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FTIR spectra measurements and full optimization curve analysis of their spectra were done to 
obtain parameters of the OH and C = 0 stretching vibration bands for intramolecular hydrogen 
bondings in thromboxane (TX)A2 receptor partial agonist (CTA2), prostaglandin (PG)E2) PGD2, 
PGF2a , prostacyclin (PGI2) receptor agonist (carbacyclin), and their related compounds in dilute 
CCI4 solutions. For CTA2, PGE2, PGD2, and PGF2a, cyclic intramolecular hydrogen bonds involving 
a 15-membered ring similar to that observed for the TXA2 receptor agonist (U-46619) were found 
between a carboxyl group of the a-side chain and a 15-hydroxyl group of the w-side chain. The 
arrangement of these side chains was P-shaped, and the percentage of the intramolecular hydrogen-
bonded molecules with the 15-membered ring in CCU solution showed a high value of ca. 80% for 
these compounds. In addition, it was found that the cyclic intramolecular hydrogen bonds involving 
the 13-, 12-, and 12-membered rings in PGE2, PGD2, and PGF2a , respectively, are formed between 
the carboxyl group of the a-side chain and the 11-, 9-, and 9-hydroxyl groups of a cyclopentane 
ring, respectively, although the percentages of the intramolecular hydrogen-bonded molecules 
with these membered rings are very small. It was also found that the hydrogen bond is more easily 
formed in the order of the 11-, 9-, and 15-hydroxyl groups. For carbacyclin, the cyclic intramolecular 
hydrogen bond involving the 13-membered ring was found between the carboxyl group of the 
a-side chain and the 11-hydroxyl group. The percentage of the intramolecular hydrogen-bonded 
molecules showed the value of 58 % for carbacyclin. On the basis of information on the side-chain 
conformations in CCU, we examined the structure-activity relationships for U-46619 in place of 
TXA2, PGE2, PGD2, PGF2a , and carbacyclin in place of PGI2. 

Introduction /==\/=\/\Jx>iH 

Thromboxane (TX)A2,
1 prostaglandin (PG)E2,

2 PGD2,3 

PGF^,4 and prostacyclin (PGI2),
5 which possess various 

physiological activities at very low levels, can be biosyn-
thesized from arachidonic acid through cyclooxygenase 
reaction (Figure l).6 Study of the physiological and 
pathophysiological roles and the effects of these physio­
logical active compounds within the body should con­
tribute to the development of new drugs.7 Despite the 
similarity of the side chains of these compounds, they 
possess different physiological and pharmacological ef­
fects.6,7 Therefore, we are interested in studying their 
structure-activity relationships. 

The molecular structures of TXA2, PGE2, PGD2, PGF2a, 
and PGI2 binding to the receptors must be known in order 
to elucidate these relationships, but this has not been 
possible by X-ray crystallographic analysis. Hence their 
putative active conformations were estimated by the 
following methods. The crystal structures of PGE2, PGF^, 
PGBi, the hydrolysis product (TXB2) of TXA2, and other 
prostaglandins were determined by X-ray crystallographic 
analysis.8 The arrangements of the a- and w-side chains 
in these compounds, except for PGBi which is an L-shaped 
structure8' and TXB2 which has a scorpion structure,9 

showed a hairpin-like (U) structure in the crystal form.8 

However, these arrangements are not necessarily the same 
as the active conformations due to intermolecular hydrogen 
bonding and packing forces in the crystal. CD spectral 
study indicates that the shape of PGE2 in solution is a U 
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Figure 1. Principal products of cyclooxygenase. 

structure, but this method cannot delineate detailed 
conformations beyond the 4-C and 16-C atoms of the side 
chains.10 The solutions of various prostaglandins were 
examined by the *H NMR (NOE difference) spectral 
method, though this method cannot provide detailed active 
conformations because of rapid interconversion, by ro­
tation about C-C single bonds of the side chains, although 
the shape of these prostaglandins was indicated to be of 
the U structure.11 

In addition, conformational analyses on TXA2 and PGI2, 
which are unstable compounds, were carried out by 
molecular mechanics and molecular orbital methods, and 
their active conformations were estimated to be the U and 
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elongated structures, respectively.12-13 However, these 
conformations were determined without consideration of 
the environment of the binding site in the receptors, which 
is particularly important for assessing the structure-
activity relationship of TXA2, PGE2, PGD2, PGF2m and 
PGI2 containing the a- and w-side chains. No study of 
systematical conformational analysis with this consider­
ation has been reported on the active conformations of 
these compounds. The conformations have been deter­
mined by various methods, but detailed information has 
not yet been obtained. 

In calculating the electrostatic interaction in proteins, 
a dielectric constant (d) suitable for their interiors was 
assumed to be in the range 2-5 or to be 3.5.14,16 This 
constant was theoretically estimated to be ca. 2.5.16 If a 
hole is considered to exist in a protein as the binding site 
in the receptors, the d value of this site is presumed to be 
not more than these d values. The nonpolar hydrocarbon 
phase where the d value is ca. 2 has been reported to be 
suitable as the environment for the binding site.17 The d 
value of CCU is 2.228 at 25 °C. Therefore, we expect that 
information can be obtained for the active conformation 
of the above compounds when their FTIR spectra are 
measured in dilute CCU solution. However, no information 
is avilable on the conformation in cyclooxygenase-derived 
eicosanoids and their related compounds, except for the 
compounds we report below. 

