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ABSTRACT

THY ROID HORMONE ANALOGS :

THE ROLE OF HALOGEN IN HORMONAL ACTIVITY

Wallace J. Murray

Ph. D. Dissertation

Halogen-free derivatives of 3,5-dimethyl-L-thyronine

substituted in the 3'- or 3',5'- positions are shown to possess

the following activities in the rat antigoiter assay (L-thy

roxine = 100): 3'-methyl (3%), 3',5'-dimethyl (2%), 3'-iso

propyl (18%). The methylene-bridged analog of 3, 5, 3'-triiodo

DL-thyronine was three times as active as L-thyroxine. Activ

ity of these compounds in other assay systems (tadpole meta

morphosis, jellyfish strobilation, cell-culture uptake of

cycloleucine and in vitro nuclear displacement) all show parallel

activity. 3,5-Dimethyl-3'-isopropyl-L-thyronine was unam

biguously synthesized and comparison of its pmr, ir, uv and

mass spectral data show the previously reported DL-compound

to be a biphenyl isomer. Prmr and mass spectral evidence show

that the compound previously reported as 3, 5, 3',5'-tetramethyl

DL-thyronine was an isomer of that structure. Molecular orb

ital calculations on thyroxine analogs indicate that the mini

mum energy conformation for 3,5-disubstituted compounds is an

important structural feature determining biological activity.

The proximal conformation of T 2 is predicted to be very slight3

ly (0.2 kcal/mol) more stable than the distal. The represent

ation of the valence electrons of Cl, Br and I with 2s- and 2p

like atomic orbitals appears to give a reasonably satisfactory



representation of the electronic structure of these halogens.

The alkyl thyronines show that halogen is not an essential

feature for thyromimetic activity. The high activity of the

methylene-bridged analog invalidates the Niemann quinoid hypo

thesis of thyroid hormone action. The non-polar ring sub

stituents appear to stabilize a semi-rigid three dimensional

structure which is responsible for initiating the thyroid

hormonal response.



ACKNOWLEDGEMENTS

To the following I wish to express my sincerest appreciation

and gratefulness:

To Dr. Eugene Jorgensen for your guidance, patience and

understanding, and thought provoking discussions;

To Dr. Peter Kollman for your intellectual enthusiasm and

motivation;

To Dr. Neal Castagnoli, Jr. for chairing my qualifying

exam, reading my dissertation and excellent teaching;

To the "Residues" -- Merrill Nuss, Matt Ames, Peter, Paul

Fischer and Mike Smith -- for a championship season;

To the ll36–S'ers -- Gunhild Aadahl, Pat Callery, Al

Greenberg, Don Giannini, Mike Missakian, Yasuji Kasuya -- for

coffee, conversation and friendship;

To the Department of Pharm. Chem. staff -- Dr. Wolff, Judy

Labagh, Kathy Braby, Patti Viola and Eron Vestny's -- for making

my path a great deal easier;

To the Graduate Division -- Dean Harper and Miss Loew --

for being there;

To the Graduate Student Association -- Mary Wierda, Bob

Solem, Loren Pickart -- for adding a little spice;

To the NIH and American Foundation for Pharmaceutical

Education for financial sustenance;

And most especially to Valerie for your Love.



II.

III.

IV.

TABLE OF CONTENTS

Acknowledgements

List of Tables and Figures

Chapter One: Introduction

Chapter Two: Thyromimetic Activity of Halogen-free

Derivatives of 3,5-Dimethyl-L-Thyronines

A. Erroneous Synthesis of 3, 5, 3',5'-Tetramethyl

Thyronine

Erroneous Synthesis of 3,5-Dimethyl-3'-Isopropyl

DL-Thyronine

Physical Measurements

Results and Discussion

Experimental Section

l. Di- (3-isopropyl-4-methoxyphenyl) iodonium

Iodide

N-Acetyl-3,5-diiodo-4- (3'-isopropyl-4'-

methoxy) phenoxy-L-phenylalanyl Ethyl Ester

N-Acetyl-3,5-dicyano-4- (3'-isopropyl-4'-

methoxy) phenoxy-L-phenylalanine Ethyl Ester

N-Acetyl-3,5-dimethyl-4- (3'-isopropyl-4'-

methoxy) phenoxy-L-phenylalanine Ethyl Ester

3,5-Dimethyl-3'-isopropyl-L-thyronine

N-Acetyl-2- (3-isopropyl-4-methoxyphenyl)-

3, 5-dimethyl-DL-tyrosine Ethyl Ester

2- (3-Isopropyl-4-hydroxyphenyl)-3, 5-dimethyl

DL-tyrosine

l2

17

19

27

30

31

33

34

35

36

37

37



VI.

VII.

Chapter Three: Molecular Orbital Studies and the

Stereochemical Role of Halogen

A. Quantum Mechanical Considerations

B. Choice of Parameters for CNDO/2

C. Parameterization of the Halogens (F, Cl, Br, I)

D. Results and Discussion

E. Summary and Conclusions

l. Role of 3, 5–Substitution in Biological

Activity

2. Proximal (3') and Distal (5') Substitutions

3. 4'-Substitutions

4. Other Positions on the Rings

5. Future Physical Studies

6. Implications for CNDO/2 - MO Studies

Chapter IV: Biological Activity of Some Thyroid

Hormone Analogs

A. Biological Evaluations

B. Discussion and Conclusions

Chapter V: Preliminary Studies on Photochemical and

Nitration Reactions Involving Thyroid Hormone

Analogs

A. Experimental

l. Photochemical Apparatus and Procedures

2. 3,5-Diiodo-3'-nitro-L-thyronine and TNM

3. 3,5-Diiodo-3'-nitro-L-thyronine

4. 3,5-Diiodo-3'-amino-L-thyronine

B. Results and Discussions

38

4l

52

56

59

73

73

75

76

77

77

77

79

84

92

103

104

105

106

107

107

108

iii



VIII.

IX.

XI.

References

Appendix I:

Appendix IIA:

for Critical Ratio

Appendix IIB:

Analogs

l. Assay No. 1

2. Assay No. 2

3. Combined Assay

Compilation of Spectra

Hewlett-Packard Calculator Program

Rat Antigoiter Assay of Thyroxine

ll 6

127

l44

l 45

145

146

147

iv



10.

ll.

LIST OF FIGURES AND TABLES

Figure 2-l. Thyroxine-like Activities of 3–Substi

tuted Analogs

Figure 2–2. Parabolic Relationship of 3'-Substituents

Figure 2-3. PMR Assignments of Electrophilic Substi

tution Reactions of Sterically Hindered Diphenyl

Ethers

Figure 2-4. Synthetic Pathway to the Alkylated

Thyronines

Figure 2–5. Erroneous Synthesis of 3,5-Dimethyl-3'-

isopropyl-DL-thyronine

Table 2-l. PMR Spectra of Thyroid Hormones and

Analogs

Footnotes for Table 2-l

Figure 2-6. Dose-Response Curve for Alkylated

Thyronines

Figure 3-l. Torsional Angles 91 and $2
Table 3-l. Calibration Calculations

a. Halogen Parameters

b. Geometry Searches for "Best" Carbon-Halogen

Bond Distances

c. Dipole Moments and Charge Distributions

d. Rotational Barriers -- C2H5X
e. Orbital Energies (in eV)

Table 3-2. Rotational Energetics (kcal/mol) of Di

substituted Diphenyl Ethers as a Function of $1, $ 2

V

10

13

l6

18

20

2l

28

55

57

57

57

57

58

58

60



12.

13.

l4.

l5.

l6.

17.

l8.

l9.

20.

21.

22.

23.

24.

25.

Table 3-3. Rotational Energy Barriers (kcal/mol)

Table 3-4. Mulliken Populations and Orbital Energies

of Alanine, Phenol and Tyrosine

Table 3-5. Rotational Barriers of Thyroid Hormone

Analogs (kcal/mol)

Figure 3-2. Iodine 5p Orbitals

Figure 3–3. Atomic Population Differences of Thyroid

Hormone Analogs

Table 3-6. Orbital Energies for T., Analogs3

Figure 4-l. Strobilation Process

Table 4-l. Activities of Thyroxine Analogs in the

Rat and in the Tadpole

Table 4-2. Effect of Thyroid Hormone Analogs on the

Uptake of Cycloleucine in the Rat-thymocyte Cell-cul

ture System

Table 4-3. Comparison of the Nuclear in vitro

Displacement Activity and in vivo Biological Activity

of Thyroid Hormone Analogs

Figure 4-3. Stereoelectronic Features of Active

Thyroxine Analogs

Figure 5-l. Differences between 5-l. Irradiated in

Acetonitrile (MeCN) and Benzene (q. H). [Alumina F.254

Eastman Chromatogram; 4:1 EtOAC/hexanes 1.

Figure 5-2. Photochemical Cyclization of 2-Iodo

N-methyl-benzanilide

Figure 5-3a. Eluent Fractions Collected from Alumina

Column Separation of 5-l. Irradiated in 1% Pyridine in
Benzene.

vi

63

65

66

69

71

72

81

89

91

9 3

97

lll

ll3

ll.4



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4l.

42.

43.

Figure 5-3b. Eluent Fractions Collected from Silica

Gel Separation of 3-l Irradiated in 1% Pyridine in

Benzene.

Figure I-l. 100 MHz PMR Spectra of L-T

Figure I-2. 100 MHz PMR Spectra of L-T 3 *

Figure I-3. 100 MHz PMR Spectra of L–T4.

Figure I-4. 100 MHz PMR Spectra of L-Me2.
Figure I-5. 100 MHz PMR Spectra of L-Mea.
Figure I-6. 100 MHz PMR Spectra of i-DL-Me . .4

Figure I-7. 60 MHz PMR Spectra of i-DL-MeziPr.
Figure I-8. 60 MHz PMR Spectra of the Protected

Amino Acid i-DL-MeziPr.
Figure I-9. 60 MHz PMR spectra of L-Me2iPr
Figure I-10. 60 MHz PMR Spectra of the Protected

Amino Acid L-MeziPr
Figure I-ll. UV Spectra of 2-14.

Figure I-12. IR Spectra of L-Me2iPr.

Figure I-13. IR Spectra of 2–l4.

Figure I-14. CIMS Spectra of the Protected

Amino Acid L-MeziPr.
Figure I-15. CIMS Spectra of L-MeziPr.
Figure I-16. CIMS Spectra of the Protected Amino

Acid i-DL-MeziPr.
Figure I-17. CIMS Spectra of i-DL-MeziPr.

ll 5

127a

128

129

130

l3l

l32

133

l34

135

l36

13.7

138

139

140

l4l

l42

l 43

vii



CHAPTER ONE : INTRODUCTION

The thyroid hormones, thyroxine (T4: l-l) and 3, 5, 3'-tri

iodothyronine (T3; l-2), are two closely related iodinated

O-amino acids. They are produced by the thyroid gland and are

released by that gland into the general circulation. This syn

thesis and release is under the control of a well-defined,

physiological negative feedback system operating between circu

lating levels of hormones, the hypothalmus and pituitary glands

and the thyroid gland. The major roles of the hormones appear

to be their necessity in regulating the body's production and

utilization of energy and their requirement for maintaining

normal growth and maturation in the young".



The hormones possess relatively simple structures and this

has given impetus to the synthesis and testing of many analogs

in an attempt to define those features essential for thyroxine

like activity. Selenkow and Asper in 1955 reviewed the activity

of lº2 structural analogs”. But these early studies suffered
-

many drawbacks, chief of which was their lack of a systematic

approach. For example, some analogs may have had more than one

chemical function altered, preventing any correlation of activ

ity to a particular structural change. Also, the mode of test

ing may have been inadequate. The decade following that time

saw increased systemization in the changes in structural analogs

and a general agreement as to the assays by which thyromimetic

activity was to be measured. As a consequence, in the past dec

ade, much information regarding the molecular components requir

ed for activity has been provided. Jorgensen” has summarized

these requirements as follows:

(l) a diaryl ether or sulfide nucleus

(2) an aliphatic side chain containing a carboxyl amino

or similar polar group or metabolic precursor in the

l-position; an L-alanyl group giving greatest activity

(3) a phenolic group, amino group or a group capable of

being metabolically transformed into a phenolic group

at the 4'-position

(4) halogen or methyl substituents in the 3, 5-positions,

and

(5) for maximal activity a variety of halogen atoms or

aryl groups in the 3'- or 3',5'- positions which, in

the case of 3'-substitution at least, follow a Hansch



type relationship.

If one believes in a rational approach to drug design such

as that developed by Hansch, one would predict that a coupling

of elements (4) and (5) above, i.e. incorporation of alkyl

groups into both the phenol- and alanine- bearing rings would

produce a hormonally active, halogen-free derivative. When

this was first attempted”, the frustrating result was inactivity.

Following these results, interest in thyroxine analogs began to

decline. This was the situation at the time this study began.

An unambiguous approach to the synthesis of 3,5-dimethyl

thyronines" and a preliminary investigation" showing that per

haps halogens were not required for activity opened new paths

of investigation. Chapter Two recounts this episode and shows

how previous synthesis were erroneous.

The quantum mechanical study of Chapter Three was started

to determine the steric effect of the halogens and methyl groups

and to see how closely the conformational energy maps of thyrox

ine analogs paralleled their biological activity. The methylene

bridged analog was included since it was shown to be equipotent

to Ts in biological activity.
In addition a number of new biological assay procedures

were introduced in the course of this study. We submitted the

alkylated thyronines and other analogs to some of the assays.

Chapter Four describes the results and assesses how closely

they compare with the standard rat anti-goiter and tadpole

metamorphosis assays.

Chapter Five describes some preliminary studies into photo

chemical and nitration reactions on the iodinated thyronine



nucleus. The analogs of triiodothyronine produced in these

reactions provide additional useful information on the elect

ronic and stereochemical requirements for hormonal activity.

As these studies conclude, information regarding the

thyroid hormones and their analogs seems to be burgeoning. Fur

ther investigations into nuclear binding sites and cell-culture

systems showing responses paralleling that of in vivo tests

give evidence that we are on the verge of elucidating at least

a portions of the events characterizing the molecular basis of

action of the thyroid hormones.



CHAPTER TWO : THY ROMIMETIC ACTIVITY OF HALOGEN-FREE DERIVATIVES

OF 3, 5–DIMETHYL-L-THYRONINES

The thyroid hormones are unique in that they are the only

naturally occurring iodine-containing molecules known to possess

definite biological functions; namely, their necessity in main

taining normal growth and metabolism in a variety of organisms".
The presence of iodine in the thyroid gland has been known since

1895 when Baumann, a German biochemist, accidently introduced

nitric acid into a thyroid preparation and observed the violet

fumes of 1,”. Subsequently, Baumann proposed that dietary de
ficiency of iodine might be the cause of some of the ailments

associated with the thyroid gland and suggested supplementary

iodide salts as a cure.

Speculation that the biological activity of the hormones

might be due to the atomic properties of iodine was not advanced

until 1957. Then Szent-Gyorgi postulated” that the heavy

atom perturbation effect” of iodine may stabilize the triplet

state of certain molecules and that this is somehow related to

the role of the thyroid hormones in regulating energy metabolism.

Its role in uncoupling oxidative phosphorylation was specifically



12
noted. Cilento and Berenholc working independently under the

same hypothesis experimentally determined that spin-forbidden

processes” (T+ S transitions) in iodophenols were strongly

perturbed due to the presence of iodine. They also noted that

3-iodotyrosine and 3,5-diiodotyrosine (MIT and DIT), and by

inference thyroxine also, form molecular complexes (charge

transfer complexes) with Mulliken acceptors. These phenomenon

indicated that teses molecules should be very efficient in

transferring triplet-state energy and led them to conclude that

one function of thyroxine may be to act in intermolecular

energy transfer.

However, as Lehmann points outl4, if the above were true

then DIT and MIT should exhibit thyromimetic properties; but

they do not. He proposed instead that conformational restrict

ions in combination with iodine perturbation are necessary for

thyromimetic activity. He proposes that the minimum energy

conformation in which both aromatic rings are twisted from co

planarity 37° in opposite directions places one of the iodine

atoms of one aromatic ring above the other ring. In this con

formation the halogen atom closest to the other ring lies di

rectly over the C1 carbon atom of that ring (approximatelyl

3.5 A) placing its outer orbitals in the densest part of the

Ala



T-electron cloud. In analogy to the well documented” inter

molecular interaction between aromatic compounds and halogen

he visualized an intermolecular, electron donor-acceptor, charge

transfer complex (intramolecular T-complex). He says further

more formation of this intramolecular T-complex extends the

heavy atom effect of the iodine to the phenolic or outer ring,

causing a "loosening" of one of the T-electrons. This allows

its spin to be reversed at much lower energy, thus increasing

the probability of triplet state formation as well as length

ening the life time of the biradical intermediate. This low

energy biradical of the thyroid hormones could then interact

with the biochemical machinery, for example by easily giving

up an electron resulting in a high reduction potential.

Lehmann's conjecture is based on calculations of the dipole

moment of 3,5-diiodo-l-methylphenyl-2',4'-dinitrophenyl ether

in various conformations assuming bond dipole additivity.

NO2 I

The measured dipole moment was 6.55 Debye compared to a calcu

lated value of 6.64 D for the conformation in which the rings

are twisted 37°. However, from Lehmann's results, it is not

clear whether the observed dipole represents the twisted con

formation or is an average over a number of nearly equal energy

conformations. The calculated value for the conformation in

which both rings are mutually perpendicular (see Chapter 3) is



itself reasonably close (7.26 D) to the experimental value.

In view of the uncertainty in the bond additivity calculation

for the dipole moment it could still be the energetically

favored species.

Other proposals which center on the iodine atom as the

active functionality are those in which the thyroid hormones

are viewed as carriers for a reactive form of iodine”. These

hypotheses postulate thyroxine as associating with the membrane

structure, whereupon it is deiodinated to give I " or I*. This

species in turn interacts with the membrane altering its physi

cochemical properties, e. g. reacting with the lipid layer caus

ing a lowering of the electrical resistance of the membrane,

thus, converting it from an insulator to a semi-conductor which

may account for some of the physiological effects attributed

to the hormones.

