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ABSTRACT
THYROID HORMONE ANALOGS:
SYNTHESIS, THYROMIMETIC ACTIVITIES, MOLECULAR ORBITAL STUDIES,

AND QUANTITATIVE STRUCTURE-ACTIVITY CORRELATIONS

Stephen Winters Dietrich
Ph. D. Dissertation
Department of Pharmaceutical Chemistry
School of Pharmacy
University of California

San Francisco

Experimental and theoretical studies were utilized in examining
the structure-activity relationships of the thyroid hormones and ana-
logs in both in vivo and in vitro assays, with emphasis in particular
on investigating the specific molecular interactions involved in bind-
ing to nuclear receptors and plasma proteins. Nine new thyroid hormone
analogs (halogen-containing and halogen-free) were synthesized and
tested for thyromimetic activity in the rat antigoiter bioassay and/or
in binding to solubilized rat hepatic non-histone nuclear protein
receptors. Molecular orbital calculations (CNDO/2 and ab initio) were
used to: (1) conduct the first extensive quantum mechanical study of
intramolecular hydrogen bonding in ortho-substituted phenols and thio-
phenols; (2) examine the intermolecular hydrogen bonding of ortho-
substituted phenols and phenoxides as model systems for binding of the
outer (phenolic) ring of the thyroid hormones and analogs to nuclear
receptors and plasma proteins, respectively; (3) investigate the con-

formations of ortho-alkyl phenols; and (4) provide a preliminary con-



formational study of the alanine side chain of thyroid hormone analogs.
Quantitative structure-activity relationship studies of the thyroid
hormones and analogs were used to examine: (1) in vivo antigoiter bio-
assay activities; (2) in vitro binding to intact rat hepatic nuclei, to
solubilized rat hepatic non-histone nuclear protein receptors, and to
the plasma protein thyroxine binding globulin (TBG); and (3) correla-
tions between in vivo activities and in vitro binding to nuclear recep-
tors. The substituent parameters 3'SIZE>I and INTERACT (derived from
MO calculations and experimental data) were utilized as estimates of
3'-gubstituent "size" greater than iodine and the intramolecular inter-
actions of the 3' and 5' substituents with the 4'-OH, respectively.

The results of these experimental and theoretical studies of the
thyroid hormones and analogs can be summarized as follows:

(1) In vivo antigoiter activity and in vitro binding to nuclear
receptors are enhanced by bulky, lipophilic 3 and 5 substituents and by
size-1imited, lipophilic 3' substituents.

(2) Any 5' substituent bulk or lipophilicity decreases in vivo
activity and in vitro binding to nuclear receptors by interfering with
4'-0H hydrogen bonding with the receptor and/or by direct steric inter-
action with the receptor.

(3) In vivo activity is enhanced by electron-donating 3' and 5'
substituents, which discourage plasma protein binding and encourage
analog movement into cells.

(4) Binding to nuclear receptors probably involves hydrogen bond
donation by the 4'-OH to the 5' side of the receptor, with attractive
and/or repulsive interactions between the 3' and 5' substituents and

the 4'-OH affecting the latter's 3'/5' oriemtation.



(5) With adjustments made for in vivo metabolism, in vivo activ-
ity correlates well with in vitro binding to nuclear receptors, indi-
cating that the latter is probably the first step in initiating subse-
quent hormonal responses.

(6) Except for 3' and 5' substituent influences on 4'-OH ioniza-
tion, distribution, at least within the range of analog lipophilicities
studied, does not play a major role in determining whole animal activ-
ity.

(7) Binding to TBG is proportional to the degree of 4'-OH ioniza-
tion.

(8) The free energy of in vitro binding to nuclear receptors can
be partitioned into substituent contributions, which can themselves be
partitioned into contributions due to the physico-chemical properties

of the substituents.
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CHAPTER ONE: INTRODUCTION

The two thyroid hormones, thyroxine (T4; 1-1) and 3,5,3'-triiodo-

thyronine (T3; 1-2) elicit a multitude of biological responses and are

R I

HO 0 cuzcn(Nuz)coon
1 I
1-1, R =1
1-2, R = H

essential for normal growth and development.l’2 A number of hypotheses
have been proposed to relate the various structural features of the
thyroid hormones and analogs (1-3) to the expression of their biological

effects. These include: (a) the unique role of iodine excitation to



the long-lived, reactive triplet and its participation in energy

transfer processes;B-5 and (b) participation of the ether oxygen and

phenolic hydroxyl in quinone-mediated electron transfer.6’7
Rst Re! Rs
R4, X R1
Rqs Ry R3
1-3

Classical structure-activity studiesz’s’9 have ruled out these two hypoth-
eses. In view of recent studes, it might be proposed that the
association between hormone and receptor may induce in the latter a
conformational change, which is responsible for initiating subsequent
hormonal effects. This has refocused attention on the structural and
stereochemical aspects of the hormone, as they relate to receptor
interactions with emphasis in particular on: (a) the importance of the
phenyl-X-phenyl conformation, as influenced by X and the 3, 5, 2', and

6' substituents; (b) specific hydrophobic, hydrogen bonding, and steric
interactions of the 3', 4', and 5' substituents with receptors; and (c)
the importance in transport, metabolism, and receptor binding of the

1 position side chain length, conformation, stereochemistry, and asso-
ciated charges. A number of physico-chemical studies of the hormones and
analogs utilizing X-ray crystallography,10_14 NMR spectroscopy,ls’16 and
theoretical MO calculations,17 as well as analog structure-activity

2,8,18-23

studies, have consistently supported the structural and stereo-

chemical dependence of thyromimetic activity.



An important recent advance in the study of the thyroid hormones and
analogs has been the development of suitable in vitro assays for thyro-

mimetic activity. These assays measure the binding affinities of thyroid

hormones and analogs to isolated intact rat hepatic nuclei,24’25 to

solubilized rat hepatic nuclear non-histone proteins,26-28 and to various

29,30

purified plasma proteins. The results of these studies have shown

that: (a) There are binding sites with high affinity and low capacity

for the thyroid hormones and analogs in the chromatin of cell nuclei,31’32

T3 (1-2) having an apparent binding constant K = 6.1 x 108 M-l.33 For

rat hepatic cells these nuclear receptors have been solubilized28 and
characterized as acidic, non-histone proteins of approximately 60,000

31,32 (b) for binding of analogs to both rat hepatic

molecular weight;
intact nuclei and solubilized nuclear protein, there is a quantitative
1:1 correlation between log K and log (in vivo rat antigoiter activity),
once adjustments are made for well-established in vivo metabolism of

24-26 and (c) for thyroxine analogs there are many

certain analogs;
similarities, but also significant differences, between the structure-
binding affinity relationships for interactions with nuclear receptors
and with plasma proteins.

The apparent binding constants reflect the thermodynamics of
binding rather than actual biological activity. Their in vitro measure-
ment avoids the difficulties arising from distribution, metabolism,
and the sequence of events between binding and biological response and
provides a unique opportunity to examine the physical origins of the
binding interactions without such complications. The in vivo binding

of thyroxine and analogs to plasma proteins has primarily been viewed

as a mechanism for transport and storage in the blood.34 However,



the partial similarities of the structure-binding affinity relationships
for analog binding to nuclear receptors and to certain plasma proteins,
as well as the availability of the X-ray crystallographic structure

of prealbumin,35 encourages the further physico-chemical study and
evaluation of analog binding to plasma proteins. It is hoped that
elucidation of the specific physical interactions that occur upon binding
to the plasma proteins may be applied, at least in part, to better
understanding of those that occur upon binding to nuclear receptors.
Thus, it appears that the in vitro '"test systems" are among the best
currently available for the physico-chemical study of thyromimetic
activity.

In an attempt to better understand and explain the structure-
activity relationships of these in vivo and in vitro assays, as well
as to investigate the specific molecular interactions involved in the
binding to nuclear receptors and plasma proteins, a number of experimen-
tal and theoretical studies were undertaken.

Nine new thyroid hormone analogs were synthesized in the course of
these studies. The rationale for desiring to determine the thyromimetic
activities of these analogs was based on a combination of molecular
orbital studies, quantitative struecture-activity relationship consider-
ations ; and the qualitative structure-activity relationships of the
thyroid hormones and analogs. Chapter Two describes this rationale,
as well as the synthetic procedures.36

A number of these analogs were tested for thyromimetic activity
in the rat antigoiter assay and/or in binding to solubilized rat hepatic
nuclear protein. Descriptions of these assays and the results obtained

26,36

are presented in Chapter Three. A description of the detailed



recalculation and standardization of analog activities in the rat anti-
goiter assay is also included.

Chapter Four describes a number of quantum mechanical studies on the
thyroid hormones and analogs. As a preliminary study, the first exten-
sive molecular orbital study of intramolecular hydrogen bonding in
ortho-substituted phenols and thiophenols was conducted.37 As a model
system for the binding to nuclear receptors and plasma proteins of the
outer (phenolic) ring of the thyroid hormones and analogs, subsequent
calculations were conducted on the intermolecular hydrogen bonding of
ortho-substituted phenols and phenoxides, as well as on the conformations
of ortho~alkyl phenols.38 The results of some preliminary calculations
on the conformation of the alanine éide chain are also described.38

The results of a large number of quantitative structure-activity
relationship studies of the thyroid hormones and analogs are presented

in Chapter Five,2>»26,39,40

Rat antigoiter activities, binding to rat
hepatic intact nuclei and solubilized nuclear protein and to thyroxine
binding globulin, and correlations between the in vivo and in vitro
thyromimetic activities were examined.

Comments on future experimental and theoretical investigationms,
including utilization of analog structure-activity studies (especially
in elucidating the specific molecular interactions involved in binding
to macromolecules), are presented in Chapter Six.

Appendix I contains a detailed tabulation of the recalculated and
standardized rat antigoiter bioassay activities.

Appendix II contains listings of computer programs which were

written and used in the quantitative structure-activity relationship

studies.



CHAPTER TWO: SYNTHESIS OF THYROID HORMONE ANALOGS

QUALITATIVE STRUCTURE-ACTIVITY RELATIONSHIPS

A series of experimental and theoretical analog studie82’16’l7’38’41
have established that with certain (large) 3,5 substituents there are

two local minima as a function of ¢1, ¢2 (the dihedral angles connect-

ing the phenyl rings) in which the two aromatic rings are mutually per-
pendicular. These conformations (''distal" has the R3, away from the

inner ring; "proximal" has the Ry, toward the inner ring) are of approx-
imately equal energy and are readily interconvertible at room temperature.
In vivo rat antigoiter assay activities and in vitro binding to nuclear
receptors directly reflect the dependence of thyromimetic activity on

the ability of the 3,5 substituents to influence the diphenyl ether
conformation. Adding a 2'-CH3 substituent leaves only one local minimum
in which the 2' group is distal to the inner ring. Bearing this in mind,
the analog structure-activity relationships for the in vivo rat antigoiter

24-26,42,43

assay2’8 and in vitro binding to nuclear receptors can be

briefly summarized as follows for the 3', 4', and 5' substituents:



1. Maximal activity results from monosubstitution ortho to the
4'-OH by a moderately lipophilic alkyl or halogen 3'-substituent, which
binds in a size-limited pocket (approximately the size of iodine) of
the nuclear receptor.

2. It is the distal conformation (Figure 2-1) and not the proximal
conformation (Figure 2-2) which is the active form of analogs monosub-
stituted ortho to the 4'-OH (as shown, in particular, by the activities
of 2'-CH3 conformationally '"locked" analogs).

3. Disubstitution (3' and 5') ortho to the 4'-OH decreases activ-
ity (as compared to monosubstitution) in direct proportion to the size
of the second ortho substituent.

4., A 4'-OH imparts maximal activity, with 4'-NH 4'-OCH3, and

2?
4'-H groups decreasing activity by 10 to 100 fold. (In in vivo studies
the phenolic OH may be replaced by functional groups which can be meta-
bolically converted to it. Such compounds exhibit significant but not full
thyromimetic activity as compared to the corresponding free phenolic
compounds. )

Similarly, the structure-activity relationships for in vitro binding
of analogs to the human plasma protein, thyroxine binding globulin

(8G) , 29730

can be briefly summarized as follows for the 3', 4', and
5' substituents:
1. Maximal binding results from disubstitution ortho to the 4'-OH
by moderately lipophilic, electron-withdrawing 3' and 5' substituents.
2. Monosubstitution (relative to disubstitution) ortho to the

4'-0H and electron-donating 3',5' substituents significantly decrease

binding.
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3. TFor monosubstitution ortho to the 4'-OH, the same size limita-
tions apparently exist for the 3' substituent as with the nuclear
receptors.

4, 4'-OCH3, 4'-NH2, and 4'-H substituents result in a 30 to 50
fold decrease in binding, as compared to the 4'-OH.

On the basis of the in vivo rat antigoiter activities of analogs,2’8

24,25

the binding of analogs to intact rat hepatic nuclei and to solubil-

ized nuclear protein,26’43

and the pH dependence of in vivo binding of
T3 and T4 to rat hepatic nuclear non-histone proteins,44 it appears that
the un-ionized 4'-phenolic hydroxyl is forming an intermolecular hydrogen
bond with some appropriate functional group of the '"receptor". In con-
trast, studies of the relative binding affinities of analogs to TBczg’30
show that it is probably the 4'-phenoxide ion that binds to this plasma
protein.

Prealbumin has also been found to strongly bind the thyroid hormones
and analogs with a qualitative structure-activity picture similar to TBG:

i.e.,binding affinity increases as the pKa of the 4'-OH decreases.45-48

In addition, X-ray crystallographic studiesBS’49

of prealbumin show that
the vicinity of the binding site where the 4'-0  apparently binds contains
no charged amino acid side chains, but rather a serine hydroxyl. On the
basis of these X-ray studies and the similarity of TBG and prealbumin
dependence of binding of thyroxine analogs on the 4'-OH pKa, we have
assumed that the 4'-0 binds in both proteins via a hydrogen bond.
The measurement of in vitro equilibrium binding affinities of
thyroxine analogs as apparent binding constants K permits the analysis
of such binding affinities in terms of individual group contributions
to the free energy of binding, according to the following approach.26’42

The apparent free energy of binding (AG) of an analog to nuclear
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receptors or plasma proteins can be estimated by:

AG = -RT 1n K (Eqn. 2-1)

where: R = the ideal gas constant

1.987 x ].O_3 kcal/(moleedeg)

T = the experimental temperature (°K)
The contribution of group(s) [AG(X)] present at a certain position(s)
on the molecule to the free energy of binding is determined relative
to group(s) Y present at the same position(s) by:

AG(X)

AG(AX) - AG(AY)

-RT 1n [KAX/KAY] (Eqn. 2-2)
where$ AG(AX) = the apparent free energy of binding of the analog
containing group(s) X at a certain position(s)
AG(AY) = the apparent free energy of binding of the analog
having the reference group(s) Y at the same position(s)
K,, and KA

AX Y
The validity of this "additivity" assumption is best verified if AG(X)

= the corresponding analog binding constants

values determined from more than one pair of structurally different

compounds are similar. When two or more groups are far apart on the
molecule, the additivity assumption has been found to be valid.26’42
When the groups are close together (e.g., 3',4' disubstitution), inter-

actions between them result in significant deviations from additivity.

SYNTHETIC RATIONALE
Preliminary molecular orbital calculations on the intramolecular
hydrogen bonding in ortho-substituted phenols, as well as subsequent

calculations on the interactive effects of ortho-substituents on the
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intermolecular hydrogen bonding of ortho-substituted phenols (see Chapter
Four), suggested that 3' and 5' substituents can affect the hydrogen
bonding of the 4'-hydroxyl with nuclear receptors. This assumption was
verified by the finding that the contributions of 3' and 4' substituents
to the free energy of binding to solubilized rat hepatic nuclear protein
significantly deviate from simple additivity due to interactions between
these substituents. In particular, it was qualitatively observedzs’38
and then semi-quantitatively shown (see Chapter Five) that the contribution
of the 4'-OH to the free energy of binding is (a) increased by steric
repulsion with and electron withdrawal by the 3'substituent, and (b)
decreased by hydrogen bond formation with and electron donation by the
3'-substituent. These findings suggested that the 4'-OH is binding to
the nuclear receptor by hydrogen bond donation toward the 5' side of the
phenolic ring (i.e., away from the 3' substituent).
4'-Deoxy-3,5-diiodo-3"'-isopropyl-L-thyronine (2-1) was specifically
synthesized for testing in binding studies in order to enlarge the
number of data points with which these 3'/4' substituent interactions
could be studied. In addition, it would provide a direct estimate of
the contribution of the 3'-isopropyl to the free energy of binding to

the nuclear receptor. There is direct evidence for in vivo metabolic

0 CHZCH(NHZ)COOH

(cn3)2ca I
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4'-hydroxylation of 4'-deoxy analogs.SO This is supported by the observed
enhancement of the activities of 4'-deoxy analogs in in vivo assays,23’51
as compared to their binding affinities to solubilized rat hepatic
nuclear protein.26 This enhancement due to 4'-hydroxylation in vivo can

be accounted for in correlations between in vivo activities and in vitro
nuclear binding by use of an indicator variable.26 2-1 should be hydroxylated
in vivo to the most active thyroid hormone known, 2-2. Hence, of equal
importance for the synthesis of 2-1 was to test the reliability of

correlations between in vivo antigoiter activities and in vitro binding

affinities to solubilized rat hepatic nuclear protein in predicting

HO 0 CHZCH(NHZ)COOH

(cH,) ,CH I

3)2

N
U
N

the former based on the observed values for the latter (see Chapters

Three and Five).
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X I
HO (0] CHZCH(NHZ)COOH
(CH3)ZCH 1
2-3, X = C1
2-4, X = Br
2-5, X = I

Synthesis of the 3,5-diiodo-3'-halo-5'-isopropyl-L-thyronines
(2-3, 2-4, and 2-5) was desired for several reasons:
1. Of the over 500 thyroxine analogs synthesized,52 essentially
all 3',5'-disubstituted analogs possess identical 3' and 5'

substituents: e.g., dimethyl, dichloro, dibromo, diiodo, etc.
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These three analogs provide a means for deviating from this
trend and for the mixing of 3' and 5' alkyl and halo
substituents,

2. This mixing 6f 3' and 5' alkyl and halo substituents provides
analogs with total 3' and 5' electronic contributions (i.e.,
sum of sigma constants for 3' and 5' substituents) lying between
those of the 3',5'-dialkyl analogs and those of the 3',5'-dihalo
analogs. This increased randomness of 3',5' substituent elec-
tronic effects, as compared with 3',5' substituent hydrophobicities,
helps to insure a greater lack of colinearity between these
physico-chemical properties. Orthogonality of the associated
substituent parameters enables more precise estimation of the
relative importance of 3',5' substituent electronic and lipo-
philic properties.

3. According to the model of outer ring binding to receptors, the
inherent lack of substitution symmetry of the phenolic ring
of each of these analogs should be reflected in their nuclear
receptor binding affinities by a combination of effects,
including: (a) inverse correlation of thyromimetic activity
with the proximal substituent size; (b) occupation of the
distal position by a larger substituent (i.e., the isopropyl
here); and (c) orientation of the 4'-OH away from the distal
3'-isopropyl and towards the proximal 5'-halogen: i.e., in
the direction in which the 4'-OH is proposed to donate a
hydrogen bond to the receptor.

3,5-Diiodo-3"',5'-diisopropyl-thyronine (2-6) had previously been

synthesized as the DL an310353 and demonstrated very low hypochlesteremic

activity (ability to lower plasma cholesterol levels) (<0.1 relative
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= 100)53 and fairly weak binding to intact rat hepatic nuclei

to L—T3
g oy 24,25
(1.4% relative to L-T3 = 100%). It was never tested for rat
(CH3)2CH I
HO 0 CHZCH(NHZ)COOH
(CH3)ZCH I
2-6

antigoiter activity. Thin layer chromatographic inspection of a sample

of this compound indicated significant contamination with the 4'-O-methyl

ether (2-7) due, apparently, to incomplete hydrolysis of the protected
analog (2-8). In view of the importance of 5' substituent bulk in
decreasing antigoiter activity and nuclear binding and in increasing

TBG binding, the L-analog of 2-6 was synthesized in order to provide a

(CH3) ,CH 1
CH,0 0 CH, CH(NH,,) COOH
(CH3)ZCH
2-7

sample of this analog which would be free of 4'-0O-methyl ether (2-7)

contamination and whose thyromimetic activities could be compared
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(cn3)2ca 1
COCH,
CH,0 0 CH,CH
COOC, H,
(CH,).CH 1
372 ”g

directly with other L-analogs without the complications of side chain

stereochemistry differences. 4'-0-Methyl-3,5-diiodo-3'5"-diisopropyl-

L-thyronine (2-7) was initially synthesized to insure that samples

of 2-6 contained none of this compound as impurity.
8,54,55

4'-0-Methyl analogs are apparently O-demethylated in vivo.

The enhancement of the in vivo antigoiter activities of these 4'-0-
methyl analogs, as compared to their much lower in vitro binding
affinities to solubilized rat hepatic nuclear protein, can be accounted
for in correlation of these in vivo activities with in vitro binding

affinities by use of an indicator variable which takes into account their
26,39

in vivo metabolic transformation to the more active 4'-OH compounds

(and see Chapter Five). 4'-0-Methyl-3,5-diiodo-3'-isopropyl-L-thyronine

(2;13) was synthesized in order to increase the limited number of 4'-0-
methyl analogs with which such correlations could be made. 2-7, although

Not originally synthesized with this purpose in mind, could also be used

to extend such 4'-0-methyl analog studies.
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CH.O CH,,CH (NH,) COOH

(cu3)zcu

For rat antigoiter activities, binding to rat hepatic intact nuclei
and solubilized nuclear protein, and binding to TBG, the 3' substituent

apparently binds in a size-limited, hydrophobic pocket approximately the

size of iodine.25’30’38’39’56 That is, a negative steric effect is
25,39,56

observed, especially utilizing quantitative structure-activity studies
(and see Chapter Five), for 3' substituents larger than iodine in direct
Proportion to the distance which such substituents extend out from the

3'~ring carbon further than a 3'-iodine. 3,5-diiodo-3'-n-propyl-L-

thyronine (2-10) was synthesized with the specific intent of comparing

its thyromimetic activities with those of the isomeric 3,5-diiodo-3'-

iSOpropyl—L—thyron:lne (2-2). The lipophilicities of the

CHZCH(NHZ)COOH

CH,CH CH2 I
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3'-n-propyl of 2-10 and of the 3'-isopropyl of 2-2 are approximately the

same (7 (n-propyl/benzene system) = 1.55; m(isopropyl/benzene system)
1.53)?7 The "sizes" of these two substituents as they extend out from
the 3'-ring carbon are, however, quite different. In addition, the
"steric bulk" of these two substituents, as reflected in their stetic
interactions with the 4'-hydroxyl, are also quite different (see Chapter
Four). Hence, the activity of the 3'-n-propyl analog (2-10) was expected
to be somewhat less than that of the 3'-isopropyl analog (2-2). As it
turned out (see Chapters Three and Five), the thyromimetic antigoiter
and nuclear binding activities of the 3'-n-propyl analog (2-10) were

found to be considerably less than those of the corresponding 3'-iso-

Propyl analog (2-2), indicating just how crucial the exact interactions
of the 3'-substituent with both the 4'-OH and with the nuclear receptor
are,

3,5-Dimethyl-3'-n-propyl-L-thyronine (2-11) was synthesized for

CH3

HO 0 CHZCH(NHZ)COOH

CH,CH,CH

testing for thyromimetic activities in order to: (a) increase the
Number of halogen-free, 3,5-dimethyl analogs for which thyromimetic
activities are available for analysis; (b) compare its activities
(just as with 2-10) with the corresponding 3'-isopropyl analog (2-12);

and (¢) further investigate the additivity (or lack of) of



19

CH
HO o CHZCH(NHZ)COOH

(CH3)ZCB CH3

3, 5, and 3' substituent contributions to thyromimetic activity.