Recently, we measured the FTIR spectra of TXA2 

receptor agonist, U-46619,18 and its antagonists, S-145,19 

and five other compounds, in dilute CCI4 solution, carried 
out full optimization curve analysis of their spectra, and 
found that the intramolecular hydrogen bonds involving 
a large-membered ring of more than 11 in these compounds 
are formed between the carboxyl group of the a-side chain 
and a functional group of the w-side chain.20,21 On the 
basis of this finding, the conformations of the side chains 
in these compounds were found to be similar to each other 
and to be of a P-shaped structure rather than the U-shaped 
one in dilute CCU solution. The active conformation of 
these compounds was anticipated to differ from the 
intramolecular hydrogen-bonded one because the carboxyl 
group appears to be of importance in the exhibition of the 
TXA2 receptor agonistic or antagonistic activity. However, 
these compounds mainly existed in the larger-membered 
ring in dilute CCI4 solution, where the environment is 
presumed to be similar to that of the binding site in the 
TXA2 receptor as mentioned above. Therefore, it was 
assumed that even if the active conformations are of the 
nonintramolecular hydrogen-bonded one type, they would 
not greatly differ from the conformation of the large-
membered ring. On the basis of this assumption, we 
investigated the structure-activity relationships for S-145 
and its analogues and found that the structure easily 
derived from the 12-membered one formed by the in­
tramolecular hydrogen bonds plays an important role in 
the appearance of the TXA2 receptor antagonistic activ­
ities.22 

Thus, in order to determine the conformation of the 
side chains in the title compounds, we synthesized 
compounds 2-6,8, and 9 and measured the FTIR spectra 
of lla,21-dicarba-TXA2 (CTA2) and 1-10 (Figure 2) and 
9-deoxo-9-methylene-PGE2 (11) in dilute CCU solutions. 
A bicyclic ring of CTA2 is similar to that of TXA2, although 
CTA2 is a TXA2 receptor partial agonist.23 On the basis 
of the results obtained, we examined the structure-activity 
relationships for TXA2, PGE2 (1), PGD2 (3), PGF2a (7), 
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Figure 2. TXA2 receptor agonist, U-46619, its antagonist, S-145, 
and its partial agonist, CTA2, and PGEj, PGD2, PGF^, PGI2 
receptor agonist, carbacyclin, and their related compounds. 

and PGI2, where TXA2 and PGI2 were substituted by 
U-46619 and carbacyclin (10),24 respectively, because they 
are unstable. Since the percentages of the large-membered 
ring linked by the intramolecular hydrogen bonds in 
U-46619, S-145, and their related compounds increase with 
a decreasing d value of the solvent,20,21 the information 
obtained by the FTIR method should be useful for 
evaluating the conformational analyses using theoretical 
calculations which are usually carried out under vacuum 
(d = 1). 

Experimental Section 
Compound 1 was obtained commercially from Nacalai Tesque, 

Ltd., 7 from Chinoin Pharmaceutical and Chemical Works, Ltd., 
and CTA2,1', and 11 from Cayman Chemical Co. Compounds 
3, 5, and 6 were prepared according to the modified method of 
the literature procedure.28*-1' Compounds 2, 4, 8, and 9 were 
synthesized by us26c and lOatour laboratory.24 The FTIR spectra 
were recorded on a Nicolet 20 SXB FTIR spectrometer at ca. 27 
°C. The solvent CCU was dried over 4-A molecular sieves and 
purified by distillation. All compounds were dissolved in CCI4 
at concentrations (c) below 4 X 10-6 M (cell length = 5.0 cm). 
FTIR spectra of methyl esters 5,6, and 9 were also measured in 
CCI4 at ca. 5 X 10-« M (cell length - 2.0 cm). All operations for 
these solutions were performed in a dry box filled with N2 gas. 
The full optimization curve analysis for peak separation of the 
spectra observed was carried out using the Nicolet FOCAS 
program. This calculation allows the parameters of band 
frequency, band width at half-intensity, absorbance, and com­
position as the percent Gaussian vs Lorentzian contribution to 
each individual curve. 

It was assumed that the values of the molecular coefficients 
(e/mol-1 dm3 cm-1) of the free carbonyl stretching vibration bands 
(free i>c—o bands) for the carboxyl group in CTA2> 1-4, 7, 8,10, 
and 11 and for a carbomethoxy group in 5,6, and 9 are equal to 
the « value of the band at 1759 cm-1 in lauric acid and to the t 
value of the band at 1742 cm-1 in methyl stearate, respectively.20 

The percentages (N) of non- hydrogen-bonded molecules for these 
compounds were estimated using these t values because they are 
larger than those of the free VOH bands at 3533 cm-1 for the carboxyl 
group in lauric acid and at ca. 3620 cm-1 for the hydroxyl group 
in alcohols. These N values were reproduced within ±2% for 
several measurements. 