Structure-activity studies on the thyroid hormones” have

shown that partial replacement of halogen atoms on the thyronine

nucleus by aryl or alkyl groups is possible”. In the phenolic

ring the 3'- position can be occupied by halogens, alkyl and

aryl groups (figure 2-l) with the isopropyl analog, 3,5-diiodo

3'-isopropyl-L-thyronine, showing maximal activity (3 to 8

times that of L-thyroxine.) Using Hansch T-values which are a

measure of lipophilicity” and plotting biological activity as

a function of these values, Jorgensen has obtained a parabolic

relationship” (figure 2–2).

However, in the alanine-bearing ring only methyl groups

have been effective in completely replacing halogens in the

3, 5- positions with retention of hormonal activity. Thus



Figure 2-l

Thyroxine-like Activities of 3'-Substituted Analogs
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3,5-dimethyl-3'-iodo-DL-thyronine showed an activity 3–5% that

of L-thyroxine in the antigoiter test”. Other alkyl substitu

tions (isopropyl or sec-butyl) in the 3, 5- positions gave inact

ive compounds”.
It has also been shown that the iodine atoms of the thyroid

hormones can be completely replaced by bromine” or a combina

tion of bromine and alkyl groups” with retention of hormonal

activity. But the activity of other halogenated thyroxines

does not preclude hypotheses ascribing unique functional roles

to the halogen atom. Support for these theories are derived

from the fact that all attempts at complete replacement of

halogen atoms on the thyronine nucleus have led to total loss

Of activity”. Especially supportive are the studies reporting

the inactivity of 3,5,3',5'-tetra-methyl-DL-thyronine” (DL-Me,
2-l) and 3,5-dimethyl-3-isopropyl-DL-thyronine” (DL-MeziPr,2-2)

R! CH

NH

H O CH2CH
COOH

R CH3

2–l, R = R' = -CH3

2–2, R = iPr; R' = –H

2<-2.3 R - - C H 3 R - - H
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ERRONEOUS SYNTHESIS OF 3, 5, 3',5'-TETRAMETHYLTHYRONINE

A recent study” by Hamilton and Blanchard on the chloro

23 to introduce the aminomethylation reaction used by Bielig

acid chain onto the tetramethyldiphenyl ether nucleus indicated

that substitution most likely occurred meta to the phenolic

group rather than in the desired position para to the ether

oxygen to yield the isomeric tetramethyl compound, 2,4-di

methyl-3-hydroxy-6 (2', 6'-dimethyl) phenoxy-DL-phenylalanine

(i-DL-Me4, 2-4).

H2N, -COOH
ÇH

CH H2 H3

HO O

CH3 CH3

Their determination of structure was based on a proton

magnetic resonance (PMR) study of 4-methoxy-3, 5,2'6'-tetra

methyldiphenyl ether 2-5 (parent anisole) and its chloromethyl

ated and brominated derivatives. Figure 2-3 shows the reactions

carried out by them and their assignments of the PMR spectra

CH3 6'



5.
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[6.976(3)
)

H
[6.966(3)
)

PCH3
CH3CH3[~3-1.56(6)
)

HH

[7–86(2)
)

O

[~3-1.56(6)
)

HH

[7–86(2)
J

R
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stericallyhindereddiphenylethers“*.
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for the arylmethyl and aromatic protons. The integration

values are shown in parenthesis.

If the chloromethylation or bromination had gone as expect

ed to give the desired products, one should have observed spectra

which showed 2ArCH2 singlets between l. 5 and 3.06 integrating3

for 6 protons each and sets of equivalent Ar-H bands between

6-76 integrating for 4 protons. Instead the products obtained

showed: 2 ArCH3 absorption peaks at 2.056 and 2.346, the

former integrating for 9 protons and the latter for 3; one

aromatic proton with an abnormal upfield shift at 5.876 and

aromatic absorption at ca. 6.966 integrating for 3 protons.

This could be accounted for only if the substitution had occur

red at the 2-position.

The abnormal shift of the 6-proton is caused by the bulky

2-substituent hindering rotation of the anisole ring thus posi

tioning the 6-proton directly over the phenoxy ring resulting

in a shielding of that proton”.
The electrophilic substitution at the 2-position was ac

counted for as follows. Resonance structure 2-6 largely contri

butes toward the reactivity of unsubstituted diphenyl ethers

,-- ~,cº-C)— *@
2-6

because of the coplanarity which can occur between the phenoxy

ring and the oxygen atom. The methoxy group at the 4-position
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stabilizes such a structure. Electrophilic reactions in these

compounds would therefore be expected to occur predominantly at

the 4'-position, which they do. However, in tetrasubstituted

diphenyl ethers such coplanarity is sterically prohibited, thus

causing resonance structure 2-7 to contribute more.

CH3 CH3

CH30 (3)=º
CH3 CH3

2-7

The sterically enforced predominance of 2-7 activates the ani

sole ring while similtaneously deactivating the phenoxy ring to

electrophilic substitution because of the inductive, electron

withdrawing effect of the electropositive oxygen. The 3,5-

methyl groups also contribute toward activating the 2-position.

Block", using the synthetic scheme in figure 2-4 which

assured the position and optical activity of the alanine side

chain, reported the synthesis of 3, 5, 3',5'-tetramethyl-L-thy

ronine (L-Me4, 2-1). Starting with the protected 3,5-diiodo
thyronine, he converted this to the 3, 5-dicyano intermediate,

2-10 followed by reduction to the 3,5-dimethyl compound, 2-l2,

and finally cleavage of the protective groups to the desired

amino acid, 2-l. Because of the study of Hamilton and Blanchard

both Bielig's and Block's reported tetramethylthyronines were

subjected to the PMR and mass spectral comparisons given in

Section 4.

In virtually all examples of active thyroid hormone analogs

the 3, 5, 3'-trisubstituted thyronine is more active than the
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Figure2-4.

Syntheticpathwaytothealkylatedthyronines.
R"ItC

NHACCuCNNHAC

CH30
O

ch,ch—-CH3O
H2CH

CO2EtPyridineCO2.Ét

RIRCN
2-8,R=R'=
-CH32-l9,
R=R'=
-CH3 2-9,

R=
iPr,R'=-H2-ll,
R=iPr;R'=-H

H2,Pd/C

º

CR3

HI,HOACNHA

2–-

<}-
C

land2CH3O
CH2CH

CO.Et2

RChs 2-12,
R=R'=
-CH3 2-l3,

R=iPr,R'=-H
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corresponding 3, 5, 3',5'-tetrasubstituted compound”. SOIme

evidence has been presented in support of L-T3 as the active

hormone formed, in part by deiodination of L-T,”. Since

demethylation of an aromatic ring is an unlikely metabolic

pathway, the trimethyl analog of L-T,3,3,3'-trimethyl-L-thyro
nine (L-Me, 2-3) was selected as a better candidate than the
tetramethyl analog, 2-l, in the bioassays (Chapter 4).

ERRONEOUS SYNTHESIS OF 3,5-DIMETHYL-3'-ISOPROPYL-DL-THYRONINE
7

A preliminary bioassay indicating the activity of L-Me 3

(2-3), made it desirable to reinvestigate the reported” inact

ivity of DL-Me, iPr (2-2), since the 3'-isopropyl substituent
in the 3, 5-diodo series shows greater activity than does either

3'methyl or 3'-iodine. 3,5-Dimethyl-3'-isopropyl-L-thyronine

(L-Me., iPr, 2–2) was prepared as described in figure 2-4 and its2

chromatographic and spectral characteristics were compared with

the previously reported "DL-2".
5a

The previous attempted synthesis of DL-Me... iPr-(DL-2-2)2

via the protected intermediate 2-ll was carried out as shown

in figure 2–5, route A. PMR data (see Section 4, Physical

Measurements) indicated the possibility that route B might have

produced instead the protected biphenyl, 2–l4, which was hydro

lyzed to form 2-15, i-DL-MeziPr. The protected intermediates

2-l3 and 2-lá and the free amino acids, L-2-2 and DL-2-lb from

the previous” and present synthesis were compared by a variety

of physical measurements which showed that the present synthe

sis yielded the desired 3,5-dimethyl-3'-isopropyl compounds

L-2-13 and L-2-2, while the previous synthesis produced the

isomeric biphenyls, DL-21-4 and 2-lb.
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Me

NHAC
HO H., CH +---+*co,h Me I ' I

Me Me A CH 2
2

(l) Na, DMSO

(2) EtOH, H”

A B

Me Me
NHAC OH

MeO O CH2CH
CO2 Et MeO e

Me Me
Me...CH CH2CH (NHAc) CO., Et2 2 2

2-13 2–l4

2-2, DL-Me, iPr
Me CH CH2CH (NH2) Co.2H

2-lS, i-DL-MeziPr

Figure 2–5. Erroneous synthesis of 3,5-dimethyl
3'-isopropyl-DL-thyronine.
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PHYSICAL MEASUREMENTS

Table 2-l summarizes the PMR spectra of the thyroid hor

mones and their alkyl analogs. In most cases a D,0/Naop solvent

System was used with sodium 2,2-dimethyl-2-silapentane-5-sulfon

ate (DSS) as the internal standard. Small amounts of t-butanol

were found necessary to keep DSS in solution. In some cases

trifluoroacetic acid was used as the solvent with tetramethyl

silane use as internal reference. The amino acids were used

at concentrations of 20–50 mg per ml.

Mass spectral data were obtained using the method of chem

ical ionization mass spectrometry (CIMs) *7. CIMS was developed

by Munson and Field* and consists in allowing a reactant gas,

isobutane in these studies, to undergo the following ion-molecule

reaction in a mass spectrometer ion source operated at a rela

tively high pressure

+
GH3 CH3 | " CH3

CH3-gh —- CH3CH + CH39H –-
| CH CH3CH3 3

9:3 CH3
CH3GP + CH3C: + H2

CH3 CH3

The t-butyl carbonium ion represents 90% of the reactive ions

formed in this ion-molecule reaction. t-c,B," has strong acid

ic properties and reacts mainly by proton transfer (a Bronsted

acid with the molecule under investigation to give the quasi
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Table2-lPMRSpectraofThyroidHormonesandAnalogs” Non-phenolicring

Phenolicring

iPr

CompoundArH3,5-MeArHMeCHCH3 L-T27.76-6.58---

(s,2H)(s,4H)

L-T37.75-7.08-6.48---

(s,2H)(compm,3H)

L-T7.72-7.20---
4(s,2H)(s,2H)

L-Me7.002.l()6.55---

(s,2H)(s,2H)(s,4H)

L-Mes(2-3)7.052.lº6.6.0–6.462.ll--

(s,2H)(s,6H)(compm,3H)(s,3H)

L-Me4(2-1)6.992.056.392.09--

(s,2H)(s,6H)(s,2H)(s,6H)

i-DL-Men(2-4)7.032.075.9l2.24
--

(s,3H)(s,6H)(s,li)(s,3H)

l.92 (s,3H)

L-MeziPr(2-2)7.0.82.lº6.70–6.39-3.50(m)l.ll(d,J-7,6H)

(s,2H)(s,6H)(compm,3H)

L-MeziPr(2-2)”
7.202.206.95-6.85-3.41(m)l.25(d,J-7,6H)

(s,2H)(s,6H)(compm,3H)

i-DI-Mezier(2-13).”
7.282.387.13-3.38(m)l.34(d,J-6,6H)

(s)(s,3H)(s)
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FootnotesforTable2–1

*InD-O-NaOD
at
concentrations
of20-50mgperml.Chemicalshiftsareexpressed
in6
values (ppm)Trelative

toDSS(sodium
2,2-dimethyl-2-silapentane-5-sulfonate).
Smallamountsoft BuOHwerefoundnecessary

tokeepDSSin
solution.Thefollowingnotationsareused:
s=

singlet,
d=
doublet,
m=

multipletandcompm=
complexmultiplet.
InallcasestheQ-CH protonofthealaninesidechainappeared

asabroadmultipletbetween3.40and3.50
($
while the3-CH2protonsappearasabroadmultipletbetween2.80and3.006.Pin

trifluoroacetic
acidwiththeTMSas
internalreference.“Seetextforbiphenylstructure.
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molecular ion, MH * or (M+1)" and isobutene. It may also act2

to a lesser extent as a hydride abstractor (a Lewis acid) with

the sample molecule to give M* Or (M-1)* species.

CH CH
3 3~ +CH2C+ + MH -º C=CH + MH3 ...e." 2 2

CH CHA -
3 3

CH
t-c.H.” + MH —- M* + ch cºº

4**9 3 CH3

(M+1)* will fragment according to easily rationalized

reactions to yield the appropriate fragmentation pattern”.
Because the energetics involved with CIMS are much less than

with electron impact mass spectrometry (ca 15 evvs. 70 ev) a

much simpler and in the case of amino acids more meaningful

spectra is obtained. No electron impact reactions occur with

the sample molecule because the reactant gas is usually in a

l000-fold excess.

The fragmentation pattern of an amino acid will typically

show molecular-ion species having a molecular weight higher

than (M+1)*. This occurs when the reactant ions react with

- - - - - 29
electron-rich compounds to form collision-stabilized complexesT .

+

H + MH -º [t-cah, Mi
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Such a complex accounts for the (M + 57) * species seen in the

spectra in Appendix I. Other complexes observed are (M + 43) *

and (M + 29)* which may be accounted for as products of the

less abundant reactant ions cah," and C.H.".
A compilation of the PMR, CIMS, infra-red and ultra-violet

spectra are given in Appendix I. PMR spectra (Table 2-l) of

the thyroid hormones and of their alkyl analogs confirmed what

was implied by previous studies” of intermediates; that L-Me,
(2-l) prepared by Block" was the desired 3, 5, 3',5'-tetramethyl

thyronine, and that the compound prepared by Bielig” was the

isomeric i-DL-Me, (2-4). The Bielig preparation, 2-4, contain
ed 3 equivalent aromatic protons in the non-phenolic ring and

two non-equivalent methyl groups in the phenolic ring. Three

bulky groups (3,5-dimethyl, 2'-alanyl) flanking the ether link

constrain the diphenyl ether structure of 2-4 to a conformation
in which the 6'-proton is positioned in the ring current on the

non-phenolic ring. As a result its chemical shift is observed

at an abnormally high field (5.9l 6). The PMR spectra of the

Block preparation, 2-l, and of the related compounds prepared

by the same procedure, 2-4, 2-ll and 2-l2 are completely con

sistent with the assigned structures.

As is consistent for the aromatic amino acids”, CIMS Of

the alkyl thyronines show loss from the alanine side chain of

the protonated molecular ion (MH)." Of NH, (17), H2O (18),

CO2H2 (46) and of CH (NH2)=c(OH)2 (75), the latter creating

charged benzylic fragments. The Bielig compound, 2-4, shows

the MH', and has the stable benzylic ion, 2-16, as its base

peak. In addition it undergoes fragmentation to yield 2-17
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which is unique to this isomer in that the alanine side chain

is attached to a ring bearing two oxygen atoms. The Block com—

pound, 2-l, shows the charged benzylic fragment 2-18 as its

base peak, but in this isomer 2-l9 undergoes further cleavage

to form 2-l9 and 2-20. No fragment corresponding to 2-l'■ was

observed thus confirming the specific isomeric natures of 2-l

and 2-4.

High resolution CI mass spectrometry of the alkyl thyronines

showed that none of the minor peaks of mass greater than MH"

contained iodine. In the spectrum of L-Me, (2-1), a small
4

amount of three-ring compound, 2-21, was identified by its

exact mass and secondary fragmentation pattern.

Me Me M

NH2
HO O O CH2CH

COOH

Me Me Me

The previously reported” "DL-2-2" (now recognized as 2–15)

and its protected intermediate 2-lº showed PMR spectra [Table

2-l, i-DL-Me, iPr (2-15), Experimental Section (2-la) l inconsis
tent with the diphenyl ether structures. Both showed 2 non

equivalent methyl groups, and 4 instead of the expected 5

aromatic protons. The spectra of L-Me, iPr (2–2) and of its
protected intermediate (2–10) were consistent with the assign
ed structure.
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Me Me

Me Me

2-l9, m/e 355

+

HO O

Me Me

2-16, 255 m/e (100)

H
M gH2CH (NH2) co,

HO OH

Me

2-17, 225 m/e (20)

HO CH

__” Me

+ 2-l9, 135 m/e (14)

Me

CH

Me

2-20, ll 7 m/e (ll)
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By CI mass spectrometry the protected intermediates L-2-ll

and DL-2-la both showed MH." at 428. Spectral differences in

cluded a fragment corresponding to 2-22 for the present prepar

ation 2–ll, which was absent in the previous preparation 2–l4.

+

MeO- -O

Me2CH

2–22, m/e 165

A large abundance of 269 mass peak, corresponding to the loss

Of ch,ch (NHAc) co, Et was present in 2-ll and virtually absent
in 2–l4, while a large abundance of a mass 295 peak, correspond

ing to the loss of both NHAc and COOEt was present in 2–l4 but

absent in 2–ll. These differences can be rationalized by the

presence in 2-ll of an oxygen atom para to the alanine side

chain and its absence in 2-lº.

The free hydroxyl group in 2–l4 was shown to be present

by uv and ir. Thus all physical data is consistent with the

desired diphenyl ether structures for 2-ll and 2-2, and with
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the biphenyl structures for 2–l4 and for the previously tested

and hormonally inactive 2-lS.

RESULTS AND DISCUSSION

Figure 2-6 summarizes the dose-response data for the

alkylated analogs L-Mes, L-Me, and L-MeziPr in the rat anti

goiter assay”. Details regarding the biological evaluation

in a number of assays are given in Chapter Four. It is clear

that halogen is not required for thyroid hormone activity.

Previously, it had been shown that methyl groups may replace

iodine in the 3 and 5- positions of the thyronine nucleus and

that alkyl groups such as methyl and isopropyl may replace

halogen in the 3' or 3',5'- positions. These substitution

patterns have been combined in these studies to give active

halogen-free hormone analogs. Potencies within the 3,5-di

methyl-L-thyronine series are those predicted from the 3, 5-di

iodo series in which the 3'-substituent contributes to activity

in the order iPrix I X Me. From the data for L-Me, and L-Mes,
however, we cannot state that 3',5'-disubstitution is less

active than 3'-monosubstitution. Comparing these two groups

using the F-test (Appendix II) we cannot separate them into

two different populations, i.e. they appear to be equipotent.

