an intramolec-
ular hydrogen bond between the 11-hydroxyl group and the
13,14 double bond. However, we have evidence that a hydro-
gen bond between the OH-9 group and the 5,6 double bond
in prostaglandins of the 2 series could exist in an apolar sol-
vent.’2 Products 9 and 10 have two side chains containing a
trisubstituted double bond in the 2’ position (for the 3-
methyl-2-butenyl side chain) and in the 7’ position (for the
8-methyl-7-nonenyl side chain);1% the presence of the 7’
double bond is very convenient since the H-7’ is far removed
from the cyclopentane, thus allowing the chemical shift of this
hydrogen atom to serve as an internal standard value. Con-
sidering the diacetoxy derivatives 9a and 9¢ we may conclude
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that the steric position of the substituents on the five-mem-
bered ring does not influence the shift value of the vinylic
proton in the 2 position. The corresponding diols (10), how-
ever, exhibit a fairly large downfield effect—relative to the
shift value of H-7'—for this hydrogen atom dependent on the
configuration (Scheme III); thus, we assume that in 10a and
10c (in chloroform-d; solution) an intramolecular hydrogen
bond occurs between the 11-OH group and the double bond
in the 2’ position of the ring.

Careful analysis of the magnitude of the *H NMR spectral
data of prostaglandins allows easy configurational assignment
within the set of the three configurations a, b, and c. A ten-
tative assignment of the most stabilized conformations of
prostaglandins with a, b, or ¢ configuration can be performed
on the basis of 'H NMR spectral data. It has been proven that
those conformations for prostaglandin Fi, (5¢ and 6¢) are
strongly influenced by the molecular environment. Our results
suggest that prostaglandins are able to pass through discrete
conformational states as the environment changes. This could
bring some light about the still unresolved problem of the
mode of action of prostaglandins in the cell membrane.

Experimental Section

The 'H NMR spectra were recorded in CCly, CHClz-dy, or
CH30H-d, and the & values were measured with MesSi as internal
standard on a Varian HR-300 MHz spectrometer. Double irradiations
experiments were done on this apparatus equipped with a Varian SC
8525-2 decoupler unit. IR spectra for the determination of intramo-
lecular hydrogen bonding were recorded on a Perkin-Elmer 337 ap-
paratus in CCly solution. Concentration was 5 X 10~3 mol L-1.
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A new method of synthesis of deoxyribooligonucleotides by means of di(1,2-dimethylethenylene) pyrophosphate
is described. Reaction of 5-0-p-methoxytritylthymidine with the pyrophosphate in dichloromethane (triethyl-
amine as proton acceptor) gives a cyclic enediol phosphate derivative, which is allowed to couple in dimethylform-
amide (triethylamine as catalyst) with unprotected thymidine to yield the 1-methylacetonyl ester of (5’-0-p-meth-
oxytrityl)thymidylyl-(3’ — 5’)-thymidine. This protected dinucleotide triester is converted first into the deprotect-
ed triester by trifluoroacetic acid in dichloromethane solution, and then into TpT—(CyHs)sNH* by triethylamine
in aqueous acetonitrile. The protected dinucleotide triester is converted into the protected tri- and tetranucleotide
triesters by repetition of the reaction with pyrophosphate and the coupling with thymidine. The tetranucleotide,
TpTpTpT3-[(CzHs)sNH*]3, is obtained after removal of the p-methoxytrityl 5-OH protecting group, and the 1-
methylacetonyl phosphate blocking group, from the protected triester. The di- and tetranucleotides are isolated
as hydrated triethylammonium salts after DEAE—cellulose chromatography.

One of the strategies employed in the nonenzymatic syn-
thesis of deoxyribooligonucleotides involves the establishment
of the 3’ — & internucleotide bond as a phosphotriester,
(RIO)(RIO)(BLO)PO, where BL represents the phosphate
blocking group, which must eventually be removed to produce
the desired phosphodiester, (RIQ)(R20)P(O)OH. This ap-
proach, introduced by Todd? and explored initially by
Letsinger,? by Reese,* and by Cramer and Eckstein,? has been
used by many investigators,5-14 sometimes in conjunction with
a search for new reagents to convert the two nucleosides into
the triester intermediate. Intensive research effort during the
past four years!5-28 discloses a continuing interest in deoxy-
ribooligonucleotide syntheses, in spite of the solution by
Khorana and his co-workers?? of the problem of constructing
genes by a combination of nonenzymatic and enzymatic
techniques.30

The synthesis of ribooligonucleotides is also receiving much
attention, in particular by Ikehara, Ohtsuka, and their co-
workers, who have developed methods to produce segments
suitable for conversion into larger units with amino acid ac-
ceptor activity.31-3¢ The construction of tRNA’s by a combi-

nation of nonenzymatic and enzymatic procedures seems
possible based on these results.

Work in this Laboratory35-39 has focused on the develop-
ment of phosphorylating reagents capable of being applied

CHC—Q_ 0
P
CHB(IID—O/ \

by standard procedures to the synthesis of complex phos-
phodiesters, such as the phospholipids of biological mem-
branes,*° and both types of oligonucleotides. Previous papers
have described the preparation of several derivatives of the
1,2-dimethylethenylenedioxyphosphoryl group, abbreviated
X=P(0)-, which are useful for this purpose.35-37 The con-
version of the alcohols RIOH and RMOH into the phospho-
diester can be achieved as “three-, two-, or one-flask” syn-
theses, according to the number of intermediates isolated and
purified:

RIOH + X=P(0)Y + B — X=P(O)OR! + Y-BH* (1)