SYNTHETIC SCHEMES

The synthetic pathways to the desired thyroid hormone analogs are
presented in Figures 2-3 through 2-8. In most cases, well established
general procedures for the synthesis of intermediates and the final
analogs were utilized, although modifications were required for several
reactions. It was found that several of the desired amino acid analogs
could not be sufficiently purified by isoelectric reprecipitation/
recrystallization from acidic or basic ethanolic solutions. Final puri-
fication of these compounds (to give analytical purity suitable for
physical measurements and bioassay) was accomplished by means of prepara-
tive thin layer chromatography. All of the amino acid side chains were
of L-stereochemistry (S configuration).

Protection of the amino acid side chain of 3,5-diiodo-L-tyrosine
(2-13) was accomplished by N-acetylation with acetic anhydride in base58
and then carboxyl esterification with EtOH utilizing p-toluenesulfonic
acid58 to give the desired N-acetyl-3,5-diiodo-L-tyrosine ethyl ester
(2-15). The unhindered 2-isopropylphenol (2-16) and 2-n-propylphenol

59

(2-18) were O-methylated in Claisen's alkali”~ with Me,SO, to give the

2774
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corresponding substituted anisoles60 (2-19 and 2-21). O-Methylation

of the very hindered 2,6-diisopropylphenol (2-17) was accomplished

by treating sodium 2,6-diisopropylphenoxide in dioxane61 with MeZSOA.
Attempts to convert 2-isopropylanisole (2-19) and 2-n-propylanisole
(2-21) to the corresponding di-(3-substituted-4-methoxyphenyl)-iodonium
iodides (2-22) and 2-24) by general synthetic methods53 utilizing iodine
tris-(trifluoroacetate) resulted in poor yields. Drastic modification
of the reaction workup conditions resulted in increased, acceptable
reaction yields. The yield for conversion of 2,6-diisopropylanisole
(2-20) to di-(3,5-diisopropyl-4-methoxyphenyl)-iodonium iodide (2-23)
with iodine tris-(trifluoroacetate) was doubled (as compared to the
literature preparation53) by allowing the reaction to proceed for 20
hours at room temperature (1iterature53 reaction conditions: refrigerated
overnight and then 3 hours at room temperature). Apparently the two
ortho isopropyl groups of 2,6-diisopropylanisole (2-20) sterically force

the OCH, out of coplanarity and, hence, conjugation with the aromatic

3
ring. The resulting decrease in electron donation to the ring carbon

para to the OCH3 group reduces the reactivity of this position, necessi-
tating the more '"drastic" reaction conditions. In contrast, the essential-
1y unhindered conjugation of the OCH3 of 2-isopropylanisole (2-19)

and 2-n-propylanisole (2-21) provides adequate electron density at the
4-position for rapid reaction of these compounds. The same conjugation

of the OCH,, however, also increases the instability of the resulting

3,
substituted dianisyl-iodonium iodides (2-22 and 2-24). The modified

reaction workup for these two compounds apparently avoids much of the

53

product decomposition. Condensation™~ of 2-15 with the substituted
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OH OCH3
R R' R R'
Me, SO
2 4 ~
”
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2-16, R = iPr; R' = H 2-19, R = iPr; R' = H
2-17, R =R' = {iPr 2-20, R =R' = iPr
2-18, R =nPr; R' = H 2-21, R =nPr; R' = H
I(CF3COO)3
Nal
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cH,0 rrr «—
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2-22, R = iPr; R' = H
2-23, R =R' = iPr

2-24, R = nPr; R' = H

Figure 2-4. Synthetic pathway to the substituted di-(p-anisyl)-iodonium

iodides.
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Figure 2-5. Synthetic pathways to the 3,5-diiodo-L-thyronine analogs.
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Synthetic pathway to the 3,5-diiodo-3'-halo-5'-isopropyl-L-

thyronines.
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Figure 2-8. Synthetic pathway

thyronine (2-1).
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dianisyl-iodonium iodides (2-22, 2-23, and 2-24) in MeOH with copper
powder and triethylamine yielded the protected thyroid hormone analogs
(2-28, 2-8, and 2-29). As further verification of the structures of the
substituted dianisyl-iodonium iodides (2-22, 2-23, and 2-24), the pre-
viously unreported substituted 4-iodo-anisoles (2-25, 2-26, and 2-27)
were isolated and characterized as by-products of these condensation
reactions. Hydrolysis53 of 2-28, 2-8, and 2-29 with HI (or HBr) in HOAc
yielded the desired 4'-OH thyroid hormone analogs (2-2, 2-6, and 210).

53

Hydrolysis™~ of 2-28 and 2-8 with HCl in HOAc yielded the corresponding

4'-OCH3 thyroid hormone analogs (2-9 and 2-7). Treatment of 3,5-diiodo-

3'-isopropyl-L-thyronine (2-2) with 802012, Br2 in HOAc, and Iz/NaI in

70% aqueous ethylamine yielded the desired 3,5-diiodo-3'-halo-5'isopropyl-
L-thyronines (2-3, 2-4, and 2-5).
Treatment of N-acetyl-3,5-diiodo-4-(3'-n-propyl-4'-methoxyphenoxy)-

L-phenylalanine ethyl ester (2-29) with CuCN in refluxing pyridineg’62

gave the corresponding 3,5-dicyano compound (2-30) in excellent yield.

Hydrolytic reduction of 2-30 with H,_--Pd/C in refluxing, purified p-

2
provided the corresponding 3,5-dimethyl compound (2-31).

cymene” ’

(Careful purification and drying of the Rfcymene62 and anhydrous reaction
conditions were found to be extremely critical for this reaction. The
slightest moisture or impurities in the p-cymene very effectively poisoned

the catalyst.) Hydrolysisg’26

of the protected analog (2-31) with HBr
in HOAc under N2 yielded the desired 3,5-dimethyl-3'-n-propyl-L-thyronine

(2-11).
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N-Acetyl-3,5-dinitro-L-tyrosine ethyl ester (2—33)9’63

in pyridine was treatedg’53 with MeSOZCI and then condensed with
freshly distilled 3-isopropylphenol (2-32) to give N-acetyl-3,5-
dinitro-4-(3'-isopropylphenoxy)-L-phenylalanine ethyl ester (2-34).
Without isolation of intermediates,53 the NO2 groups of 2-34 were
reduced (HZ--Pd/C in HOAc) to give 2-35, the NH2 groups of 2-35 were
diazotized (nitrosyl sulfuric acid) to give 2-36, and the diazonium
groups of 2-36 were replaced (NaI/IZ/urea) to give the 3,5-diiodo
compound (2-37). Hydrolysiss3 of 2-37 with HC1 in HOAc gave the

desired 4'-deoxy-3,5-diiodo-3'-isopropyl-L-thyronine (2-1).

EXPERIMENTAL SECTION

Melting points, determined with a Thomas-Hoover Uni-Melt stirred
oil capillary tube melting point apparatus, are uncorrected. 60 MHz
proton magnetic resonance (PMR) spectra were determined with a Varian
Model A-60A PMR spectrometer. PMR chemical shift values are expressed
in 6 units (parts per million) relative to a TMS internal standard. For
the presentation of the PMR spectra, the following abbreviations are used:
s= singlet, d = doublet, t = triplet, q = quartet, m = multiplet, comp
m = complex multiplet. Infrared (IR) spectra of liquid phenols and
anisoles were recorded neat as thin films with a Perkin-Elmer Model 337
grating infrared spectrometer. Microanalyses were performed by the
Microanalytical Laboratory, University of California, Berkeley, Calif.
Optical rotations were measured with a Perkin-Elmer Model 141 Polarimeter
(microcell: 10 cm path length, 1 ml cell volume).

Thin layer chromatography (TLC) was routinely used to check the

purity of samples, to follow the progress of reactions, and to analyze
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elutent fractions obtained with column chromatography of samples.

For presentation of the TLC data, the following abbreviations are used
for plate types: A = pre-coated silica gel sheets with flourescent
indicator (100 u coating on flexible plastic sheets; Eastman Kodak
Company, #13181); B = pre-coated 4-channel silica gel plates with
flourescent indicator (250 p coating on glass with pre-absorbent loading
zone; Quantum Industries, Inc., #5052); C = pre-coated alumina sheets
with flourescent indicator (100 p coating on flexible plastic sheets;
Eastman Kodak Company, #6063).

The following general procedure was used for preparative TLC of
several of the amino acids (50 to 120 mg per plate). 20 cm x 20 cm
pre-coated silica gel plates with flourescent indicator (1000 u coating
on glass with pre-absorbent loading zone; Quantum Industries, Inc.,
#5080) were developed with CHC1

-MeOH-conc. NH,OH (20:10:1). After

3 4
air drying 5 minutes and oven drying 10 minutes, the appropriate zones
were manually removed with the aid of brief and careful UV visualization.
The plate scrapings were extracted for 20 minutes with warm anhydrous
EtOH and filtered through filter aid, washing with warm anhydrous EtOH.
(Extraction of the scrapings with acidic or basic solutions was found to
also extract the flourescent indicator.64) After addition of a small
amount of water and several drops of concentrated HCl, the ethanolic
solution was reduced to a minimal volume (rotary evaporation). This

was heated on a steam bath for 1 minute, and then the pH was adjusted

to 5.2 with hot H, 0 and hot 2N sodium acetate. After allowing to cool

2

to room temperature, the solution was refrigerated overnight. The

precipitate was collected by centrifugation, washing with cold H,0, and

2

dried in vacuo to give the purified amino acid.
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N-Acetyl-3,5-diiodo-L-tyrosine (2-14). 3,5-Diiodo-L-tyrosine

(2-13) (50.00 g, 115.5 mmoles; Nutritional Biochemicals Corporation)

was acetylated with acetic anhydride using the method of Barnes, gg‘gl.,SS

>8 87%). MP 113-119° (lit.58

to give this compound (48.08 g, 87%; 1it.
112-118°).

N-Acetyl-3,5-diiodo-L-tyrosine Ethyl Ester (2-15). N-Acetyl-3,5-

diiodo-L-tyrosine (2-14) (140.0 g, 294.7 mmoles) was esterified with

EtOH using the method of Barmes, gg_gl.,SB to provide this compound

(124.5 g, 84%; 11t.”° 887). MP 154-155° (Lit.>° 154-155°). [a] ' =
+13.1° (e, 2.0, EtoH) (1it.>°[a)2? = + 15.4° (c, 2.0, EtoW)). TLC (UV)

Rf (A: CHC13) 0.35,Rf (A: CHC1,-EtOAc/9:1) 0.45, Rf (A: C6H6) 0.03.

3
2-Isopropylanisole (2-19). 2-Isopropylphenol (2-16) (312.00 g;

2.29 moles; Aldrich Chemical Company, Inc.) in Claisen's alkali59 was

methylated with MeZSO4 utilizing the general procedure of Dhami and
Stothers60 for the O-methylation of unhindered phenols. Distillation
in vacuo of the crude reaction product yielded the desired anisole

65 198-199°/751 mm Hg). PMR

(237.83 g, 697%). BP 47-48°/1.2 mm Hg (1lit.
(cDC1,) 6 1.20 (d, J = 7 Hz, 6H, iPr-CH,), 3.36 (m, J = 7 Hz, 1H, iPr-CH),
3.79 (s, 3H, O-CH3: present in 2-19, absent in 2-16), 5.50 (concentration
dependent, s, 1H, O-H: present in 2-16, absent in 2-19), 6.7-7.4 (comp m, 4H,
Ar-3,4,5,6 H).

2,6-Diisopropylanisole (2-20). This compound was prepared utilizing

the method of Coffield, gg_gl,,61 for the preparation of sodium 2,6-diiso-~
propylphenoxide in dioxane. A total of 16.55 g (720 mmoles) of sodium
metal was dispersed in 1500 ml of dioxane at 101° with vigorous stirring.
After cooling to 60°, a solution of 128.29 g (720 mmoles) of 2,6-diisopro-

pylphenol (2-17) (Ethyl Corporation) in 150 ml of dioxane was added
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dropwise over a 30 minute period. A slow evolution of hydrogen was
observed. The still vigorously stirred mixture was heated to 101°.
After 35 minutes no further hydrogen evolution occurred and the sodium
metal dispersion had disappeared. The solution was cooled to 56° and
70.0 m1 (93.31 g, 740 mmoles) of Me,S0, was added dropwise over a 10
minute period, with a resultant slight warming. (All steps to this
point were run under H2804—dried N2.) After stirring at room temperature
all night, the green-brown solution was filtered to remove the inorganic
precipitate and the solvent was removed by rotary evaporation. The
resulting red oil in 500 ml ether was washed with 20% NaOH (100 ml, 2x)
and then with HZO (100 ml, 2x). The organic phase was dried over Na2304
and filtered. After removal of solvent, the resulting red oil was
distilled in vacuo to give the desired anisole (125.29 g, 90.5%). BP

66 74°/3 mm Hg). IR 3575 cm—l (phenolic OH:

48-48.5°/0.5 mm Hg (1lit.
present in 2-17, absent in 2-20). PMR (CDC13) § 1.23 (d, J = 7 Hz, 12H,
iPr-CH3), 3.34 (m, J = 7 Hz, 2H, iPr-CH), 3.72 (s, 3H, O-CH3: present in
2-20, absent in 2-17), 4.91 (s, 1H, O-H: present in 2-17, absent in 2-
20), 7.10 (s, 3H, Ar-3,4,5 H).

An attempt to prepare 2-20 from 2-17 using the method of Zimmer66
resulted in the formation of no 2-20 and recovery of only 2-17.

2-n-Propylanisole (2-21). 2-n-Propylphenol (2-18) (100.47 g, 738

mmoles: Aldrich Chemical Company, Inc.) in Claisen's alkali59 was methylated

60 for

with Me2304 utilizing the general procedure of Dhami and Stothers
O-methylation of unhindered phenols. Distillation in vacuo of the crude
reaction product yielded the desired anisole (81.32 g, 73%). BP 76-

65 207-209°/757.7 mm Hg). IR 3500 cm © (phenolic OH:

80°/1.8 mm Hg (1lit.
present in 2-18, absent in 2-21). PMR (CDC13) 6§ 0.95 (t, J = 7 Hz, 3H,

nPr-CH3), 1.65 (comp m, 2H, nPr-CHEC—Ar),



33

2.64 (t, J = 8 Hz, 2H, nPr-CH,-Ar), 3.80 (s, 3H, O-CH3: present in

2

2-21, absent in 2-18), 4.94 (s, 1H, O-H: present in 2-18, absent

in 2-21), 6.7-7.35 (comp m, 4H, Ar-3,4,5,6 H).
Di-(3-isopropyl-4-methoxyphenyl)-iodonium Iodide (2-22). A

67,68 of the synthetic procedure of Blank, EE.El°’53 was

modification
used. To 38.3 ml (41.4 g, 406 mmoles) of acetic anhydride, cooled to
+5°, there was added with stirring 13.7 ml of fuming HNO3 (Sp. Gr.

~ 1.5) with the temperature being allowed to rise to, but not beyond
15°. With the temperature kept below 20°, 12.69 g (50.0 mmoles) of
finely powdered iodine and then 25.6 ml of CF3COOH were added. The
mixture was then stirred for 30 minutes, during which time the tempera-
ture rose to room temperature, the iodine completely dissolved, and
nitrogen oxides were evolved. The clean light yellow-orange solution
was concentrated under reduced pressure (H20 aspirator and then vacuum
pump) at 30° until all the colored fumes of oxides of nitrogen had
disappeared. The resulting clear light yellow solution of iodine tris-
(trifluoroacetate) was dissolved in 45 ml of acetic anhydride. This
solution was kept between -15° and -30° while a solution containing
30.04 g (200 mmoles) of 2-isopropylanisole (2-19), 88 ml of acetic

anhydride, and 12.8 ml of CF_COOH was added in about 20 minutes. The

3
dark green solution was stirred for 1 hour, the solution being allowed
to rise to room temperature. After stirring for an additional 15
minutes, the dark green solution was poured onto 20.0 g solid NaZSZOS

and 100 g solid NaI. With ice bath cooling, 1000 ml ice water was

rapidly added to give a clear yellow aqueous phase and a dirty yellow-brown
solid. Benzene (120 ml; just enough to disperse the solid) was added

with very vigorous stirring to give a clear yellow aqueous phase and an
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orange organic phase in which was suspended a yellow solid. Addition of
1350 ml heptane with very vigorous stirring yielded an orange organic
phase and a pale yellow benzene-heptane-HZO—precipitate emulsion.
Filtration, washing with heptane (300 ml) gave a very pale yellow-white
solid, which was dried in vacuo at room temperature and protected from

light (44.64 g, 81%; 1it.”> >3

prep 86%). MP 151-154° (decomp.) (1lit.
164-166°). (The purity of this compound is adequate for the subsequent
condensation reaction.) TLC (B: CHClB) streak from origin (length of
streak dependent on compound load on TLC plate).
Di-(3,5-diisopropyl-4-methoxyphenyl)-iodonium Iodide (2-23). A

modification68 of the synthetic procedure of Blank, gglgl.,53 was used.

A solution of iodine tris-(trifluoroacetate) (prepared, as for 2-22,
from 42.0 ml1 (45.4 g, 445 mmoles) of acetic anhydride, 16.2 ml of fuming
nitric acid, 15.00 g (59.1 mmoles) of finely powdered iodine, and 30.3
ml of CF3C00H) was dissolved in 45 ml of acetic anhydride. This solution
was kept between -5° and -10° while a solution containing 45.46 g (236
mmoles) of 2,6-diisopropylanisole (2-20), 105 ml of acetic anhydride,
and 15 ml of CF3COOH was added in about 20 minutes. The clear yellow
solution (protected from light) was then stirred at room temperature for
20 hours, during which time the solution turned red. The solvents were
removed in vacuo (HZO agpirator and then vacuum pump at 40°) and the
resulting clear, yellow-orange oil was dissolved in 420 ml of absolute
MeOH. The methanolic solution was cooled with an ice bath and then
diluted with 150 ml of a 107 Na28205 solution. 120 g of KI in 750 ml
HZO was added dropwise with stirring over a 20 minute period, yielding a
clear yellow solution and a bright yellow oil; the latter crystallized
after overnight refrigeration of the mixture. The precipitate was
collected by filtration, ground in mortar with hexane, and filtered

again, yielding a light yellow-white solid, which was dried in vacuo at

room temperature and
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protected from light (48.51 g, 657; lit.53 prep 33%). MP 141-144°

(-]
>3 160-162 ). (The purity of this material is adequate

(decomp.) (1it.
for the subsequent condensation reaction.) TLC (UV) (B: CHCl3) streak
from origin (length of streak dependent on compound load on TLC plate).
PMR (CDCLl,) 6 1.17 (d, J = 7 Hz, 12H, iPr-CH,), 3.30 (m, J = 7 Hz, 2H,
{Pr-CH), 3.74 (s, 3H, 0-CH,), 7.67 (s, 2H, Ar-2,6 H).

Di-(3-n-propyl-4-methoxyphenyl)-iodonium Iodide (2-24). A modifi-
67,68

cation of the general procedure of Blank, gg_gl.,53 was used.

A solution of iodine tris-(trifluoroacetate) (prepared, as for 2-22,

from 35.5 ml (38.4 g, 376 mmoles) of acetic anhydride, 13.7 ml of fuming
nitric acid, 12.69 g (50.0 mmoles) of finely powdered iodine, and 25.6

ml of CF3C00H) was dissolved in 45 ml of acetic anhydride. This solution
was kept between -15° and -30° while a solution containing 30.04 g

(200.0 mmoles) of 2-n-propylanisole (2-21), 88 ml of acetic anhydride,
and 12.8 ml of CF3C00H was added in about 20 minutes. The dark green-black
solution was stirred for 1 hour, the temperature being allowed to rise

to room temperature. The solution was then poured onto 20.0 g solid
Na28205 and 100 g solid NaI. With ice bath cooling, 1000 ml of ice

water was rapidly added to give a dark oil and a dirty red-brown aqueous
phase. Benzene (200 ml; just enough to dissolve the o0il) was added with
very vigorous stirring to give a clear light yellow aqueous phase and

a dark red organic phase. Addition of 1100 ml of heptane with very
vigorous stirring for 30 minutes yielded an orange organic phase and

an emulsion of HZO’ organic solvents, and a yellow-white solid.
Filtration, washing first with H20 (100 m1) and then with heptane

(600 ml) yielded the product as a white solid (tinted slightly yellow),

which was dried in vacuo at room temperature and protected from light
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(22.05 g, 40%). MP 137-139° (decomp.). (The purity of 2-24 at

this point is adequate for its use in the subsequent condensation
reaction.) An analytical sample was prepared by recrystallization

(three times) at room temperature as follows. Crude 2-24 (500 mg) was
dissolved in about 10 ml of benzene. Heptane was added slowly with
stirring to give a fine precipitate. Filtration yielded the recrystallized
compound, which was dried in vacuo at room temperature and protected

from light (213 mg of highly purified material after three recrystalliza-
tions). MP 145.5-147° (decomp.). TLC (UV) (B: CHC13) streak from origin
(length of streak dependent on compound load on TLC plate). PMR (CDC13)

§ 0.86 (t, J =7 Hz, 3H, nPr-CH3), 1.56 (comp m, 2H, nPr-CH,-C-Ar),

2
2.54 (t, J = 7.5 Hz, 2H, nPr—CHZ-Ar), 3.78 (s, 3H, O—CH3), 6.78 (d,

J = 8.5 Hz, 1H, Ar-5 H), 7.70 (d, J = 2 Hz, 1H, Ar-2 H), 7.89 (q, J = 2

Hz, J = 8.5 Hz, 1H, Ar-6 H). Analysis: C20H261202: Calculated C,

43.50; H, 4.75; I, 45.96; Found C, 43.31; H, 4.50; I, 46.04,

N-Acetyl-3,5-diiodo-4-(3'-isopropyl-4'-methoxyphenoxy)-L-phenyl-

alanine Ethyl Ester (2-28). The general procedure of Blank,et él,,53

was used. A mixture of 32.72 g (59.3 mmoles) of di-(3-isopropyl-4-
methoxyphenyl)-iodonium iodide (2-22), 16.56 g (32.9 mmoles) of N-acetyl-
3,5-diiodo-L-tyrosine ethyl ester (2-15), 5.0 ml of triethylamine, and

329 mg of copper powder in 395 ml of anhydrous MeOH was stirred vigorously
at room temperature for 27.5 hours (the reaction flask being protected

from light). The mixture was filtered and the filtrate was evaporated

to a syrup, which was dissolved in 275 ml of benzene. The benzene solution
was vigorously stirred for 30 minutes with 82 ml of 3% aqueous HCIl.
Precipitated triethylamine hydrochloride was removed by filtrationm,

washing with an additional 150 ml of benzene. The organic phase was
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washed with H20 (175 ml, 2x), 10% NaOH (175 ml, 2x), and again with
HZO (175 ml, 2x), dried over NaZSO4, and filtered. Removal of the
solvent yielded an orange, 'wet" solid, which was ground up in a

mortar with 50 ml of hexane. Filtration, washing with hexane, gave
a clean white solid, which was air dried (8.87 g, 417%; lit.53 prep.

from the 3,5-diN02 analog of 2-28 gave 727%). MP 129-130° (lit.53

31 53 . .25 o
- [wl)” = + 41.6

(c, 1.0, CHC13)). TLC (UV) Rf (A: CHC13) 0.48.

129-131°). [q] =+ 49.6° (c, 1.0, CHCl3) (1it.