If this is so, it casts some doubt on recent studies” showing

that for the iodinated, endogenous hormones the 3'-monosub

stituted T3 is the actual molecule responsible for thyroid

hormone activity. More of this will be said in Chapter Four.

The activity of L-Mea in the thyroidectomized rats”
indicates that the effect of the halogen-free analogs is pri
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marily a direct one. That is, its action does not appear to be

due to secondary effects caused by the alkyl analogs displacing

the hormones from storage sites such as the plasma proteins or

because the analogs are inhibiting the metabolism of the thy

roid hormones. Additional biological studies of binding affin

ities of the 3, 5-dimethyl-L-thyronines with plasma proteins and

of any effects on the metabolism of the endogenous thyroid hor

mones would provide valuable supplementary data.

The halogen-free alkyl thyronines show appreciable hormonal

activity in a variety of test systems (Chapter Four). Therefore,

hypotheses proposing a functional role for iodine cannot be

valid. Alkyl groups cannot participate in the heavy-atom per

turbation effect involved in the hypothesis of hormonal action

proposed by Szent-Gyorgyi" and cilento”. Because of the low

order of electronic inductive effect of methyl groups and their

lack of any significant amount of polarizable electrons it is

difficult to envision the occurrence of an intramolecular

donor-acceptor T-complex as proposed by Lehmann”. The activity

of the halogen-free analogs would seem to totally eliminate any

hypothesis postulating an active form of halide as being re

sponsible for initiating hormonal activity.

A biosynthetically simple and convenient route for organic

incorporation of iodide ion is via the iodinated tyrosines.

Taurog” has reviewed the oxidative steps and the enzymatic

system necessary to convert iodide to an "active" form and the

ease with which tyrosines are mono- and di- iodinated. It is

easy to imagine the evolutionary steps progressing from inver

tebrates, e.g. jelly fish, to vertebrates which make use of
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this convenient route using precursors and reactions available

in the primative environment. Cahnmann and others” have stud

ied the ease with which the coupling of two iodinated tyrosines

occurs to give the iodinated thyronines. In fact it occurs

Spontaneously in near neutral solution at room temperature and

34, although at a more rapid rate inin the presence of oxygen

the ordered environment of thyroglobulin.

The biological activities of the alkylated thyronines,

coupled with the discussion in Chapter Three on the steric role

of the 3,5-substituents using molecular orbital calculations

and the biological activities of a number of analogs, especial

ly the methylene-bridged analog, in Chapter Four turn our atten

tion away from the concept of a particular functional portion

of the molecule being involved in the hormonal action. Instead

they redirect our attention to the concept of the hormone

molecule acting as a structurally specific matrix. We will

develop this concept in subsequent chapters.

EXPERIMENTAL SECTION

Melting points were determined in a Thomas-Hoover Uni-melt

stirred oil capillary tube melting point apparatus and are

uncorrected. Proton magnetic resonance spectra were determined

at 60 MHz with a Varian Model A-60A PMR spectrometer and at

100 MHz with a Jeolco-JMN-100 PMR spectrometer. The chemical

shifts are expressed in 6 values (parts per million) relative

to either a TMS or sodium 2,2-dimethyl-2-silapentane-5-sulfonate

(DDS) internal standard. In the presentation of the PMR spectra

the following notations are used: s = singlet, d = doublet,
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m = multiplet and comp m = complex multiplet. Mass spectra

were obtained with an Associated Electronic Inc. Model MS 902

double focus mass spectrometer equipped with a direct inlet

system and modified to do chemical ionization mass spectra.

Isobutane was used as the reactant gas. Optical rotations were

measured with a Perkin Elmer Model lal Polarimeter. The micro

analyses were performed by the Microanalytical Laboratory, Uni

versity of California, Berkeley, Calif. The infrared spectra

were measured with a Perkin Elmer 337 infrared spectrophotometer.

The ultraviolet spectra were recorded with a Cary Model 15 Rec

ording Spectrophotometer.

Thin layer chromatography was used routinely as a check

for purity of samples as well as an aid in determining the pro

gress of reactions. Pre-coated silica gel plates with flour

escent indicator (E. Merck Laboratories, Inc.) were used.

Plates spotted with protected amino acids (as their N-acetyl,

O-methyl ethyl esters) were developed in either ethyl acetate

or 4: l ethyl acetate-chloroform. The free amino acids were

developed in both 4:l i-propanol-ammonia (28%) and ló : l ; l

i-propanol-glacial acetic acid water.

Di- (3-isopropyl-4-methoxyphenyl) iodonium Iodide. Iodine

triflouroacetate was prepared from iodine following the proced

ures of Beringer” et. al and Jorgensen and Reid”. To a lo0

ml, 3-necked round bottomed flask fitted with a pressure equal

izing dropping funnel, thermometer and drying tube, equipped

with a magnetic stirrer and immersed in a NaCl ice bath is

placed 28 ml (30.0 g) of acetic anhydride. After cooling to

-15°, 20.0 ml of red fuming nitric acid (Baker, sp. gr. l. 6)
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was added drop-wise such that the temperature never rose above

-10°. At the conclusion of the HNos addition, l0.0 g of powder

ed iodine was added in one portion followed by the addition of

20 ml of trifluoroacetic acid. A dark red solution developed

followed by the evolution of brown fumes. The mixture was

heated in a 50° water bath with stirring until all the iodine

dissolved. The solvents were removed under vacuum (5 mm) while

kept in a 40° water bath to give a yellowish waxy solid. The

solid was redissolved in l90 ml of acetic anhydride and the

iodonium salt was prepared from this mixture. To the solution

of iodine trifluoroacetate in acetic anhydride cooled to –109

was added drop-wise, and with stirring, a solution of 42.0 g of

O-isopropylanisole, in 100 ml of acetic anhydride and 20 ml of

trifluoroacteic acid. The addition was made in such a manner

that the temperature never rose above 09. Following the addi

tion of o-isopropylanisole solution, the reaction mixture was

stirred continuously in an ice bath and slowly allowed to come

to room temperature overnight. The solvents were removed in

vacuo (5 mm) giving a red oil which was subsequently dissolved

in 400 ml of methanol. The methanolic solution was treated

with lo 0 ml of 10% sodium bisulfite followed by slow addition

of lº 0 g of potassium iodide in 800 ml of H2O. This treatment

gave a yellow precipitate. After stirring at room temperature

for two hours the yellow precipitate was collected, washed with

water and air dried. Two recrystallizations from tetrahydro

furan/hexanes gave 27.0 g (64.5%) of yellowish crystals mp lº 8

149°. PMR spectra in CDCl3 : 6 l. 14 (d, J = 6.5 Hz, CH3), 3.02–3 *

3.50 (m, J = 5.0 Hz, CH), 3.8l (s, OCH3), 6.75 – 7.98 (comp m,
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6H, arom. H). Final purification was accomplished by conversion

into the water soluble sulfate and reprecipitation by iodide,

as described by Block”. 27.0 g of recrystallized product and

7. 1 g of silver sulfate were stirred for two hours in 150 ml of

H2O containing a suspension of activated charcoal. Filtration

through filter aid and addition of 8 g KI in 20 ml water to the

filtrate yielded a white precipitate. 22.9 g of product was

recovered (mp 153 - 154°; lit 164 - 166+7°, 153 - 154*) upon

filtration and drying. Phenoxy)
N-Acetyl-3,5-diiodo-4- (3'-isopropyl-4 'methoxy-L-phenyl

alanine Ethyl Ester (2-9). 22.9 g of di- (3-isopropyl-4-meth

Oxyphenyl) iodonium iodide (.053 mol) prepared above and lo. 0 g

of N-acetyl-3,5-diiodo-L-tyrosine ethel ester (.04 mol) were

dissolved in l90 ml of anhydrous methanol containing 3 ml of

triethylamine and 0.21 g of copper powder. The mixture was

stirred for 24 hours in a 250 ml round bottomed flask equipped

with condenser and drying tube, magnetic stirrer and water

bath maintained at 45°. The mixture was filtered to remove

insoluble material and the organic solvents were removed in

vacuo (water aspirator). The resultant brown, oily residue

was taken up in 300 ml of benzene and 100 ml of 5% HCl . The

benzene layer was spearated and washed succesively with lo O ml

of 5% HCl, l00 ml water, two times with 100 ml 5% K2CO3 and l O0

ml of water. The organic layer was collected and dried over

anhydrous sodium sulfate. Following filtration, the benzene

was removed by distillation under reduced pressure giving a

brownish oil. The addition of 200 ml of petroleum ether (bp

30 - 60°) to this residue gave a whitish precipitate. Refrig
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eration followed by filtration and drying yielded 5.3 g (40.5%)

of white solid. One recrystallization from aqueous ethanol

gave 4.6 g. mp 132 - 132.5° (lit. 129 – 131°, Etoh) ; [a]: +

3.74 (2.0 ethanol); CI mass spec (MH") 650; PMR (CDCl3) & 1.19
(d, J = 6. 0 Hz, 6H, iPr-CH3), l. 26 (t, J = 7.5 Hz, 3H, Et-CH3),

2.05 (s, 3H, Ac-CH3), 3.10 (2, 2H, B-CH2), 3.30 (m, H, iPr-CH),

3. 80 (s, 3H, OCH3), 4.25 (q., J = 7.5 Hz, 2H, Et-CH2), 4.87 (■ m,

H, C-CH) , 6.26 (d, J = 8.0 Hz, lh, NH), 6.30 - 6.80 (7, 3H,

Ar-2', 5', 6' H) , 7.70 (s , 2H, Ar-2, 6 H).

N-Acetyl-3,5-dicyano-4- (3'-isopropyl-4'-methoxy phenoxy}-

L-phenyalanine Ethyl Ester (2-ll), 3.0 g of the diiodo comp

ound (2–9) (4.6 mM), 2.0 g of cuprous cyanide (22.4 mM) and 20

ml of dry pyridine in a 50 ml round bottomed flask equipped with

reflux condenser, stirring bar and Variac controlled heating

mantle were heated under reflux for 14 hours, collected by fil

tration and washed with cold water. The solid was transferred

to a beaker with l O0 ml of 2N. NH4OH and 70 ml of HCCl3. After4

vigorous stirring for 30 minutes the mixture was filtered

through filter aid and the brown Hccl., layer was separated from

the Prussian blue aqueous layer. The HCCl3 was washed succes

sively with 100 ml of 2N NH, OH, 100 ml of H2O, 100 ml of 2N HCl,4

l00 ml of H2O and dried over anhydrous soduim sulfate. The2

brown solution was reduced to a thick syrup under water aspir

ator distillation, which became solid upon standing. The solid

was recrystallized twice from aqueous ethanol to give l. 76 g

(78.2%) of white powder. Mp l43 – 144°; [a]: + 50.5 (c. 2.0 CH

Cl3); CI mass spec IMH") 450; PMR (DCCl3) & 1.20 (d, J = 6.0 Hz,
6H, iPr-CH3), l. 30 (t, J = 7.5 Hz, 3H, Et-CH3), 2.02 (s, 3H, Ac
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CH3), 3.19 (d, 2H, 3-CH2), 3.26 (m, lhi, iPr-CH), 3.82 (s , 3H,

ocii,), 4.25 (q., J = 7.5 Hz, 2H, Et-CH2), 4.85 (m, lhi, O.-CH),
6.38 (d, J = 8.0 Hz, lºi, NH), 6.80 - 7.00 (m, 3H, Ar-2', 5', 6'H),

7. 69 (s, 2H, Ar-2, 6 H).

N-Acetyl-3,5-dimethyl-4- (3'-isopropyl-4'-methoxy) phenoxy

L-phenylalanine Ethyl Ester (2-13). This compound was prepared

from the dicyano compound (2–ll) following the procedure of

Block". A lo 0 ml 3-necked flask was equipped with gas disper

sion tube, reflux condenser and oil bath. The top of the reflux

condenser led to a second dispersion tube which dipped beneath

100 ml of H2O having methyl red indicator and contained in a

200 ml 3-necked flask which was further equipped with a lo .0 ml

burette and ventilating tube. The dicyano compound (2–ll) [l. 35

g, 3 mM.) which was shown by mass spectra to contain no iodinated

organic compounds was dispersed in 35 ml of purified p-cymene

(250 ml Eastman #83, purified by washing with 50 ml portions of

concentrated H SO4 until the yellow color disappears, then suc2

cessively with 10% K2CO2 and H20. Following drying over anhyd
2 3 2

rous magnesium sulfate and filtration, distillation and collec

tion of the fraction distilling over at 174° yields l86.4 g of

p-cymene). 0.6 g of 10% palladium on activated charcoal was

added to the mixture. H2 gas was bubbled through the refluxing
mixture while the oil bath was maintained at 195°. The reaction

was monitored by titrating the evolved ammonia against l. 0 N HCl.

The reaction was ended when 97.5% of the theoretical amount of

acid had been neutralized (5 hours). The hot mixture was filter

ed through a sintered glass filter containing filter aid and

washed with hot ethyl acetate. The solvents were removed under
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reduced pressure (water aspirator followed by 5 mm pump). The

oily residue was treated with lo O ml of petroleum ether (bp

30 — 60°) and refrigerated overnight. Filtration followed by

recrystallization in petroleum ether gave 0.9 g (87%), mp 94 –

96.5°, (al■ º + 17.6 (c 1.0, EtOH); tic, single UV absorbing

Spot, Re (using silica gel plate and 4: 1 Etoxc-chci, solvent

system) ). 34; CI mass spec (MH") 428; PMR (Dccla) & 1.19 (d,
J = 6. 0 Hz, 6H, iPr-CH3), l. 26 (t, J = 7.5 Hz, Et-CH3), 2.02

(s , 3H, Ac-CH3), 2. l O (s , 3H, Ar-cH,), 3.09 (d, 2H, 3-CH2),
3.30 (m, lhi, iPr-CH), 3.80 (s , 3H, OCH3), 4. 24 (q., J = 7.5 Hz,

2H, Et-CH2), 4.89 (m, lhi, O.-CH), 6.17 (d, J = 8.0, lii, NH),

6.30 - 6.82 (7, 3H, Ar-2', 5', 6' H), 6.91 (s, 2H, Ar-2, 6 H).

Analysis: Found C, 70.26; H, 7.59 ; N, 3.27; Calculated C, 70.23;

H, 7.78; N, 3.27.

3, 5-Dimethyl-3'-isopropyl-L-thyronine (2-2). The protected

amino acid (2-13) [275 mg (.645 mM) ) was dissolved in 10 ml of

glacial acetic acid in a 50 ml, 3-necked round bottomedflask

equipped with a reflux condenser, N., inlet dispersion tube,
2

pressure equalizing dropping funnel and an oil bath maintained

at 125°. The mixture was purged with N2 for lò minutes and

then heated to reflux. 3 ml of 47% hydriodic acid was added

drop-wise to the refluxing mixture under a N2 atmosphere. Fol

lowing HI addition, heating at reflux was continued for 8 hours.

The acid mixture was transferred to a lo 0 ml round bottomed

flask and the acid solvents were removed in vacuo (5 mm). Water

was added 8 times in succession to the distilling flask to re

move as much HI as possible. Following this, 2N NaOH was added

to the mixture resulting in a white precipitate followed by
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dissolution upon further addition of base. The solution was

transferred to a centrifuge tube with washing and glacial a

cetic acid was added to give a beige precipitate. Following

centrifugation, another isoelectric precipitation was performed,

followed by an aqueous ethanol recrystallization. This afford

ed 101 mg of white solid (44.5%). Mp 210 - 212°, [a] = 12.4
(c., 2.0, 0.1N HCL in 50% EtOH). Tlc (UV, ninhydrin) RF [silica

gel, i-ProH-concó NH, OH (4:1) ) 0.39] R
4 f

BuOH-H,o (10: l : 1) || 0.76; RF [silica gell, i-ProH-HOAc-H,0 (10: 1 :

l) ) 0.36 (separated from 2-15, Re 0.45). CI mass spec [MH") 344.

[cellulose, n-BuOH-t-

Analysis: Found C, 69.67; H, 7.17; N, 4.06; Calculated C, 70.0;

H, 7.34; N, 4.08.

N-Acetyl-2- (3-isopropyl-4-methoxyphenyl)-3, 5-dimethyl-DL

tyrosine Ethyl Ester (2–l4). Previously prepared and reported

as DL-2-11”. Ir (KBr pellet) 3455 cm" (phenolic OH), UV
xi.” 276, 282 s (e 3300); xi■ º.9° 300 (e 4000); T1c (UV)
Re (silica gel, Etoac-CHCl, (4:1) 0.33; PMR (Dccla) & 1.17 (t,
J = 7.5 Hz , 3H, Et-CH3), l. 23 (d, J = 6. 0 Hz, 6H, iPr-CH3),

l. 90 (s , 3H, Ac-CH3), 2.70 (q., 2H, 3-CH2) 3.40 (7, 1H, iPr-CH),

3.92 (s , 3H, ochs), 4.08 (q, J = 7.5 Hz, Et-CH2) 4.58 (m, lii,
o-CH), 5.0 (s, 1F1, OH, 5.65 (d, J = 6 Hz, lh, NH), 7.00 (broad

s, 3H, Ar-H) , 7.07 (broad s , lii, Ar-H). CI mass spec [MH]* 428.

2- (3-Isopropyl-4-hydroxyphenyl)-3,5-dimethyl-DL-tyrosine

(2-15). Previously prepared and reported as pi-2”. Tlc (UV, .

ninhydrin) RF [silica gel, i-ProH-HOAc-H2O (lo: l ; 1) ) 0.45 sep

arated from 2-2, RF 0.36. PMR, see Table 2-l, CI mass spec
[MH*] 344.
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CHAPTER THREE: MOLECULAR ORBITAL STUDIES AND THE STEREO

CHEMICAL ROLE OF HALOGEN

Having shown that halogen is not essential for hormonal

activity (Chapter Two), we looked at a feature which appeared

to be common to all the active analogs and hormones. It seem

ed obvious that 3,5-disubstitution on the thyronine nucleus

formed a regular pattern in active compounds and equally obvi

ous, when looking at space-filling molecular models, that bulky

5 6

NH2
CH2CH

COOH

3 2

groups occupying these 3, 5-positions hindered rotation of the

phenol-bearing ring ("outer" ring) about the ether C-O bond.