Results and Discussion 
The spectral data obtained for dilute CCU solutions of 

CTA2 and 1-11 at c below 4 X 10"5 M are listed in Table 
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Table I. FTIR Spectral Data" of CTA2 and 1-11 in CCU 

compd 

CTA2 

1 

1' 

2 

3 

4 

5" 

6" 

7 

8 

9* 

10 

l l m 

assign.6 

C02H, F 
H 
H 

C02H, F 
H 
H 

9-C=0, F 
C02H, F 

H 
H 

9-C=0, F 
C02H, F 

H 

a> 9-C=0, F 
C02H, F 

H 
H 

11-C=0, F 
C02H, F 

H 
H* 

11-C=0, F 
9-OH, F 

15-OH/F 
OH,H 

C02CH3, F 
H 

11-0=0, F 
9-OH, F 

H 
C02CH3, F 

H 
11-C=0, F 

C02H, F 
H 
H 

C02H, F 
H 

H* 
OH.'F 

H 
C02CH3> F 

H 
C02H, F 

H 
H* 

C02H, F 
H 
H 

"OH or 
vc—o/cm-1 

1758.3 
1733.8 
1717.4 
1758.7 
1735.6 
1714.1 
1748.4 
1757.4 
1734.6 
1719.1 
1748.7 
1759.4 
1737.3 
1711.1 
1748.6 
1758.1 
1737.4 
1722.7 
1748.8 
1758.5 
1734.7 
1711.1 
1747.5 
3625.0 
3611.2 
3538.6 
1742.0 
1726.8 
1748.9 
3626.4 
3547.3 
1742.6 
1726.7 
1749.1 
1756.1 
1734.4 
1713.1 
1757.7 
1737.8 
1710.5 
3615.4 
3547.0 
1741.8 
1726.8 
1757.9 
1737.1 
1711.0 
1757.8 
1733.5 
1710.2 

e/mol-1 

dm3 cm-1 

136.0 
314.1 
70.5 
89.0 

204.6 
188.9 
618.1 
77.1 

272.1 
173.9 
611.9 
409.4 
118.6 
101.1 
614.2 
49.1 

314.7 
120.3 
589.2 
324.4 
133.0 
117.3 
560.0 
84.5 
51.3 
69.9 

299.9 
321.0. 
548.5 
60.8 
58.3 

343.6 
274.1 
529.2 
87.0 

344.8 
94.5 

295.5 
85.6 

128.3 
56.1 
69.9 

404.0 
141.0 
198.1 
81.9 

167.7 
82.0 

184.3 
179.2 

Avi/ri 
cm-1 

17.1 
20.3 
24.2 
20.1 
16.8 
29.4 
11.9 
17.3 
14.8 
30.0 
11.9 
17.0 
17.2 
16.4 
12.0 
20.1 
20.5 
33.4 
10.8 
18.8 
18.9 
18.9 
12.4 
17.5 
25.1 
76.4 
14.1 
15.9 
12.4 
15.4 
75.4 
14.3 
16.2 
12.4 
20.4 
19.2 
21.8 
20.4 
23.4 
19.1 
29.8 
72.3 
16.1 
17.5 
18.5 
25.9 
24.1 
18.6 
22.2 
21.3 

10»A/cm2 s-1 

molecule-1 

28.7 
84.7 
22.9 
22.3 
42.0 
69.2 

102.1 
16.4 
49.4 
67.6 

101.3 
87.8 
26.5 
20.4 
95.8 
12.4 
82.8 
49.0 
90.1 
77.0 
33.0 
27.1 
87.2 
20.8 
15.8 
68.5 
51.6 
69.2 
95.7 
12.2 
54.8 
60.2 
60.2 
92.2 
21.7 
86.7 
25.6 
74.4 
26.4 
30.5 
20.4 
63.3 
88.8 
30.5 
49.0 
25.9 
53.8 
18.7 
50.9 
56.6 

N'l% 

27.1 

17.7 

15.4 

81.6 

9.8 

64.6 

(86.8) 

54.5 

62.5 

17.3 

58.9 

73.5 

39.5 

16.3 

0*1% 

0.5 

0.1 

0 

10.5 

0 

6.4 

i 

i 

i 

0 

5.3 

i 

2.2 

0.2 

P'l% 

72.4 

82.2 

84.6 

7.9 

90.2 

29.0 

13.2 
(32.3) 