N-Acetyl-3,5-diiodo-4-(3',5"'-diisopropyl-4'-methoxyphenoxy)-L-

phenylalanine Ethyl Ester (2-8). Conditions similar to those of Blank,

gg_gl.,ss for preparation of the DL-analog were used. A mixture of
19.83 g (312 mmoles) of di-(3,5-diisopropyl-4-methoxyphenyl)-iodonium
iodide (2-23), 8.71 g (173 mmoles) of N-acetyl-3,5-diiodo-L-tyrosine
ethyl ester (2-15), 2.6 ml of triethylamine, and 180 mg of copper
powder in 210 ml of anhydrous MeOH was stirred vigorously at room
temperature for 24 hours (the reaction flask being protected from light).
The mixture was filtered and the filtrate was evaporated to a syrup,
which was dissolved in 70 ml of benzene. The benzene solution was
vigorously stirred for 10 minutes with 45 ml of 3% aqueous HCl. Precip-
itated triethylamine hydrochloride was removed by filtration, washing
with benzene. The organic phase was washed with H20 (35 ml), 10% NaOH
(35 ml), and again with H20 (35 ml), dried over Na2804, and filtered.
Removal of the solvent yielded an orange oil, which could not be trit-
urated or crystallized. The oil, initially dissolved in 6 ml of
benzene, was chromatographed on a column of 300 g of Silica gel (60-200
mesh, Grade 950; Matheson Coleman & Bell), eluting throught the elutropic

solvent series C6H6/CHC13/Et0Ac/Et0H (total elutent volume = 2.5 1).
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TLC inspection enabled combination of the appropriate 100 ml elutent
fractions #14-20 (EtOAc/EtOH solvent range approximately), complete

removal of solvents from which yielded the desired compound in analy-

o 53 .49
tically pure form (3.72 g, 31%; 1lit. 18% for the DL-analog). MP

53 29
D

CHC13). TLC (UV) Rf (A: C6H6) 0.03,Rf (A: CHC13) 0.47, Rf(A: EtOAc)

68-70° (1it.”~ 147-148° for the DL-analog). [a] ~ = + 41.0° (c, 2.0,

0.55, Rf (A: acetone) 0.73, Rf (A:. MeOH) 0.76. PMR (CDC13) § 1.18 (d,

J = 7 Hz, 12H, 1Pr-CH,), 1.30 (t, J = 7.5 Hz, 3H, Et-CH;), 2.03 (s,

3H, Ac-CH,), 3.10 (d, 2H, B-CH,), 3.30 (m, J = 7 Hz, 2H, iPr-CH), 3.72

(s, 3H, O-CH3), 4.28 (q, J = 7.5 Hz, 2H, Et-CHZ), 4.81 (m, 1§, a-CH),

6.48 (s, 2H, Ar-2',6' H), 6.72 (shift concentration dependent, d, J =

8 Hz, 1H, N-H), 7.72 (s, 2H, Ar-2,6 H). Analysis: C26H3312N105:

Calculated C, 45.04; H, 4.80; I, 36.61; Found C, 45.21; H, 4.91; I, 36.46.
N-Acetyl-3,5-diiodo-4~(3'-n-propyl-4'-methoxyphenoxy)-L-phenylalanine

Ethyl Ester (2-29). The general procedure of Blank, gg_gl.,53 was

followed. A mixture of 9.50 g (17.2 mmoles) of di-(3-n-propyl-4-methoxy-
phenyl)-iodonium iodide (2-24), 4.81 g (9.56 mmoles) of N-acetyl-3,5-
diiodo-L-tyrosine ethyl ester (2-15), 1.43 ml of triethylamine, and 96 mg
of copper powder in 115 ml of anhydrous MeOH was stirred vigorously at
room temperature for 24 hours, the reaction flask protected from light.
The mixture was filtered and the filtrate was evaporated to a syrup,
which was dissolved in 45 ml of benzene. The benzene solution was
stirred vigorously for 30 minutes with 24 ml of 37 aqueous HCl. Precip-
itated triethylamine hydrochloride was removed by filtration, washing
with an additional 150 ml of benzene. The organic phase was washed with
HZO (30 m1, 1x; 50 ml, 1x), 10% NaOH (50 ml), and again with H20 (50 ml,

2x), dried over NaZSOA’ and filtered. Removal of the solvent yielded a
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dark brown-red oil. Repeated triturations (with ether and heptane)
yielded a white solid, which was dried in vacuo (3.54 g, 57%). MP 136-
137°. An analytical sample was recrystallized from hot ether/heptane:
MP 137-137.5°. [a]g2 = + 48.8° (c, 2.0, CHC13). TLC (UV) Re (A: CHC13)
0.49. PMR (CDC13) § 0.92 (t, J = 6.5 Hz, 3H, nPr-CH3), 1.28 (¢, J =7

Hz, 3H, Et—CH3), 1.57 (m, 2H, nPr-CH,-C-Ar), 2.04 (s, 3H, Ac—CH3), 2.55

2
(t, J = 7 Hz, 2H, nPr-CH,-Ar), 3.03 (d, J = 6 Hz, 2H, B-CH,), 3.75

(s, 3H, O-CH3), 4.20 (q, J = 7 Hz, 2H, Et-CHZ), 4.80 (m, 1H, a-CH),
6.25-6.70 (m, 3H, Ar-2',5',6' H), 6.80 (d, 1H, N-H), 7.62 (s, 2H, Ar-2,6
H). Analysis: C23H2712N105: Calculated C, 42.41; H, 4.18; I, 38.97;
Found C, 42.29; H, 4.10; I, 39.02.

N-Acetyl-3,5-dinitro-4-(3'-isopropylphenoxy)-L-phenylalanine

Ethyl Ester (2-34). The general reaction conditions of Blank, gglgl.,53

as modified by Jorgensen,.gglgl.,g were used with slight modifications.
Technical (607%) 3-isopropylphenol (2-32) (Aldrich Chemical Company,

Inc.) was purified by distillation in vacuo (BP 66.5-68°/0.25 mm Hg;
65

86-87.5°/0.65 mm Hg; 1lit. ~ 228°/760 mm Hg). Purity of 2-32 was examined
by: (1) Gas chromatogtaphy69 with a Varian 2100 series Chromatographic
Instrument (with flame ionization detector); > 997 purity but not separated
from commercial p-isopropylphenol (Dow Chemical Company) on two different
columns; retention time = 5.70 min., 3% OV-225, 6' x 2 mm glass column,
flow = 18 ml NZ/min., 140° C; retention time = 3.94 min., Carbowax 20-M,

6' x 2 mm glass column, flow = 24 ml NZ/min., 200°C; (2) Comparison of
thin film IR spectrum of 2-32 with Sadtler Standard grating IR spectrum
#1073 of p-isopropylphenol; qualitatively indicated 2-32 to be essentially

pure, but minor p-isopropylphenol contamination could not be rule out;

(3) Comparison of PMR spectra of 2-32, p-isopropylphenol, and mixtures;
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also indicated that 2-32 was essentially pure, but could contain
minor (V10%) p-isopropylphenol impurity.
To 44.09 g (129 mmoles) of N-acetyl-3,5-dinitro-L-tyrosine ethyl

esterg’63

(2-33) in 300 ml of dry pyridine there was added dropwise
with stirring 11.0 ml (16.28 g, 142 mmoles) of MeSOZCI, and the mixture
was heated under reflux for 2 minutes. After some cooling, 34.31 g

(252 mmoles) of freshly distilled 3-isopropylphenol (2-32) was added
with stirring and the mixture was heated under reflux for 20 minutes.
Most of the pyridine was removed in vacuo and the residue was taken up

in CHCl3 (470 ml). The CHCl1l, solution was washed successively with

3
2N HC1 (235 ml, 2x), 2N NaOH (235 ml, 1x; 120 ml, 3x) (to a light yellow
aqueous solution), and saturated aqueous NaCl (235 ml) and was dried over
Na2804. After filtration the CHCl3

to give the product first as an oil and, with more complete solvent

was removed under reduced pressure

removal, finally as a glass (44.04 g, 757). Attempts to triturate the
0il or crystallize the oil or glass yielded only oils. The glass was
judged to be analytically pure by TLC, PMR, and elemental analysis
(see below). (As determined by weight changes upon drying the oil to

the glass, the former contained almost imperceptible amounts of soélvent.)

29
D

Rf (B: CHC13) 0.21, Rf(A: CHC13) 0.49, Rf(B: EtOAc) 0.53, Rf (c: CHCl3)

MP 54-56°. [a]® = + 42.8° (¢, 2.0, CHC13). TLC (UV) R, (A: C6H6) 0.06,
0.69. PMR (CDC13) § 1.20 (d, J = 7 Hz, 6H, iPr-CH3), 1.25 (¢, J = 7 Hz,
3H, Et-CH3), 1.98 (s, 3H, Ac-CH3), 2.8 (m, 1H, iPr-H), 3.25 (d, J = 6
Hz, 2H, B—CHZ), 4,22 (q, J = 7 éps, 2H, Et-CHz), 4.88 (m, 1H, o-CH),
6.6 (d, 1H, N-H), 6.4-7.4 (comp m, 4H, Ar-2',4',5',6' H), 7.96 (s, 2H,
Ar-2,6 H). Analysis: C, H, N O,: Calculated C, 57.51; H, 5.48;

22725°3°8°
N, 9.15; Found C, 57.37; H, 5.42; N, 9.06.
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N-Acetyl-3,5-diiodo-4-(3'-isopropylphenoxy)-L-phenylalanine

Ethyl Ester (2-37). The general reaction procedure of Blank, gg_gl.,53

was used. A solution of N-acetyl-3,5-dinitro-4-(3'-isopropylphenoxy)-
L-phenylalanine ethyl ester (2-34) (7.95 g, 17.3 mmoles; as a very
viscous 0il) in 173 ml of glacial acetic acid was reduced in a Parr
apparatus in the presence of 1.73 g of 10% Pd/C under an initial pressure
of 33.5 p/i2 (2.28 atm) of hydrogen. When no further pressure drop had
been observed for 25 minutes (50 minutes total; 85% of the theoretical

H2 pressure decrease), the catalyst was removed by filtration through
filter aid and the filtrate was added to a stirred, cooled nitrosyl
sulfuric acid solution (prepared by slowly adding 6.81 g of sodium
nitrite to a mixture of 144 ml of sulfuric acid and 58 ml of glacial
acetic acid at 60-70°) at such a rate that the temperature was maintained
at 0-5°, After all the amine had been added, the tetrazonium solution was
stirred and cooled an additional hour. It was then added rapidly to

a mixture of 15.23 g of sodium iodide, 19.03 g of iodine, and 3.46 g of
urea in 317 ml of H20 and 317 ml of CHC13. Stirring was continued for
1.5 hours at room temperature. The aqueous layer was extracted with
CHCl3 (100 ml, 3x) and the CHCl3 phase and extracts were washed in turn
with HZO (200 ml, 2x), 5% sodium carbonate (200 ml, 2x), and H20 (200 ml1,
2x). After drying over calcium chloride and then filtration, the solvent
was removed to give a dark red oil, which gave only an oil upon repeated
attempts to triturate with various solvents. After removal of the
solvents to give an oil again, attempted crystallization from aqueous
EtOH yielded only an oil. Complete removal of the aqueous EtOH in vacuo
yielded a red glass, which becomes a red-brown powder upon being

pulverized (8.63 g, 80% crude yield). MP 64-67°. TLC (UV) R, (B: CHCl,)
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0.29, Rf (B: EtOAc) 0.55, Rf (C: CHClB) 0.75. Analysis: C22H2512N104-

CZHSOH: Calculated C, 43.19; H, 4.68; I, 38.03; N, 2.10; Found C,
43.42; H, 4.43; I, 37.92; N, 2.41.

Elution of the glass from a column packed with acid alumina
(Brockmann Activity Grade 1; J. T. Baker Chemical Co.) with CHC13,
subsequent combination of the appropriate elutent fractions (as determined
by TLC: see above), removal of solvent, failure to crystallize from aq.
EtOH, and final complete (as possible) removal of solvent in vacuo yielded
a red glass, which gave a yellow-brown powder upon pulverization. MP
64-68°. [a112)9= +46.6° (c, 2.0, CHCL,). PMR (CDCL,) 6 1.22 (d, J = 7 Hz,
6H, iPr-CH,), 1.28 (t, J = 7 Hz, 3H, Et-CH,), 2.02 (s, 3H, Ac-CH,), 2.87
(m, 1H, iPr-CH), 3.03 (d, J = 6 Hz, 2H, B_CHZ)’ 4.20 (q, J = 7 Hz, 2H,
Et-CHZ), 4.8 (m, 1H, o-CH), 6.38 (d, J = 8 Hz, 1H, N-H), 6.5-7.4 (comp
m, 4H, Ar-2',4',5',6' H), 7.63 (s, 2H, Ar-2, 6 H). Analysis: 022H2512N104'
1/2EtOH: Calculated C, 42.87; H, 4.38; I, 39.40; N, 2.17; Found C, 43.26;
H, 4.17; I, 39.44; N, 2.34,

N-Acetyl-3,5-dicyano-4-(3'-n-propyl-4'-methoxyphenoxy)-L-phenyl-

alanine Ethyl Ester (2-30). The general procedure of Barnes, gg_él.,7o

as used by Jorgensen,ggﬂgi.,g was utilized. A solution of N-acetyl-3,
5-diiodo-4-(3'-n-propyl-4'-methoxyphenoxy)-L-phenylalanine ethyl ester
(2-10) (3.938 g, 6.05 mmoles) in dry pyridine containing cuprous cyanide
(2.65 g, 29.6 mmoles) was heated under reflux for 6 hours. After cooling
to room temperature, the reaction mixture was poured into 120 ml of ice
water. After stirring for 10 minutes, the resulting yellow-green solid
was collected by filtration, washed with cold HZO (400 ml), and then

stirred for 30 minutes in a mixture of 125 ml of 2N NH OH and 90 ml of

4

CHC1l,. After filtration through filter aid, the CHC1

3 layer was separated,

3
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gently (to avoid emulsions) washed successively with ZE_NHQOH (50 ml),
H20 (50 m1), 2N HC1 (50 ml), and HZO (50 m1), and finally dried over
Nazsoa. After filtration the CHCl3
to give the crude product (2.63 g, 97%7). Two recrystallizations from hot

was removed under reduced pressure

anhydrous EtOH with decolorizing carbon yielded (after drying in vacuo)

a total of 2.14 g (79%) of the purified, fluffy white crystalline product.

29

MP 154-155°. [a]D = +54.6° (c, 2.0, CHC13). TLC (UV) Rf (B: CHC13)

0.09, Rf (A: CHC13) 0.36. PMR 6§ 0.92 (t, J = 7.5 Hz, 3H, nPr-CH3), 1.27

(t, J = 7 Hz, 3H, Et-CH;),1.60 (m, 2H, nPr-CH,-C-Ar), 1.99 (s, 3H,

2

Ac—CH3), 2.58 (t, J = 8 Hz, 2H, nPr-CH,-Ar), 3.13 (d, J = 7 Hz, 2H,

2
B-CH,), 3.78 (s, 3H, 0-CH,), 4.21 (q, J = 7 Hz, 2H, Et-CH,), 4.78 (m,
1H, a-CH), 6.38 (d, J = 7 Hz, 1H, N-H), 6.75 (s, 3H, Ar-2',5',6"' H),

7.63 (s, 2H, Ar-2,6 H). Analysis: C25H27N305: Calculated C, 66.80;

H, 6.06; N, 9.35; Found C, 66.99; H, 6.07; N, 9.42.

N-Acetyl-3,5-dimethyl-4—-(3'-n-propyl-4'-methoxyphenoxy)-L-phenyl-

alanine Ethyl Ester (2-31). The hydrogenation was carried out under the

conditions described by Block and Coy62 and used by Jorgensen, gg_gl.g
p-Cymene (99+7%, Aldrich Chemical Company, Inc.) was purified exactly

as described by Block and Coy62 and was stored under Nz. A three-necked
flask (100 ml) was fitted with a thermometer, gas dispersion tube, and
reflux condenser, the tip of which led to a second dispersion tube, dipping
beneath the surface of H20 (100 ml) containing Methyl-Red indicator.
N-Acetyl-3,5-dicyano-4-(3'-n-propyl-4'-methoxyphenoxy)-L-phenylalanine
ethyl ester (2-30) (1.297 g, 2.89 mmoles) was dissolved in freshly puri-
fied p-cymene (50 ml) containing 10% Pd/C (0.70 g), the reaction system

having been flushed with N Hydrogen was bubbled through while the

20

temperature was maintained at 168-171°, The ammonia evolved was



44

absorbed and titrated against 0.1N HCl. The reaction became slower
near its end and virtually ceased when 987 of the theoretical amount

of acid had been neutralized (1.75 hours). After allowing to cool to
60°, the catalyst was removed by filtration while hot through filter
aid, washing copiously with acetone. The solvents were removed in
vacuo (rotary evaporation: HZO aspirator at 50° and then to 95°) to give
a yellow oil. 20 ml heptane was added and the mixture was refrigerated.
The oil completely crystallized over a period of 3 days. Pulverization
and then filtration, washing with ice cold heptane, gave the white

crystalline product, which was dried in vacuo (1.102 g, 897%). MP 86-88°.

(210

= +23.3° (¢, 1.0, EtOH). TLC (UV) R, (A: CHCly) 0.46. PMR
(cDCl,) 0.91 (t, J = 7 Hz, nPr-CH,), 1.23 (¢, J = 7 Hz, 3H, Et-CH,), 1.58

(m, 2H, nPr-CH,-C-Ar), 1.98 (s, 6H, Ac—CH3), 2.08 (s, 3H, Ar-CHB), 2.47

2
(t, J = 7.5 Hz, 2H, nPr-CHZ-Ar), 3.07 (d, J = 6 Hz, 2H, B-CHZ), 3.73

(s, 3H, O-CH3), 4,13 (q, J = 7 Hz, 2H, Et-CHz), 4.80 (m, 1H, a-CH),

6.30 (d, J = 7 Hz, 1H, N-H), 6.4-7.0 (s, 5H, Ar-2, 6, 2', 5',6' H). Analysis
C25H33N105: Calculated C, 70.23; H, 7.78; N, 3.28; Found C, 70.18; H, 7.68;
N, 3.37.

3,5-Diiodo-3"'-isopropyl-L-thyronine (2-2). Utilizing the procedure

of Blank,.gglgl.,53 N-acetyl-3,5-diiodo-4-(3'-isopropyl-4'-methoxyphenoxy)-
L-phenylalanine ethyl ester (2-28) (10.00 g, 15.35 mmoles) was hydrolyzed

in a solution made of hydriodic and glacial acetic acids to yield the

53 53

desired product (8.37 g, 96%; 1lit.
31
D

847%). MP 223-225° (decomp.) (1it.

225-226°). [a] 53

[a]lz)5

= + 32.0° (c, 0.8, EtOH-IN HC1/3:1 by volume) (lit.
= + 23.2° (c, 0.8, EtOH-1IN HC1 by volume)). TLC (UV, ninhydrin)

Rf (B: CHC1,-MeOH-conc. NHAOH/ZO:IO:I) 0.32, Rf (B: iPrOH-conc.

3

NH40H/4:1) 0.44, Re (B: CHC1,-MeOH-conc. NH40H/10:5:1) 0.58, R. (B:

3

CHC1,-MEOH~-conc. NH40H/10:20:1) 0.78.

3
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3,5-Diiodo-3',5"'-diisopropyl-L-thyronine (2-6). A mixture of

1.01 g (1.46 mmoles) of N-acetyl-3,5-diiodo-4-(3',5'-diisopropyl-4'-
methoxyphenoxy)-L-phenylalanine ethyl ester (2-8) in 20 ml of a solution
made of equal volumes of constant boiling hydrobromic (or hydriodic)

and glacial acetic acids was heated under reflux for 5 hours, cooled,
and poured into 85 ml of ice water. After adjustment of the pH to 5.1

with concentrated NH,OH, the precipitate was collected by filtration,

4

washed with HZO’ and dried in vacuo to give a very light brown solid

(779 mg, 88% crude yield). MP 221-223° (decomp.). Repeated recrystalli-
zations from acidic aqueous EtOH by adjustment of the pH to 5.2 with hot
H20 and hot 2N sodium acetate gave material that gave erratically erroneous

elemental analyses. Final purification was accomplished with preparative

0.26 to 0.52 removed from plate.
53

TLC: 108 mg/plate; developed 15.7 cm; Rg

This yielded 40.1 mg of a pure white solid. MP 232-234° (decomp.) (1lit.

30

235-236° for the DL-analog). [aly” = + 22.6° (c, 0.5, EtOH-1N HC1/3:1

by volume). TLC (UV, ninhydrin) Rf (B: CHC1,-MeOH-conc. NHAOH/20:10:1)

3
0.37 (separated from 2-7, Rf 0.41). PMR (CF3COOH) 6 1.28 (d, J = 7 Hz,
12H, iPr—CH3), 3.47 (m, 2H, iPr-H), 3.67 (d, J = 7.5 Hz, 2H, B—CHZ), 5.00
(m, 1H, a-CH), 6.99 (s, 2H, Ar-2',6' H), 7.8-8.1 (broad peak, 1.8H by
integration, NH3+), 8.35 (s, 2H, Ar-2,6 H); in particular, spectrum
completely lacking any O-CH3 peak. Analysis: C21H2512N104-1/4C2H50H

(the amino acid associates very strongly with EtOH): Calculated C,

41.60; H, 4.30; I, 40.89; N, 2.26; Found C, 42.02; H, 4.31; I, 40.82;

N, 2.30.

3,5-Diiodo-3'-n-propyl-L-thyronine (2-10). A mixture of 910.4 mg

(1.398 mmoles) of N-acetyl-3,5-diiodo-4-(3'-n-propyl-4'-methoxyphenoxy)-

L-phenylalanine ethyl ester (2-29) in 18.2 ml of a solution made of equal
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volumes of glacial acetic and hydriodic (47-51%) acids was heated
under reflux for 4 hours, cooled, and poured into 73 ml of ice
water. After adjustment of the pH to 5.0 with concentrated NH4OH, the

mixture was cooled and filtered, washing with HZO' The precipitate

was dried in vacuo (726.1 mg, 91.6%). An analytical sample was recrys-
tallized from hot aqueous EtOH containing several drops of concentrated

HC1 by the addition of hot H,0 and hot 2N sodium acetate to pH 5.1.

2
The resulting precipitate was collected by centrifugation, washing with

HZO’ and was dried in vacuo. MP 209-212° (decomp.). [a]g1 = + 25.3°

(¢, 1.0, EtOH- 1IN HC1 /3:1 by volume). TLC (UV, ninhydrin) Rf (A:
CHCl3—MeOH-conc. NH4OH/20:10:1) 0.31. Analysis: C18H1912N104'3/4H20:
Calculated C, 37.23; H, 3.56; I, 43.71; Found C, 37.53; H, 3.61; I,
43.60.

3,5-Diiodo-3'-chloro-5'-isopropyl-L-thyronine (2-3). Sulfuryl

chloride (0.25 ml, 420 mg, 3.11 mmoles) was added in one portion to a
suspension of 3,5-diiodo-3'-isopropyl-L-thyronine (2-2) (1.001 g,

1.77 mmoles) in 60 ml glacial acetic acid at room temperature. The
mixture was stirred at room temperature for 1 hour, the solid dissolved,
and the reaction solution turned clear light yellow. The reaction mixture
was then poured into 150 ml 2N HCl. After adjustment of the pH to 5.2
with concentrated NH40H, the mixture was filtered and the solid was

washed with H20 to give the clean white product, which was dried in vacuo

31
D

HC1/3:1 by volume). TLC (UV, ninhydrin) Re (B: CHC13-Me0H-conc.

(971 mg, 91%). MP 228-229° (decomp.). [a] " = + 26.8° (¢, 1.0, EtOH-1N

NH40H/20:10:1) 0.37 (separated from 2-2, Rg 0.32), Rg (B: iPrOH-conc.

NH40H/4:1) 0.44 (not separated from 2-2, Rf 0.44), Rf (B: CHCl3-MeOH—conc.