One objective was to quantitate this feature and to determine

a manner in which this could be correlated to biological activity.
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Earlier, Zenker and Jorgensen” studied the stereochemical

nature of the 3,5-diodothyronine nucleus. They noted that bulky

groups lying ortho to the ether linkage in one ring might favor

the formation of a preferred conformation in the diphenyl ether

moiety wherein the planes of the aromatic rings would be mutual

ly perpendicular. In such a conformation (*1
-

90°, © 2 = 180°)2

the 3'- and 5'- positions become non-equivalent with respect to

the alanine-bearing ("inner" ring).

I
H

HO O

o–7777 as "S*So-ZZZZ als
Proximal Distal

If there were a single substituent, such as iodine in triiodo

thyronine (T3), at either the 3'-, or 5'- position a degree of

asymmetry would be imparted to the molecule which would not be

present in a symmetrically 3'-, 5'- disubstituted molecule such

a S "... "3 for example could exist in two distinct conformations,

One in which the 3'-iodine is oriented proximally, or toward,

the alanine-bearing ring and another in which it is oriented

distally, or away from, the inner ring. They reasoned that

though hydrogens in the 2', 6' – positions might not prevent ro

tation about the ether bond, a substituent such as methyl in the

2'- position would be forced to occupy a position distal to the
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inner ring. Any group lying ortho to the 2'- substituent would

now be locked into a 3'- distal position while groups para to

the 2'- substituent would be fixed in the 5' – proximal position.

Synthesizing and testing” the 3, 5-diiodo-2',3'-dimethylthy

ronine (distally oriented model) and the 3,5-diiodo-2', 5'-di

methylthyronine (proximally oriented model) respectively, it was

found that the distal analog was lo O times more effective than

the proximal analog in the rat goiter-prevention assay.

Schussler”, using the same analogs as above, found results

consistent with the requirement for a distally oriented T3 when
he showed in binding studies of T , to thyroxine binding globulin

3

(TBG) that the distally—fixed isomer had a two-fold greater

binding affinity for TBG than the proximally-fixed isomer.

Recently, the x-ray data presented by the camermans” for

T3 and ethyl 3, 5, 3'-triiodothyropropionate has shown the 3'-
iodine to be the proximal position relative to the inner ring.

Cody and Duax observed that the 3'-iodine of 3, 5, 3'-triiodo
-

. .42a 42b
- - - - -thyroacetic acid and of T were in the distal position3

under their conditions of crystallization.

These findings suggest that the energy differences in the

crystalline state between the proximal and distal forms might

be a function mainly of the intermolecular interactions rather

than any minimum energy conformation of an isolated molecule.

Also, these x-ray studies indicate that the energy differences

between the proximal and distal forms of the 3'-iodine is much

smaller than the la 2 kcal found in Camerman's extended Huckel

calculations". Examining energy differences between the prox

imal and distal conformations was one of the reasons for these
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studies.

Molecular orbital calculations offered us an opportunity

to quantitate the steric effect of 3,5-disubstitution on the

thyronine nucleus. By looking at the total energy, Pr' of the

molecular system as a function of conformation, e.g. the effect

of rotating one of the aryl rings about the C-O ether bond while

keeping the other ring fixed, we believed we could obtain evi

dence on minimum energy conformations, energy barriers to rota

tion and conformational maps of various substituted thyronines.

Furthermore, by comparing information calculated for the end

ogenous hormones and a highly active methylene-bridged analog,

3,5-diiodo-4-(4'-hydroxy-3'-iodo) benzyl-DL-phenylalanine (MB-T,
see Chapter Four), with less active analogs, 3,5-diiodo-4- (3'-

iodo-4'-amino)phenoxy-DL-phenylalanine (4'-NH2) and 3, 5, 3'-tri

methyl-L-thyronine (L-Mes) might reveal those characteristics
of the structural features which would be important in the

functional role of the hormones.

QUANTUM MECHANICAL CONSIDERATIONS

Many texts” and reviews” have been written on molecular

orbital theory and the approximate methods, empirical and semi

empirical, developed to cope with the complex mathematics and

time-consuming calculations involved in treating molecular

structure in terms of the Schroedinger equation

HT W = E \! (3–1)
T

where HT is the complete hamiltonian for a system, the complete

wave function and Pr' the total energy.
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By assuming a molecular system of stationary nuclei the

total energy is separated into two components, the electronic

energy, C , and the electrostatic internuclear repulsion energy

given by 2 e”z Z rºl such that
A KB A B AB

E = e t Ye”z z r" (3–2)A:B A B AB

The evaluation of the energy for nuclear-nuclear interaction is

a trivial electrostatic calculation. Evaluation of the energy

due to the motion of electrons about fixed nuclei requires a

modified Schroedinger equation

H\| = c \! (3–3)

where H is the electronic hamiltonian operator and \! becomes

the electronic wavefunction. It is with this form that molec

ular orbital theory is concerned.

The second version of the complete neglect of differential

overlap (CNDO/2) molecular orbital method was used in these

calculations. Details of this method may be found elsewhere”,
but a review of the salient features of the approach used in

developing approximate self-consistent field (SCF) molecular

orbital methods and, especially, CNDO/2 follows.

In SCF methods the many-electron wavefunction, \', is cons

tructed as a product of functions each of which is dependent

upon the coordinates of one electron only. These one-electron

functions, \'si, are called orbitals and not only must they

specify the spatial distribution of electrons but they must also

take into account the electron properties of spin and antisymmetry.

By taking into account the spin states, C. and 3, of an
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electron and the property of antisymmetry the wavefunction is

most simply represented as a normalized Slater determinant of

Orthonormal spin orbitals having the form

191 (l, 2, . . . , 2n) -

V1(1) a (1) V1(1) 3 (1) V2 (1) a (1) ... Wa (1) 3 (1)

l V1 (2) o (2) 01 (2) B (2)
e - e.

2n) 1 - - - - - - - © - - - - (3–4)

191 (2n) o (2n) ºn (2n) 8 (2n)

which written in contracted notation is

| (l, 2, . . . , 2n) = |W171. . . ºnºn| (3-5)

where 2n is the number of electrons.

The linear variation principle makes it advantageous to

represent the molecular orbitals as linear combinations of

basis functions. The simplest approximation is to use atomic

orbitals, pi, as the basis functions (LCAO) and represent the

molecular orbitals as

Vi = c 141 + c242 + . . . = ■ erºr (3–6)

The variational approach to calculations of approximate

solutions of the Schroedinger equation involves solving for the

expectation value of the energy

e = J^{*H*
■ yFy (3–7)

The electronic hamiltonian operator is separated into two com
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ponents, the one- and two- electron terms

H = Hº (i) + Ye’r. (3–8)
l ižj *]

H* (i), the one electron term is called the core hamiltonian.

It corresponds to the motion of an electron in the field of a

nucleus, A, having charge, Z It consists of the kineticA "

energy operator for an electron and the potential energy be

tween an electron and all atomic cores of the molecule where

M is the total number of nuclei.

M

H* (i) = -hºw; + i va (3–9)
2m A=l

if all electrons are specifically included in the calculation,

then VA is the nuclear-electron potential energy equal to
2

-Z -A* /*ia
The two-electron term, Ye’r -l

ij' corresponds to the potential
energy of repulsion between the electrons.

The evaluation of the expectation value for the electronic

energy gives us

M In
2 2e = ■ /º (l) hºv; – ) Zaeº/r, , ); (1) d, + } (2J , , – K, s)

l 2m l A=l A lA Yi l i,j=l l J l J

(3-10)
Il

The term } (2Jii- Kij) arises from the treatment of the twoi,j=l

electron hamiltonian. *i; are the coulomb integrals and give
the value that the total electron-electron repulsion would be

if all electrons moved independently in the orbitals to which

they were assigned. They take the form
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22 2

J . . = ■■ º (1)==V. (2) drid: (3–ll)
l

J * 12 2

Kij are called the exchange integrals and their effect is to
reduce the energy of interaction between the electrons in dif

ferent orbitals V1 and *2 having parallel spin. Their form is

i

2

l J fl2 (2) V, (1) drid, (3–12)

Rewriting the molecular orbitals in terms of the atomic

orbitals (equation 3-6) our expression for the electronic ener

gy becomes

* * (-ºi - ¥ se’)8 = c - c, ■ p → (l) {-#–V, - A © (l) dt
i=l r, S ri Si r 2m l A FIAT S lA

In In

+ c_ C C, c (2J — K )1,3- º riºsitiºuj Tºrstu rtsu

2n m
– H* !...ºries, * rs|sº

| |+ c - c_ c. c.. [2 (rs tu) - (rt | su) ) (3–13)
ij=l r■ tu-l-‘i Fitj "j

where

<r|Hrs|s = ºr (1) Hº (i) is (1) dt 1 (3–l4)

e?
*rstu º ■ º. (1)*(i) = e(?) , (2)and, = (rs |tu) (3–15)

2

Krtsu = ■ .■ ºr (1) Pe (1)++4's (2) ºu (2) drid 2 = (rt|su) (3-16)
l2
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Having now determined the proper form of the energy expres

sion in terms of the atomic (basis) orbitals, we now use the

variation principle to find the MO coefficients °ri which mini

mize the energy.

The Hartree–Fock (SCF) method is used to minimize the energy.

By setting up the condition to obtain a stationary value for the

total energy, i. e. de/dc.ci. = 0, we obtain the secular equations

ite.<rl...Is. . . ; | |{c_ <r | H__ s > + cs, c. c., [2 (rs |tu) - (rt| su) 1 3
§ si IrS 5 stu ■ i ti ui

=
*ij}*s, *rs (3-17)

where eij are the orbital energies and °rs is the overlap

integral for atomic functions *r and *s'

°rs
–

■ ºr (1) ºs (1) dri (3–18)

Choosing the off-diagonal lagrangian multipliers to be zero,

thus assuring unique specification of the molecular orbitals

(*i; = 0 unless i = j), the secular equation takes the form

) (F__- e, S__) c = 0 (3–19)
rS l r S Si

where the elements of the matrix representation of the Hartree

Fock hamiltonian operator F are

[2J J
F = (rl Heels) + ...) } rstu “rstu°tu°ui

ICS i=l tu

- - l
= H S + XP I (rs |tu) /.(rt| su)

(3-20)

where
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OCC

Ptu- 2 }*tiºuï (3–21)

Ptu is the bond order or density matrix written as a summation

over all occupied molecular orbitals, X1.

There is one equation (3-19) for each atomic orbital, *r,
in the set. To find their solutions the allowed energies are

first determined by equating the secular determinant to zero

|F__- e, S__ ] = 0 (3–22)
ITS l rS

Then each energy is substituted into (3–19) to determine the

appropriate set of coefficients.

Once the elements *rs and the overlap integrals, *rs' are

known the SCF orbitals can be obtained by overcoming some dif

ficulties. First, ºrs depends on the bond orders and by defin
ition these can be calculated only when the orbitals, i.e. the

solutions of (3-19) and (3–22), are known. The equations,

therefore, need to be solved iteratively. A rough estimate is

made of the coefficients, c (usually from a Huckel calculati

tion), which then allows an estimation of the bond orders and

consequently, the *rs integrals. The secular equations are
solved giving improved values of the coefficients. The cycle

of calculations is repeated until the coefficients obtained by

solving the secular equations are the same as those used to

construct Frs, i. e. the input and output coefficients are self

consistent.

The bottlenecks in solving SCF equations lie, in the eval

uation of the integrals involved in *rs' particularly those two

electron integrals (3–15) in which the four orbitals are all on
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different atomic orbitals. To get around this bottleneck

the zero-differential overlap (ZDO) method was developed by

46 and Pople”.Pariser and Parr

Returning to expression (3-l'7) we see that unless there is

some region in space where *r and *s are also simultaneously

non-zero, then (rs |tu) = 0. Assuming zero overlap of *r and *s
is sufficient to make this integral zero and to make Srs- 0.

If we are going to make the approximation that °rst 0 or Stu- 0

for orbitals on different atoms, then to be consistent we should

make (rs tu) = 0.

In the ZDO approximation if *r and , are different orbitals

then only one electron repulsion integral arises from the sum

mation over r and s in (3-20) and that happens when r = t and

s = u, to give the integral

(rr|ss) = Yrs (3–23)

represented by the symbol, Yrs' The off-diagonal elements of
the F-matrix therefore have the form

*rs- *rs" + *rs Yrs (3-24)

The core matrix is from (3-13)

- -
2.2 in -Hrs= ■ ºr (-hº vi■ ?m + v. 4 vs. 4 # VA) *sdv (3–25)

Here the core potentials "M and VN of atoms M and N (the nuclear

centers of dr and ds, respectively) are separated from the rest

i. e. A # M, N. If we were to use a zero overlap model string

ently, then this integral should also be zero. But if this is

done the very essential bond forming term in molecular orbital

theory is lost since *rs represents the energy of attraction
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of the overlap cloud (between *r and *...) for the positively
charged core. We assume therefore, that there is sufficient

overlap of *r and *s, if they are neighboring atoms, to give a
non-zero integral. In order to have a parameter which we see

as characteristic of the M-N bond we assume that the potentials

of distant cores, y"v make a negligible contribution to iny

A A
tegral (3-25). If we define a "resonance integral", 8, as

- -
2

-£rs- ■ º, (-4. Vº 4 V, 4 Vs) adv (3–26)

then the off-diagonal matrix elements of F from (3-24) is

*rs" ºrs" *rs Yrs (3–27)

The diagonal elements of the F-matrix (r = s.) in the ZDO

approximation is

- - l- -Frrº Hert Fetterlet) #Pre (rr||rr) (3-28)

By treating the core hamiltonian, H in a manner similar torr "

above we obtain

-

# 92 - w

Her- ■ ºr (-5.Ví = Vi■ t ; VA) ºrdv (3–29)

= ue." # ■ ?, VA3 dv (3–30)

where A # M and

-
-É v2

-"rr ■ º, #Vi + V.) ºrdv (3-31)

which is the energy of the orbital, °r, for the appropriate
valence state of isolated M and can be calculated from spectro

-
. 48

scoplc energles .
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When atoms A and M are far apart the integral

■ ºrvaº Rºv = VA, rº (3-32)

2
-

e /*AM where ZAe is the net

charge of atomic core A. Similarly, the two-center electron

is approximately equal to - 4A

repulsion integrals are dependent on “AM at large separation of
the two atoms.

Yrtº (rr|tt) = e”/RAM (3-33)

where orbital *A is on atom A. Therefore,

VA, rr."
-

f(R) 4AYrt (3–34)

where f (R), the penetration function, allows for deviation of

and Yrt from º at Small *AM’ For most ZDO theories the

penetration integral is ignored, i. e. f (R) = l.
A, rr

Substituting (3–30) and (3–34) into (3-28) gives

F = + 1
rr "rr 2 *rr Yrr + ) (P

tžr tt" *A)Yrt (3–35)

and expressions (3-27) and (3-35) define the elements of the

SCFZDO method.

The SCF approximation in which all integrals (rs tu) are
neglected (unless r = s and t = u) is called CNDO. However,

to insure that the conditions of rotational and hybridization

invariance hold, i.e. calculated energies and electron distri

bution remain the same no matter how the coordinate axes are

chosen we require that integrals like (rr|tt) are the same for
all valence orbitals r on atom M and t on atom A and this

integral is
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(rr|tt) = (3–36)YAM

which is the average electronic repulsion between any electron

On A and any electron on M.

In the CNDO method the resonance integrals, are takenºrs r

to be proportional to the overlap integrals, °rs (the Mulliken

49).approximation

– o 0 -*rs - **M*rs (3–37)

this semiemprical approach satisfies the invarience conditions

and we obtain a new constant 3:..., which depends only on theAM

nature of atoms A and M.

The expressions for the F-matrix elements in CNDO approxi

mation have a similar form as that of the ZDO method. From

expression (3-27) we have

- 0 - -*rs *MN°rs + *rs'MN' (3–38)

For the diagonal elements we start from expression (3-28)

noting however the orbital *t may be on the same atom as *r OIC

on a different atom (A # M)

º
F = H + 1- P t P + P

rr rr 2-
rº'ºrº tt'rt & tt’rt

(3-39)

Since Yrt depends only on the nature of the two atoms, we

combine together the sums over t on the same atom and introduce

a net atom charge by
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) P. , = P (3–40)

The core matrix can also be split as in (3–30) to give the

final expression

- - º -

Frr- "rr + PrzYrrt *MMYMM" ; (PAAYMA VMA)
(3–41)

In the first version of cNDo45a the integrals WMA and MA

were evaluated separately using Slater orbitals. Two modifica

tions were added later45b. The first dealt with the evaluation

Of "rr (see next section) and the second was to use (3-4l) with

zero penetration so that (3-41) was a form similar to (3–35)

F = U
º

rr "rrº # *rr (MM* # (*AAT Z (3–42)A/YMA

where VMA = 4AYMA. (3–43)

Once a set of CNDO coefficients, °ri and a corresponding

density matrix, *rs' have been obtained, the total energy can
be found from

-
C - -*T = + \Prs (His + Frs) *...*A*/º (3–44)ICS

using appropriate expressions for *rs and *rs.

CHOICE OF PARAMETERS FOR CNDO/2

A full specification of a CNDO/2 calculations requires

values for the overlap integrals, S s' the core hamiltonianr

elements, "rr' the electron repulsion integrals, YMA’ and the

bonding parameters, *A. The evaluation of the integrals "rr
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and "AA represent the critical stage in parameterization since

these terms determine the energy levels of the separate atoms

and the molecular energies will not be of the right order of

magnitude unless the atomic energies are approximately correct.