45.5 

37.5 

82.7 

35.8 

26.5 

58.3 

83.4 

10V/M 

2.5536 

2.8540 

2.5307 

2.9900 

2.9733 

2.9424 

2.9359 

3.0451 

(2.2070)* 

2.9543 

2.9333 

3.0585 

3.8174 

o v, t, A?i/2, and A are the band frequency, the molar absorption coefficient, the band width at half-intensity, and the integrated intensity, 
respectively.b F and H show free and intramolecular hydrogen-bonded von or vc-o bands, respectively.c Percentage (N) of non-hydrogen-
bonded molecules, N = («/501.9)100 or N = (e/550.0)100, where 501.9 is the e value of 100% free KC-O band of lauric acid and 550.0 is the t 
value of free vc—o band of methyl stearate.20 However, the N value of 1 and 3 was estimated using the e value of the free von band of the 
carboxyl group and the equation [N = (e/178.4)100] because the band was weak and was overlapped by the vc—o band of the carbonyl group, 
where 178.4 is the t value of 100% free COH band of lauric acid.20 The N value in parentheses is the percentage of molecules with the free 
9-hydroxyl group and was estimated using the equation, N = («/97.3)100, where 97.3 is the t value of 100% free COH band of 6. - Percentage 
(a) of dimers: the value was approximately estimated using the equations,21 log ct - 0.245cro1/2 - 5.492 and a - aoN/100, where C( is the 
concentration of free molecules (cf = o/V/100) and <TO is the percentage of dimers at Cf.' Percentage (p) of intramolecular hydrogen-bonded 
molecules, p = 100 - (N + a). The p value in parentheses is the percentage of molecules which form the hydrogen bond between the 15-hydroxyl 
and carbomethoxy groups and was the difference between the total p value (45.5) and 13.2, where 13.2 is the percentage of molecules which 
form the hydrogen bond between the 9-hydroxyl and carbomethoxy groups.35 ' Concentration. » The band may be overlapped by the dimer 
vc—o band at ca. 1711 cm-1.20 In 2, the greater part of the band is the dimer vc—o band. h The FTIR spectral data agreed very closely with 
those at ca. 5 x 10-4 M. ' The compound does not form the dimers: a - 0. > The band was assigned to the 15-hydroxyl group because the COH 
band of l-octen-3-ol was not observed at wavenumbers higher than 3620 cm-1.20 This group may be intramolecular hydrogen-bonded to the 
C13=C1< double bond. * The average of total A values of the vc—o bands for the carboxyl group observed for CTA2,1-4, 8,10, and 11 was 134 
X 10-8 cm2 s-1 molecule-1. The c value of 7 was estimated from this value because the compound could not be completely dissolved in CCl*. 
' The bands at 3615 and 3547 cm-1 were assigned to the free VOH and intramolecular hydrogen-bonded I<OH bands because they agreed with 
these bands at 3619 and 3544 cm-1 of cis-cyclopentane-l,3-diol, respectively.37 The latter band at 3547 cm-1 is overlapped by the intramolecular 
hydrogen-bonded VQH bands formed between the hydroxyl and carbomethoxy groups as in (C). m 9-Deoxo-9-methylene-PGE2. 

I together with the assignments of peaks and the N, a, and 
p values, where a is the percentage of dimers formed by 
intermolecular hydrogen bonds between the carboxyl 
groups and p (=100 - N - a) is the percentage of the 
intramolecular hydrogen-bonded molecules. These com­

pounds in these solutions do not form the intermolecular 
hydrogen bonds between the functional groups, except 
for the dimers.20,21 Although there is little possibility of 
dimerization due to the formation of the intramolecular 
hydrogen bonds, the a values of these compounds were 
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(Vlllb) 

Carbacyclin 10 
58% 

Figure 3. The schematic diagrams of structures and the p values of the intramolecular hydrogen-bonded molecules in U-4661920 and 
1-10 in CCU. The structure as in the (III) type in 7 was omitted because the p value was presumed to be far smaller than that of the 
structure (Vlllb) (see text). 

estimated by the method shown in Table I, footnote d. 
From the structural standpoint, these compounds cannot 
form the intramolecular hydrogen bonds between the 15-
hydroxyl group and the 9- or 11-carbonyl and hydroxyl 
groups, but they may form a negligibly weak one between 
the 9- or 11-hydroxyl group and the ir-electrons on the 11-
or 9-carbonyl group, although its hydrogen bond is not 
discussed here. In general, the formation of the hydrogen 
bonds, XH-0=Y and XH—Z, causes a shift of the 
stretching vibration bands, IOCH and vy—o bands, to lower 
wavenumbers.26-28 The schematic diagrams I-XI of 
structures of the intramolecular hydrogen-bonded mol­
ecules found for U-4661920 and 1-10 and the p values are 
shown in Figure 3. 