NH40H/10:5:1) 0.61 (barely separated from 2-2, R_. 0.58), R. (B: CHC1 ,-

f
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MeOH-conc. NH40H/10:20:1) 0.78 (not separated from 2-2, Rf 0.78).
Analysis: 018H18C1112N104: Calculated C, 35.93; H, 3.02; C1l, 5.89;
I, 42.19; N, 2.33; Found, C, 35.66; H, 3.02; C1, 6.10; I, 41.94; N,
2.34.

3,5-Diiodo-3'-bromo-5'-isopropyl-L-thyronine (2-4). To 3,5-

diiodo-3'-isopropyl-L-thyronine (2-2) (1.002 g, 1.77 mmoles) dissolved

in glacial acetic acid (53 ml) and concentrated hydrochloric acid (12
drops) was added dropwise (by injection through a rubber septum into the
reaction vessel), at 50-60°, a glacial acetic acid solution (87 ml)

of bromine (327 mg, 2.05 mmoles). After stirring an additional 20 minutes
at 55-60°, the solution was allowed to cool to 40°, decolorized with sodium
metabisulfite, diluted with 150 ml H,O, and adjusted to pH 5.0 with
concentrated NH40H and 2N sodium acetate. Filtration, washing with 200

ml HZO, yielded a yellow filtrate and a clean white solid, which was
recrystallized from hot aqueous EtOH containing a few drops concentrated

HC1 by adjustment of the pH to 5.0 with hot H,0 and hot 2N sodium

2
acetate. After allowing to cool to room temperature, the solution was
cooled on an ice bath. The precipitate was collected by filtration and
washed with H20 to give the product, which was dried in vacuo (919 mg,
81%). MP 225-227° (decomp.). (After refrigeration for 2 weeks, the
yellow filtrate yielded an additional 118 mg (10%) of product upon
filtration.) [a]g2 =+ 27.4° (c, 1.0, EtOH-1N HC1/3:1 by volume). TLC

(UV, ninhydrin) Rf (B: CHC1,-MeOH-conc. NHAOH/20:10:1) 0.36 (separated

3

from 2-2, Rf 0.32), Rf (B: iPrOH-CONC. NHAOH/4:1) 0.44 (not separated
from 2-2, Rf 0.44), Analysis: CI8H18Br112N104: Calculated C, 33.46;

H, 2.81; Br, 12.37; I, 39.29; N, 2.17; Found C, 33.46; H, 2.88; Br,

12.21; I, 39.54; N, 2.23.
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3,5,3'-Triiodo-5"'-isopropyl-L-thyronine (2-5). To a stirred,

ice bath cooled solution of 3,5-diiodo-3'-isopropyl-L-thyronine

(2-2) (1.01 g, 1.78 mmoles) in 70% aqueous ethylamine (33 ml) a solution
of I2 (568.2 mg, 2.24 mmoles) in 40 ml of 1M aqueous KI was added
dropwise in 5 minutes. The mixture was stirred for 15 minutes with

and then 30 minutes without ice bath cooling. The excess iodine was
reduced with an excess (10 ml of a 1M solution) of aqueous NaHSO3.
After stirring an additional 5 minutes at room temperature, the pH of the
clear yellow-orange solution was adjusted to 5.0 with glacial acetic
acid, cooling with an ice bath. After dilution with 200 ml HZO’ the
precipitate was collected by filtration, washing copiously with H_O,

to give a clean white solid, which was dried in vacuo (1.02 g, 837%).

32
D

volume). TLC (UV, ninhydrin) Rf (B: CHC1

MP 206-207° (decomp.). [a]ll™ =+ 26.4° (c, 1.0, EtOH-IN HC1/3:1 by

3-Me0H-conc.NH40H/20:10:1)

£ 0.32). Analysis: C18H1813N104: Calculated

C, 31.19; H, 2.62; I, 54.94; N, 2.02; Found, C, 31.46; H, 2.73; I,

0.36 (separated from 2-2, R

54.62; N, 2.15.

3,5-Dimethyl-3'-n-propyl-L-thyronine (2-11). To 504 mg (1.18

mmoles) of N-acetyl-3,5-dimethyl-4-(3'-n-propyl-4'-methoxyphenoxy)-L-
phenylalanine ethyl ester (g:gl) dissolved in 10.0 ml glacial acetic acid was
added 10.0 ml constant boiling hydrobromic acid. The mixture was

refluxed for 5 hours under a positive N2 atmosphere, cooled to room
temperature, and poured into 80 ml ice water. With ice bath cooling,

the pH was adjusted to 5.2 with concentrated NH,OH. The solution was

4

allowed to rise to room temperature while stirring vigorously. The

precipitate was collected by filtration, washing with H20, and was

dried in vacuo to give a light brown solid (340 mg, 84% crude yield).
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Final purification was accomplished by preparative TLC: 109.4 mg on
two plates; developed 16.0 cm; Rf 0.15 to 0.45 removed. This yielded
a clean white solid (23.7 mg). (After removal of the EtOH from the

preparative TLC filtrate, a second crop (16.4 mg) was obtained.) MP

30
D

TLC (UV, ninhydrin) Rf (B: CHC1

207-209° (decomp.). [all” =+ 21.4° (c, 0.4, EtOH-1N HC1/9:1 by volume).

3—Me0H-conc. NH4OH/20:10:1) 0.31. Analysis:
C20H25N104°2/3 HZO: Calculated C, 67.58; H, 7.47; N, 3.92; Found C,
67.50; H, 7.16; N, 3.81.

3,5-Diiodo-4-(3'-isopropylphenoxy)-L-phenylalanine (2-1). The

general reaction conditions of Blank, gg_gl.,53 were used. A mixture

of N-acetyl-3,5-diiodo-4-(3'-isopropylphenoxy)-L-phenylalanine ethyl

ester (2-37) (1.00 g, 1.61 mmoles) in 20 ml of a solution made of equal
volumes of concentrated hydrochloric and glacial acetic acids was heated
under reflux for 4 hours (an additional 10 ml of concentrated hydrochloric
acid being added after 2 hours), cooled, and poured into 120 ml ice

water. Concentrated NH4OH was added, with ice bath cooling, to pH 5.2.
After further cooling, the precipitated solid was filtered, washed, and
dried in vacuo to give a light brown solid (772 mg, 87% crude yield).

This was recrystallized from hot aqueous EtOH containing several drops

concentrated hydrochloric acid by addition of hot H,0 and hot 2N sodium

2
acetate to pH 5.2. The solution was allowed to cool to room temperature
and was filtered. The precipitate was washed with H20 and dried in vacuo
to give a light brown solid (686 mg, 77%). MP 216-218° (decomp.). Pre-
parative TLC (see below) later showed this sample to contain minor

impurities. Final purification was accomplished by preparative TLC:

113.2 mg on two plates; developed 14.8 cm; removed R_ 0.37 to 0.59.

f
This yielded a clean buff-colored solid (84.8 mg). MP 220.5-222°
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(decomp.). TLC (UV, ninhydrin) Rf(B: CHC13-MeOH—conc. NHAOH/20:10:1) 0.41.

[a]go -  +20.5° (c, 0.4, EtOH-IN HC1/9:1 by volume). Analysis:

018H1912N103= Calculated C, 39.22; H, 3.47; I, 45.82; N, 2.54;

Found C, 39.76; H, 3.72; I, 45.82; N, 2.45.

3,5-Diiodo-4-(3"-isopropyl-4'-methoxyphenoxy)-L-phenylalanine

(2-9). A mixture of 451.4 mg (0.693 mmole) of N-acetyl-3,5-diiodo-4-
(3'-1isopropyl-4'-methoxyphenoxy)-L-phenylalanine ethyl ester (2-2) in
13.5 ml of a solution made of equal volumes of concentrated hydrochloric
and glacial acetic acids was heated under reflux for 4 hours, cooled to
room temperature, and poured into 55 ml of ice water. The pH of the
solution was adjusted to 5.0 with concentrated and 2N NH4OH. The white

precipitate was collected by filtration, washed with H,0, and dried in

2
vacuo to give the clean white product (379 mg, 99%). An analytical sample

was recrystallized from acidified aqueous EtOH by adjustment of the pH

to 5.2 with 2N NaOH. The precipitate was collected by centrifugation,

30 _
D

+24.2° (c, 1.0, EtOH-1N HC1/3:1 by volume). TLC (UV, ninhydrin) Re (A:

washing with HZO’ and was dried in vacuo. MP 216-217° (decomp.). [a]

iPrOH-conc. NH40H/4:1) 0.52. Analysis: 022H27I2N104: Calculated C, 42.39;

H, 4.37; I, 40.72; Found C, 42.49; H, 4.38; I, 40.60.

3,5-Diiodo-4-(3',5'-diisopropyl-4'-methoxyphenoxy)-L-phenylalanine

(2=7). A mixture of 1.01 g (1.45 mmoles) of N-acetyl-3,5-diiodo-4-(3',
5'-diisopropyl-4'-methoxyphenoxy)-L-phenylalanine ethyl ester (2-8) in
20.0 ml of a solution made of equal volumes of concentrated hydrochloric
and glacial acetic acdis was heated under reflux for 4 hours, cooled,
and poured into 80 ml of ice water. With ice bath cooling, the pH was

adjusted to 5.2 with concentrated NH,OH. The precipitate was collected

4

by filtration, washed with H,0, and dried in vacuo to give a tan solid.

2
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This was dissolved in 190 ml EtOH plus several drops 2N NaOH, filtered
to remove a small amount of undissolved material, and then diluted,
first with 190 ml 2N NaOH, and then with 500 ml H,0. With ice bath
cooling, the pH was adjusted to 5.0 with hydrochloric acid. The
solution was filtered, washing with 500 ml HZO’ to yield a light tan
solid that was dried in vacuo (311 mg, 68%). MP 216-218° (decomp.).
[012°

Rf (A: iPrOH-conc. NH40H/4:1) 0.51, Rf (B: CHC1

=+ 25.4° (c, 1.0, EtOH-1N HC1/3:1 by volume). TLC (UV, ninhydrin)

3-MeOH—conc. NH4OH/20:10:1)

0.41. Analysis: 022H2712N104: Calculated C, 42.39; H, 4.37; I, 40.72;

Found C, 42.49; H, 4.38; I, 40.60.

4-Iodo-2-isopropylanisole (2-25). Complete removal of solvent

(HZO aspirator/rotary evaporation/50°) from the hexane filtrate obtained
with synthesis of 2-28 yielded the crude product as a clear orange-red
viscous liquid (23.52 g, 81.27% based on 417 yield for the condensation
reaction). PMR (CDC13) § 1.16 (d, J = 7 Hz, 6H, iPr—CH3), 3.23 (m,

J =7 Hz, 1H iPr-CH), 3.74 (s, 3H, O—CHB), 6.53 (q, J =9 Hz, J = 2.5 Hz,
14, Ar-6 H), 7.25-7.5 (comp m, 2H, Ar-3,5 H). An analytical sample was
distilled in vacuo. BP 124.5-125.5°/1.0 mm Hg. Analysis: C;,H, ,1,0,:
Calculated C, 43.50; H, 4.74; I, 45.96; Found C, 43.57; H, 4.77; I, 45.88.

4~Iodo-2,6-diisopropylanisole (2-26). On the basis of TLC inspection,

100 ml elutent fractions #3-7 (CHCl, solvent range approximately) were

3
combined from column chromatographic purification involved with synthesis
of 2-8. Complete removal of solvent (HZO aspirator/rotary evaporation/
34°) yielded the crude product as a clear light yellow very viscous
liquid (18.02 g, 99.4% based on 31% yield for the condensation reaction).
TLC (UV) R. (A: CHC1;) 0.54. PMR (cpcl,) 8 1.18 (d, J = 7 Hz, 12H,

iPr—CH3), 3.27 (my, J = 7 Hz, 2H, iPr-CH), 3.69 (s, 3H, O-CH3), 7.40
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(s, 2H, Ar-3,5 H). An analytical sample was distilled in vacuo.
BP 103-104.5°/0.20 mm Hg. Analysis: C 5l 91,04 Calculated C,
49.07; H, 6.02; I, 39.88; Found C, 49.00; H, 5.94; I, 39.90.

4-Todo-2-n-propylanisole (2-27). Removal of the solvents from

the trituration mother liquor from synthesis of 2-29 (H20 aspirator/
rotary evaporator/35°) yielded the crude product as a viscous red oil
(7.10 g, 88.8% based on 57% yield for the condensation reaction). PMR

(CDC13) § 0.92 (t, J = 6.5 Hz, 3H, nPr-CHB), 1.58 (m, 2H, nPr-CH,-C-Ar),

2

2.53 (t, J = 7 Hz, 2H, nPr-CH -Ar), 3.73 (s, 3H, O-CH3), 6.51 (d, J = 8.5

2

Hz, 1H, Ar-6 H), 7.25-7.55 (comp m, 2H, Ar-3,5 H). An analytical sample
was distilled in vacuo. BP 92-93°/0.075 mmHg. Analysis: Cioty31101¢
Calculated C, 43.50; H, 4.74; I, 45.96; Found, C, 43.69; H, 4.90; I,

45.86.
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CHAPTER THREE: THYROMIMETIC ACTIVITIES OF SOME THYROID

HORMONE ANALOGS

In vivo biological test systems have been developed over the years
for a large number of the various biological responses that the thyroid

hormones and analogs elicit. These assays include: (1) induction of

71-76 (2) elevation of various basal metabolic

9,79-82

amphibian metamorphosis;

77,78

(3) goiter prevention; (4) serum cholesterol

83,84

rates;

lowering; and (5) reversal of fetal hypothyroidism.85 More recently,

several in vitro assay procedures have been developed for measuring

relative binding affinities of the thyroid hormones and analogs to:

29,30,45-48 (b) intact cell

and (c) solubilized nuclear prot:e:’Lns.26“28 The most reliable

(a) wvarious purified plasma proteins;
nuclei;24’25
and largest set of in vivo activities has been obtained utilizing the

rat antigoiter bioassay. The various in vitro binding affinities have

shown good reproducibility, and the number of analogs for which various

binding affinities have been measured is even now increasing rapidly.
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The rat antigoiter activities and/or binding affinities to
solubilized rat hepatic nuclear protein were determined for eight of
the analogs newly synthesized for this study. This investigator par-
ticipated in the planning and conducting of these antigoiter assays,
while the binding assays were conducted in toto by another member of
this research group.86 Hence, a detailed description of the antigoiter
assay procedure and only a brief description of the binding assay procedure

are included in this chapter.

RAT ANTIGOITER BIOASSAYS

Five of the thyroid hormone analogs newly synthesized for this study
and a number of other analogs were tested for their thyromimetic anti-
goitrogenic activities in three rat antigoiter bioassays. The results of
these in vivo studies, as well as a detailed assay description, are
presented below. A discussion of the recalculation and standardization
of analog activities in the rat antigoiter bioassay is also presented
in this section.

Assay Description.

The rat antigoiter bioassay is based on the '"short loop" feedback
control of pituitary thyrotropin (TSH; thyroid stimulating hormone)
secretion by circulating thyroid hormones and analogs. An "antithyroid"
drug such as thiouracil or propylthiouracil in the diet blocks the
biosynthesis and release of T3 and T4 from the thyroid gland. The
lowered levels of circulating thyroid hormones stimulate an increased
thyrotropin secretion from the pituitary, leading to increased thyroid

tissue development and circulation and eventually to an enlarged thyroid

gland called a goiter. Such goiter formation is well achieved within
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the ten day length of the bioassay. Graded doses of either the

reference compound or the analog to be tested are administered daily

by subcutaneous injection. The relative activity of an analog is esti-
mated (based on a standard log dose vs. response curve) by the molar

dose of the analog, relative to that of the standard ('I‘3 or TA)’ required
to cause 507 reversal of the drug-induced goiter.

The detailled bioassay procedure is as follows. Solutions of the
analogs were made up a day or two before the injections were to begin
and were prepared so that they could be compared to the reference compound
on a molar basis. An arbitrary molar ratio value of 1.00 was assigned
to the dose of L—T4 containing 1 ug of L—T4 per 100 g of rat body weight
or to the dose of L-T3 containing 0.25 ug of L—T3 per 100 g of rat body
weight, depending on which was used as the reference compound. Solutions
were prepared so that the dose administered to a 100 g rat was contained
in 0.125 ml of solution (the calibrated volume of a tuberculin syringe).
Samples were weighed on a Cahn Electrobalance. Stock solutions were
prepared by dissolving in normal saline (0.97% aqueous NaCl) 0.01 N in
NaOH to a total volume of 10.0 ml or 25.0 ml (depending on compound
solubility). Appropriate aliquots were diluted to 25.0 ml with normal
saline 0.01 N in NaOH. Compounds which were found to have limited solubility
in this saline solution or whose stability in basic solution was ques-
tionable (based on previous experience9 or on color development upon
solution) were dissolved in absolute EtOH to a total volume of 10.0 ml.
Appropriate aliquots were diluted to 25.0 ml with normal saline. These
solutions were decanted into 50 ml multiple dose vials, which were
fitted with a septum, capped, and stored in the refrigerator when not

in use.
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Male Long-Evans (assays #1 and #2) or Sprague-Dawley (assay #3)
rats (Simonsen Laboratories, Gilroy, Calif.), weighing between 70 and 100
g when obtained, were housed three to a cage. All were fed a normal
diet of powedered Simonsen Rat Maintenance Diet for two days prior to
the start of the assay. (This was done in order to allow them to
"settle in", establish a regular feeding regimen, and hence insure a
fairly constant intake of thiouracil in their feed.)87 Groups of six
rats were used for each reference compound or analog dose. The thiouracil
and normal control groups contained six to twelve rats. The normal
control received a normal diet and all other animals received 0.37%
thiouracil in their feed (thiouracil obtained from the Nutritional
Biochemicals Corporation and incorporated into the normal feed by the
Pharmaceutical Technology Laboratory, School of Pharmacy, University of
California, San Francisco). Diets were begun one day before the injections
were started. The normal and thiouracil control groups were injected
with normal saline 0.01 N in NaOH. The other groups were injected with
the reference compound or analog at the predetermined dose levels. The
volume of solution injected was determined on the basis of daily weighings

as follows:

Rat Weight (g) Volume of Solution (ml)
60 -~ 79 0.075
80 - 99 0.100

100 - 119 0.125

120 - 139 0.150

140 - 159 0.175

160 - 179 0.200

180 - 199 0.225

200 - 219 0.250
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After 10 days of injections, the animals were sacrificed by
ether-chloroform inhalation on the eleventh day. After determining
the body weight, the thyroid glands were excised, kept moist with normal
saline on filter paper, cleaned of extraneous tissue under a dissecting
microscope, blotted on a filter paper, and immediately weighed to the
nearest 0.1 mg. (In any one assay, the same individual performed all
of the final cleanings of the thyroid glands in order to insure, as
best possible, a consistent degree of extraneous tissue removal from
the glands.)

Thyroid weights were converted to mg/100 g body weight and mean
values were calculated for the control groups and for each dose level
group of the reference compound or of the analog. The statistical

analysis of the data was performed as follows:88’89

XTu = average thiouracil control thyroid weight/100

g body weight

xcompd = average compound thyroid weight/100 g body
weight
S = standard deviation for X
Tu Tu
S = standard deviation for X
compd compd

N, = number of rats used to calculate X
Tu Tu

N = number of rats used to calculate X
compd compd
' 2 2
SZ - (NTu - D STu (Ncompd B l).Scompd
P -
NTu + Ncompd 2

!
_ 2 2
Sdiff - \//r;sp /NTu) + (Sp /Ncompd)

Sp \//QNTu + Ncompd)/(NTu.Ncompd)
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tcalcd = (XTu - Xcompd)/sdiff (Eqn. 3-1)

t is compared with tabulated Student's t critical point values

calcd

to test whether X < X.. (a "one-tailed" test). (Of course, if
compd Tu

— . T

Xcompd —-xTu’ then there is no need to perform the test.) tcalcd’ for

a particular compound at a particular dose, is compared with tgF, the

Student's t critical point value with DF = (N, + N - 2) degrees
Tu compd

of freedom at a probability of P. If

DF DF
tp1 X thald X m

then the level of significane, Pcalcd’ at which it can be stated that

— — , . . . .90
Xcompd < XTu’ is obtained by interpolation linearly with log P:

DF
t -t
log P = log P. + (log P, - log P.) calcd Pl
calcd 1 2 1 DF DF
tp2 T~ 'm
(Eqn. 3-2)
1t 2, >t or t > tOF  then the level of significance
75% ~ ‘caled calcd ~ “99,9y> them the level ot sig
at which it can be stated that X < X, 1is merely given as < 75% or
compd Tu

> 99.9%, respectively. Similarly, statistical analysis can be performed

to determine whether Xcompd > xNC’ where:

XNC = average normal control thyroid weight/100 g body weight

Recalculation and Standardization of Analog Activities.

The steadily increasing interest in quantitative structure-activity

correlation studies of thyroid hormone analogs3’25’39’40’56’9]‘-95 and

the inherent need in such studies of the most accurate and complete

T L.
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listing of analog activities have prompted us to recompile and re-evaluate
(as completely as reasonably possible) the activities of these analogs
in the rat antigoiter biological assay. Development of the bioassay
procedure can be roughly traced as follows:
1943: The maintenance or restoration of normal thyroid
weight by administration of thyroxine to rats

simultaneously treated with thiouracil first used

as the basis of an assay procedure for T4.79
1949: Estimation of relative activities of analogs as compared
80
T4.
1957: Use of log dose vs. response curves to estimate

activities of analogs.81
34

1962: Standard use of
sthiouracil inclusion in solid food in preference
to inclusion in the drinking water, where the
bitter taste discourages the rats from drinking
and results in uneven thiouracil injection.
: doses of analogs in units of pg (or umoles)/100
g body weight/day in preference to ug (or umoles)/
rat/day.
: analog activity estimates based on molar rather
than weight ratios.
1974: Use of analog stock solutions containing no base in order
to avold decomposition of particularly labile analogs.9
1976: Conversion from L-T, to L-T, as standard reference

4 3
95
compound.
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A careful review of the literature revealed that many investigators
had based estimates of analog activities on weight rather than molar

ratios as compared to T3 or T4. In view of the necessity of as accurate

as possible molar activities for meaningful quantitative structure-activity
correlation studies, we decided to recalculate the rat antigoiter bio-
assay activities of all known analogs on a molar basis.

Both T3 and T4 (D, L, and DL stereoisomers) have been used as

standard reference compounds in rat antigoiter bioassays. In addition,
literature estimates (some based on molar ratios; others based on weight

ratios) of the activity of T3 have ranged from 3007 to 1000% that of

83,96-110

T Conversion of analog activities from the T, to the T4

4 3
reference-compound scale and vice versa have characteristically involved
a scaling factor of from 5 to 8. Peripheral deiodination from both
aromatic rings of iodinated thyroid hormones and analogs has been shown

50,111-122

to occur in vivo. In particular, studies utilizing 140- or

125I-labeled T4 have given estimates of about 177 conversion of secreted
T4 to T3 in the rat116 and of about 33% conversion of daily T4 production
to T3 in man.l12

Metabolic deiodination of T, can give rise to formation of the much

4
more active analog T3, while metabolic deiodination of T3 leads only to
analogs with very low activities. Variations in peripheral deiodination
rates in vivo (between rats in the same and in different assays) could
hence cause larger variations in the apparent T4 activity than in the
apparent T3 activity. In a similar comparison, contamination of a
reference T4 sample with small amounts of the much more active T3 is
likely to lead to larger variations in activity than contamination of

a reference T3 sample with small amounts of the less active T4 and

other halogenated thyronines. As a result, we concluded that L—T3

ey - wee
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is a better choice than L-T4 or DL—T4 as a standard reference compound

and that all of our molar recalculations of rat antigoiter bioassay

activities would be with L-T (DL-T3, where comparison was originally

3

to DL—T3 or DL—T4) as the reference compound. After careful examination

of the literature, a large number of comparisons of T3 and T4 activities

were omitted from our recalculation of the relative T3 and T4 activities
for one or more of the following reasons:
1. Form of T4 (Na salt pentahydrate; free amino acid; stereo-
chemistry) not specified.
2. Compounds administered orally.
3. Too few dose levels.
4, Purity of compounds possibly questionable (especially

possible T3 contamination of T4).