The integral "rr represents the energy of a single electron

Occupying an orbital, ºr , in the field of the core; it is usual

ly estimated from atomic spectroscopic data. In molecular

orbital theory we wish to account satisfactorily for the tend

ency of an atomic orbital to both gain and lose electrons. In

CNDO/2 the procedure adopted was to take the mean of the ion

ization potential, +r, and electron affinity, Ar, according to
the expression

U
rr -#(Irt Ar) - (AM-4) Yºu (3–45)

where 4M is the core charge of atom M.

Using expressions (3-38), (3-4l) and (3-45), the basic

expression for the F-matrix are written

Fre- - +(Tu- Au) + I (PMM- AM) - +(Prº- 1) lyn

"...,"AA" *A)YMA (3–46)

ºrs ºnºrs + Prs'MA (3–47)

For the case where all atoms are neutral (*MM" 4M?

PAA- 4A) and orbital *r contains one electron (Pre- l) the

diagonal element *rr reduces to

F = -1 (I- + A (3–48)
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showing the relationship of Frr to the Mulliken electronegativ

ity for the element.

The bonding parameters 3" occurring in the resonanceMA ’

integrals are taken to be the average of constants Bº and §§
which depend only on the nature of atoms M and A respectively.

The overlap integrals, °rs' are evaluated explicitly using
Slater-type atomic orbitals. Details may be found in reference

43a, appendix B. The electron repulsion integrals, 'MA’ repre

senting the average interaction between electrons in valence

atomic orbitals on atoms M and A can be calculated by a variety

43b or as the two-center coulomb in

tegral involving valence s-functions**.
of empirical relationships

Standard molecular geometries (bond length, bond angles

and dihedral angles) were used except as noted”. A computer

program” was employed to construct the three-dimensional mole

cule given bond lengths, bond angles and dihedral angles. The

output was put directly as input to the CNDO/2 program”.
For diphenyl ethers the energy was considered as a function

of two torsional angles (Figure 3-l) : $1 (R1-C2-C11-012) and

C – ). [The torsion angle (p (A-B-C-D) between theC - H
13 l 4 lb

bonded atoms A-B-C-D represents the angle between the planes

*2 (912

ABC and BCD. Viewed from the direction of A, positive rotations

of q are clockwise and negative rotations are counterclockwise,

the far end rotating with respect to the near end. The value

4 = 0" corresponds to the cis-planar arrangement of the bonds

AB and CD J .
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PARAMETERIZATION OF THE HALOGENS (F, Cl, Br, I)

When extending the CNDO methods to heavier atoms it seems

intuitively obvious that a satisfactory description of the

valence electronic structure would require at least d-atomic

orbitals in the basis set of Slater orbitals. Deb and Coulson

however formulated a treatment for the interhalogens wherein

they used Slater-type s- and p- modeless valence orbitals of

quantum no. n = 352. We adopted their procedure for choosing

the orbital exponent (, , as an arithmetic mean of C-values which

fit the SCF values of the mean radial distance <r; for neutral

atomic valence s and p orbitals respectively. However, we

chose nodeless s- and p- orbitals of quantum no. n = 2 to rep

resent the AO's of the halogens. The valence state ionization

potentials and electron affinities, core matrix elements and

bonding parameters, 8. were taken directly from their work.

These approximations are clearly quite drastic. To deter

mine whether it was worthwhile proceeding further we examined

calculations on model systems and these results are tabulated

in Table 3-l.

The first system we examined was CH3-X. A search for a

minimum energy C-I bond length led to a prediction of a bond

distance of 2.08A*. A similar geometry search in iodobenzene

found Ro–I- 2.09A, compared to the experimental “c-1 Of 2.08A*.
The dipole moments predicted for these compounds are not so

close to the experimental value, but the atomic populations on

the various halogens reflect the smaller polarity of the C-X

bond as we go down the periodic table.

Pauling's van der Waals radius for iodine” is 2.15 Å so
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Table 3-1 Calibration Calculations

A. Halogen Parameters
l l+(Us * Is), +(Up + Up)

X 3, eV eV eV Ç

F 39 . 0 31. 88 12. l8 2. 40

Cl 24. l 19. 24 9. 38 l. 47

Br 2l. 5 l 8. 28 8.40 l. 30

I 18.0 15. 69 8. 10 l. 09

B. Geometry Searches for "Best"
Carbon-Halogen Bond Distances

Compound R(C-X) caled. A R(C-X) exptiš
H3C-F l. 365 l. 33.15

H3C-Cl l. 685 1. 670

H,C-Br l. 83 l. 86

H3C-I 2 - 080 2. lº

Ph–I 2. 0.86 2. 09

C. Dipole Moments and Charge Distribution

Compound "calcd' P "exptl’ º:o:
CH2F l. 62 1. 808 9. 192

CH3Cl 2.0l l. 86 17. 0.79

CH3Br 2. 07 l. 78 35. 051

CH31 2. 50 l. 64 53. 04 4

C2Hgf (staggered) l. 92 1.96 9. 217

C2HgCl 2.25 2.04 17. 109

C2H5Br 2.24 2.03 35. 0.77

C2H5T 2. 57 l. 90 53.061

PhI 2. 72 l. 70 53. 0.67
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Table 3-l continued

D. Rotational Barriers-C2H5x
*eclipsd

-

Pstaggered) (kcal/mol)
X APcalcd *exptl
H l. 76 2. 75

F 2. 26 3. 30

Cl 3. 4.5 3. 56

Br 3. 70 3. 57

I 4.26 3.2 + 0.5

E. Orbital Energies (in eV)

Calculated HOMO
Lowest T-T *

energy transition (exptl)

Ph.H 13. 6 7. 76

PhOH l2.9 7. 60

PhI ll. 7 7. 55
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if we get much inside this value, we expect repulsion. Bring

ing a methane and a methyl iodide molecule together in a linear

fashion (H,C...H-CH,), one finds a repulsion of 20 kcal/mole

ar *I-Hº 2 A. This shows that we should get a reasonable repre

sentation of van der Waals repulsion from our iodine containing

compounds.

Finally, we have examined the rotational barrier in sub

stituted ethanes (c.,Hs-X: X = H, F, Cl, Br, and I) and these

results are presented in Table 3-l (D). The calculated results

are in reasonable agreement with the experimental” and give us

some confidence that the rotational barriers we calculate for

the thyronine system will be reasonable. It may be however,

that the mechanism for the barrier in the two systems (ethanes

and diphenyls) is quite different; thus, our reasonable success

with the model calculations should not make us overconfident of

the quantitative accuracy of our thyronine results.

RESULTS AND DISCUSSION

Before proceeding with calculations on the thyroxine ana

logs, we examined some model diphenyl ether systems, since the

rotational properties of these will probably be similar to

those observed in the thyronine system itself. The results of

these calculations are summarized in Table 3-2. For diphenyl

ether itself a 90°, 90° (*1 = 90° and 42 = 90°) conformation
was calculated to be the lowest in energy. This result is not

in agreement with the experimental results of Katon, et al

who found that a skew conformation, with only one plane of sym

metry, was the preferred structure. However, the energy differ



Table 3-2

Rotational Energetics (kcal/mol) of
Disubstituted Diphenyl Ethers as a function of $1 and 92

(p o

0° 30° * 60° 90° 45

R = H
O

-
l. 13 l. 82 0. 73

30 l. 13 1. 5.8 0. 72 0.42
60 1. 77 0.77 0.33 0.21
90 0.62 0.34 0.27 0.0

= F
0 -

4. 34 2. 20 l. 35
30 l 82 1.28 l. 03 0.80
60 l. 89 0.44 0. 58 0.66
90 l. ll 0 0.65 0. 47

= Cl
0

- -
3. 38 0.13

30
-

20.3 0 0.48
60 -

l0. 0 0.21 l. 73
90 36.4 24.4 15.5 0.38

= Br
0

- -
5. 91 0

30
-

42.2 l. 06 0.91
60 l 6l. 25. 8 2. 26 4. l6
90 78.5 7 l. 0 40.5 3. 34

= I
0

- -
l4.4 0

30
-

106 5. l 2.06
60

-
76. 5 l2.0 ll. 9

90 216 237 l 15 15. 5

= CH3
0

- - -
0 6.45

30
- -

0.30 0.43 6. l
45

- -
0.05 22.9 3.4

60
- -

0.1 6. 0.5 0.3
90 39 . 8

-
2.8 10. 3 3. 8
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43a, 44a

ences are quite small, and it has been well documented

that CNDO/2 underestimates repulsion effects. If repulsion

were not underestimated, we might expect some deviation from

the 90°, 90° conformation in order to relieve H-H repulsion.

The 90°, 0° conformation is the one that would be expected on

steric grounds for very bulky R groups and our calculations do

find this conformation to be the minimum energy for R = I and

R = Br, with the rotational barrier in the iodine compound cal

culated to be 15.5 kcal/mole. For the chlorine-substituted

compound the calculations find a minimum energy near 60°, 30°.

The energies of the fluorine compound conformation map look

somewhat like those for the H compound, but the minimum energy

occurs for a skew (near 30°, 90°) conformation.

The R = Me compound appears to have a minimum energy near

90°, 0" but the energies for some of the skew conformations are

very similar to this and it is likely that the absolute minimum

occurs for a skew conformation near 60°, 45°. In any case the

conformation map for the compound R = Me looks more like Cl

than I, Br, F or H. Interestingly enough, this is consistent

with the hypothesis that the relative biological activities of

the 3, 5- I, Br, Cl, F, H and CH., compounds are determined by3

the minimum energy conformations.

In addition to the steric effect imposed upon the diphenyl

ether system by ortho substituents, the effect of the para

hydroxy group on the rotation of the aromatic ring about the

C-O bond was also examined. Radom, et al?" studied the effect

of para substituents on the rotational barrier of the C-O bond

of phenol using ab initio molecular orbital calculations. They
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found that phenol prefers to exist in a planar conformation 3-l

as opposed to the non-planar rotamer 3–2.

■ º ■
H. O sº H

This can be attributed to the stabilization of 3-l by delocal

ization of the p-type lone pair of oxygen. Electron donating

groups, such as OH, in the para position are observed to de

crease the rotational barrier for moving the hydrogen from

inplane (3-1) to perpendicular (3-2). This can be rationalized

as due to the electron donation of the two groups opposing each

other, thus decreasing the double-bond character of the C-O

bond. Using CNDO/2 we obtained similar results to reference 26

for phenol and its para-hydroxy homolog. However, our calcul

ated barriers for phenol (l.55 kcal/mole) and dihydroxybenzene

(l.40 kcal/mole) are considerably underestimated when compared

to the experimental values and the ab initio calculated bar

riers (Table 3-3).

Turning our attention to the effect of the para-hydroxy

group on the rotational barrier of diphenyl ethers, we obtain

results which can be similarly rationalized. The 90°, 90° con

formation is preferred in both diphenyl ether and 4-hydroxy

diphenyl ether. We find that it is 0.2 kcal/mole easier to

rotate the phenol bearing ring to the perpendicular conformation
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Table 3-3
Rotational Energy Barriers (kcal/mol)

CNDO/2 ab initio Exptl

Phenol 1. 55 5. 16 3.56

Dihydroxyphenol l. 40 4.2.1 2. 69
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than it is to rotate the unsubstituted ring to a similar perpen

dicular arrangement. This is theoretically what one would pre

dict since in the *1 = 90° and *2 = 0° conformation the phenolic
OH and ether oxygen would be opposing each other (the p-type

lone pair of oxygens competing for delocalization), decreasing

the C-O double bond character and causing a lower rotational

barrier.

However, it can be clearly seen from the above barriers in

Tables 3-2 and 3-3 that the effect of the hydroxy group on the

C-O rotational barrier is small when compared to the steric

effect of bulky ortho substituents.

Kier and Hoyland used Extended Hückel Theory (EHT) to

study the rotational barrier on 3, 5, 3'-trisubstituted thyronines”
They rationalized leaving out the alanine side chain in their

calculations on the rotational barriers, and we agree with their

argument that the alanine group is too far away from the ether

linkage to significantly affect the rotational barrier. We have

also carried out calculations to show that even the zwitterionic

form of alanine in the gas phase has only a small effect on the

electronic structure of the phenolic ring to which it is attach

ed. The results of calculations comparing the Mulliken popula

tions and orbital energies of alanine, phenol and the two bonded

together (tyrosine in its extended conformation) are summarized

in Table 3-4.

Table 3-5 presents the calculations of the rotational bar

rier on T3 and T. analogs leaving out the alanine side chain.

When we compare the rotational barrier of the phenol bearing

ring in T3 (15.1 kcal/mole) and "4 (lS. 2 kcal/mole) we find
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Table 3-4

Mulliken Populations and Orbital Energies of
Alanine, Phenol and Tyrosine

zoº."
2 6

H 3 57 o’
1 1 1 1

C f's jº9
CH °CH

3 5 -
8.2 °N l + -

8.2 °N &g 4.
l; O2C NH3 O2C NH3

Phenol Alanine Tyrosine

Atomic Populations on Atoms

l 5. 84 5. 85
2 6. 04 6. 03
3 5. 98 5.99
4 6.0l 5.99
5 5. 98 6.0l
6 6. 03 6.02
7 8.25 8.25
8 5. 63 5. 63
9 5.99 5.99

10 6. 99 7. 00
ll 6.02 6. 00

Highest Occupied Orbital Energies

l –0.5221 (T) –0. 5230 (T)
2 –0. 5408 (n) –0. 5364 (n)
3 –0. 4762 (T) –0. 4768 (T)
4 –0. 39'22 –0. 39 07
5 –0. 3588 –0. 3555
6 –0. 3.383 –0. 3378
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Table3-5

RotationalBarriers
ofThyroidHormoneAnalogs(kcal/mol)

-O"–-

©2T3T3
(6=122")MB-Ts"4Mes4'-NH2-t 0000O00 9015.1ll.0l0.115.2 1800.20.20.100.030.1 190.3 199l.0
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very nearly the same value as that for 2, 6-diiodophenyl phenyl

ether (15.5 kcal/mole). The small differences of 0.4 to 0.3

kcal/mole less energy needed for rotation in Ts and "4 than the

model compound can probably be attributed to the presence of

the para-hydroxy group and somewhat, perhaps, to the meta-iodo

substituents. But the most important hindrance to rotation is

the presence of the ortho iodine atoms.

Our calculations on the diphenyl ether diiodide compound

(Table 3-2) cause us to conclude that the conformation proposed

by Lehmann” to form the intra-molecular T-complex (37°, 37°)

is far too high in energy even when one considers dispersion

attractions not included in SCF-level calculations.

Recently, a number of 3, 5, 3'-triiodo diphenyl ethers have

been studied by x-ray crystallography” and the *1 and 92 angles

of a number of Ts analogs determined. The largest deviation
* conformationfrom the 90°, o' conformation was the 84°, 19

observed for 3, 5-diiodo-L-thyronine-N-methylacetamide. There

was also a considerable difference in the C-O-C angle observed

by x-ray in these Ts analogs and the standard angle we chose

(108°), so we repeated our barrier calculations on T3 with the

C-O-C angle 122°.

As expected, this had very little effect on the relative

proximal and distal energies but lowered the rotational barrier

from 15.2 to ll. 0 kcal/mole. We also examined the energy of

the 84°, 19° and 84°, 199" conformations and the energy of the

84", 19° conformation was only 0.3kcal/mole higher than the

90°, 0°.

Since the methylene-bridged analog of triiodothyronine,
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DL-MB-T showed such a high biological activity, we thought3 *

it would be informative to study the effect of the methylene

bridge on the rotational barrier. The calculated value of lo. 7

kcal/mole comes very close to the value of T3 where 0 = 122°
The 2'-H, 3–I distance at the top of the barrier is 2.57 Å in

the O-bridged and 2.48 Å in the cH,-bridged CaS e .

It is evident that substituents ortho to the atom or group

bridging the aryl rings is the major contributor toward inhibit

ing rotation. Therefore, to a first approximation one could

use the rotational barrier calculated for the corresponding

disubstituted diphenyl ether as a measure of the rotational

barrier , of the thyroid hormone analog, e.g. 3, 5, 3'-trimethyl

thyronine could be approximated by the 3,5-dimethylphenyl ether

in Table 3-2 (both have barriers of 10.3 kcal/mole).

Since iodine has a relatively large 5s and 5p energy sep

aration, we examined the effect of the barrier of varying the

orbital exponent in our iodine functions to reproduce <r2 for

the Hartree–Fock 5p function, rather than reproducing the av

erage ºr for the 5s and 5p functions. This led to a choice of

orbital exponent of l. 0 instead of l. 09, and CNDO/2 calculations

employing this exponent (1.0) predict a barrier of l8. 8 kcal/mole

barrier predicted by the calculations using an exponent of l. 09

"c-o-c- l22 in both cases). These functions are compared
with the Herman-skillman.” Hartree–Fock iodine 5p orbital in

Figure 3-2. As one can see the function with L = l. 00 more

accurately reproduces the maximum in the accurate SCF orbital,

but both functions die off too slowly at a long distance from

the nucleus. This will cause the calculated barrier to rotation
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to be too large, but the use of a fixed geometry during rota

tion and the CNDO/2 tendency to underestimate repulsions”
makes a more precise estimate of the accuracy of the calculated

rotational barrier difficult. Clearly, the size of the barrier

is sensitive to choice of orbital exponent, but C = l. 0.9 gives

a better representation of the long range behavior of the H-S

function” than does the C = l. 00 function.

3' Mes and DL-MB-T,
(all in the distal orientation) are presented in Figure 3-3.

The atomic populations of the atoms in T

The atomic populations for the proximal structure are similar.