TXA2 Receptor Agonist, U-46619, Its Antagonist, 
S-145, and Its Partial Agonist, CTA2. U-46619 and 
S-145 in dilute CCU solution mainly exist in conformations 
with the 15-membered ring (I) and the 12-membered one 
formed by the cyclic intramolecular hydrogen bonds (A 
and B) between the functional groups of the a- and w-side 
chains, respectively.20 U-46619 gave two intramolecular 

H 
— O . 3-

(A) 

1 v 
(B) 

hydrogen-bonded «<c-o bands at 1736 and 1721 cm-1, 
indicating that an equilibrium exists between two con-
formers which are attributable to the C5=Ce double bond 
as observed for S-145 and its related compounds.20-22-29 

The spectral behavior of CTA2 strongly resembles that of 

U-46619. This indicates that CTA2 exists in conformations 
with the 15-membered ring due to the cyclic intramolecular 
hydrogen bond (A) between the carboxyl and hydroxyl 
groups as in U-46619. The p values of CTA2 and U-46619 
are estimated to be 72 and 80%, respectively. The 
difference between these values may be significant, because 
it is expected that CTA2 with a bicyclo[3.1.1]heptane ring 
exists as a mixture of two conformers with diequatorial 
side chains and with diaxial ones which are unfavorably 
oriented for the cyclic intramolecular hydrogen bond (A) 
to be formed.30 These p values are much larger than the 
24% of 12-hydroxystearic acid which forms the 15-
membered ring via the cyclic intramolecular hydrogen 
bond (A).22 This is attributable to the degree of freedom 
in the motions of the a- and w-side chain in U-46619 and 
CTA2 being smaller than that of 12-hydroxystearic acid, 
which is a chain compound, because U-46619 and CTA2 
have rigid moieties, two double bonds and a bicyclic ring. 
As the degrees of freedom in the conformations of the 
15-membered ring in U-46619 and CTA2 are very small 
owing to those rigid moieties and the cyclic intramolecular 
hydrogen bond (A), it is presumed that there are few kinds 
of their ring conformers. On the other hand, PG-1,15-
lactones have been found from a natural source, the 
nudibranch mollusc Tethys fimbria.31 This suggests the 
cyclic intramolecular hydrogen bond (A) can be formed in 
organisms. 

PGE2 (1), 15-Epi-PGE2 (1'), and 15-Deoxy-PGEt (2). 
As shown in Figure 4, compounds 1 and 2 exhibit four 
vc—o bands. For 1 and 2, the intensities of the free vc-o 
bands at 1759 cm-1 for the carboxyl groups decreased and 
two intramolecular hydrogen-bonded cc—o bands appeared 



FTIR Spectral Study of Intramolecular Hydrogen Bonding Journal of Medicinal Chemistry, 1994, Vol. 37, No. 1 51 

Hi 

1736 1720 
WAVENUMBER 

1800 1785 r>5S 1710 1725 
WAVENUMBER 

Figure 4. FTIR spectra of PGE2 (1) (left) and 15-deoxy PGE2 (2) (right) in CCU and the results of peak separations of their spectra. 
Spectra were obtained with a 5.0-cm cell: 1, 2.8540 x 10"* M and 2, 2.9900 X 10-* M. a: The cc-o band for 9-carbonyl group. 
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Figure 5. FTIR spectra of PGD2 (3) (left) and 15-deoxy-PGD2 (4) (right) in CCU and the results of peak separations of their spectra. 
Spectra were obtained with a 5.0-cm cell: 3, 2.9733 X 10"* M and 4, 2.9424 X 10"* M. a: The KC-O band for 11-carbonyl group. 

at 1736 and 1714 cm"1 and at 1737 and 1711 cm-1, 
respectively. The spectral behaviors of V strongly re­
semble those of 1. These spectral changes are much larger 
than those of 2. However, the intensities of the free PO=O 
band at ca. 1748 cm-1 for the 9-carbonyl group in 1 and 
1' are the same as that of 1749 cm-1 in 2. This indicates 
that the intramolecular hydrogen bond is scarcely formed 
between the 9-carbonyl and carboxyl groups. Further­
more, the intensities of the free COH bands for the 15-
hydroxy group32 and for the carboxyl group at ca. 3530 
cm-1 (« = ca. 28) in 1 and 1' markedly decreased and a 
broad band appeared at ca. 3200 cm-1. For 2, the intensities 
of the free J»OH bands for the 11-hydroxyl group32 and for 
the carboxyl group at 3532 cm-1 (e - 146) slightly 
decreased.33 

From these findings, it is clear that the cyclic intramo­
lecular hydrogen bonds (A) involving the 15-membered 
ring (Ha) in 1 and the 15-membered ring in 1' are formed 
between the 15-hydroxyl and carboxyl groups as well as 
the 13-membered ring (III) in 2 between the 11-hydroxyl 
and carboxyl groups. These compounds gave the two 
hydrogen bonded i>c-o bands, indicating that an equi­
librium exists between two conformers due to the Cs=C6 
double bond. The p values of 1, 1', and 2 are estimated 
to be 82,85, and 8 %, respectively. This indicates that the 
conformations of the 15-membered ring formed by the 
cyclic intramolecular hydrogen bonds (A) in 1 and 1' are 
not appreciably influenced by the configuration of the 
15-hydroxyl group although the direction of the ot-side 
chain in 1' is shifted to the right by more than 60° compared 
with that in (Ha) of 1. The p value of 1 is much larger than 
that of 2 and is indistinguishable from that of U-46619 

within the experimental error limit of 2 %. These results 
also indicate that the formation of the 15-membered ring 
(Ila) in 1 occurs more easily than that of the 13-membered 
ring (III) in 2. However, it is presumed that 1 forms several 
percent of the 13-membered ring (lib) similar to that of 
(III) because 1 has an additional 11-hydroxyl group. 