5. Method of dosaging unclear or seemingly arbitrary.
97-99,101,105,108

On the basis of the remaining T3 vs. T4 activity studies
the corrected molar activity of L—T3 was calculated to be approximately
553% that of L-T,. If the activity of L-T, is arbitrarily set equal to

4 3

100%, then L-T, has a relative molar activity of (1/5.53) x 100% = 18.1%.

4
That the apparent T4 activity in vivo may be increased by peripheral
T, > T3 deiodination is supprted by the fact that the in vitro relative
binding affinities of L-—T4 to intact rat hepatic nuclei and to solubilized
high affinity rat hepatic nuclear protein "receptors" are 12.5%24’25
and 13.85%,43 respectively, of that of L-T3.
In Tables I-1 through I-11 of Appendix I are presented our recal-
culated rat antigoiter bioassay molar activities of thyroid hormone
analogs. The values were calculated as follows:

1. Activities initially reported on a weight basis were converted

to a molar basis.

e e —
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For any assay containing L—T3 or DL-T3 as the reference
compound or as an analog, the activities of the analogs

were calculated as relative to the L—T3 or DL-T3 activity.

3

DL-T3) as the reference compound or as an analog, the

For assays containing L-T4 or DL—’I‘4 (and neither L-T, or

activities of the analogs relative to L—T4 or DL—T4 were
divided by our calculated scaling factor of 5.53 to give
estimates of the analog activities relative to L-T3 or DL—T3,
respectively.

When there is more than one literature report of an analog
activity, an average value was taken.

Certain reported analog activities were omitted in calculating

the average molar activities for the same reasons as with the

T3 vs. T4 comparison and/or if the activity differed unreasonably

from two or more other reported activities.

If only one activity has been reported for an analog but the
reported activity seems questionable based on qualitative
and/or quantitative correlations of structure with activity,
the value is listed but the question of its reliability is
noted.

If the activity is merely reported as zero, it is given as
such. If the activity is reported as zero at a certain highest
dose level, the activity is given as a < X7 value; use of such
a maximal activity as the actual analog activity in quanti-
tative structure-activity studies is at best risky since

in general the activity of the analog is probably well below

this maximal value, but was not determined exactly.

Vv ——

Yo——

w

-~
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The main fact to be noted from these recalculated molar rat antigoiter bio-
assay activities is that the qualitative picture of correlation of structure with
activity for the thyroid hormone analogs remained unchanged. Only the
exact quantitative activity estimates necessary for the most accurate
quantitative structure-activity correlation studies have been altered.

Although the details of the rat antigoiter bioassay are available,g’82
the following guidelines are recommended to insure optimal reproducibility
and accuracy:

1. Goitrogen supplied in solid food; not in drinking water.

2, Subcutaneous injections, rather than oral route, for analog

and reference compound administration.

3. Doses in pg (or umoles)/100 g body weight/day; not pug (or pmoles)/
rat/day.

4., Activity estimated on a molar basis for 50% inhibition of
goitrogen-induced goiter; full log dose vs. response curve
highly preferable.

5. Use of L-T3 as standard reference compound should give more
accurate and reproducible results.

6. Thin layer chromatographic (and/or other methods of) inspection
of analog and reference compound purities; very important,
because the routes of synthesis to and the labilities (especially
with time) of thyroid hormone analogs often give rise to
significant impurities, both hormonally active and inactive.

One additional scaling factor can be used for analogs with alanine

side chains so that variations in activity due to the alanine side chain

stereochemistry can be eliminated: i.e., so that for an analog with an

alanine side chain, the estimated activity of the L-analog relative to

T e ——— . —

[ SN
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L-—T3 may be calculated. The activity of an L-analog relative to L—T3

is of course unchanged. The activity of a DL-analog relative to DL-T3
is assumed to be equal to what the L-analog activity relative to L-T3

would be. The activity of a DL-analog relative to L—T3
3 = 59% that of L-T3108) to give the estimated

activity of the L-analog relative to L-T

is divided by
0.59 (activity of DL-T
3¢ This estimate of DL-analogs
having about 597 the activity of their L-analogs is (as with all other
estimations concerning scaling antigoiter activities) only a fairly
approximate value. It should, however, provide a slightly more accurate
scaling factor than merely assuming the activity of an L-analog to be

2x that of the corresponding DL-analog in that it does take into account
the low, yet significant, in vivo activity of the D-stereoisomer. Such

scaling should obviously only be applied to analogs with an alanine side

chain in the 1l-position.

Results and Discussion.

The compounds tested for their thyromimetic activities in the three
rat antigoiter bioassays are listed in Table 3-1. The detailed results
of the three assays are presented in Tables 3-2 through 3-4. The
corresponding log dose vs. biological response curves are presented in
Figures 3-1 through 3-3. A combined summary of the analog activities
determined in these assays is presented in Table 3-5. The reference
compound was L—T4 (3-2) in the first two assays and L--’I'3 (3-1) in the
third assay. All of the compounds in the first assay were underdosed.
The approximately 507 reversal with the highest L—T4 (3-2) dose, however,
permitted evaluation of the activities of at least some of the analogs

tested. Dose levels were more accurate for assays #2 and #3, complete

TH & e
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log dose vs. response curves, or at least spanning of 507 goiter
reversal, being obtained for most of the analogs. All activities
mentioned below in discussion of the assay results are relative to
L-T3 (3-1) = 100% (either by direct comparison in assay #3 or by

conversion to the L-T, reference compound scale for assays #1 and #2).

3

The single dose evaluation of the activity of 4'OMe-I_iPr (3-15)

2
as 197% is consistent with O-demethylation in vivo permitting the analog

to demonstrate partial activity as compared to the free 4'-OH analog

L-LiPr (3-3: 14217123

was, like 4'OMe-I

). The other 4'-OMe analog, L-4'OMe-I_sBu (3-16),

2

2iPr-(3—15), assayed in order to increase the scant

number of 4'-OCH3 analogs for which in vivo activities are available.

3-16 was apparently underdosed in its one testing, and its activity
from the assay can only be estimated as < 21%.
L—IZiPr (3-3) and L-Me2

order to reaffirm their previously determined activities and to provide

iPr (3-8) were included in the assays in

direct comparison with the corresponding nPr and sBu analogs. The 108%

activity determined for L-I

2
with the previous evaluations of the activity of this compound.123

The values of 4.22% and 3.94% activity determined for L-Me,iPr (3-8)

2
are consistent with the only other previously determined value of 3.25% 9
and once again reaffirm that halogen is not an essential feature for
thyroid hormone activity.

Initial predictions of the activities of L-I_ nPr (3-5) and L-Me.nPr

2 2

(3-9) were much too high and only the much higher dose levels of the
third assay allowed evalution of the activities of these two compounds
as 39.5% and 2.36%, respectively. That the activities of these two

compounds are significantly lower than those of their corresponding iPr

iPr (3-3) is slightly lower than but consistent

— e —— e,

LI 2



Table 3-1. Thyroxine Analogs Tested in the Three Rat Antigoiter

Bioassays.
RS' R5
RA' // \\ 0 // \\ CHZCH(NHZ)COOH
Ry R

e

Compound Abbreviation R3 = R5 R3, RS' R&'
3-1 L-T3 I I H OH
-2 L—T4 I I I OH
3- L-IziPr I iPr H OH
3-4 L-IziPr2 I iPr iPr OH
-5 L-IznPr I nPr H OH
-6 L-Iszu I +sBu H OH
-7 L-IZNO2 I NO2 H OH
-8 L—MeziPr Me iPr H OH
-9 L-MeznPr Me nPr H OH
3-10 L-Me,sBu Me +sBu H OH
3-11 L-4'H—IziPr 1 iPr H H
3-12 L—4'H-12F 1 F H H
3-13 L—4'H—IZC1 I Cl H H
3-14 L-4'H-12Br I Br H H
3-15 L—4'0Me-IziPr I iPr H OCH3
3-16 L-4'0Me-I,_sBu I +sBu H OCH

2 - 3

fay—— e
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Table 3-2. Rat Antigoiter Bioassay #1 of Thyroid Hormone Analogs.a
Mean
Daily Thyroid
Compound gz:e Molar zzight tcalcdb PcalCdc
Injected 100 g Ratio 100 g
(vg) (mg + sd)
Normal -— -— 9.48 + 1.15 17.922 >99.9%
Control
Thiouracil --- -— 29.96 + 2.54 - -—
Control
L-Tl}e 0.600 0.600 28.57 + 4.30 0.682 <75%
1.000 1.000 26.37 + 5.39 1.476 91.5%
1.667 1.667 20.08 + 4.17 4.956 >99.97%
1.75f
L—IziPr 0.064 0.100 29.19 + 4.40 0.371 <75%
0.128 0.200 27.88 + 6.90 0.693 <75%
L-I,nPr 0.064 0.100 27.24 + 5.19 1.153 86.5%
0.128 0.200 25.26 + 3.13 2.856 99.17%
L-I,sBu 0.065 0.100 22.52 + 4.38 3.599 99.8%
0.131 0.200 32.60 + 5.55 g -—
L—MeziPr 1.545 4.000 28.35 + 4.45 0.770 77.3%
3.091 8.000 18.51 + 3.26 6.786 >99.9%
7.5
L-Me,nPr 1.545 4.000 28.79 + 3.82 0.625 <75%
3.091 8.000 31.89 + 3.72 g -—
L-Me,sBu 1.608 4.000 29.51 + 3.37 0.261 <75%
3.217 8.000 24.04 + 4.75 2.692 98.97%

v11

e T
e -
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Table 3-2. (Continued)

Daily Mean
Compound Dose Molar gzzrgtd t b P c
Injected per Ratio g calcd caled
100 g per
100 g
L-4"'0OMe- 0.981 1.500 21.11 + 8.03 2.574 98.6%
IziPr £
1.65
L-4"'0Me- 1.004 1.500 30.13 + 3.79 g -—
I,sBu
2 >l.5f
L—12N02h 64.135 100.0 28.31 + 4.41 0.779 77.5%
s100f

831x rats in each control and experimental group.

bCalculated using Eqn. 3-1.

€Confidence level at which the mean thyroid weight for this dose level
or for the untreated control may be considered to be significantly
lower than the mean thyroid weight for the thiouracil control. Cal-
culated using Eqn. 3-2.

dUntreated control group; all other rats received 0.3% thiouracil
in their diets.

€Sodium L-thyroxine pentahydrate.

fMolar dose ratio required to cause 507 reversal of thiouracil-induced
goiter.

EMean thyroid weight at this dose level > mean thyroid weight for the

thiouracil control; hence, this may be considered an inactive dose.

hFive rats in this group.

PE = .



Table 3-3. Rat Antigoiter Bioassay #2 of Thyroid Hormone Analogs.a
gz:iy Mean
Thyroid b c
Compound per Molar Weight tcalcd PCalcd
Injected 100 g Ratio
per 100 g
(ug) (mg + sd)
Normal -— -— 9.26 + 2.00 7.093 >99.,9%
Control
Thiouracil --—- —-— 29.68 + 6.78 -— -—
Control
L-T4 1.000 1.000 26.16 + 5.45 1.060 85.0%
1.590 1.590 22.09 + 1.55 2,664 99.0%
2.520 2.520 12.80 + 4.11 5.431 >99.97%
4.000 4.000 8.34 + 2.01 7.412 >99.97%
1.60°
L-IziPr 0.128 0.200 25.81 + 3.22 1.292 89.2%
0.221 0.346 12.78 + 7.14 4.632 >99.97%
0.383 0.600 9.17 + 5.70 6.092 >99.97%
0.268°
L—IznPr 0.128 0.200 29.36 + 5.54 0.096 <75%
0.221 0.346  34.07 + 9.63 g -
0.383 0.600 24.03 + 5.40 1.706 94.47
L-Iszu 0.131 0.200 25.31 + 2.24 1.508 92.3%
0.226 0.346 21.80 + 6.77 2.207 97.7%
0.392 0.600 16.25 + 6.09 3.906 >99.9%

0.362f

e — e e
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Table 3-3. (Continued)
Daily Mean
gz?zzgzg gZie gz%;z $2¥;§id tcalcdb Pcalcdc
100 ¢ per 100 g
(vg) (mg + sd)
L-Me,1Pr 1.545 4.000 26.05 + 10.25 0.831 79.47
3.090 8.000 18.36 + 5.31 3.433 99.8%
3.662 9.480 17.96 + 11.75 2.464 98.67%
6.181 16.00 9.37 + 6.68 5.715 >99.97%
7.34%
L-Me,nPr 2.318 6.000 33.66 + 5.34 g -
4,230 10.95 30.06 + 4.80 g -—
7.727 20.00  24.65 + 4.96 1.553 92.8%
L-Me,sBu 2.413 6.000 25.98 + 3.44 1.225 88.1%
4.403 10.95 22.55 + 6.91 1.980 96.67
8.042 20.00 9.35 + 4.78 6.334 >99.97%
9.94

85ix rats in normal control and each experimental group.

Nine rats in thiouracil control group.

b-gSee corresponding footnotes, Table 3-2.

1 -



Table 3-4. Rat Antigoiter Bioassay #3 of Thyroid Hormone Analogs.?

Daily ?ﬁan i .
Dose yro
(1:3?22223 PSS o Ratin ;’zig‘l‘go . fcaled Fealed
(ug) (mg + sd)
Normal -— —-— 11.19 + 1.27 13.741 99.9%
Control
Thiouracil --- -— 39.07 + 5.22 -— -—
Control
L-T3 0.0625 0.250 33.96 + 4.93 1.992 96.87%
0.125 0.500 32,78 + 5.67 2.345 98.4%
0.250 1.000 27.21 + 3.64 4.960 >99.97%
0.500 2.000 11.87 + 4.40 10.928 >99.97%
0.92f
L-T4e 0.912 2.667 32.61 + 2.34 2.857 99.47%
2,731 8.000 19.25 + 5.48 7.476 >99.97%
5.1f
L-IznPr 0.327 1.500 32.64 + 7.38 2,151 97.6%
1.307 6.000 7.48 + 1.84 14,202 >99.97%
2.33f
L-MeZnPr 5.934 45.0 22.41 + 7.67 5.469 >99.97%
23.74 180 7.85 + 1.99 13.972 >99.97%
39f
L-LiPr," 3.509 15.0  38.58 + 6.63  0.172 <75%
14,04 60.0 33.54 + 7.71 1.811 95.67%
L-4"'H- 0.095 0.450 41.04 + 7.43 g —-—
IziPr
0.381 1.800 38.71 + 7.10 0.123 <75%

B e
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Table 3-4. (Continued)
Daily Mean
Compound Dose Molar Thyroid ¢ c P d
Injected per Ratio Weight calcd calcd
100 g per 100 g
(ug) (mg + sd)
L-4"H- 10.12 50.0 28.79 + 5.05 3.979 >99.9
IF
2 40.48 200  14.17 + 4.09  10.174 >99.9%
66
L-4'H- 1.878 9.00 34.94 + 2.32 1.828 95.7%
12C1
7.514 36.0 9.51 + 1.81 13.301 >99.9%
11.83%
L-4"H- 1.129 5.00 25.34 + 2.22 6.099 >99,9%
12Br
4,516 20.0 8.58 + 0.88 13.997 >99.9%
5.1f

85ix rats in each

experimental group, seven rats in normal control

group, and twelve rats in thiouracil control group.

b-gSee corresponding footnotes, Table 3-2.

hCompound precipitated from both dose level injection solutions.

i — i ———
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Table 3-5. Summary of Rat Antigoiter Bioassay Results.

Activity
Compound Activity (% L—T3) From
Assay
#
L-T,(3-1) 100 3
L-T, (3-2) 18.0 3
L-I,iPr (3-3) 1082 2
L-1,1Pr, (3-4) b 3
1-I,nPr (3-5) 39.5 3
L-I,sBu (3-6) 79.92 2
a
L-1,N0, (3-7) <0.32 1
L-Me,iPr (3-8) 4.22,23.942 1,2
L-Me,nPr (3-9) 2.36 3
L-Me,sBu (3-10) 2.88,%2.912 1,2
L-4'H-121Pr (3-11) b 3
L-4'H-12F (3-12) 1.39 3
L~4'H-12c1 (3-13) 7.78 3
L~4'H-123r (3-14) 18.0 3
L-4 "OMe-1,1Pr (3-15) 192 1
L~4 "OMe-I,sBu (3-16) <212 1

a
Activity determined relative to L-T, divided by 5.53 to

4

convert from L-—T4 to L-T3 reference compound scale.

As say results inconclusive.
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analogs explicitly demonstrates that activity is influenced not only

by 3' substituent hydrophobicity but also by the specific conformational
size, and steric characteristics of the 3' substituent. Despite its
conformational flexibility and its lipophilicity about equal to that of
a 3'-iPr substituent, the 3'-nPr substituent apparently also makes a
negative steric or hydrophobic contribution to activity due to its
extending out from the 3' position considerably further than I or iPr.

The activities of L-I_ sBu (3-6) and L-Me

2 szu (3-10) were determined as

79.9% and 2.91%, respectively. This qualitatively suggests that the
3'-sBu substituent bulk or average distance it extends out from the 3'
position further than iodine (which will be greater than for even nPr)
can be balanced in part by increasing the lipophilicity of the 3' substituent.
This point will be more quantitatively developed with structure-activity
correlations in Chapter Five. The > 07% activities of L-Me,nPr (3-9)
and L-Meszu (3-10) also reaffirm that halogen is not essential for
thyromimetic activity.
Of additional interest is the fact that the activities of both
the 3,5-12-thyronines and the 3,5-Me2—thyronines are of the order
H < Me < iPr > sBu > nPr for 3' substituents. This suggests that in
Vivwvo activity 1s not a function of distribution for these two sets of
analogs, which differ considerably in their lipophilicities, but rather
is directly related to 3' substituent lipophilicity and inversely
re 1 ated to 3' substituent size or bulk greater than iodine.
The activity of L-IziPr2 (3-4) was not determined, because upon
re frigeration this compound precipitated from the injection solutions.

At tempted injection of the suspensions apparently failed due to the

inabil:l.f:y of most of the suspended solid to be drawn into the injection
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syringes. In order to insure solubility, future in vivo evalution of
this analog should probably utilize: (1) a 100% ethanolic stock
solution (with a drop or two of water to effect solution), appropriate
fractions being diluted with 100% EtOH to give the injection solutions;
and (2) storage of the injection solutions at room temperature.

The < 0.32% activity determined for L—I2N02 (3-7) is consistent
with a moderately hydrophilic 3' substituent, a high degree of 4'-OH
ionization due to the 3'--N02 (favoring TBG binding), and (for the fraction
of the analog which has an unionized 4'-OH) a very strong intramolecular
hydrogen bond between the 3'—NO2 and the 4'-0OH, preventing 4'-OH hydrogen
bond donation to the nuclear receptor.

The activities determined for L-4'H-IZF (3-12), L-4'H—12Cl (3-13),
and L-4'H-12Br (3-14) (1.39%, 7.78%, and 18.0%, respectively) can be
compared with those of the corresponding 4'-OH analogs (1.12%, 4.88%,

and 23.787%, respectively123

). When compared in addition with the
activities of several other 4'-H and 4'-OH analogs,123 it becomes
evident that in vivo 4'-position hydroxylation of 4'-H analogs can
lead to activities ranging from significantly less than to slightly

8feater than those of the corresponding 4'-OH analogs. Although further

Study is obviously needed in this area, the data suggests that the

de g yee or rate of 4'-position hydroxylation in vivo might be inversely

re 1 ated to the bulk of 3' and 5' substituents, which could provide some

Sterxic hindrance to this metabolic transformation. The low in vivo

actdvity of L-4'H-I,iPr(3-11) is consistent with its low in vitro

birading to solubilized rat hepatic nuclear protein (see below) but is

Ilnconsistent with an expected high activity due to metabolic transformation

to Ir-IziPr (3-3). Further purification and/or structural verification
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of the sample prepared may be necessary to elucidate this ambiguity.

As mentioned earlier, we have proposed the permanent conversion
from L-T, (3-2) to L-T, (3-1) as the reference compound for future rat
antigoiter bioassays. The determination of an 18.07% activity for L-T4
(as directly compared to L-T3) in the third assay is in excellent agree-
ment with our calculated average estimate from the literature data of
18.1% activity. It thus also provides substantial justification for and
validity of our proposal for switching to the L—T3 reference compound
scale.

The dose levels of the analogs tested in the first two bioassays
were qualitatively estimated based on the known qualitative structure-

activity relationships of the thyroid hormones and analogs. This led to

inaccurate dosing for several analogs in these assays. For the third

assay, the dose levels of all of the analogs for which activities were
obtained were estimated by calculation from correlations of in vivo
activities with in vitro binding to solubilized rat hepatic nuclear
Protein (using Eqn. 5-42). This permitted fairly accurate determination
of the analog activities by choosing dose levels 1/2x and 2x that calculated
48 necessary for 50% goiter reversal. The success of this method, as

demonstrated by the third bioassay results, obviously speaks to its

fux ther utiliztion in future assays.

IN VITRO BINDING TO SOLUBILIZED RAT HEPATIC NUCLEAR PROTEIN

Studies124 have indicated that the thyroid hormones cause sequential
increases in nuclear RNA synthesis, nuclear RNA-polymerase activity,
CYy®oplasmic ribosomal and microsomal RNA levels, and finally cytoplasmic
éN=Zyme synthesis. As mentioned earlier, most cell nuclei contain non-

hiStOne proteins strongly associated with the chromatin, which
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possess high-affinity, limited-capacity binding sites for the thyroid
hormones and analogs.zlp-28 These non-histone nuclear proteins can be

solubilized with retention of binding affinity for the thyroid hormones

and analogs.26-28’3]"32 The binding affinities of thyroid hormones and

analogs to intact rat hepatic nuclei and to solubilized non-histone
nuclearxr protein correlate well with the in vivo thyromimetic activities
of the coumpounds, once metabolic effects are taken into accountzl’-26
(and see Chapter Five). Apparently the binding to such nuclear receptors
is the first step in initiating the events which lead to subsequent
hormonal expression through enzyme synthesis (Figure 3-4).
Seven of the analogs newly synthesized for this study were tested

for their binding affinities to solubilized rat hepatic nuclear protein

re'fleptors.% A brief assay description and a summary and discussion

of the assay results are presented below.

Assay Description.

Rat livers are homogenized and then centrifuged to obtain intact
Tat hepatic nuclei. The nuclei are lysed by sonication, and high salt
COncentration (0.2 M (NH,),S0,) is utilized to solubilize the nuclear
Protein. Centrifugation yields a supernatant containing the desired
Non-histone nuclear protein. Relative binding affinities of analogs
are obtained by determining (by Scatchard analysis) the ability of
Varying analog concentrations to competitively displace 125I-L-'l'3
from the nuclear protein under equilibrium conditions at T = 25°C.
Results obtained can be expressed as KA = analog equilibrium association
constant as (K /l(T ) x 102 = relative binding affinity of the analog

bt
ndi
Ng to the nuclear protein receptor (R = ideal gas constant = 1.9872

(r
eliltive to L-T 3= 100), or as AG -RT an = free energy of analog
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Table 3-6. In Vitro Binding Affinities of Thyroid Hormone Analogs

to Solubilized Rat Hepatic Non-Histone Nuclear Protein.a

R, I
R, / \ 0 / \ CH, CH(NH,,) COOH
Ry, I
K,/ b
Compound Ry Re R,» A K3 —AGAC
X 102 (kcal/mole)

L-T, (3-1)¢ 1 H OH 100 12.42
1--1211>x:2 (3-3) iPr iPr OH 1.10 9,75
L-I,nPr (3-4) nPr H OH 23.97 11.58
L-I,iPxc1 (3-17) iPr c1 OH  52.56 12.04
L-I,1PrBr (3-18) 1Pr Br OH  21.95 11.52
L-T1 iPrI (3-19) iPr I OH  12.41 11.19
L‘4'H—1219r (3-11) iPr H H 0.492 9.28
L‘4'0Me-IZiPr (3-15)  iPr H OMe 6.820 10.83
\

a

At T = 75° ,
b

Binding affinity relative to L-T, = 100. Kj, = 1.29 x 10° w71,
C

AG

A = ~RT 1nK_.