As one can see, the presence or absence of an O-bridge or I

does not seem to have a drastic effect on the electronic struc

ture. 4'-NH, and 4'-F substitutions (not shown in the figure)
have a neglible effect on the electron densities at all posi

tions except C , , . Iodine containing rings appear to be better4'

electron donors than those without (see Table 3-6), but 4'-NH2

substitution also helps raise the orbital energies of the T3
analogs. The distal and proximal conformations have very sim

ilar highest occupied molecular orbital energies, but in the

90°, 90° conformation of Ts the top three occupied orbital
energies are raised to - 0.4232, - 0.4103 - 0.4008.
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Orbital Ener
Table 3-6

gies for T3 Analogs
(*1 = 90° and *2 ='09)

HOMO LEMO

T4 - 0. 4340 –0. 4288 –0. 418.4 0. 1227

T3 - 0. 43.44 –0. 4306 –0. 4166 0.125l

MB-T, –0. 4311 –0. 4258 –0. 4.162 0.1314

Mes –0. 4692 –0. 4,539 –0. 4360 0.1254

4'-NH, –0. 4295 -0. 424l –0. 4073 0. 1306

4 * – F –0. 4 362 –0. 4319 –0. 4238 0. 1197
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SUMMARY AND CONCLUSIONS

These calculations and the biological activity of the

3, 5, 3'-trialkylated thyronines and methylene-bridged analogs

have served to reemphasize the steric specificity of thyromi

metic agents, i.e., a semirigid structure of two mutually per

pendicular aromatic systems insulated from one another by an

appropriate bridge. Not yet totally resolved is the functional

role of substituents located at the various positions of the

aromatic rings. As has been suggested” aliphatic substitution

in the l-position is probably critical both in terms of bind

ing at receptor sites and for their contribution toward pharm

acodynamic properties such as movement through membranes and

transport properties, since the L-amino acid is several times

as potent as the D isomer. Our studies indicate that whatever

effect changing the side chain has on the biological activity

is due to the intrinsic properties of the side chain and not

due to any effect the side chain has on the rings.

Role of 3, 5-Substitution in the Biological Activity.

These calculations have given us a more precise picture

of the conformational map of thyroxine analogs than has prev

iously existed. The size of the barrier decreases as the size

Of R3
-

Rs decreases in the order I ~ Br > CH3 > C1 > F > H

with the latter two having minimum energy conformations sig

nificantly different from 90°, 0° or 90°, 180° found in the

iodine calculations. As stated previously, the biological ac

tivity follows this order, which is support for the importance

of conformational fit with the receptor in determining biolog

ical activity . Another important factor in biological activity
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may also be "dispersion-force" binding of the 3, 5 groups to

points on the receptor, which would be expected to be in the

Order I 2 Br > Cl X CH3 > F > H.

The lack of biological activity of the R3
–

Rs == F Or H

can be rationalized on the basis of the significantly different

minimum energy conformation found for these molecules; thus they

would not fit properly into the hypothesized thyroxine receptor.

One can understand the biological activity of the methylene

bridged analogs on the basis of the fact that one would expect

their conformational profiles to be very similar to O compounds.

On this basis, NH-bridged compounds would have similar activity,

but S-bridged compounds might lose activity faster as R,
–

Rs
became less bulky, since a sulfur group could keep the rings

further apart.

One would like to be able to rationalize the inactivity of

the R = Rs= isopropyl derivative” since one would expect it

to have a similar conformational map (with methyls pointing away

from the outer ring) to the R3
–

Rs
–

CH3 derivative. There

are two possible simple explanations for this: one is that the

isopropyl groups, when pointing up toward the outer ring, pre

vent the rotation of the outer ring and perhaps "lock" the outer

ring into the proximal orientation; the other obvious explana

tion is that the isopropyl groups are two bulky to fit the

appropriate receptor site for the inner ring and thus prevent

the thyronine from biological activity. One can distinguish

between these two possibilities by carrying out biological

studies with 3,5-diisopropyl-2',3'-dimethyl-L-thyronine, since

this molecule should be locked into the outer ring distal
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conformation and its inactivity could only be rationalized with

the second explanation.

It is clear that substituents placed in the 3, 5 positions

play a major role in determining geometric orientation of the

two aryl groups, but do they perform their function well? The

shape of these groups appear to be highly critical since groups

such as I, Br, and CH, which are about the same size and which

are coplanar to the aromatic ring are active, whereas groups

such as isopropyl or sec-butyl which are bulkier and lack co

planarity are inactive.

Proximal (3') and Distal (5') Substitutions

Our calculations clearly show that the proximal and distal

Ts analogs are of nearly equal energy and thus that small per
turbations, such as effect of the amino side chain, solvent

effects or interaction with the biological receptor can affect

this equilibrium. For R3 - Rs = I the x-ray structures on the

biphenyl ethers find small deviations from 90°, 0° or 90°, 180°

conformations, but these can be rationalized either on the basis

of solvent effects or some small relief of repulsion (see RA =
3

Re = Cl conformational profile, Table 3-2).5

Having a methyl group in the 2'-position raises the rota

tional barrier of the phenolic ring about the ether C-O bond to

37 kcal/mole. This is further proof that the distal and prox

imal conformations can be selectively isolated and gives added

17b, 39 that the distal conformation issupport to the finding

the biologically active species.
3 .

Substitution in the 3'-position has been correlated with

the distributive properties of the substituents as given by the
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Hansch TT parameter. Apparently, the primary contribution of

groups in this position is toward transport and distribution.

It has been noted that 3',5' disubstitution leads to less

active compounds; from this general observation it has been

proposed” that substituents in the 5' position sterically block

the molecule from entering the receptor site. More will be said

of this in Chapter Four.

The hormonal response is mediated by the binding and trans

port of T, and T2 to thyroxine binding globulin (TBG), and this4 3

has been attributed to the greater ionization of the T, phenolic
4

hydroxyl at physiologic pH 7.4°. schussler" has pointed out

that the preference of the TBG binding results as indicating

that the proximal conformer is 0.85 kcal/mole more stable than

the distal conformer, which is qualitatively consistent with the

proximal-distal energy difference we calculate. The neglect

of dispersion forces in our calculations, and the influence of

the binding protein on the relative energies of the two confor

mations, make a more precise comparison difficult.

4' Substitution.

A free phenolic group or the functionally equivalent amino

group at the 4' position has been postulated as essential for

activity. Our calculations with a 4'-fluoro analog and compari

sons of its effect on atomic populations with the 4'-hydroxy

and 4'-amino analog show that, except for the hydrogen of OH

and NH the O, N and F have the same relative effect on the2 ”

electron density of neighboring groups. It is critical to test

the 4'-F analog to establish the necessity of the phenolic OH,

since the result would have important implications as to the
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functionality of the 4' group. A 4'-F would also be less sus

ceptible to metabolic attack than 4'-OH or 4'-NH2.
Other Positions on the Rings.

Substitution at the 2, 6 position has not been systematical

ly studied but has the possibility of revealing further details

about the nature of the receptor site”. It would be interest

ing to examine the effect of small hydrophobic, e.g. CH, or polar
groups (F) substitutions at these positions.

Substitution at the 2' (6') position has been used to lock

the thyronine nucleus into either proximal or distal conforma

tions. Groups as large as iPrºdo not diminish the biological

activity; thus, one might profitably place even larger groups

at 2' (with or without hydrophilic tails) to examine the limits

of bulk and polarity for 2' substitution.

Future Physical Studies.

A number of NMR experiments suggest themselves from these

studies. One might examine the temperature dependence of the
13

proton or the C at the 2' outer ring position as a function

of the R3
rotational barrier of at least one of the 3,5-disubstituted di

~
Rs to see if one could determine quantitatively the

phenyl ethers. This would be a calibration point for the bar

riers in the other 3, 5-disubstituted molecules. Relative peak

heights for the 6'-H when it is proximal and distal should en

able one to determine more precisely the energy differences

between these two conformations.

Implications for CNDO/2 - MO Studies.

These studies indicate that one can reproduce reasonable

qualitative features of group VII atoms with a simple CNDO/2
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basis set of only 2 s- and 2p- like functions. There are hopes

that this procedure may extend itself to other heavy non-trans

ition elements as well.
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CHAPTER FOUR: BIOLOGICAL ACTIVITY OF SOME THY ROID HORMONE

ANALOGS

The multiplicity of physiological effects caused by the

thyroid hormones has given rise to a variety of assay systems

which may be used to assess the potency of the hormones or

their analogs”. However, in terms of frequency of use and

availability of data three bioassay procedures are principally

employed: (1) the amphibian metamorphasis test; (2) the meas

urement of metabolic effects on thyroidectomized animals; and

(3) the goiter-prevention assay.

The amphibian metamorphosis assay is based on the effect

of the thyroid hormones on the growth and differentiation of

lower vertebrates. The hormones accelerate the metamorphosis

of tadpoles in a logarithmic relationship to the dose adminis

tered. The biological responses are usually measurements of

anatomical changes such as tail size or the appearance of limb

buds. More recently, Derby” has quantitated the resorption or

shrinkage of pieces of disks of tadpole dorsal tail fins cultur

ed in varying concentrations of thyroxine. By measuring the

amount a disc shrinks per day he obtains an accurate dose

response relationship between percent shrinkage per day and
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concentration (levels of from 3 to 750 parts per billion of T4).
Frieden has adapted this technique to studies of analogs”. In

addition Frieden also measures the effect of the hormones and

analogs by studying the changes in nitrogen metabolism as meta

morphosis progresses”. As the tadpole shifts from an aquatic

to a terrestrial habitat, there is a parallel transition from

ammonotelism to ureotelism. All the activities of enzymes of

the urea cycle are significantly increased during normal or in

duced metamorphosis and a correlation can be made between the

degree of metamorphosis and urea metabolism.

It is well established that the thyroid hormones elevate

basal metabolic rate. Measurements of the ability of thyromi

metic agents to stimulate oxygen consumption reflect their

potency on peripheral metabolism. The effect on heart rate and

the growth of certain organs generally parallel the effect on

basal metabolic rate and these parameters are usually measured

simultaneously or following the measurement of oxygen consump

tion. By using thyroidectomized rats, indirect effects such as

might be produced when analogs displace hormones from plasma

protein binding sites or if analogs protect hormones from meta

bolism are eliminated.

Because of the technical ease and the expertise developed

over many years in this laboratory, this study utilizes the

goiter-prevention assay as a measure of hormonal activity. It

is based on the ability of circulating levels of thyroid hor

mones via a physiological feedback mechanism to supress both

the pituitary secretion of thyrotropin (TSH) and the hypothala

mic secretion of thyrotropin releasing hormone (TRH). This
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method has been shown to be sensitive and reproducible and re

sults with it correlate quite well with results from the tadpole

metamorphosis assay and oxygen consumption test.

Spangenberg has recently shown that an invertebrate organ

ism also responds to physiological levels of thyroxine”. She

finds that strobilation in jellyfish (Aurelia) may be induced

by thyroxine as well as by iodide ion and iodinated tyrosines.

Strobilation is the process through which jellyfish scyphistomae

(polyps) first lose their tenacles, then form segments which

ultimately metamorphose to give rise to young medusae (jelly

fish). (Figure 4-l)

§% º: * *2)S- tº sº. 3.
POLYP --> POLYP + MEDUSAE

Figure 4-l

This segmentation process sets the metamorphosis of jellyfish

apart from metamorphosis of higher animals in that segmentation

leads to numerous new organisms , a feat not generally possible

in higher organisms. Induction of strobilation by thyroxine

represents the first clear-cut morphological response of a

coelenterate to a hormone of known biological significance in

higher organisms. It has important implications not only in

studying the evolutionary nature of such metamorphic processes,

but could also lead to valuable information regarding growth

and differentiation both in lower and higher organisms.
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In vivo studies are important and necessary tools in eval

uating the potency of the hormones and analogs on entire organ

isms. But they can tell us nothing at all of the process occur

ring at the cellular, subcellular or molecular levels. If one

could devise an in vitro system to study the effects of the

thyroid hormones, it would offer significant advantages in study

ing the mechanism of action of *4 and T, at the molecular levels.

Until now such an invitro system has eluded investigators. Stud

ies utilizing the thyroid hormones and their analogs to induce

biological effects in subcellular components such as mitochodria

or enzymes have required hormonal concentrations ranging from

10° to 10° times the physiological concentration of the free

hormones”. Such effects are more often than not pharmacolog

ical or toxicological in nature.

Samuels” has recently described a cell-culture system

responsive to physiological concentrations of thyroid hormones.

Employing cells from a rat pituitary tumor cell line which are

cultured in a medium containing serum from a thyroidectomized

calf, they obtain dose-response relationships for a variety of

thyronine derivatives which indicated a specificity of response

similar to that observed in vivo. Measuring glucose utilization

rates, which they assume to parallel rates of cell growth, they

find that half-minimal responses are induced by free hormone

concentrations of 107** M T3 and 10−4°M T4 .
Goldfine, et al.” also studied the effects of thyroid

hormones and analogs on a cell-culture system. They used an

isolated rat thymocyte system and measured the effect of hormones

on the uptake of the amino acid cycloleucine. Though the con
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centrations of the thyronine derivatives they studied were on
6

the Order of 10-4 to 10" M, the effects produced indicate that

this may be a valuable system from which to gain information

about the mechanism of action of the hormones at a cellular

level. Initially, they incorporated albumin into the cell

culture medium. They have since employed an albumin-free med
. 70

-

Lll IIl c. They found that whereas formerly they obtained results

3 * the new medium

shows L-T4 possessing 30% the activity of L-Ts. Since albumin

binds T. to a greater extent than T, and thus less free T4

showing L-T, having 10% the activity of L-T

would be available in the albumin-containing medium, they attri

buted the enhancement in activity to this effect.

Studies have shown that T3 is metabolically more active
than thyroxine”. This has given rise to speculations as to

the extent of extrathyroidal conversion of T, to T3 . In 19554

the claim that T. was converted to 1,” was subsequently re4

tracted” and the likelihood of metabolically significant con

version of T4 to Ts was generally discounted.
Recently, however, many groups have reported that indeed

there is a sizeable conversion of "a to T3 in athyreotic human
75 76subjects”, normal human volunteers and in the rat . In

addition, specific binding sites for T3 have been reported in
nuclei of rat liver and kidney cells” and in the anterior pitu

itary of the rat”. This evidence and the widely recognized

generalization that 3, 5, 3'-trisubstituted thyronines are more

active than the corresponding 3, 5, 3',5'-tetrasubstituted comp

ounds” strongly suggest that T., is the primary hormone. Test
3

ing the trimethyl- and tetramethyl-thyronines and the 3'-methyl
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and 3'5'-dimethyl-3,5-diiodo-L-thyronines gave us an opportunity

to see if this characterization carries over to the alkylated

thyronines.

Biological Evaluations

As mentioned in the previous section, the bioassay method

employed in our studies is the goiter prevention assay developed

° and modified by Jorgensen and slade”.by Dempsey and Astwood'
The assay is based on the following principles.

Animals are given thiouracil (0.3%) in their feed. This

prevents the production of thyroid hormones by the thyroid gland

probably by inhibiting the formation of an active form of iodine

from iodide ion, thus blocking the iodination of tyrosine resi

dues, and also by preventing oxidative coupling of iodotyrosine

residues”. In doing so, blood levels of thyroid hormone fall.

The lowered level of circulating thyroid hormones reduces the

negative feedback to the hypothalamus and pituitary causing in

creased release of thyrotropin. This in turn stimulates the

thyroid gland to achieve greater efficiency in concentrating

iodide ion resulting in a proliferation of cells and increased

vascularization which ultimately leads to hyperplasia of the

gland (goiter). Goiter formation is well achieved within ten

days, the length of an experimental assay.

Concommitant with the introduction of the thiouracil diet,

subcutaneous injections of either L-thyroxine or the analog to

be tested are administered daily. L-Thyroxine in varying doses

is administered to some animals to establish control responses

while other groups receive analogs in graded dose levels to test

for efficacy. If an analog is thyromimetic, i.e. can mimic the
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action of the thyroid hormones on the pituitary gland, no ex

cess thyrotropin will be produced and, thus, no goiter will

form.

In the first assay solutions of compounds to be tested

were dissolved in aqueous 0.9% NaCl containing 0.01 N. NaOH. It

was noted that the solutions of 3, 5, 3',5'-tetramethyl-L-thyro

nine (L-Mea), especially the solution of highest concentration,

immediately developed a blue color which gradually became blue

green during the lC-day injection period. Also, no significant

reversal of thiouracil-induced goiter was shown at a molar ra

tio of 100 times that of L–T4. This dose response was out of

line with the dose responses obtained with less concentrated

solutions.

Suspecting that the alkaline solutions may have chemically

altered L-Me , , possibly by a free radical uncoupling to the

corresponding 2,6-dimethylphenol (or quinone) and 3,5-dimethyl

L-tyrosine”, we subsequently changed the aqueous vehicle .

Stock solutions of all compounds (ranging from l to 28 mg) were

prepared in 10 ml of absolute ethanol, a drop of water being

added when necessary to effect solution. Aliquots (1 to 5 ml)

were diluted to 25 ml with aqueous 0.9% NaCl. No colors devel

oped and L-Me, was found to be clearly active.
Solutions of analogs were made up so that they could be

compared on a molar basis with L-T, . This was accomplished by
assigning a value of l to the dose of L-T, containing l ugm of4

L-T, per lo 0 gm of rat body weight. Solutions were made up so
that the dose administered to a lo 0 gm rat was contained in

0.125 ml of solution (the calibrated volume unit of a tuber
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culin syringe). Weighing of samples prior to dissolution was

done either on a Mettler Semimicro Balance for samples weighing

10 mg or more or on a Cahn Electrobalance for samples weighing

between l to lo mg. Following the regimen stated above for

preparation, the solutions were transferred by decantation to

50 ml multiple dose vials, fitted with a septum, capped and

stored in the refrigerator when not in use.

Male Long-Evans rats, obtained from Simonsen Laboratories,

Gilroy, California, were used in these studies. The animals

weighed between 80 and 100 gm when obtained and were housed

three to a cage. All were started on a normal diet of powdered

Simonsen Rat Maintenance Diet two days prior to the start of

the assay.