PGD2 (3) and 15-Deoxy-PGD2 (4). As shown in Figure 
5, compounds 3 and 4 also exhibit four j»oo bands. For 
3 and 4, the intensities of the free ec=o bands at 1758 and 
1759 cnr1 for the carboxyl groups decreased and two 
intramolecular hydrogen-bonded vc=o bands appeared at 
1737 and 1723 cnr1 and at 1735 and 1711 cm-1, respectively, 
indicating that an equilibrium exists between two con-
formers which are attributable to the Cz=C6 double bond. 
These spectral changes of 3 are larger than those of 4. On 
the other hand, the intensity of the free vo=o band at 1749 
cm-1 for the 11-carbonyl group in 3 is nearly equal to that 
of 1748 cm-1 in 4. This indicates that little formation of 
the intramolecular hydrogen bond occurs between the 11-
carbonyl and carboxyl groups. In addition, the free J»OH 
bands for the 15-hydroxyl group34 and for the carboxyl 
group at ca. 3528 cm-1 (e = ca. 18) in 3 almost disappeared 
and a broad band appeared at ca. 3150 cm-1. For 4, the 
intensities of the free I>OH bands at 3627 cm-1 for the 
9-hydroxyl group34 and at 3532 cm-1 (t = 129) for the 
carboxyl group decreased.33 

From these findings, it is evident that the intramolecular 
hydrogen bonds (A) involving the 15-membered ring (IVa) 
in 3 and the 12-membered ring (V) in 4 are formed between 
the 15-hydroxyl and carboxyl groups and between the 
9-hydroxy and carboxyl groups, respectively. The p values 
of 3 and 4 are estimated to be 90 and 29%, respectively. 
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Figure 6. FTIR spectra of PGF^ (7) (left) and lS-deoxy-PGF^ (8) (right) in CCU and the results of peak separations of their spectra. 
Spectra were obtained with a 5.0-cm cell: 7, (2.2070 X 1(H M)° and 8, 2.9543 X Id-* M." See Table I, footnote k. 

The former value is larger than that of U-46619, suggesting 
that 3 forms ca. 10 % of the 12-membered ring (I Vb) similar 
to (V) observed for 4 because 3 has an additional 9-hydroxyl 
group. The p value in compounds containing only one 
hydroxyl group becomes larger in the order of 2, 4, and 
U-46619. This indicates that the formation of the cyclic 
intramolecular hydrogen bond (A) occurs more easily in 
the order of the 11-, 9-, and 15-hydroxyl groups. Since 
this order does not agree with the increase in the size of 
the ring formed by the hydrogen bond (A), the p value in 
these compounds is primarily governed by steric factors. 

PGD2 Methyl Ester (5) and lo-BuMMehSiO-PGDo 
Methyl Ester (6). For 5 and 6, three PO-O bands were 
observed at 1749, ca. 1742, and 1727 cm-1, which were 
assigned to the free KO-O band of the 11-carbonyl group 
and the free and intramolecular hydrogen-bonded cc=o 
bands of the carbomethoxy group, respectively. Corre­
spondingly, the intensities of the free I>OH bands at 3625 
cm-1 for the 9-hydroxyl group and at 3611 cm-1 for the 
15-hydroxyl group in 5 and at 3626 cm-1 for the 9-hydroxyl 
group in 6 decreased35 and the intramolecular hydrogen-
bonded I>OH bands of the former appeared at 3539 cm-1 

and of the latter at 3547 cm-1. These results indicate that 
intramolecular hydrogen bonds (C) involving the 15-
membered ring (Via) and the 12-membered one (VIb) in 
5 and the 12-membered one (VII) in 6 are formed between 
the 15- or 9-hydroxyl and carbomethoxy groups and 
between the 9-hydroxyl and carbomethoxy groups, re­
spectively, because the formation of the hydrogen bond 
(D) causes a shift of the vc=o band of the carbomethoxy 
group to higher wavenumber.36 

\ 

P-H—o=c: 
/ 

/ 
Me' 

P -H—• O / 
•C=P 

/ Me 

(C) (0) 

The p values of (Via) and (VIb) for 5 are estimated to 
be 32 and 13%, respectively. This indicates that the 
formation of the intramolecular hydrogen bond (C) occurs 
more easily in the 15-hydroxyl group than in the 9-one. 
This order is similar to that of the cyclic intramolecular 
hydrogen bond (A). In spite of only one hydrogen bond 
existing in 6, its p value of 38 % is larger than that of 4 with 
two hydrogen bonds. This may be attributable to steric 
hindrance between the a-side chain and the co-side chain 
with a Bu*(Me)2SiO group. The spectral data in Table I 

of 5,6, and 9 with the carbomethoxy group are very close 
to those obtained in CCU solution at ca. 5 X 10-4 M. 