R
Sference compound.
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X 10.3 kcal/deg-mole).

Results and Discussion.

The results of the binding assays of the analogs newly synthesized
for this study to solubilized rat hepatic nuclear protein are presented
in Table 3-6.

The binding affinities (relative to L—T3 = 100) of L—12
iPrI (3-19), and L-I

iPr (3-3),
L-IziPrCI (3-17), L-IziPrBr (3-18), L-12 9
were determined as 89.15,26 52.56, 21.95, 12.41, and 1.10, respectively.

iPr2 (3-20)

These results qualitatively support the concept that binding affinity
is: (1) indirectly related to 5' substituent size or lipophilicity; and
(2) increased by electron withdrawing 3'5' substituents which orientate
the 4'-OH toward the 5' position. This will be developed further and
more quantitatively in Chapter Five.

The decrease of binding affinity for L-4'OMe-I_iPr (3-15) (relative

2

binding affinity = 6.820), as compared to L-I_iPr (3-3) (relative binding

2
affinity = 89.1526), is consistent with previous results26 demonstrating

loss of binding upon replacement of 4'-OH with 4'-OMe. The binding affinity of
L-4'H—121Pr (3-11) is inconsistently low, as compared with other 4'-H
analogs,26 which tend to bind with approximately the same affinity as their
4'-OMe analogs. This once again suggests the need for further evaluation

of purity and structure of the sample prepared. The relative binding

affinity of 23.97 for L-I . nPr (3-4) is consistent with: (1) previous

2
results,26 which generally show relative binding affinities of 3'-alkyl
analogs being slightly less than their corresponding rat antigoiter
activities; and (2) both 3' substituent hydrophobicity contributing to

and "size" detracting from binding affinity.



The binding affinities of these (and other) analogs are used
in Chapter Five for the development of quantitative structure-activity

relationship correlations of thyroid hormone analogs.

84
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CHAPTER FOUR: MOLECULAR ORBITAL STUDIES

The thyroid hormones and analogs have been the subject of a limited

125,126 .14 cwpo/217 molecular orbital studies,

number of extended Hlckel
which have mainly focused on a qualitative analysis of diphenyl ether
ring geometries and of the relative conformer populations. The more
precise CNDO/2 calculations,17 as well as more recent and more extensive

CNDO/2 studies38’41

of this area, have confirmed that: (a) certain
3,5 substituents are capable of "locking" the diphenyl ether thyronine
nucleus into the approximately equal energy distal and proximal conforma-
tions, which are readily interconvertible at room temperature; and
(b) this "locking'" ability is directly related to the size of the 3,5
substituents and to thyromimetic activity.

In this chapter are described the results of the molecular orbital
calculations undertaken to elucidate the role of the outer ring
substituents (3',4', and 5') and of the alanine side chain in determining

the in vivo and in vitro thyromimetic activities of the thyroid hormones

ana analogs. These CNDO/2 and ab initio molecular orbital calculations
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include:

1. A preliminary study, in which the first extensive theoretical
examination of the intramolecular hydrogen bonding and

interactions in ortho-substituted phenols and thiophenols is

provided.37

2, Conformational analyses of a number of ortho-alkyl phenols.37’38

3. The intermolecular hydrogen bonding of ortho-substituted phenols
and phenoxides, as model systems for the binding of the outer
ring of thyroid hormones and analogs to nuclear receptors and
plasma proteins, respectively.38

4, A preliminary conformational analysis of the naturally occurring

alanine side chain.38

COMPUTATIONAL DETAILS
127-129
The CNDO/2 molecular orbital method was used in some of these
cal. culations. Except for the halogens the standard atomic parameters
vere used. Except where noted the halogen parameters employed were
thos e previously used by Kollman, gg_gl.,17 and only s and p, but no

d o xrbitals were used for F, C1, Br and I. Unless specifically noted,

Staxydard geometrical parameters (selected as suitable average values

130,131

from available experimental data) were used. In particular,

if |avajlable, bond lengths were taken directly from reference 130 and
if Nnot, they were selected from reference 131. For comparison with
the CNpo/2 results and experimental data, ab initio molecular orbital
caJ-Qulations using the Gaussian 70 quantum chemistry program]'32 with
M STo-3¢ basis set133 were carried out in selected cases.
As will be shown below, we found that the ability of ortho-iodophenols

to
fory intramolecular hydrogen bonds is best predicted when the iodine
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Slater exponent, I’ is given a value of 1.20 instead of the value

of 1.09 originally used by Kollman,et a_l.]'7 In order to examine the
effects of varying 41, we conducted a series of CNDO/2 calculations

on model systems. The results of these studies are presented in

Tab les 4-1, 4-2, and 4-3.

The first and simplest model system we examined was CH3-I.

CNID>0/2 searches for minimum energy C-I bond lengths as a function of
fI led to a prediction at% = 1.09 of a bond distance of 2.07 X,

wh & ch only slightly underestimates the experimental value of 2.14 .
Th A s underestimation increases slightly as % increases to 1.20.

When (//; = 1.09 the experimental dipole moment is greatly overestimated.
As % is increased, however, the predicted dipole moment decreases,

al though it is still somewhat overestimated at % = 1.20. The
atomic population on I varies very little as %I is varied. Variation
of @’; has little apparent effect on either the overestimated dipole
Doments or the atomic populations on I of iodobenzene and CZHSI'

The rotational barriers in ethane and in CZHSI were examined as a

function of % CNDO/2 predicts the rotational barrier for ethane
faIl.]:ly well, At“fI = 1.09 the rotational barrier for CZHSI is slightly

0V'e restimated. As % is increased to 1.20 the predicted rotational

ba xrier comes into better agreement with the experimental value. The

get'lerally reasonable agreement of these results with the experimental
data provides some confidence in our use of % = 1.20 when examining
the Intramolecular hydrogen bonding of ortho-iodophenols. This must
be Viewed with some caution, however, in that the interactions of I in
these model systems may be quite different from those involved in

i
M ramclecular hydrogen bonding in ortho-iodophenols. It appears, though
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that a %I value of 1.2 does reduce the exchange repulsion between
I and neighboring atoms enough to bring such properties as rotational

barriers and hydrogen bonds, which involve I---H non-bonded interactions,

into reasonable agreement with experiment.

A CNDO/2 search for a minimum energy eCOHl37 in phenol led to a

prediction of 110°, consistent with the neutron diffraction studies of

Fr ey, _e_t_:__a_ll.,l 8 who found C-0-H angles of 111.1° and 113.0° for the
phenolic hydroxyls of L-tyrosine and L-tyrosine*HCl, respectively. It
is also consistent with the concept of lone pair - lone pair repulsions

orx the oxygen reducing the magnitude of eCOH from the pure sp2 value

of 120° for a hydroxyl conjugated with an aromatic ring (just as lone pair

39

H of water to 104.52l from

- lome pair repulsions on oxygen reduce 91-10

the pure sp3 value of 109.47°). Frey, et 3]_..,138 also found C-O bond

lengths of 1.369 & and 1.378 & and 0-H bond lengths of 0.982 % and

0.989 R for the phenolic hydroxyls of L-tyrosine and L-tyrosine.HC1,

2130

res pectively. These values are close to the values of 1.36 % and 0.96

we xased for the phenolic C-0 and O-H bond lengths, respectively. Further

jus ification for our use of eCOH = 110° for phenols in all subsequent

ca 1 culations in these studies was provided when it was found that the
C(NIDO/2 energies of all the ortho-halophenols (cis and trans conformers),
°F  all the unsymmetrical 2,6-dihalophenols ("cis" and "trans" conformers),

A  of ortho-cresol (cis and trans conformers; all CH3 rotamers) are all

s:lgl'lificantly lowered when the phenolic eCOH is decreased from 120°

t© 110°, as seen in Table 4-4. (Further comment will be made below on

thhe tyends in this table.)
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Table 4-1. CNDO/2 Geometry Searches for "Best'" C-I Bondlength

in CH3I?’b

‘7p& R(C—I)calcd,x
1.09 2.07
1.145 2.00
1.20 1.94

aR(C—H) =1.10 X; all angles tetrahedral.

b 2'134

R (C-I)exptl = 2.14

Table 4-2. CNDO/2 Rotational Barriers CzHSXa (kcal/mole).
X b

I AEcalcd AEexptlb
H _— 2.21 2.75¢
I 1.09 4.16

1.145 3.93

1.20 3.72

— 3.2 +0.5°¢
———

11{((}-H) = 1.10 &; R(c-C) = 1.54 &; R(C-I) = 2.14 &; all angles

tetrahedral.

b
AE

c
Ref €rence 135.

Eeclipsed -Estaggered.



90

Table 4-3. CNDO/2 Dipole Moments and Atomic Populationms.

compound gpl caled’ ueXPtl’D gg;ﬁgtion On I

CH3Ia 1.09 47 53.040
1.145 .39 53.041
1.20 .32 53.042
— 1.64°

cZHSr" 1.09 .56 53.060
1.145 .60 53.074
1.20 .64 53.087
— 1.90°¢

PhI 1.09 .72¢ 53.067°
1.20 .724 53.0844
— 1.70¢

—_—

a
Calcwa Y ated at minimum energy geometries of Table 4-1.
See £ ootnote a, Table 4-2 for geometries.

¢
From y-eference 17 at R(C-I) = 2.086 2.

d
RC—x) = 2.05 4.

e
Refe ence 136.
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Because we were also interested in examining the intramolecular
hydro gen bonding of ortho-methoxyphenol, we conducted a CNDO/2 search

for a minimum energy eCOC for anisole (4-4; CH3 protons staggered).

The resulting prediction of eCOC = 113° was used in subsequent cal-

culat 4 ons on ortho-methoxyphenol.

CH
\ 3N
0 O
\eco N ) 8coc ™
R—C Y

/

T

w
S
|
~

This Value is not far from eCOC = 116.9° found for the two aromatic

methOxy groups of l-rotenene in the X-ray crystal study of Arora, et al,

140

In order to estimate relative populations of different conformations

or
geolfl-'tetr:les of certain molecules, classical Boltzmann distribution



Table 4-4. CNDO/2 Energy Dependence of ortho-Substituted Phenols

(4-1) and 4-2) on eCOH'

92

calced

BE® ooy = 110° > 6,0, = 120°)
(kcal/mole)
X Y Pr1s56 4-1 42
H H 1.90 -—
F H 2.25 1.98
c1 H 2.63 1.95
Br H 2.38 1.92
1 H 1.98 1.87
F c1 2.30 2.71
F Br 2.27 2.46
F P 2.22 2.07
€1 Br 2.65 2.43
C1 1P 2.59 2.04
Br i 2.33 2.00
CH, H 0 1.46° 1.964
30 1.96¢ 1.95¢
45 2.16° 1.949
60 2.23¢ 1.94¢
B
a¢ ~ _
bé]]:_ss refers to structure 4-3 where R6=R7=R8-Y=H.
= 1.20.
‘s
d¢12 34 = 0° for structure 4-3.

123, = 180° for structure 4-3.

L e e g W eam = ey
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partition functions, T = 298° K, and constant entropy contributions
between the different conformations or geometries were assumed (see
references 141 and 142 for discussion and examples of this type of
treatment).

Our assumption that AS for the cis + trans conversion for unsymmet-
rically ortho-substituted phenols and thiophenols is essentially zero

is supported by experimental thermodynamic studies on ortho—tos:rt:-but:ylpheno1,143

2—tert-butyl-6-methylphenol, 143 ortho-bromophenol, 144 2,4-dibromo-6~

tex:‘t:-but:ylphenol,144 and ortho-iodophenoll45. (See reference 146 for

a more complete discussion of this area.)

INTRAMOLECULAR HYDROGEN BONDING IN ORTHO-SUBSTITUTED PHENOLS AND
THT OPHENOLS

Although molecular orbital calculations have been carried out on a
wide variety of hydrogen bonded systems,147 relatively few studies have
inwvolved molecules with an internal hydrogen bond. The intramolecular
hydrogen bonds of the enol forms of malonaldehyde and acetylacetone

L48-153 o eny, et al., 48

havwve been examined by a number of MO methods.
used EHT and CNDO/2 MO methods to study intramolecular hydrogen bonds and
their effects on cis-trans isomerism in ortho-fluorophenol, ortho-
nitrophenol, and salicylaldehyde. The influence of intramolecular
hydrogen bond formation on the conformation of 1,3-propanediol has been
©Xamined by Johansson, et a_l.,]'54 using ab initio MO calculations. Such
Studjes have generally given reasonable estimates of the energy of intra-
Mo le cular hydrogen bond formation, although most have dealt with systems
vhich form unusually strong intramolecular hydrogen bonds due to internal

geoll'letry constraint:s.ll'g-l53 It is somewhat surprising, however, that

O —
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more MO studies of intramolecular hydrogen bonding have not been
undertaken in view of the fact that a wide variety of biologically
active compounds possess as necessary for activity functional groups
capable of forming intramolecular hydrogen bonds.

Some of the first examples of intramolecular hydrogen bonding to
be studied experimentally were a number of ortho-substituted phenols.lss’l56
Interest in these molecules was stimulated by the observation of two IR
O—H stretching bands. From relative IR O-H stretching intensities, the
amounts of "cis" hydrogen bonded and "trans'" non-hydrogen bonded con-
formations and hence the energy of the intramolecular hydrogen bond
could be estimated. In this manner, for example, Paulingl55 first

estimated the intramolecular hydrogen bond energy of ortho-chlorophenol

to be about 1.4 kcal/mole. Since then, the intramolecular hydrogen
143,144,155-165 a

in ccCl 4

bonding of a number of ortho-substituted phenols
160,166

nd

unsymmetrical 2,6-dihalophenols has been similarly examined in

various solvents and in the gas phase. O-H torsional frequencies of the
cis and trans conformations of a number of ortho-substituted phenols have
been used to calculate the enthalpy differences between the two con-

157,167

formations. The intramolecular hydrogen bonding of ortho-

trifluoromethylphenol has been examined by Doddrell, et ﬂ.,168 using
3 19F and OH 1H chemical shift studies. Schaefer169 has

Proposed linear relationships of intramolecular hydrogen bond energies

EHT and CF

with oH 1H chemical shifts as well as with O-H torsional frequencies.

170,171 have also used OH 1H chemical shifts for the

Allan and Reeves
study of intramolecular hydrogen bonds in ortho-substituted phenols.
It has been shown that the 'phenolic 4'-OH of the thyroid hormones

ad  analogs is essential for maximal in vivo and in vitro thyromimetic
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ax:tiVity?’24’25’50’54’55’172 The role of this phenolic OH has been
logically ascribed to involvement in hydrogen bond formation with some
appropriate receptor functional group. Little attention has been
paid, however, to ortho-substituent interactions with the phenolic OH
group, especially with respect to their effect on both intramolecular
and intermolecular hydrogen bond formation. Because of the paucity of
theoretical MO studies of intramolecular hydrogen bonding and because
of our interest in the thyroxine system, we have undertaken the first
extensive theoretical examination of the intramolecular interactions
of ortho-substituents with the phenolic OH group of various phenols
(as model systems) using CNDO/2 and ab initio MO calculations. We also
examined the intramolecular hydrogen bonding of several ortho-substituted
thiophenols in order to compare their hydrogen bonding with that of the
Phenols.

The questions to which we address ourselves in this section are

158,160,167,170 of intramolecular

(1) Can we explain the "anomalous'" order
hydrogen bonding strengths in the ortho-halophenols (Cl A F > Br > )7
(2) Can our theoretical model explain the minimum energy conformational
and hydrogen bonding energies of other ortho-substituted phenols? (3)
Specifically, for ortho-CFS-phenol, why is the larger hydrogen-bonded
Peak in the IR shifted to higher frequencies from the free O-H stretching
fre!quency161 (to our knowledge, the only known hydrogen bond where such
an effect occurs)? (4) Can we rationalize the observed far and near
infrared absorption spectra using our calculations? and (5) Can we

Predict the intramolecular hydrogen bond energies and properties of

Ortho-substituted phenols and thiophenols not yet determined experimentally?



96

Intramolecular Hydrogen Bonding in ortho-Halophenols.

The first ortho-substituted phenols we examined were the ortho-
halophenols. CNDO/2 and ab initio cis + trans energy differences and
data from a number of sources and representative of a variety of
experimental and theoretical methods are presented in Table 4-5.

A CNDO/2 value of 1.09 for the iodine exponent 901 does not adequately
predict the intramolecular hydrogen bond strengths of ortho-iodoohenols,

as seen in Table 4-6. Increasing 971 to 1.20 significantly improves

H\ 3 /H

v
W
~
|
o))

the agreement of the CNDO/2 results with the experimental data. Because
of this improvement, we elected to use a value of 1.20 for 9@ in all
subsequent calculations. Our CNDO/2 calculations predict that the order
of intramolecular hydrogen bond strengths for the ortho-halophenols is
CL > Br > F > I, while the ab initio calculations, although lacking the
Br and 1 compounds, suggest the order Cl 3 F > Br > I. The various
€Xperimental data give the order to be either Cl1 > Br > F > I or

CL > F> Br> I, depending on the experimental method of study and the
So0lvent used. Our calculations should relate most directly to the gas

Phase where the order appears to be Cl 2 F>Br> I.l67
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Table 4-5, Experimentala and Theoretical Values for Intramolecular
Hydrogen Bond Strengths of the ortho-Halophenols
(4-5 and 4-6).
X AE(4=5 + 4-6) Methog of Solvent Ref.
(kcal/mole) Study
F 0.2 A - 148
1.1 B - 148
1.44 c Cyclohex. 167
1.63 C Vapor 167
1.37 B _— *
1.68 D _— *
Cl 1.62 C Cyclohex. 167
1.63 C Vapor 167
1.44 E CCl4 160
2.38 E CCl4 158
2.36 F CS2 170
2.30 B -—- *
1.77 D . *
Br 1.57 C Cyclohex. 167
1.53 C Vapor 167
1.21 E CCl4 160
2.15 E CCl4 158
2.14 F C82 170
1.68 B —_— *

-

Ff‘ 1T
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Table 4-5. (Continued)

X AE(4-5 + 4-6) Methodbof Solvent Ref.
(kcal/mole) Study

I 1.45 C Cyclohex. 167
1.32 c Vapor 167
1.08 E CCl4 160
1.54 E CCl4 158
1.65 F CS2 170
0.75° B —- *

a
AE values estimated, if necessary, from the experimental data.

b
A = EHT MO calculations; B = CNDO/2 calculations; C = IR: OH torsional

frequencies; D = Ab Initio MO calculations; E = IR: OH stretching

frequencies: F = NMR: ll-l chemical shifts.

Cc
f/; = 1.20.

*
Thig study.
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Table 4-6. Dependence on% of CNDO/2 Intramolecular Hydrogen Bond

Strengths of ortho-Iodophenols (4-1 and 4-2).

X Y 'j’x ME_; 4 (4=1 > 4-2)
(kcal/mole)

I H 1.09 -0.86
1.145 0.11
1.20 0.75

F I 1.09 0.02
1.20 0.68

Cl I 1.09 3.14
1.20 1.52

Br I 1.09 2,53
1.20 0.90

iSvma——
'
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Table 4-7. Experimental, CNDO/2, and Ab Initio Intramolecular Hydrogen

Bond Strengths of Unsymmetrical 2,6-Dihalophenols (4-7

and 4-8).
H H
N ~
@) 0
X Y X Y
7 Z
4-7 4-8
X Y z AE(4=7 +4-8)
(kcal/mole)
cNDO/2%  Ab Initio? Exptl.”
c1 F H 0.89 0.04 0.18%
c1 F c1 0.25°%
Br F H 0.27 0.10¢
Br F Br 0.084
c1 Br H 0.61 0.19¢
cl Br c1 0.28°%
I H 0.68° 0.364
I I 0.334
0.40¢
c1 I " 1.52¢ 0.554
c1 I c1 0.564
Br 1 H 0.90¢ 0.70¢
Br 1 Br 0.47e
%This study.

bMethod of Study = A, footnote b, Table 4-5: Solvent CCl

= 120. dRef. 160. Ref. 166. 4
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In either case, the magnitudes of the calculated internal hydrogen
bond strengths are both reasonable and in moderately good agreement with
the experimental data. Considering the relative electronegativities,
one might expect the order of intramolecular hydrogen bond strengths to
be F > C1 > Br > I. Yet both the theoretical calculations and the
experimental data are in agreement with the fact that ortho-fluorophenol
forms a weaker internal hydrogen bond than expected. This finding will
be discussed in more detail below.

In order to further investigate this "anomalous'" trend in the
intramolecular hydrogen bond strengths of the ortho-halophenols, we next
examined the intramolecular hydrogen bonding of the unsymmetrical 2,6-
dihalophenols. The CNDO/2 and ab initio results are summarized in Table
4-7. Experimental data on some unsymmetrial 2,6-dihalophenols is also
presented for comparison. The CNDO/2 calculations predict the intramolecular
hydrogen bond strength order of the halogens of the unsymmetrical 2,6-
dihalophenols as C1 > Br > F > I, Again, although lacking the Br- and
I-containing compounds, the ab initio calculations suggest the order to
be C1 > F > Br > I. The CNDO/2 calculations generally slightly overestimate
the differences between the relative hydrogen bond strengths. Once
again, however, both the experimental data and the theoretical calculations
predict an anomalously weak intramolecular hydrogen bond for F when
located ortho to a phenolic OH group.

This "anomalous' ordering of the intramolecular hydrogen bond

strengths of the ortho-halophenols has been attributed to differences

in:
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1. Interactions of halogens with solvent.143’160’162’163’173’174

2. Tendencies to dimerize.167

3. Deviations from optimal hydrogen bonding

geometrieslsa’163’166’167,171,173

4. Intrinsic hydrogen bonding capabilities of the halogens.167

5. Inductive and mesomeric capabilities of the halogens.lss’166

6. Repulsive halogen--oxygen and halogen--hydrogen "interorbital"

interactions.158

Since both the experiments and ab initio calculations find the
"anomalous" order (Cl > F > Br > I) to hold for gas phase intramolecular
hydrogen bonding, we feel explanations 1 and 2 can not be used to
explain the anomalous order.

The next possible explanation we examined was geometric. The
optimal strength for an intermolecular O-H- - H hydrogen bond should
.147,175

occur when 6 =0

HOX Hence, the magnitude of the deviation of

eHOX from 0° should be reflected in a corresponding deviation in the H- - X

hydrogen bond strength. Although there is a full 10° variation in eHOX

in the ortho-halophenols (Table 4-8), the difference in OH X between

0
=F (50.54°) and X=Cl (44.26°) is only 6.28°, too small a change to
account by itself for the weaker than expected H - - F hydrogen bond.

Based on the angles alone, ortho-iodophenol (8 = 39.11°) should form

HOX
the strongest hydrogen bond. Besides the hydrogen bond angle, the
intramolecular geometry constraints might cause some repulsions which do
not folow the same order as electronegativity. By comparing R(H- - H)calcd
and the sums of Van der Waals radii for H + X (Table 4-8), one can see

that the degree of overlap of the Van der Waals radii of H and X is in

the order F < C1 < Br < I. 1In particular, while there is significant
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overlap for Cl, Br and I, for F the overlap is considerably less.

This suggest that the weaker than expected intramolecular hydrogen bond
of F in ortho-fluorophenol may be partially due to the unfavorably (as
compared to the halogens of the other ortho-halophenols) large H - = F
internuclear distance. This is qualitatively supported by the fact that

the CNDO/2 calculated energy dependence on 6 H is apparently essentially

Cco
independent of the ortho-substituent for the trans conformers of the
ortho-monosubstituted phenols, but not for the cis conformers (Table 4-4).