The experimental design was as follows. Groups of six rats

were used. The "normal control" were maintained on the normal

diet and were injected daily with an appropriate amount of the

vehicle used to prepare solutions. All other animals received

0.3% thiouracil in their feed (thiouracil procured from the

Nutritional Biochemicals Corporation and incorporated into the

normal feed by the Pharmaceutical Technology Laboratory, School

of Pharmacy, University of California). Diets were begun one

day before an injection regimen was started. The thiouracil

control were injected with the vehicle. The thyroxine controls

(three groups) were injected with l. 0 , 2.0 and 4.0 pigm of L-T,
per 100 gm body weight in the first assay. The second assay

used 0.5, l. 0 anº- Of L-T4 per 100 gm to obtain a better
"spread" on the dose-response curve. The other groups were

injected with analogs in dose levels ranging from 0.25 to 200
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times the molar ratio of thyroxine. The weight of the animals

was determined daily, and the amount of solution to be given

was determined as follows:

Rat Weight (gm) Volume of Solution (ml)

80 – 99 0.100

100 - 119 0.125

120 – 139 0. 150

l 40 – 159 0. 175

l60 – 179 0.200

180 - 199 0.225

The injections were carried out daily for ten days. On

the eleventh day the animals were sacrificed by chloroform

ether inhalation. Their weights were recorded and the thyroid

glands excised, kept moist with 0.9% NaCl solution on a satur

ated filter paper, cleaned under a dissecting microscope, blot

ted on a filter paper (Whatman #1) and weighed to the nearest

0.1 mg on a Roller-Smith torsion balance.

All thyroid weights were expressed in mg/l.00 gm body weight.

The statistical treatment of the data has been discussed else

where” and the standard definitions and symbolic notations are

employed. Appendix II, Section A gives the program run on a

Hewlett-Packard Calculator used to calculate the critical ratio

(C. R. )

C. R. = x - y

l – 1 } (x-x) * + } (y-y)*
Il In n + n - 2

X y
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The student "t" test was employed and the usual test for sig

nificance was applied, i.e. if the critical ratio values exceed

tabular values of "t", then the mean values of the groups we

are comparing are significantly different. Confidence levels

of 99%, 95% and 90% were utilized. The statistical results of

Assays l and 2 are given in Appendix II, Section B. Except for

the discrepancy in the L-Me, (2-1) data for the first assay,4

the data between the two assays were so similar they were in

Corporated as a combined assay, the statistical evaluation of

which is also included in Appendix II, Section B.

Figure 2-6 has presented the dose-response data (thyroid

weight in mg/100 gm body weight plotted against log molar ratio

Of L-T,) for the analogs as compiled by combining the results

of assays l and 2. Table 4-l summarizes the relative potencies

of the analogs in the goiter prevention system. A number of

these analogs have been tested in other bioassay systems so that

a cross-comparison between assays is possible. Frieden” has

tested the effects of the alkyl thyronines [L-Me, (2-1), L-Me2–4

iPr (2-2), L-Me 2 (2-3) and L-Me2] by injection in the tadpole3

metamorphosis assay (Rana catesbeiana). His results are summar

ized in Table 4-l as well. As can be seen, he found activities

relative to L-T, either equal to or greater than those found in4

the antigoiter assay.

Pittman” found that L-Med possesses about 1% the activity

Of L-T4 on the metabolic function of thyroidectomized rats, as

shown by his results on oxygen consumption, heart rate, growth

and pituitary size.

spangenberg” has studied the effects of alkyl thyronines
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Table 4-l

Activities of Thyroxine Analogs
in the rat and in the tadpole

Rat Tadpole
Tail Urea Tail Disc

Compound Antigoiter DeCrease Excretion Regression

*4 (1–1) 100 100 100 100

Me4 (2-1) 2 15a 15° 0.6*
a a

Me3 (2-3) 3 15 15 0.2°
- a al alMeziPr (2–2) 18 25 20 3

DL-MB-T, (4-3) 300 1200° 900° 500°

DL-MB-T, (4-4)
-

150° 250°
-

b
T2Me2 (4-5) 50 140

-

C d
T2Me (4–6) 85 lo O' , 500

- -

b*Data from reference 82. Data from reference 93a, immersion
C - - d

test. Data from 93b, immersion test. Data from reference

93c, injection test.
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(L-Me L-MeziPr and L-Mes) On the initiation of strobilation2 ”

in jellyfish (Aurella aurita). She finds that the alkylated

analogs are as effective as L-T, and are active down to dose

levels of 10T'M. However, she also finds that iodide ion, di

iodotyrosine and monoiodotyrosine are also effective at start

ing the strobilation process; in fact in most instances more

effective than thyroxine in both rapid onset and in the percent

age of strobilae. She has also found that 3, 5-dimethyl-DL-tyro

sine is the most effective analog studied thus far, although

the sample of dimethyl-tyrosine may have been contaminated with

iodide ion, a potent stimulator. However inconclusive the ev

idence, it appears possible that substituted tyrosines may ei

ther be responsible for the "hormonal" action in this inverte

brate, or may act as metabolic precursor to the active hormones.

7 OC have studied the effect of a varietyGoldfine, et al.

of thyroid hormone analogs on the uptake of cycloleucine in the

rat thymocyte cell-culture system. Employing an albumin-free

test medium they find the biological activities given in Table

4-2, where activity of analogs are compared to the activity of

L-T, (100%). In most cases their in vitro data closely resem
bles that found for in vivo systems. For example 3,5-diiodo

3'-isopropyl-L-thyronine is found to be 2 times more active

than L-Ts in the uptake of cycloleucine while in the rat anti
goiter and tadpole metamorphosis assays it is 3 times as ef

fective”. The alkyl analog, 3,5-dimethyl-3'-isopropyl-L-thyro

nine, however is found to be much more potent in their assay

(70% the activity of L-T, vs. 18% reported for in vivo).
Oppenheimer, et al.” have studied the in vitro nuclear
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Table 4–2

Effect of thyroid hormone analogs on the uptake of
cycloeucine in a rat-thymocyte cell-culture system. 70

Compound Activity (% of Ts)
L-T4 (1–1) 55

L-Thyronine l

DL-3-Iodothyronine 3

DL-3'-Iodothyronine 5

DL-3',5'-Diiodothyronine l2

DL-3,5-Diiodothyronine 20

DL-3, 3'-Diiodothyronine 60

DL-3, 3',5'-Triiodothyronine 35

L-T, Me (4-6) 8

- - 8
L T2Me2 (4-5)

L-3,5-Diiodo-3'-isopropylthyronine 200

L-Mei (2–1) 10

L-MeziPr (2–2) 60

DL-MB-T2 (4–3) 753
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binding constants with their relative in vivo biological activ

ities. Table 4-3 gives the results of this comparison and as

can be seen, there is a remarkable similarity. Such close

Similarity indicates that the nuclear binding site may be the

long sought receptor of the thyroid hormones.

DISCUSSION AND CONCLUSIONS

Chapter Two discussed the implications and importance of

the biological activities of the alkylated thyronones in rela

tion to postulated functional roles for halogen. Since halogen

free analogs have been shown to be active in a variety of test

systems, hypotheses giving iodine or other halogens unique prop

erties contributing toward thyroid hormone action cannot be

valid.

A long-standing hypothesis by Nieman” is that the potential

for the phenolic ring of *4 to undergo reversible oxidation to
a quinoid form is related to its hormonal activity. Most analog

I I I I

I I I I

I I
+ / – -•={}=5%) as

+ e
I I

studies carried out to date support this hypothesis. For example

o p

8 - - -the activity of a 2'-hydroxy analog 6 compared to the inactivity
87

-of a 3'-hydroxy analog was rationalized on the basis that

"ortho"-thyroxine (4–1) can undergo the same radical stabiliza

tion process as T, whereas "meta"—thyroxine (4-2) cannot.
4
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5 * 5

NH2
HO O H2CH

COOH

3 * 3

Table 4-3

Comparison of the nuclear in vitro displacement
activity and in vivo biological activity of

thyroid hormone analogs.

Nuclear
Compound Antigoiter Binding

T4 (l-l) l 00 100

T3 (l-2) 300 -800 800

3-5-Diiodo thyronines

3" — iPr 1000 l280

3'-tRu ll 8 120

3'-Me 108 85

3',5'-dime- (4-5) 50 50

Halogen-free

L-Me, (2–3) 3 0.8

L-Me, (2-1) 2 0.8

L-MeziPr (2-2) 18 5. 6

DL-MB-T, (4-3) 2000 300

DL-MB-T4 (4–4) 2l
-



-
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I I

I OH I

4-l, "Ortho"-thyroxine

I I I

HO I I HO I

4–2, "meta"-thyroxine

Acceptance of the hypothesis was deferred, however because of

the uncertainty of the substitution pattern in "meta"-thyroxine;

the iodines could have been either 2',4'- or 4'', 6'-'. The syn

thesis of "meta"- and "ortho" - thyroxine has been repeated and

infra-red analysis indicated that the iodine atoms were in the

4',6'-positions”. In any case the inability of the hydroxy

group to undergo the electronic shift necessary for the two-step,

two-electron oxidation would be the same for both isomers.

The high activity of the DL-methylene bridged analog of T3,
3,5-diiodo-4-(4'-hydroxy-3'-iodo) benzyl-DL-phenylalanine (DL-MB

T3, 4-3) invalidates the functional requirement for a quinoid
form, since the oxidation potential for a p-tolyphenol would be

much higher than that for a p-phenoxyphenol such as Ta. Indeed,

DL-MB-T, appears to be equally active as its oxygen-bridged
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R I

NH2
HO CH2 CH2CH

COOH

I I

4–3, DL-MB-T, R = H

4-4, DL-MB-T R = I
-

4 *

isostere, DL-T3, since L-T3 is about six times as active as L-T4
in the antigoiter assay”.

90
Psychoyos, et al. have assayed the activity of DL-MB-Ts

and DL-MB-T, in a variety of in vitro and in vivo tests. They

found that DL-MB-T, increased mitochondrial glycerophosphate
dehydrase activity from various organs and tissues and also

caused increased metabolic rates as measured by oxygen consump

tion in normal rats. DL-MB-T, was tested in thyroidectomized
rats and found to be active; but the studies made no effort to

quantitate the activity with respect to molar ratios of L-T4 .
Therefore, no conclusions can be reached relative to activity

other than to say that DL-MB-T, and DL-B-T, appear to be thyro
mimetic on peripheral metabolism. Other non-specific tests were

conducted, e.g. effects on lipid peroxidation, but these tests

tell us nothing regarding thyroid hormone activity.

The tadpole metamorphosis data of Frieden show that DL-MB

T., is approximately l() times more active than L-T, and 8–9 times3

more active than DL-MB-T, .” Oppenheimer, et al.84 show DL-MB-T,

has 20 times the activity of L-T, on nuclear binding displacemnet
70 C

and has lo 0 times the activity of DL-MB-T, . Goldfine, et al.

on the other hand, shows that DL-MB-T, shows half the activity
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Of DL-MB-T, .
The hormonal activities of the 3, 5, 3'-trialkyl-L-thyronines

and of 3, 5, 3',5'-tetramethyl-L-thyronine and of the methylene

bridged analogs of T3, demonstrate that unique electronic or
functional characteristics of either iodine or of the ether

Oxygen do not play primary roles in determining thyroid hormone

activity. These results emphasize the steric specificity of

the thyromimetic agents, and when combined with the molecular

Orbital study of Chapter Three, may be used to describe the

thyroid hormones and their analogs in terms of structural fea

tures.

The active structure of the thyroid hormones appears to

consist of an aromatic, lipophilic core sterically constrained

by bulky 3, 5-substituents (which may be either halogen or methyl

groups) into an energetically favored conformation. In this the

planes of the two aromatic rings are mutually perpendicular and

angled at about 120° by a connecting atom or group -O-, -S-,

-ch,-) which serves as both a steric and insulating linkage.
Specific polar groups, a phenolic hydroxyl and an anionic side

chain, are required at opposite ends (4'- and l- positions) of

the central core, which appears to possess a characteristic

electron distribution pattern, although further analog studies

are necessary to confirm this. Lipophilic 3'-substituents

(halogen, alkyl or aryl) enhance the activity of this general

structure, which is illustrated in Figure 4-3. These general

characteristics have also been used with modification to de

scribe the steriod hormones.

These new structural specifications turn our attention
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Figure4-3.

StereoelectronicFeatures
ofActiveThyroxineAnalogs.
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away from the concept of a functional portion of the molecule

being involved in the hormonal action. Rather they redirect

our attention to the whole molecule, and support the concept

that the hormone acts as a structurally specific matrix, in

ducing in its receptor a new and specific conformation which

initiates events leading to the observed hormonal response.

Discovery of specific binding sites in the pituitary

gland” and in the liver and kidney tissues.” for T3 and not

T coupled with reports of the metabolic conversion of T, to4 * 4
74, 75, 76 :

- - - -Ts in amounts indicating that 50 - 85% of the potency

Of "a could be attributed to its formation of T3 have given

impetus to the notion that T3 is the hormone of primary activity.
Because the single iodine on the phenolic ring imparts a degree

of asymmetry on T3 not shared by T4 . many investigators have
studied the role this asymmetry might play in biological ac

tivity. This asymmetry results from the possibilty that two

distinct conformations may exist; one in which the 3'-iodine is

oriented distally, or away from the alanine-bearing ring, and

another in which it is oriented proximally, toward the alanine

bearing ring.

Kier and Hoyland”, using extended Hückel theory, calcula

ted the rotational barrier for the 3, 5, 3'-triiodo-, -tribromo

and -trichloro- derivatives of thyronine as well as the unsub

stituted molecule. The relative size of the energy barrier is

clearly related to the size of the substituted atom. Both the

triiodo and tribromo compounds, which are biologically active,

were found to possess sufficient internal barriers to rotation

to lock the two aromatic rings into a perpendicular conformation.
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Furthermore, their calculations imply that the distal and pro

ximal conformations are equal in energy and that it is the size

of the rotational barrier which confers a conformational pref

erence to the molecule.

One of the reasons for carrying out our CNDO/2 molecular

orbital studies (Chapter Three) was to examine the energy dif

ferences between the proximal and distal conformations. Our

calculations were in agreement with Kier's and differed from

the Camerman's in that they showed very little energy differ

ence between the conformations. We calculated the proximal to

be 0.2 kcal/mole more stable than the distal, due, perhaps to a

weak attractive interaction between the 3'-iodine and the ala

nine-bearing ring.

Moreover, we calculated a rotational energy barrier of

l'7.3 kcal/mole for T3, using bond distances and bond angles
obtained from the x-ray data of Cody and Duax. This indicates

that at room temperature and assuming a barrier of 15 kcal/mole

there would be rapid interconversion (107 times/sec) between

the proximal and distal conformations and that, therefore, both

conformations would coexist. Kier and Hoyland in their work

calculated a barrier of 50 kcal/mole for Ts and concluded that

T3 was locked into a particular (proximal or distal) conforma

tion (a 50 kcal/mole barrier implies a proximal + distal inter

conversion rate of about 10-51 times/sec or an average lifetime

of about 1021 sec).

A barrier of approximately 15 kcal/mole is probably closer

to reality. This rotational barrier precludes any 'fixed" con

formational arrangement since at room temperature rotation
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about the C-O bond would be likely. The fact that the PMR of

thyronines with 2', 6'-protons have a 'normal' aromatic region”
for the 2'', 6'-absorption supports the order of magnitude we

found for the rotational barrier. If the diphenyl ether were

locked into a certain conformation, as in the 2'-methyl com

pounds, one would observe a very diamagnetically shifted 6'-

proton due to the presence of the alanine-bearing ring's T

cloud. The absence of this shifted proton in 2', 6'-H compounds,

such as Ts implies an averaging of the 2'-and 6'-proton absorp
tions and a rotational barrier less than lb kcal/mole”.

The evidence leading to the conclusion that T, is the

thyroid hormone primarily responsible for biological activity

may be summarized as follows:

(l) Discovery of specific binding sites for T., and not T43

in all tissues responsive to physiological levels of thy

roid hormone but no such sites in tissues of organs or

glands irresponsive to the thyroid hormones, e.g. gonads”;
(2) Evidence supporting sufficient extrathyroidal conver

sion of *4 to T3 to account for 50 to 85% of the activity

Of T4: and

(3) The empirical generalization that 3, 5, 3'-trisubstitu

ted thyronines are more active than their 3, 5, 3',5'-tetra

substituted counterparts.

Contrary to this hypothesis we find virtually no difference

in activity between the alkylated analogs of T3 and T4 . The

data of Frieden on tadpole metamorphosis”, Oppenheimer's nuclear
70 C

displacement results” and Goldfine's amino acid uptake studies

parallel our findings. The metabolic removal of an aryl methyl
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group, necessary for the conversion of Me, to Me has no prec4 3 *

edence; thus, both the tri- and tetra-substituted thyronines

must possess inherent hormonal activities. This is further

substantiated by the high activity shown by both 3, 5-diiodo-3'-

methyl-L-thyronine (L-T., Me, 4-6) and 3,5-diiodo-3',5'-dimethyl2

L-thyronine (L-T2Me,” 4-5) in our goiter prevention assay (85%
and 50% respectively) and, previously, in the tadpole metamor

- 9 3
phosis assay .

I

NH
HO O CH CH2

2COOH
Me I

4–6, R = H
-

Also, oppenheimer” finds that the 3' methyl analog has a rela

tive nuclear displacement of 108 while the 3',5'-dimethyl com
70C

pound shows a value of 50. Goldfine shows both compounds

possess 8% the activity of L-T3.
However, the observation that T3 is much more active than

"4 appears to carry over to their methylene-bridged counter
90

parts. Psyshoyos, et al. observed effects with DL-MB-T,

similar to T, using nine times the molar dose levels (DL-MB-Ta4

l0% L-T4). It must be pointed out, however, that this group

made no effort to quantitate the activity and this is only an
- - -

82
-

educated estimation. Frieden observed that DL-MB-T, ls ap

proximately ten times more active than DL-MB-T, . Oppenheimer's
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nuclear binding results which appear to match closely in vivo

data, indicate that DL-MB-T, is lo O times more active than DL

Me-T,”. Goldfine 's data.” show DL-MB-T, to be only twice as

effective as DL-MB-T, . Our data show DL-Me-T, to be three times

more active than T4. These results indicate a close parallel
between the oxygen-bridged and methylene-bridged series with

perhaps the methylene-bridged compounds showing a greater pref

erence for the tri-substituted compound i. e. T3 is three times

more active than L-T4 whereas DL-MB-T, appears to be lC to lo O
times more active than DL-MB-T ..