PGF2a (7) and 15-Deoxy-PGF2a (8). As shown in 
Figure 6, the intensities of the free vc—0 bands at 1756 
cm-1 for the carboxyl group in 7 and at 1758 cm-1 for the 
carboxyl group in 8 decreased and the intramolecular 
hydrogen-bonded vc=o bands appeared at 1734 and 1713 
cm-1 and at 1738 and 1711 cm-1, respectively, indicating 
that an equilibrium exists between two conf ormers due to 
the C5=C6 double bond. These spectral changes of 7 are 
larger than those of 8. Correspondingly, the intensity of 
the free VOH band at ca. 3532 cm-1 (e = ca. 29) for the 
carboxyl group in 7 markedly decreased and a broad band 
appeared at ca. 3170 cm-1. For 8, the intensity of the free 
von band at 3532 cm-1 (« = 106) for the carboxyl group 
decreased.33 For 7 and 8, intramolecular hydrogen-bonded 
COH bands were observed at ca. 3559 cm-1 (e = ca. 56) and 
ca. 3540 cm-1 (e = ca. 47), respectively, indicative of the 
intramolecular hydrogen bond between the 9- and 11-
hydroxyl groups.37 Because of this hydrogen bond,38 the 
free COH band of these hydroxyl groups cannot be assigned, 
although its J<OH band was also observed at ca. 3619 cm-1 

for 7 and ca. 3614 cm-1 for 8.39 However, these results 
suggest that 7 mainly exists in conformation with the 15-
membered ring (Villa) formed by the cyclic intramolecular 
hydrogen bond (A) between the 15-hydroxyl and carboxyl 
groups because the formation of the hydrogen bond (A) 
becomes more difficult in the order of the 15-, 9-, and 
11-hydroxyl groups as mentioned above. The p value of 
7 is estimated to be 83% and is not distinguishable from 
that of U-46619 within the experimental error limit of 
±2 %. However, it is inferred from these findings that, in 
addition to (Villa), 7 forms a small amount of the 12-
membered ring (VHIb) as in (V) observed for 4, but 
little of the 13-membered ring as in (III) seen with 2, 
although 7 has the additional 9- and 11-hydroxyl groups. 

On the other hand, 8 is presumed to form the 12-
membered ring (IXa) and the 13-membered ring (IXb) 
because its p value (36%) is close to the sum of those of 
the corresponding rings (V) in 4 and (III) in 2. The p 
value of the (IXa) would be larger than that of the (IXb). 

15-Deoxy-PGF2a Methyl Ester (9). For 9, the inten­
sities of the free »»OH band at 3615 cm-1 for the 9- and/or 
11-hydroxyl groups39 and the free i>c—o band at 1742 cm-1 

for the carbomethoxy group decreased and new bands 
appeared at 3547 and 1727 cm-1, respectively; the former 
new band was overlapped by the intramolecular hydrogen-
bonded J*OH band formed between the 9- and 11-hydroxy 
groups.40 The p value of 9 is estimated to be 27 %. From 
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Figure 7. FTIR spectrum of carbacyclin (10) at 3.0585 X lO"5 

M in CCU in a 5.0-cm cell and the result of peak separation of 
the spectrum, a: The i»c—c band for the C5=C6 double bond. 

these results, it is also presumed that the intramolecular 
hydrogen bonds (C) involving the 12-membered ring (Xa) 
and the 13-membered ring (Xb) in 9 are formed between 
the 9-hydroxyl and carbomethoxy groups and between 
the 11-hydroxyl and carbomethoxy groups, respectively. 
The former p value would be larger than the latter one. 

PGI2 Receptor Agonist, Carbacyclin (10). As shown 
in Figure 7, the intensity of the free PC=O band at 1758 
cm-1 for the carboxyl group in 10 decreased and two 
intramolecular hydrogen-bonded VQ—O bands appeared at 
1737 and 1711 cm-1, indicating that the equilibrium exists 
between two conformers. Correspondingly, the intensities 

of the free VOH band for the 11-hydroxyl group41 and for 
the carboxyl group at 3531 cm-1 (« = 60) in 10 decreased 
and a broad band appeared at ca. 3370 cm 4 . From the 
structural standpoint, this compound cannot form the 
intramolecular hydrogen bonds between the 11- and 15-
hydroxyl groups and between the 15-hydroxyl and carboxyl 
groups. These results indicate that the cyclic intramo­
lecular hydrogen bond (A) involving the 13-membered ring 
(XI) in 10 is formed between the 11-hydroxy and carboxyl 
groups. The p value of 10 is estimated to be 58%, which 
may be somewhat larger than that of PGI2 because the 
11-hydroxyl group of PGI2 may form the intramolecular 
hydrogen bond with an oxygen atom of the 6,9-epoxy group. 

Structure-Activity Relationships. As mentioned 
above, U-46619 and carbacyclin seem to possess only one 
structure with 15- and 13-membered rings, respectively, 
that differ remarkably from each other. On the other hand, 
PGE2, PGD2, and PGF2 o mainly exist as the 15-membered 
ring structure similar to that observed for U-46619 and 
have additional 13-, 12-, and 12-membered ring structures, 
respectively. 