As 6 H is decreased from 120° to 110° for the cis conformers of the

co
ortho-halophenols, R(H - - X) decreases and the overlap of the H and
X Van der Waals radii should increase. For ortho-fluorophenol, the minimal

overlap of the H and F Van der Waals radii at 6 = 120° is not signif-

COH
icantly changed at eCOH = 110°. For ortho-chlorophenol, the overlap
of the H and Cl Van der Waals radii significant (and perhaps nearly
= ° = o
optimal) and hence AE(SCOH 110° - eCOH 120°) is much larger than for

ortho-fluorophenol. Thus, decreasing 6 from 120° to 110° causes a

COH
small increase in hydrogen bonding for ortho-fluorophenol and a larger
increase for ortho-chlorphenol, in addition to the inherent stabilization
- o - ]

seen in phenol. This causes the AE(GCOH = 110° -» eCOH = 120°) ordering
to be C1 > F > H for X. While the overlap of the Van der Waals radii
also increases significantly for X = Br and I, apparently the overlap

is greater than the optimal value and H - - X repulsive interactions

also increase significantly as eCOH is decreased, to the point where
AE(eCOH = 110° » ®con = 120°) is only slightly greater for ortho-

iodophenol than for phenol itself. These trends for the cis ortho-

halophenols are mirrored by parallel trends for the unsymmetrical

2,6~dihalophenols (Table 4-4).
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Table 4-8. Geometrical Parameters and Halogen Electronegativities

for the cis ortho-Halophenols (4-5).

b

Electroneg- ®hox R(H - - ) RO = = X)P 5Van der Waals Radii
X ativity of (X)
x2 (degrees) &) Q&) HX X0
F 4.0 50.54 2.26 2.75 2.67  2.99
c1 3.0 44.26 2.35 2.94 2.97  3.29
Br 2.8 41.96 2.41 3.03 3.08  3.40
1 2.5 39.11 2.49 3.16 3.27  3.59

8Reference 178.
bCalculated based on the geometries used in our calculations.
“Reference 179 s Van der Waals radii values used were: H, 1.20 X;

o, 1.52 8; s, 1.80 &; F, 1.47 &; c1, 1.77 &; Br, 1.88 &; 1, 2.07 &.
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Geometrical constraints clearly do not provide 2 complete and
satisfactory explanation for the order of the intramolecular hydrogen
bond strengths. To determine what the "intrinsic'" hydrogen bond
acceptor capabilities of aromatically substituted halogens are, we
carried out a series of CNDO/2 and ab initio model calculations on the

intermolecular hydrogen strengths of the four different H20/halobenzene

dimers. This was done so that we might examine the deviations of the
hydrogen bond strengths and the halogen - - H and halogen - - O inter-
nuclear distances of the ortho-halophenols from the "ideal" equilibrium
values of these model systems. The model system geometry (4-9: Y = H)

was defined as follows. The halogen, oxygen, and proton involved in the

hydrogen bond are colinear since this geometry should give maximal

147,175

hydrogen bond strength. The O-H bond involved in the hydrogen

bond lies in the plane of the halobenzene in order to best approximate
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the cis geometry of the respective ortho-halophenol. The second

0-H bond of H,O lies in a plane perpendicular to the halobenzene

2

ring plane in order to minimize any interactions of this second H,0 proton

2
with the halobenzene. With eCOX = 180°, a geometry search for the
minimum energy R(X - - 0) was conducted for each halobenzene (see 4-9).
Then, at this minimum energy R(X- - 0), a geometry search (30° variations
in eCXO to 90°) for the minimum energy eCXO was conducted. The results
are presented in Table 4-9 and help a great deal in explaining the

CNDO/2 and ab initio orders for the intramolecular hydrogen bond strengths
of the ortho-halophenols. The calculated orders of equilibrium inter-

molecular hydrogen bond energies for the H,O/halobenzene dimers are

2
CL>F>Br >I (CNDO/2) and F > C1 > Br > 1 (extrapolating for the

Br and I points, ab initio). So the ab initio calculated intermolecular
hydrogen bond energies apparently are of the same order as the halogen
electronegativities, as expected. With CNDO/2, however, the F value is
anomalously out of line with the trend expected for the halogen electro-
negativities. The ab initio ordering appears to be the correct one for
these intermolecular hydrogen bonds, since experimentally the ordering for
intermolecular hydrogen bond strengths is F > Cl1 > Br > I for the

phenol/cyclohexyl halide dimers 181,182

183

and for the phenol/n-pentyl halides
dimers. The CNDO/2 intramolecular hydrogen bond strengths of the
ortho-halophenols (Table 4-1) range from 35% to 45% of the intermolecular
hydrogen bond strengths of the respective H20/halobenzene dimer model
systems. These decreases from the theoretically "optimal" intermolecular
hydrogen bond strengths appear with CNDO/2 to be due to the geometrical
constraints of the ortho-halophenols. On the other hand, the ab initio
intramolecular hydrogen bond strength of ortho-fluorophenol is approximately

€qual to the intermolecular hydrogen bond strength of the respective H20/

fluo robenzene
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Table 4-9. CNDO/2 and Ab Initio Hydrogen Bond Energies and Geometrical

Parameters for H20/Halobenzene Dimers (4-9)3.

AEcalcdb’c eCXO R - - o)calcdc,d REX - _H)calcde
X Y (kcal/mole) (degrees) Q) 14:9)
F H 3.82 180 2.56 1.60
3.92 1208 2.56 1.60 | &
CL H 5.50 18058  2.97 2.01 é
Br H 3.73 1808  3.20 2.24 |
I H 1.94 1808  3.47 2.51
F H 1.52 180 2.91 1.95'1
2.09 1205 2.91 1.95 | o
Cl H 0.66 180 3.93 2.97 E
0.91 1208 3.93 2.97 (5
rouf  2.21 1200 2.91P 1.95%( =i
ct ouf  0.97 120" 3.93" 2.97%
aHZO geometry: see note 180.
bAE = hydrogen bond strength.
€AE and R(X - - 0) calculated exactly with CNDO/2. With ab initio,
R(X - - 0) calculated to t.0.07 R; AE and R(X - - 0) then estimated
by a three point quadratic fit.
i:iz : : Z;calcd : Zt;iTuT z?ergy footg; ;) value at eCXO = 180°.
£ caled caled '
O0-H trans to X.
8g = minimum energy 6 value for 30° variations in GC from

CX0
180° to 90°.

hMinimum energy geometry for HZO/C6H5X dimer.

CcX0 X0
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dimer model system, and the ab initio intramolecular hydrogen bond

strength of ortho-chlorophenol is actually significantly greater than

the intermolecular hydrogen bond strength of the respective H20/chloro—

benzene dimer. It appears reasonable that a significant amount of this
greater intramolecular hydrogen bond strength in ortho-chlorophenol
might be due to relief of O - - Cl repulsions existing in the trans
isomer (4-6: X = C1l) rather than to the intrinsic H - - Cl hydrogen bond
strength. The overlap of the halogen and O Van der Waals radii is
approximtely equal for all 4 of the H20/halobenzene dimers (Table 4-9)
but increases dramatically as a function of halogen size from very
little for ortho-fluorophenol to quite significant for ortho-iodophenol
(Table 4-8). This, coupled with the ab initio AE(cis » trams) for
ortho~chlorophenol being much greater than AE for the H20/chlorobenzene
dimer, suggests that the intramolecular hydrogen bond energies of the
ortho-halophenols may be in part due to the phenols attempting to
relieve halogen - - O repulsion and in part due to specific H - - halogen
attractions. O - - halogen repulsive bond orders increase F< Cl< Br< I
and H - - halogen attractive bond orders increase I > Br > Cl1 > F (see
below) and, thus, it is not surprising that the observed hydrogen bond
strengths do not folow the order of electronegativity. The order of
intramolecular hydrogen bond strengths parallels the intermolecular
order in the CNDO/2 calculations because this method is known to generally
underestimate interatomlic repulsions. So, the intrinsic H - - halogen
attractions play the dominant role in this series.

The ab initio intermolecular hydrogen bonding results for the
H20/halobenzene dimers are not totally definitive because we have used

a model hydrogen bond (HOH - - X - C6H5) to represent the intramolecular
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hydrogen bonds and have compared them with the actual ortho-X-C6H4OH
intramolecular hydrogen bond. We thus calculated and compared the
hydrogen bond energies of HZO/ortho-halophenol dimers (4-9: Y = OH
trans to X) with the intermolecular hydrogen bond energies of the
corresponding H20/halobenzene dimer (4-9: Y = H). 1In order to enable
direct comparison of hydrogen bond energies, the hydrogen bonding
geometries of the H20/ortho—halophenol dimers were taken to be the
minimum energy geometries calculated for the corresponding HZO/halobenzene
dimers. As can be seen from Table 4-9, an ortho-hydroxyl substituent
slightly increased the intrinsic hydrogen bonding capabilities of
fluorobenzene and chlorobenzene by essentially the same percentages:
5.9% and 6.57%, respectively.

Reversing the situation, the effect of an ortho-halo substituent
on the intrinsic hydrogen bonding capability of phenol was next examined.

For C6H50H as a proton donor to HZO (4-10: X = H; Y = 0), a "linear"

4-10
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dimer was assumed with the two monomeric units lying in perpendicular
planes and with the two O atoms and the H involved in the hydrogen bond
147,175

g (see 4-10) was taken as 57° (from the STO-3G H,0

colinear. 2

dimer value184). Only R (the O - - O internuclear distance) was varied

in our geometry search. The ab initio minimum energy geometry determined
for the HZO/C6H50H dimer was then assumed (in order to enable direct
comparison of hydrogen bond energies) for calculating the intermolecular
hydrogen bond energies of the HZO/ortho—halophenol dimers (4-10: X = F

or Cl; Y = 0). As seen in Table 4-10, an electron-withdrawing, ortho-halogen
increases the intermolecular hydrogen bonding energy of phenol as a
proton donor. The increases, however, are of the opposite order (F with
a 3.8% increase < Cl with a 12.5% increase) as the halogen electronegativities
(F > C1), probably as a result of the ability of F to more easily (than
Cl) donate electron density by resonance back into the aromatic ring and
hence to the OH group. Mulliken populations show that in both the
halobenzenes and the ortho-halophenols, the fluoro compound donates

"~ 0.04 more m electrons into the ring than the chloro. (The o + 7 charge
of fluorine (-0.130) is slightly more negative than that of C1(-0.117).)
The partial positive charge on the proton is also consistent with the
relative strength of O-H as a proton donor, being + 0.217 (phenol),

+ 0.220 (trans o-F phenol) and + 0.224 (trans 0-Cl phenol). This suggests
that Cl1 in ortho-chlorophenol may have a greater effect than F in ortho-
fluorophenol in reinforcing the intramolecular hydrogen bond. Estimating
the intrinsic hydrogen bond energy for the dimer ortho-F-C _H,0OH - - -

6 4

F—C6H5-ortho-OH by (hydrogen bond energy for ortho-OH—C6H4F - - - H-0-H

dimer) x (hydrogen bond energy ratio for ortho—F-C6H40H - - - OH2 dimer



110

Table 4-10. CNDO/2 and Ab Initio Hydrogen Bond Energies (AE)a and
Geometriesb for H20/97X—06H4YH (Y= 0 or S) Dimers
(4-10 and 4-31).

Y = S Y = (0]
Seoamer CNDO/2  Ab Initio  CNDO/2 Ab Initio
4-31 H R 2.90 3.35 2.54 2.79
AE 2.31 2.57 6.12 4.31
4-10 H R 2.76 3.56 2.56 2.64
AE 10.54 1.12 6.04 8.97
4-10 F R 2.64°
AE 9.31
4-10 Cl1 R 2.64°
AE 10.10
%Energies in kcal/mole.
bR = Y - - O internuclear distance in &.

“Minimum energy R value for HZO/CbH OH dimer 4-10.

5
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vs. H-0-H - - - OH dimer) = (2.21 kcal/mole) x (9.31 kcal/mole/5.88

2
kcal/molelsa), a value of 3.50 kcal/mole is obtained.

That this is significantly larger than the actual ab initio
calculated intramolecular hydrogen bond energy of ortho-fluorophenol of
1.68 kcal/mole can, as before, be primarily ascribed to deviations in
ortho-fluorophenol from the "optimal" hydrogen bonding geometry. A
similar estimation of the intramolecular hydrogen bond energy of ortho-
chlorophenol yields a value of (0.97 kcal/mole) x (10.0 kcal/mole/5.88
kcal/mole) = 1.67 kcal/mole, which is still slightly less than the actual
ab initio calculated intramolecular hydrogen bond energy of ortho-chloro-
phenol of 1.77 kcal/mole. Taking into account the non-optimum geometry
of the intramolecular Cl - - H-O hydrogen bond, it seems very surprising
that this estimated intermolecular hydrgoen bond is weaker than the
intramolecular hydrogen bond. Evidently there is an apparent enhancement
of intramolecular hydrogen bond energy in ortho-chlorophenol that is
not reflected in these simple model systems.

It is clear from this comparison of the intra- and intermolecular
hydrogen bonding capabilities of the halogens, however, that the mesomeric,
inductive, and intrinsic hydrogen bond properties of the halogens
(possible explanations 4 and 5) are not the major reason for the fact
that the intramolecular hydrogen bond in ortho-chlorophenol is stronger
than the corresponding bond in ortho-fluorophenol.

As an additional model system for the intramolecular hydrogen bonding
of the cis ortho-halophenols (4-5), we conducted ab initio examinations of
the intermolecular hydrogen bonding of the H-X - - - H-O-H dimers
(4-11: X = F or C1). The results of these studies are presented in

Table 4-11. A "linear" dimer was assumed with the two monomer units
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lying in one plane. For the initial energy-minimization, the X, O,

and H atoms involved in the hydrogen bond were assumed to be colinear147’175
(4-11: ©6' = 0°). Geometry searches were conducted simultaneously for
both R(X - - 0) and 6 (see 4-11). The 6 value obtained was used in all
subsequent calculations. As expected, the dimer hydrogen bond was greater
for HF (4.79 kcal/mole) than for HC1 (1.19 kcal/mole). Hydrogen bond
energies were then calculated for the dimers upon changing either the
minimum energy R(X - - 0) distance to the R(X - - 0) distance in the
corresponding ortho-X-phenol and/or the minimum energy 6' angle (0°)

to the ¢ angle of the corresponding cis ortho-X-phenol. R(F - - 0)

HOX
for the minimum energy H~F - - - H-O-H dimer is only slightly less than
R(F - - 0) for ortho-fluorophenol. Hence, the dimer energy is only

slightly decreased upon changing the R(F - - 0) distance of the minimum
energy dimer to that of cis ortho-fluorophenol. Variation of 6' from

0° to o for cis ortho-fluorophenol, however, results in over 807% loss

HOX
of hydrogen bond strength. Simultaneous variation of R(F - - 0) and
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Table 4-11. Geometries and Ab Initio Hydrogen Bond Energies (AE) of

H-X - - - H,0 Dimers (4-11).2
R(X = - 0) 6P 1P AE
X & (degrees) (degrees) (kcal/mole)
F© 2.65°% 70 0 4.79
2.65 70 50.548 0.91
2.75% 70 0 4.54
2.75% 70 50.548 1.01
c1d 3.60° 77¢ 0¢ 1.19
3.60 77 44.26% 0.66
2.94F 77 0 ~4.51
2.94% 77 44,268 -1.81

aHZO experimental geometry: see note 180.

Psee 4-11.

ur experimental geometry: R(H-F) = 0.9170 ®: from reference 131.

dHCl experimental geometry: R(H-Cl) = 1.2745 ®: from reference 131.

“Minimum energy dimer geometry; 6 was calculated to 1° and R(X - - 0)
was calculated to 0.01 &.
quual to R(X - - 0) for ortho-X-phenol: see Table 4-8.

8Equal to Oyox fOT cis ortho-X-phenol: see Table 4-8.
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' to the cis ortho-fluorophenol values results in a large hydrogen
bond energy bond energy loss dominated by the §' change but slightly
compensated for by the increase in R(F - - 0). The situation is quite
different, however, for the H-Cl - - - H-0O-H dimer. Changing 6' from
0° to the cis ortho-chlorophenol ¢ value re8ults in loss of 50%

HOX

of the hydrogen bond strength, much less than for the fluorine case.

R(C1 - - 0) in the H-Cl - - - H-O-H minimum energy dimer is much
greater than R(Cl - - 0) for the ortho-chlorophenol. Changing R(C1l - - 0)
to the ortho-chlorophenol value, therefore, causes a large Cl - - H

repulsion that results in large net dimer repulsion. Simultaneously
changing 6' and R(Y - - C) to the corresponding cis ortho-chlorophenol
values results in a net dimer repulsion dominated by the Cl1 - - H
repulsion but significantly compensated for in part by allowing the

O-H bond to move off te Cl - - O axis. Although this is a very simplified
model system for the intramolecular hydrogen bonding of the ortho-fluoro-
and ortho-chloro-phenols, these results suggest that the deviations of
the intramolecular hydrogen bond strengths from values which should be
intrinsically possible may be due primarily to deviation of eHOX from

0° for ortho-fluorophenol and to H - - Cl repulsion (due to a small

R(C1l - - 0))in ortho-chlorophenol. In the latter case, deviation of

8xox tO larger angles actually might relieve this H - - Cl repulsion.

On this basis one might intuitively predict that o H for the cis

co
ortho-halophenols should increase F < Cl < Br < I, although experimental
evidence is not available to test this hypothesis. As a corresponding
model for the X - - O repulsions in the trans ortho-halophenols
(4-6), we calculated the repulsion energies for the H-X - - - OH

2
dimers (4-12: X = F or C1l: all atoms coplanar: H-X bond bisecting
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H-0-H angle: R(X - - 0) = R(X - - 0) for the ortho-X-phenols). The

ab initio calculations surprisingly predict the repulsive energies for

4-12
the two dimers to be essentially the same: 1.54 kcal/mole for HF - - OH2
and 1.53 kcal/mole for HC1l - - - 0H2. This simple model system, however,

is unable to reflect any influence that F and Cl might have on the
X - - 0 repulsion by inductive and resonance electronic effects.
We examined one further set of geometries for the HX/H20 dimers

in order to attempt to approximate the ortho-X-phenol geometries more

exactly. The geometries of the HX/HZO dimers (4-13 and 4-14) were
chosen such that R(X - - 0) = R(X - - 0) for the corresponding ortho-
X-phenol (Table 4-8), the X-H, O—Hl,and O—H2 bonds have the same
vectorial orientations as the F-C, O-H and 0-C bonds for the corres-
ponding ortho-X-phenol, and the H-O - - - X angle of 4-13 =

RN
\O
\ / ¢
\ OHox |, ~
\ 7

T H

H1;\\\
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GHOX for the corresponding cis ortho-X-phenol (4-5) (Table 4-8). (4-13

and 4-14 reflect the geometries of the corresponding cis and trans con-

formers, respectively, of the corresponding ortho-X-phenols (4-5 and

4-6) and should reflect more accurately (than 4-11 and 4-12) the spatial

distributions of electron densities of the H, X,and O atoms of these
phenols. This requires an H20 eHOX of 110° and R(0O-H) of 0.96 X.) AE
(4-13 » 4-14) values can then be used to estimate the intramolecular
hydrogen bond strengths of the corresponding ortho-X-phenols. The
ab initio calculations gave AE(4-13 > 4-14) values of -4.75 kcal/mole
and -1.08 kcal/mole for X=F and Cl, respectively. However, the total
energies for these structures was v 300 kcal/mole above those for the
isolated monomers, so it may be that this difference only reflects a
relief of H - - H repulsions in the trans conformation.

We also tried to estimate the physical forces behind these H-bonds

by comparing the energies of the para-halophenols with those of the cis

and trans conformations of the corresponding ortho-halophenols. These
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results are presented in Table 4-12. It appears that one can not use
the para-ortho energy comparison as support for the importance of

0 - - halogen repulsion effects, since the inductive effect of two
electronegative groups ortho is more destabilizing for the fluoro

(more inductively withdrawing than the chloro). The mesomeric effect

of F might also contribute to lowering the ortho-halophenol (cis-trans)
energy difference since it makes F more positive. However, this is not
the dominant effect since our calculations find that fluorobenzene is
still capable of forming stronger intermolecular bonds than chlorobenzene.
Additional insight into the nature of intramolecular hydrogen bonding

of the ortho-halophenols and unsymmetrical 2,6-dihalophenols comes from
examining the atomic populations and bond orders of these compounds
(Tables 4-13 and 4-14). 1In all cases electron density is shifted from
the phenolic proton to both the phenolic oxygen and the halogen upon
hydrogen bond formation. With the ab initio calculations the majority
of the electron density shift is from the phenolic proton to the proton-
accepting halogen, with much less of the shift from the phenolic proton
to the proton-donating oxygen. These same qualitative charge density

shifts have been noted before.148’154

The H, O, and halogen charge
densities, as well as the H - - halogen and O - - halogen bond orders,
are affected very little by the substitution of a second halogen ortho
to the phenolic OH for both the CNDO/2 and ab initio calculations. This
is supported by the fact that the difference between the intramolecular
hydrogen bond strengths (CNDO/2 or ab initio) of any two of the ortho-
halophenols (Table 4-5) is in each case almost equal to the energy

difference between the two conformations of the corresponding unsymmetrical

2,6-dihalophenol (Table 4-7). These observations somewhat surprisingly
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Table 4-12. CNDO/2 and Ab Initio Relative Energies of ortho-Halophenols

(4-5 and 4-6) and para-Halophenols (4-15).

(4-5 + 4-15) (4-6 =+ 4-15)
AE alcd BE alcd
(kcal/mole) (kcal/mole)
X CNDO/2 Ab Initio CNDO/2 Ab Initio
F -0.17 -0.51 -1.54 -2.19
Cl 2.67 0.32 0.37 -1.45
Br 2.31 0.63
I 1.09 0.33

4-15
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suggest that the two halogen substituents ortho to a phenolic OH
interact essentially independently with the OH group.

In summary, it seems that a combination of explanations 3 and 6 is
the major cause of this "anomalous" hydrogen bond order in the ortho-
halophenols. The fact that ortho-fluorophenol is further from an optimal
hydrogen bond geometry than ortho-chlorophenol makes the hydrogen bond
in the F-compound weaker than one might expect. However, there also
appear to be significant repulsions in the trans conformation (4-6) of
ortho-chlorophenol which make its AE(cis - trans) unusually large when
compared to the AE for forming an intermolecular Cl - - - H-O hydrogen

bond.

Intramolecular Hydrogen Bonding in Other ortho-Substituted Phenols.

We next chose to examine the intramolecular hydrogen bonds in
other ortho-substituted phenols in order to compare their properties
with those of the ortho-halophenols. While CNDO/2 calculations provide
reasonable CH3 rotational barriers for both the cis and trans conformers
of ortho—CH3-phenol (Table 4-15), they predict that the most stable cis
conformer is 0.84 kcal/mole more stable than the most stable trans
conformer (each with the CH3 group staggered with respect to the OH
group). This is in contrast to the repulsive interaction that one might
expect to exist between the CH3 and OH groups in the cis conformer.
Experimental evidence (Table 4-16) confirms the existence of this
repulsion in that it shows that the trans conformer is slightly more
stable than the cis for ortho-methyl-phenol. Also, AE(cis -+ trans)
for ortho-tert-butyl phenol increases to a sligthly less negative

value upon substitution of a CH3 group in the other ortho position.
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Table 4-13. CNDO/2 and Ab Initio Atomic Populations of Phenol,

ortho-Halophenols, and Unsymmetrical 2,6-Dihalophenols
(4-1 and 4-2).