4

Apparently, in those analogs iodinated in the phenolic

ring there is the definite preference of the 3'-monosubstituted

compounds over the 3',5'-disubstituted in all assay systems

whereas the alkylated systems show little or no difference.

One possible explanation for this data is the effect of ortho

substitution on the ionization of the phenolic group. It has

been repeatedly demonstrated that the 4'-position must contain

a hydroxyl group or be so substituted that the compound can

metabolically acquire a free hydroxyl group”. It is well known

that T, is more firmly bound to plasma proteins, e. g. TBG, than4

T3. This is attributed in large part to the greater acidity of
º -"4 (pK. 6.45) compared to T3

logical pH T3 will be considerably less ionized than T4 and the

(pKº, -
8.4) 95. Hence, at physio

plasma proteins have a high affinity for ionized species. It

is easy to imagine the receptor sites for the thyroid hormones,

e.g. the nuclear binding sites, having the reverse requirement,

i.e. the necessity for the phenolic group to be in the union

ized form or to have an optimum ionization value.
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CHAPTER FIVE: PRELIMINARY STUDIES ON PHOTOCHEMICAL AND NITRATION

REACTIONS INVOLVING THY ROID HORMONE ANALOGS

"Had we but world enough and time,
This coyness, lady, were no crime. . . "

From "To a Coy Mistress"
Andrew Marvel
l8th Century English Poet

This chapter presents some initial efforts to incorporate

3,5-diphenyl and 3'-nitro groups onto the thyronine nucleus as

part of the continuing structure-activity program in this lab

Oratory.

R

NHAC

CH30 O CH2CH
CO2, Et

2

R3, R3

5-1, R3
-

Rs = I; *3.
–

5–2, R3
–

Rs = -Phenyl; R3, = H

5-3, R = R = I; R = -NO
— 3 5 3 * 2

5-4, R3 = R3 = I, Rs, - -NH2

Studies by Wolf and Kharasch.” indicated that halogenated aryl

compounds could be easily converted to their phenyl counterparts
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Via a photochemical reaction. This appeared to represent a

convenient synthetic route to convert the protected 3,5-diiodo

thyronine (5-l) into protected 3,5-diphenylthyronine (5–2); a
substitution which would aid in further characterization of the

role of 3, 5 substituents in thyroid hormone activity.

Although the effect of nitration on tadpole metamorphosis

had been studied”, there were no subsequent studies on its ef

fect on goiter-prevention or some of the newer assays (Chapter

Four). Vallee, et al.” found that tetranitromethane (TNM) con

verted tyrosine and tyrosyl residues to 3-nitrotyrosine in a

tris-buffered system. This method was attempted with 3, 5-di

iodo-L-thyronine (5-1) since the reactivity conferred upon the

ortho-position by the phenolic groups of these two amino acids

should be similar. Earlier, Johnson and Kohmann” described

the synthesis of 3-nitrotyrosine using nitric acid. This route

was also followed using 5-l.

The conversion of 3-nitrotyrosine to 3-aminotyrosine us

ing sodium hydrosulfite has also been described” and we repeat

ed the method with the nitrated thyronine, 5-3, since the 3'-

amino analog would have also been an interesting compound to

study and also because of its possible conversion to other

Compounds.

EXPERIMENTAL

The Experimental Section of Chapter Two describes the in

strumental methods of analyses and the tlo systems used in pre

liminary examinations. In addition gradient elution column

chromatography was used in some purification procedures. Silica
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gel (Baker) and alumina (acid washed, Merck) columns were pre

pared. Elution was accomplished by starting with benzene sol

vent migrating to chloroform and ending with ethyl acetate.

Preparative tle was also used [Silica gel, F254 fluorescent 2mm

glass plates, E. Merck; Etone-icci, (4; 1) solvent system].
Photochemical Apparatus and Procedures. All photochemical

reactions were carried out in a Rayonet Reactor (The Southern

New England Ultraviolet Co., Middletown, Conn.) equipped with

a revolving carousel. 2537 Å low pressure mercury lamps were

used. The solvents employed in this study were benzene (Eastman,

spectrograde, Na dried), acetonitrile (Aldrich, spectrograde,

dried over 3A molecular sieve) and l? pyridine (Mallinckrodt,

AR, dried over NaOH) in benzene. Solutions of N-acetyl-3,5-di

iodo-4-(4'-methoxy) phenoxy-L-phenylalanine ethyl ester (5-1)

were made to 0.02 to 0.03 M in a 100 ml volumetric flask. Ali

quots of 12 ml were transferred to each of eight quartz reaction

vessels of lº ml capacity. Vycor 7910 glass surrounded these

vessels in the reactor. Prior to irradiation the solutions were

purged with nitrogen. Dried solvents would minimize hydrogen

replacement reactions by eliminating water, a hydrogen donor.

Oxygen was minimized with N2 purging to prevent possible oxi
dative reactions. Future studies to determine the effect of

oxygen saturation on reaction products should be performed.

Irradiation times varied from 6 to 20 hours. Reactions

were monitored by tic [Eastman Chromatogram, silica gel, 254 F

using Etose-Hcci, (4:1) j . Following irradiation, the following
steps were employed to separate the inorganic iodides and io

dine from organic material.
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The benzene solutions were transferred with washing to a

250 ml separatory funnel and washed with 5% NaHSo, (2 times,
50 ml) and water. Following drying over anhydrous MgSO the4'

solution was filtered and reduced in volume to ca. 5 ml. This

was submitted to preparative thin layer chromatography (ptlc)

or to column chromatography.

The acetonitrile . solutions were transferred to a 250 ml

round bottomed flask and reduced to dryness in vacuo. The

residue was taken up in EtOAc and washed succesively with 5%

Naiso, and water. This too was reduced in volume after drying
and treated to ptlc and column chromatography.

The l? pyridine in benzene solutions were transferred to

a 250 ml separatory funnel and washed with 5% Naiso, Water,

loº HCl and water and dried over anhydrous MgSO Following4 *

filtration the solution was reduced in volume under vacuum and

treated to ptlc and chromatography.

3,5-Diiodo-3'-nitro-L-thyronine and TNM (5-3). 25 ml of 2 N.

NaOAC was added to a 100 ml round bottomed flask and the pH

adjusted to 8.0 with 5% NaOH. l gm of 3,5-diiodo-L-thyronine

(5-1) (l.9mM) was added to the buffered solution. EtOH was

added to aid dissolution. To this mixture at room temperature

was added 5 mM of tetranitromethane (l. 0 g, Aldrich Chemicals,

#T 2500-3) with stirring. Upon addition of TNM the solution

turned red-brown and a suspension developed. The pH was meas

ured and found to be 5.0 and so was readjusted to pH 8.0. At

the end of l hour the orange suspension was adjusted to pH 5.0

with conc. HCl and refrigerated. Tlc [silica gel, iProH-conc

NH4OH (4:1) ) showed that all the starting material was reacted
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and only one orange spot was present at a position lower than

T Following refrigeration tle shows the presence of two or2 *

ange spots which were assumed to be the mono- and di- nitrated

amino acids. No further characterization was done.

3,5-Diiodo-3'-nitro-L-thyronine (5-3). To 0.5 g of T2 (0.95 mM)

in 3 ml of H2O in a 25 ml Erlenmeyer flask immersed in an ice
bath was added 3 g of conc HNO2, dropwise. This mixture was3

stirred for 3 hours giving a yellow solid. l g of HNo, was add

ed to see if the suspension would dissolve but it did not.

Stirring was continued an additional one hour. (4 g of 70% HNO3
= 91 mM.) Tlc shows one yellow spot [silica gel, iProH-conc

NH,0H (4; l) ) and no starting material. The solution was refrig
erated overnite. A portion of the sample was submitted to an

isoelectric precipitation (conc NH,0H followed by the addition
of 20% HOAC to pH 5.0) resulting in a red precipitate. Drying

yields a red powder, mp 223-24 (dec). Analysis: Calculated

(x l H2O) C, 30.4; H, 2.02; N, 4.8; Found C, 30. 13; H, 2.02;
N, 5.07.

3,5-Diiodo-3'-amino-L-thyronine (5-4). In a l2 ml centrifuge

tube 34.5 mg of 3,5-diiodo-3'-nitro-L-thyronine (5-3) from the

HNo, reaction was dissolved in 2 ml of 5% NaOH. 60 mg of Na2S2
94 was added to the solution with shaking. The bright red sol

ution goes from red to brown to yellow within 5 min. Shaking

was continued for another lS minutes and the pH adjusted to 5

with 20% HOAc. The solution was cooled in a refrigerator and

centrifuged. The beige residue was dissolved in iProH - conc

NH, OH (4:1) and tle in that system (silica gel) gave a spot4

differing from the 3'-nitro-T., , but having a brown smear at the
2
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origin.

When 2 N NH,0H was used as the reaction medium, a dark
brown solution resulted and adjustment of the pH to 5 with 20%

HOAC gave a dark brown precipitate. The dark precipitate does

give a migrating spot not identical with 3'-nitro-T, but there

was also a great deal more oxidative products left at the origin.

RESULTS AND DISCUSSION

The photochemical reaction of N-acetyl-3,5-diiodo-L-thyro

nine ethyl ester (5-1) was carried out initially in benzene

solvent. The fractions from preparative tlo separation were

subjected to pmr analysis. The methoxy region turned out to

be an excellent diagnostic test for purity. Each of the three

ptlc bands showed from two to three methoxy absorption peaks

(§ 3. 74, 3.65, 3.90; 5–l has a methoxy absorption of 3.74 ö).

This indicates poor resolution using ptlc. Following ptlc the

irradiated material was subjected to column chromatography (al

umina) and separated into three fractions. Again pnr showed

incomplete separation.

The fractions were then analyzed by CI mass spectrometry.

This showed the presence of four IMH." peaks 560, 510, 483 and

358 in addition to starting material. The following structures

were assigned:

@CH3
CH3 I NHAC{X.

NHAC O CH2CH
O CH2CH COOEt

COOEt q)
q)

5–5, m/e 560 5-6, m/e 510
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O NHAC CH3 NHAC
3 CH2CH O CH., CH

CO2, Et 2

2
C CO2EtO O

5–7, m/e 483 5–8, m/e 358

CH

The cyclization of the protected T., (5–1) to the dibenzo –2

furan system excited our interest since this system offered an

ideal means to prove or disprove the need for the specific con

formation proposed as necessary for biological activity, i.e.

two mutually perpendicular aromatic rings. In addition these

compounds should also be tested for antagonistic effects since

they possess all the other requisites for hormonal activity

except the postulated correct information.

Many other groups have reported the photochemical cycliza

tion of halogenated aromatics” and the conversion of bridged

systems, e.g. diphenylamines and stilbenes, to cyclized sys

tems”. The halogenated compounds appear to go through a free

radical pathway” whereas unsubstituted aromatics seem to go

through a dihydro-intermediate”. Thinking that by eliminating

benzene as the reaction solvent we would promote the formation

of dibenzofurans, we switched to acetonitrile. Acetonitrile was

chosen because 5-l is insoluble in less polar hydrocarbons while

more polar solvents generally have exchangeable hydrogens which

would promote the replacement of hydrogen for iodine.

However, upon photolysis in acetonitrile and a preliminary

separation using ptlc, analysis by CI mass spectrometry upon
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the crude fractions showed that virtually none of the product

was the dibenzofuran system. What appeared to be occurring was

cleavage of the aromatic ether bond to give as one of the pro

ducts, 5-9

NHAC

H2CH
CO2Et

5–8, m/e 487

A literature search revealed that this type of reaction is
103 l'O3C

-

not unknown . Hageman and Huymans report the following

reaction scheme:

Me H

R R R
+

a

hv
5-ll 5-12

Me

R R

5–10 + +

OH

5-13 5–14 5–15

103b
- -Ogata, et al. studied the solvent effect on the photochemical

rearrangement of diaryl ethers. They found that 43.5% of their

diphenyl ether was converted to rearranged products whereas a

benzene solvent gave 23% rearrangement. The tle profile of 5-l

irradiated in benzene is different than when it is irradiated

in Acetonitrile (Figure 5-l)
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Figure 5-l. Differences between 5–l irradiated
in acetonitrile (MeCN) and benzene
(4H) . [Alumina F.254 Eastman Chromato
gram, 4: l EtOAC/hexanes ) .
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Hey, et al.10% observed that small amounts of pyridine

prevented the formation of phenylated compounds and spiro dimers

while promoting internuclear cyclization of 2-iodo-N-methyl

benzanilide to N-methylphenanthridone in benzene. (Figure 5-2)

Using a lº pyridine in benzene reaction medium we irradia

ted 5-l. Both alumina and silica gel columns were used to ob

tain a preliminary separation. Figure 5-3 gives the results of

the separation.

Using CI mass spectrometry on the fractions obtained from

the lº pyridine in benzene system we observe [MH*] peaks for

the starting material (5-1) and the iodo-dibenzofuran (5-7)

compound. Further studies are necessary to quantitate and fur

ther characterize the products from each of the solvent systems

before meaningful results can be reported.

As a preliminary study, the nitration reactions also appear

to have been successful. However, these also need to be sub

jected to the normal instrumental methods of analysis and an

alytical procedures before they become meaningful. Nitration

with concentrated HNO3 is probably the easier of the two and
would be the reaction of choice.

The reduction of 5-3 to the 3'-amino compound (5-4) also

appears to be facile. Oxidation products can probably be elim

inated by performing the reaction under nitrogen atmosphere.
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Appendix I

Compilation of Spectra
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Appendix IIA

Hewlett-Packard Calculator Program
for Critical Ratio

Step Key Comment Step Key Step Key
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2
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STOP
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Appendix IIB

Rat Antigoiter Assay of Thyroxine Analogs” .

Assay No. 1 Daily dose Molar Throid Weight
Compound injected per lo 0 g ratio per 100 g

l] g mg + S

Normal Control
- -

l0. 10 1. 09

Thiouracil
- -

3l. 12 8.46

L-T,” (l-l) l. 0 l 17.8° 2. 31

2.0 2 7.3% 0.36

4.0 4 6.2° l. 4 3

L-Me,” (2-l) 7.4 10 26.5 4.90

l4.8 20 20.7% 3. lo

74 100 22.3 3.68

L-Me, (2-3) 7. l 10 23.4 3. 30

l4.2 20 16.7° 2.57

71 100 6.1° l. 04

L-Me21 5 5 22.9 5. 30

20 20 11.3° l. 90

DL-MB-T3 (4-3) l. 48 l 6.5° 1.03
2.96 2 6.2° l. 38

d
l4.8 10 6.5 l. 20
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Appendix IIB
Rat Antigoiter Assay of Thyroxine Analogs°

Assay No. 2 Daily dose Molar Thyroid Weight
Compound injected per lo O g ratio per lo■ ) g

|19 mg + sq

Normal control”
- -

9. 45 l. 38

Thiouracil Control
- -

28.98 7. 30

L-T,” (l-l) 0. 5 0. 5 25.97 3. 72

l. 0 l 15.91% 3. 70

2.0 2 7. 48 0.8l

g fL-Mes” (2-3) 10.6 30 22. 37 2. 74

21.2 60 13.76° 7. 09

42.5 120 9.16° 3. 82

L-Me,” (2-1) 18.5 50 14.95° 8. Ol

37 100 6.25° l. 23

74 200 6.27° 0.64

, , , --9 dL-MeziPr” (2-2) 2.9 7.5 ll. 95 5. 9 7

5. 8 15. 0 6.33° 1.02
ll. 6 30 - 0 6. 60 0.65

dMB-DL-T,” (4–3) 0 - 185 0.25 2l. 30 5. 62

0.37 0. 50 13.95° 3. 85
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Appendix IIB

Rat Antigoiter Assay of Thyroxine Analogs.”

Combined Assay Daily dose Molar Thyroid Weight
Compound injected per lo■ ) g ratio per 100 g

|19 mg + sq

L-T, (l-l) 0. 5 0. 5 26.0 3. 72

l. 0 l 15.9° 3. 70

2.0 2 7. 5d 0.8l

4.0 4 6.2° l. 43

L-Me, (2-1) 7. 4 10 26.5 4.90

l4.8 20 20.7% 3. l6

18.5 50 15.0° 8.0l

37 100 6.25° l. 23

74 200 6.27° 0.64

L-Mes (2-3) 7. l 10 23.46 3. 30

l4.2 20 16.7° 2. 57

16. 6 30 22.4% 2. 74

21.2 60 13.8° 7. 09

71 100 6.12" l. 03

85 120 9.16° 3. 82

L-MeziPr (2-2) 2.9 7.5 11.95° 5.97
5. 8 l5. 0 6.35° l. 02

ll. 6 30. 0 6.30° 0.65

L-Me21 5 5 22.9 3. 70

20 20 11.3° 1.90

L-Me212 40 23.0 3. 70

100 12.6* 5. 70

d
L-I2Me (4-6) 2.5 8. 15 3.45
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Appendix IIB

Combined Assay Daily dose Molar Thyroid Weight
Compound injected per lo 0 g ratio per 100 g

|19 mg + sq.

L-12Mex (4-5) 2.5 12. 17d 5. l.2

5 6.11° 0.69

DL-MB-T, (4-3) . 37 .25 21.30° 5.62
. 74 . 50 13.95° 3. 85

l. 48 l 6.47° 1.13

2.96 2 6.22° l. 38

l4.8 10 6.50° 1.20

“six rats in each control and experimental group, see E. C. Jor

gensen and P. Slade, J. Med. Chem. , 5, 729 (1962) for bioassay

details, *Untreated control group, all other rats received

0.3% thiouracil in their diets. *Sodium L-thyroxine pentahy

drate. *At this dose level thyroid weights were significantly

lower (P × 0.99) than the thiouracil control and were therefore

active dose levels. “In dilute aq NaOH, blue-green solution.

*At this dose level thyroid weights were significantly lower

(P × 0.95) than the thiouracil control. *colorless solution

in EtOH diluted with 0.9% aq NaCl.