For all of these compounds, we consider that the 
interaction between the carboxyl group of the a-side chain 
and a functional group of the binding site in the receptors 
is essential for the exhibition of the biological or physi­
ological activity. Therefore, it is assumed that the active 
conformation of these compounds is a nonintramolecular 
hydrogen-bonded one. However, these compounds exist 
in conformations with the large-membered rings in dilute 
CCU solution, where the environment is presumed to be 

Figure 8. Molecular models of the intramolecular hydrogen-bonded structures (I) (upper left) of U-46619, (XI) (upper right) of 
carbacyclin, and (Ila) (lower left) and (lib) (lower right) of PGE2. 
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Figure 9. Molecular models of the intramolecular hydrogen-bonded structures (IVa) (upper left) and (IVb) (upper right) of PGD2 
and (Villa) (lower left) and (VHIb) (lower right) of PGF^. 

similar to that of the binding site in the receptors as 
described in the Introduction. Thus it is supposed that 
even if the molecule cleaved is the active one, its confor­
mation would be analogous to that of the large-membered 
ring formed by the cyclic intramolecular hydrogen bond 
(A) in dilute CCI4 solution, where its hydrogen bond may 
play an important role in the formation of the conformation 
which is suitable for the binding site in the receptor. On 
the basis of this supposition, we investigated the structure-
activity relationships with respect to vasoconstrictor and 
platelet aggregative actions in vitro of U-46619, PGE2, 
PGD2, PGF2a, and carbacyclin which were measured under 
the same condition, although other factors, besides the 
conformations formed by the hydrogen bond (A), may be 
important for receptor binding. 

(1) In dog arteries, ONO-3708,42 a receptor antagonist 
of TXA2 which induces very potent vasoconstriction, 
selectively antagonizes not only the vasoconstrictor action 
of lla-carba-21-thio-TXA2

43 of which the two side chains 
and the configurations are the same as those of U-46619, 
but also that of PGE2 , PGD2, and P G F ^ , which share the 
same receptor site responsible for vascular contraction.44 

It has been also reported45 that, in dog arteries, PGD2 

shares the mechanism underlying arterial contraction with 
PGE2 and PGF2 o . From these results, we inferred that 
the active conformations of U-46619, PGE2 , PGD2, and 
PGFto, which exhibit the vasoconstriction, have a common 
geometrical arrangement of the functional groups. We 
found that the conformation of the a- and oi-side chains 
in (I) of U-46619 is the same as those of (Ha) in PGE2, 
(IVa) in PGD2, and (Villa) in P G F ^ as shown in Figures 

8 and 9. In addition, these compounds mainly existed in 
these conformations with the 15-membered ring in dilute 
CCLj solution. The results are consistent with the hy­
pothesis mentioned above. 

(2) PGE2 and PGD2 have been found not to bind at a 
low concentration to the platelet receptor of TXA2 which 
induces very potent platelet aggregation, whereas PGE2 

binds to the platelet receptor of PGI2 which shows a high 
inhibitory activity in the platelet aggregation and shows 
the low inhibitory activity, but PGD2 does not.4647 It has 
been also reported48 that PGD2 binds to a receptor which 
differs from the PGI2 receptor and inhibits platelet 
aggregation. We found that, as shown in Figures 8 and 
9, only PGE 2 gives a small amount of the conformation 
(lib) which is similar to the conformation (XI) of carba­
cyclin which is a PGI2 receptor agonist. This finding agrees 
with the results reported above. Although PGEi also 
became bound to the platelet receptor of PGI2,47 its exact 
FTIR spectral data could not be obtained because of very 
low solubility in CCI4. 

PG activities has been reported to be markedly influ­
enced by the configuration of the 15-hydroxyl group.49 

This can be attributed to the difference of compatibilities 
of the a- and oi-side chains for the binding site of PG 
receptors because the relative spatial arrangement between 
these chains is primarily governed by the cyclic intramo­
lecular hydrogen bonds (A) as mentioned in 1 and 1'. The 
biological properties of 9-deoxo-9-methylene-PGs have 
been reported to be qualitatively very similar to those of 
the corresponding PGs.50 Because the spectral behaviors 
of the carboxyl group (Table I) and of the hydroxyl groups61 
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in 9-deoxo-9-methylene-PGE2 (11) are similar to those of 
PGE2 (1), it is presumed that 11 mainly exists in the 
conformations of the (Ha) type similar to those of PGE2. 
The p value of 11 was estimated to be 83 % .52 These results 
suggest that the a- and co-side chains play an important 
role in the exhibition of the biological activities. 

In conclusion, the FTIR method used should be useful 
for elucidating the conformation of analogous compounds 
containing nonvicinal carboxyl and other functional groups 
in CCI4 solution. The information obtained should be 
helpful for predicting the structure of the binding site of 
receptor, for designing drugs, and for confirming the 
conformational analysis using theoretical calculations. 
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