Total Atomic Populations

41 4-2
X Y H 0 X Y H 0 X Y
H 0.885 8.250 -—- - 0.885 8.250 -—- -
F H 0.844 8.242 9.202 --- 0.853 8.235 9.196 --—-
Cl H 0.847 8.255 17.086 --- 0.854 8.245 17.082 ---
Br H 0.846 8.259 35.058 —-- 0.855 0.248 35.053 ---
H 0.843 8.259 53.081 --- 0.854 8.245 53.074 ---
Cl 0.843 8.237 9.199 17.072 0.844 8.240 9.194 17.076
Br 0.844 8.240 9.200 35.042 0.844 8.245 9.194 35.046
I 0.843 8.238 9.199 53.060 0.841 8.244 9,193 53.066
Cc1 Br 0.846 8.253 17.083 35,048 0.845 8.255 17.078 35.053
Cl I 0.845 8.251 17.081 53.068 0.842 8.254 17.076 53.075
Br I 0.845 8.255 35.052 53.069 0.842 8.256 35.047 53.077
H 0.783 8.300 --- - 0.783 8.300 -—- —_—
F H 0.778 8.299 9.143 - 0.780 8.297 9.130 ---
C1 H 0.776 8.300 17.134  --- 0.776 8.290 17.117 ---
F Cl 0.770 8.288 9.135 17.109 0.763 8.297 9.122 17.126

OT3TUI qy

¢/0aNd



121

Table 4-14. CNDO/2 and Ab Initio Bond Orders of Phenol, ortho-Halophenols,
and Unsymmetrical 2,6-Dihalophenols (4-1 and 4-2).

Bond Orders

4-1 4-2
X Y H- - X O0--X O0--Y 0-H H- - Y O0--X O0--Y% 0-H
H 0.5371 ---- —-—— ——— 0.5371
F H 0.0021 -0.0006 ——-- 0.5367 --—- -0.0003 ---- 0.5371
Cl H 0.0175 -0.0050 —-=—- 0.5343 —-——- -0.0013 ---—- 0.5371
Br H 0.0237 -0.0065 ---- 0.5335 —-——- -0.0014 —--- 0.5369
H 0.0247 -0.0065 —=-- 0.5337 —-——- -0.0013 -=—- 0.5368
Cc1 0.0021 -0.0006 -0.0013 ~---- 0.0175 =-0.0003 -0.0051 ==--
Br 0.0021 -0.0006 -0.0014 ---- 0.0237 -0.0003 -0.0066 =—=--
I 0.0021 -0.0006 -0.0014 ---- 0.0247 -0.0003 -0.0066 =—=—-
Cl Br 0.0173 -0.0049 -0.0014 —~—- 0.0235 =-0.0013 -0.0065 =—==-
Cl I 0.0173 -0.0050 -0.0014 =—--- 0.0245 -0.0014 -0.0065 =---
Br I 0.0234 -0.0065 -0.0014 ---- 0.0244 -0.0015 -0.0064 ———-
H 0.5375 -=-- -—— -— 0.5375
F H 0.0046 -0.0010 ---- 0.5356 =--—- 0.0000  ———- 0.5390
Cl H 0.0076 -0.0077 ——-- 0.5404 ——-—- 0.0000 —==- 0.5395

F Cl 0.0045 -0.0010 -0.0006 0.5373 0.0077 0.0000 -0.0078 0.5416

OT3ITUI qV

¢/0aNd
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Our ab initio results (Table 4-15) agree with the experimental data;

with the CH3 group staggered with respect to the OH group, the

trans conformer is found to be more stable by 1.53 kcal/mole. The

spurious attractive interaction between OH and CH3 in the CNDO/2 cal-
culations (apparently an artifact of the approximations of the method)

can be seen from the decrease in the CNDO/2 intramolecular hydrogen bond
strengths of ortho-chloro- and ortho-iodo-phenol (Table 4-5) upon addition
of a CH3 group in the other ortho position (Table 4-15). After a complete
CNDO/2 geometry search of ortho-methylphenol (15° variations in the

CH3 rotation and 30° variations in the OH rotation), it was found (assuming
a Boltzmann distribution between all conformers) that the net energy of

the cis conformers ) that the net energy of the cis conformers (4-5: X=CH,:
-90° < ¢1234 < 90°) was still 0.57 kcal/mole less than the net energy of
90°<

the trans conformers (4-5: X=CH < 270°).

3 %1234
CNDO/2 calculations on ortho-isopropylphenol and ortho-tert-butyl-
phenol (Table 4-15) gave more reasonable results than were obtained for
ortho-methylphenol, especially with respect to phenolic OH/ortho-alkyl
repulsive interactions. The most stable trans OH conformer of the ortho-
isopropylphenol was found to be 1.56 kcal/mole more stable than the most
stable cis OH conformer; for ortho-tert-butylphenol, this energy difference

is 4.48 kcal/mole. Assuming a Boltzmann distribution between the various

cis and trans isopropyl rotamers of Table 4-15, it was found that the

net energy of the trans-OH isopropyl rotamers is 1.23 kcal/mole less than
the net energy of the cis-OH isopropyl rotamers. The corresponding energy
difference in the t-butyl case was 4.31 kcal/mole. Thus, even though
CNDO/2 underestimates repulsions, it still gives the correct sign for

AE(cis + trans) for ortho-tert-butyl- and ortho-isopropyl-phenol.
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Table 4-15. CNDO/2 and Ab Initio Conformational Dependence of Energies
of ortho-Alkylphenols (4-3) (Relative Energies in kcal/mole).

gNDO/i Ab Initio
% % Rg Y Byise e P1234°
0 180 0 180
H B B H 0 1.92  0.95  —-- —
30 0.72  0.91  --- —
60 0.00 0.8  1.53  0.00
H i o’ H 0 1.64  0.60  ——- -
30 1.56 1.69  -—- -
60 3.80 2,10 - .
90 81.2  4.81  -—- -
120 51.5  3.42 -—- —
150 79.2 2,47 - .
180 4.52  0.00  --- —
n,” o e om0 49.8  1.65 - -
30 79.0  2.39  -—- —
60 4,48 0.00  -—- .
H H clL 60 1.48  0.00  -—- —
60 0.00  0.04  ——- -
F F F H 0 2.97 2,50  3.09 -
25 -—= — 3.02 -—
30 0.02  2.53  0.04  —m-
33 0.00  -——- — .
35 0.02  -——- 0.00  -—
40 -—- -— 0.15 —
45 0.32  -— — —
60 0.64  2.50  0.84  0.12

2In degrees.

bCH3 protons in staggered conformation.
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Table 4-16. CNDO/2 , Ab Initio,and Experimental Intramolecular Hydrogen
Bond Strengths of ortho-Substituted Phenols (4-1 and 4-2).
AE(4=1 + 4=2) (kcal/mole)
X Y CNDO/2 Ab Initio Exptl.
CH, H 0.84f -1.53 —0.86: )
-0.29"°
—0.513>K
iPr -1.56% _—
tBu -4.48F — -1.38™1
_1.573-k
-1.38!
-3.048
tBu CH —_——— - —1,05h’i
-1.063°
-2.228
cF, H 2.50¢ 0.12f >0 and <v 2.53°0
NOZa H 8.29 — 6.65°
2.1P
4.79
on® H 1.37 3.27 2.29MT
ocu3: H 1.32 — 2.001’1
CgHs H 1.66 — 2.738’j
1.45%°
cHo® H 6.02 7.44 7.09°
1.8P
3.6%
CN H 2.01 — 1.73m1

aStructure 4-17.

Structure 4-16.

cStructure 4-18:

dStructure 4-19:

€Structure 4-20.

fSee Table 4-15.

CH3 group staggered. EReference 185: Method of study
@ = 90° molecular mechanics force field
2156 calculation
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Table 4-16. (Continued)

hMethod of study

IR OH torsional frequency: Cyclohexane solution.
iReference 157.

IMethod of Study

IR OH stretching frequency: CCl4 solution.
kReference 164.

1Reference 185: Method of study = dipole moment: CCl4 solution
“Estimated from reference 161.

"Reference 186.

®Reference 169: Method of study = OH 'H chemical shift: CCl4 solution.
PReference 149: Method of study = EHT.

9Reference 149: Method of study = CNDO/2

rEstimated from references 169 and 176.

sReference 187.

H H
0O ™\ p
/o ] 0 /o
0 N P
kl’/// O C:fi3
4-16 Sy 4-18
H H
N 0
6 0 " 0
5 1 2 /C

4-19 4-20
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That the alkyl and phenolic OH groups of the ortho-alkylphenols
interact in a repulsive and not an attractive manner is emphasized by

the Av values of various ortho-substituted phenols (Table 4-17).

OH

Ortho-substituents that are capable of forming intramolecular hydrogen

bonds with the phenolic OH cause You of the cis conformer to shift to

lower frequencies, for the trans conformer being relatively unaffected.

Vou
For ortho-alkyl substituents which have repulsive interactions with the

phenolic OH, v for the cis conformer is shifted to higher frequencies,

OH
Vou for the trans conformer being relatively unaffected. An intramolecular
hydrogen bond should lengthen the O-H bond, decreasing the O-H bond energy

and consequently v Conversely, it has been suggested164 that steric

OH’

interactions between an ortho-alkyl substituent and the phenolic OH narrow
the potential energy well of the O-H stretching mode by repelling the

phenolic proton, cause the O-H bond to shorten, and increase Von*

Ortho—CF3-phenol is an unusual case in which there are apparently

both attractive and repulsive interactions between the CF3 and phenolic

1

OH groups. Ortho-CF3-phenol displays two Vou bands 61 (Table 4-17): a

more intense band (3624.6 cm-l) shifted to higher frequency from Vou

for phenol (and apparently corresponding to the cis conformer) and a less
intense band (3605 cm-l) at about You for phenol (and apparently correspond-

ing to the trans conformer). These assignments are confirmed by the

two Yor bands for 2-Br-6-CF -phenol161 (Table 4-17): one at a v

3
(3510.4 cm™t) about equal to v

OH

OH for the cis conformer of ortho-bromophenol

(Table 4-17) and one of less intensity (3616.9 cm—l) at about the VoH

3-phen01. Konovalov, gg‘gi.,186

also observed a Vou doublet at 3605 and 3626 cm-1 for ortho—CF3-phen01

assigned to the cis conformer for ortho-CF
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Table 4-17. Experimental You and AvOH Values? for ortho-Substituted

Phenols (4-1 and 4-2).

-1
vOH(cm )
-1.b

X Y 4-1 4-2 AvOH(cm ) Ref.

H 3610.5 - -— 163
F H 3591 c c 163
Cl H 3545 3608 63 163
Br H 3522 3604 82 163
I H 3499 3600 101 163
CH3 H 3614 c c 157
tBu H 3647 3607 =40 157
tBu CH3 3649 3610 -39 157
iPr H 3614 c c 164
C6H5 H 3564.9 3606.9 40 185
CF3 H 3624.6 3605 -19.6 161
CH3 Br 3616.9 3510.4 -106.5 161
8A11 determined in cc1,.
b, _
Av = v OH (4-2) Yor (4-1).
c
Yox (4-1) v goﬂ(é:g).
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and assigned the higher frequency to the cis conformer. They also
found that with increasing temperature the intensity of the 3605 cm.-1
band increased while that of the 3625 cm-1 band decreased. This study
gave a AH(cis -+ trans) value of 0.9 kcal/mole. In contrast to the

161,186

above studies, Marler and HOpkin3188 assigned the less intense

3606 c:m-l v and the more intense 3624 cm_1

OH Yoy of ortho-CF_-phenol

3
to the cis and trans conformers, respectively. In addition, they found
that the ratio of the integrated intensities of the 3624 cm-1 band to the
3606 cm_l band increased with increasing temperature. Their data yields
values of AH (cis » trans) = 1.4 kcal/mole and AS(cis -+ trans) = 6
cal./deg/mole. This rather large AS for intramolecular hydrogen bond
formation is inconsistent with experimental AS values that are essentially

143-145

zero for other ortho-substituted phenols and with theoretical

considerations.146 We support the assignment of the higher Von frequency
to the cis conformer based on our calculated AE(cis - trans) values (see
below), AS(cis -+ trans) considerations,and the more abundant (although
still scant) experimental evidence supporting this assignment. Further
experimental studies on ortho-CF3-substituted phenols are certainly
indicated for the resolution of the previous experimental ambiguities.
That ortho-CF3—phenol does form intramolecular hydrogen bonds is
also supported by 19F NMR solvent shift and dilution studies.168 Hence,
like the ortho-alkylphenols there is apparently a repulsive steric
interaction between the CF3 and the phenolic OH, causing Yo for the cis
conformer to be shifted to a higher frequency. And like the ortho-

halophenols there is also an attractive hydrogen bond interaction between

the CF3 and the phenolic OH, causing the cis conformer to be more
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stable relative to the trans conformer. The results of our CNDO/2

and ab initio calculations on ortho-CF -phenol are presented in Table

3
4-15. For the cis conformer, both methods of calculation predict an
identical energy minimum (with one of the F cis to the OH and rotated
33° up from the ring plane), as well as nearly identical CF3 rotational
potentials. For the trans conformer, the CNDO/2 calculations predict a
shallow rotational potential about 2.50 kcal/mole less stable than the
cis conformer energy minimum, whereas the ab initio calculations predict

the trans conformer to be only 0.12 kcal/mole less stable than the cis

conformer energy minimum. The fact that the v

OH intensity for the

ortho-CF3-phenol cis conformer is "several times' that for the trans

conformer and the fact that the Vou intensity for the 2-Br-6-CF,-phenol

3
conformer with the OH cis to the Br is greater than that of the conformer
161

with the OH cis to the CF3 suggests that the actual intramolecular
hydrogen bond strength of ortho—CF3—phenol lies somewhere between our
CNDO/2 value of about 2.50 kcal/mole and our ab initio value of 0.12
kcal/mole. This is supported by the AH(cis + trans) value of 0.9 kcal/mole
of Konavalov, gg.gl.,186 for ortho—CFB—phenol.

We also carried out calculations on the cis-trans isomerism of ortho-
substituted phenols for a selection of ortho-substituents capable of
forming intramolecular hydrogen bonds with the phenolic OH. The CNDO/2
and ab initio results are presented in Table 4-16. The CNDO/2 results
are in fairly good agreement with the experimental data for the chelated
ortho-NOz- and ortho-CHO-phenols, for the weak intramolecular hydrogen
bonding of the ortho-OH- and ortho-OCH3-phenols, and for the weak
0-H - - - 7 intramolecular interactions of thc ortho-CN- and ortho-C6H5-
phenols. The ab initio hydrogen bond strengths for the ortho-OH-

and ortho-CHO-phenols are in slightly better agreement with the experi-
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mental data than the CNDO/2 results.
A CNDO/2 study was also conducted on the intramolecular hydrogen

bonding of salicylic acid with the relative energies of conformers 4-21,

4-22, and 4-23 predicted as 0.00, 1.38, and 4.62 kcal/mole, respectively.

That 4-21 is actually the intramolecularly hydrogen bonded conformer

that predominates is supported by the IR studies of Mori, gg_gl.lsg
H
,,H \O."H
OB N
| 0 O
H L C
\O / 0/
4-21 4-22

H
g
| )
/C

O

4-23

Thus, both CNDO/2 and minimal basis ab initio methods are capable
of qualitatively reproducing almost all of the experimental data (except

for the ortho—CH3 with CNDO/2) for intramolecular hydrogen bonding of
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ortho-substituted phenols. The ab initio calculations yield semi-
quantitative agreement with experiment in the molecules studied and rank
correctly the intramolecular "hydrogen bond" strengths in the series

CHO > OH > C1 2 F > CF.,> H > CH,.

3 3

Intramolecular Hydrogen Bonding in ortho-Substituted Thiophenols.

Having examined the ability of CNDO/2 and ab initio calculations to
predict the interactions of the phenolic OH with the ortho-substituents
of ortho-substituted phenols, we next examined the abilities of the two
computational methods to predict the intramolecular hydrogen bonding
capabilities of ortho-substituted thiophenols. A CNDO/2 geometry search

for a minimum energy 6 H in thiophenol yielded a value of 98°, which

Cs
was used in all subsequent CNDO/2 and ab initio calculations on the
thiophenols. As a parallel to the phenol studies, the intramolecular
hydrogen bonding of the ortho-halothiophenols was examined first and the
results are presented in Table 4-18. The CNDO/2 and ab initio calculations
are in agreement with ortho-fluorothiophenol forming an intramolecular
hydrogen bond about half the strength of the intramolecular hydrogen

bond of ortho-fluorophenol. For the ortho-halothiophenols, however, the
CNDO/2 calculations predict intramolecular hydrogen bond strengths about
150% of those for the corresponding ortho-halophenols. These CNDO/2
results for ortho-chloro-, ortho-bromo-, and ortho-iodo-thiophenol are
inconsistent with one's intuition based on pKa valuesl90 that SH is a
poorer proton donor than OH. In contrast, the ab initio calculations

predict the trans conformer of ortho-chlorothiophenol to be 2.79 kcal/mole

more stable than the cis conformer. Experimentally two v
191,192

SH bands are

actually observed for ortho-chloro- and
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Table 4-18. CNDO/2 and Ab Initio Energy Calculations on Thiophenol and
ortho-Halothiophenols (4-24, 4-25, and 4-26).

V(90°)?(kcal/mole) V, = AE(4-24 » 4-25) V2b (kcal/mole)

1(kcal/mole)
X CNDO/2 CNDO/2 Ab Initio CNDO/2
0.35 0.00 0.00 0.35
F 0.89 0.75 0.82 0.51
Cl 4.00 3.53 -2.79 2.23
Br 4,16 3.46 -— 2.43
I 2.28 1.38 -— 1.59

4y(90°) = AE(4-25 - 4-26).

bCalculated from V(90°), Vl’ and Eqn. 4-3.

H
AN
S
x\© X X

4-24 4-25 4-26
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ortho-bromo-thiophenol. The %u band for the cis conformer was found192

to represent no more than about 20% of the population for the ortho-
chloro- and ortho-bromo-thiophenols, in agreement with the ab initio

but not the CNDO/2 calculations. Some insight into the source of this
discrepancy between the CNDO/2 and ab initio calculations is provided by
the bond orders, atomic populations, and geometrical parameters found

in these calculations (Tables 4-19, 4-20, and 4-21). Upon the tranms

to cis conformational transition, there is a rise in the S - - X repulsive
bond order (especially for the ab initio calculations). For the cis
conformer there is a positive H - - X attractive bond order in the

CNDO/2 calculations on all four ortho-halothiophenols and in the ab

initio calculations on ortho-fluorothiophenol. Rather dramatically,
however, a large repulsive ab initio H - - X bond order occurs for the

cis ortho-chlorothiophenol conformer. As the halogen size increases

R(H - - X) increases very little for the ortho-halothiophenols while

the sum of the Van der Waals radii for H + X increases significantly.

The amount of H - - X overlap of the Van der Waals radii is about the

same for the ortho-halophenols and ortho-halothiophenols for each X.

Just as R(0 - - X) increases more slowly for the ortho-halophenols than
the sum of the Van der Waals radiil for O + X as the halogen size increases,
so also R(S - - X) increases more slowly for the ortho-halothiophenols
than the sum of the Van der Waals radii for S + X. The amount of S - - X
overlap repulsion (i.e., the amount R(S - - X) is less than the sum of

Van der Waals radii of S and X) for the ortho-halothiophenols is signifi-
cantly greater, however, than the amount of O - - X repulsion for the

ortho-halophenols for each X. The C1 > Br > I> F CNDO/2 attractive
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Table 4-19. Geometrial Parameters of the cis ortho-Halothiophenols (4-24).

a a

IVan der Waals radiib

X eHSX R(H- - X)calcd R(S- - X)calcd
calcd &)
(degrees) &) &) H4 s S+ x
F 45.05 2.23 2.96 2.67 3.27
C1 38.79 2.25 3.13 2.97 3.57
Br 36.45 2.27 3.20 3.08 3.68
I 33.50 2.32 3.31 3.27 3.87

8Calculated based on the geometries used in our calculations.

bSee footnote c, Table 4-8.

Table 4-20. CNDO/2 and Ab Initio Bond Orders for the ortho-Halothiophenols
(4-24 and 4-25).

Bond Order
4-24 4-25
X H- - X S- - X S- - X
F 0.0023 -0.0010 -0.0005
cl 0.0285 -0.0086 -0.0015 %
Br 0.0423 -0.0121 -0.0015 L
N
1 0.0556 -0.0151 -0.0015
F 0.0023 -0.0030 0.0000 gl =
=
c1l -0.0075 -0.0222 -0.0043 g
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Table 4-21. CNDO/2 and Ab Initio Atomic Populations for Thiophenol and
the ortho-Halothiophenols (4-24 and 4-25).
Total Atomic Populations
4-24 4-25
X H S X H S X
-— -— 0.988 16.100 ---
0.962 16.091 9.200 0.981 16.077 9.198 a
Cl 0.958 16.117 17.071 0.986 16.093 17.080 §
Br 0.953 16.128 35.037 0.988 16.098  35.051 ~
I 0.946 16.133 53.040 0.989 16.097 53.056
- - -— 1.029 15.854  -—-
F 1.017 15.855 9.141 1.027 15.845 9.136
Cc1 0.994 15.862 17.130 1.026 15.829 17.126

OT3TUul
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intramolecular hydrogen bond strengths for the ortho-halothiophenols
reflect these trends, but apparently, as with the O - - X repulsions in
the phenols, the CNDO/2 calculations tend to poorly represent the
S - - X repulsions. The ab initio attractive intramolecular hydrogen bond
strength for ortho-fluorothiophenol and repulsive intramolecular
interactions for ortho-chlorothiophenol reflect not only these trends
but also the ability of the ab initio calculations to correctly represent
and weight the H -~ - X attraction and S - - X repulsion. However,
they are not always completely successful in this weighting (see below).

As a direct comparison of the intramolecular hydrogen bonding
capabilities of the ortho-substituted phenols and thiophenols, we next
looked at ortho-hydroxythiophenol. Based on the intensities of the Veu
and v, bands of the various possible conformers (4-27, 4-28, and 4-29)
of ortho-hydroxythiophenol, David and Hallam191 suggest that the con-
formations 4-27 and 4-29 are present in about equal amounts in dilute
CC14 solution. As seen from Table 4-22 the CNDO/2 results appear to
agree with the experimental resu1t3191 concerning the relative stabil-
ities of the conformers, but the ab initio results do not. While bond
orders (Table 4-23) do not directly reflect these differences, they do
suggest that the differences in the CNDO/2 and ab initio results are due
not so much to their differences in handling the H - - S and H - - 0
interactions but more to their differences in handling changes in the
0 - - S repulsive interactions.

Because of these differences of the CNDO/2 and ab initio calculations
in representing the intramolecular attractive and repulsive interactions
of the ortho-halo- and ortho-hydroxy-thiophenols, we conducted CNDO/2

and ab initio calculations on the intermolecular hydrogen bonding of the
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Table 4-22. CNDO/2 and Ab Initio Relative Energies for the Conformers of
ortho-Hydroxythiophenol (4-27, 4-28, and 4-29).
Conformer Relative Energies (kcal/mole)
CNDO/2 Ab Initio
4-27 0.07 2.14
4-28 0.98 1.20
4-29 0.00 0.00
H H
/l \ /
0 0
S S
~ ~
H H
4-27 4-28
H
Hem e
|
S
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Table 4-23. CNDO/2 and Ab Initio Bond Orders for the Conformers of
ortho-Hydroxythiophenol (4-27, 4-28, and 4-29).

Bond Orders

CNDO/2 Ab Initio
Conformer H- -0 H- - S 0 - -S H--0 H--S5S 0--3S5
4-27 - 0.0057 -0.0016 - 0.0064 -0.0056
4-28 - - -0.0006 - - -0.0002
4-29 0.0070 - -0.0014 0.0025 - -0.0048

Table 4-24. Ab Initio Hydrogen Bond Energies (AE)a and Geometrical
Parametersb for HZO/HZS Dimers (4-30).

Proton Donor

HZO st
E . 2.54 1.86 STO-3G
3.33 3.37 basis set®
6 76 46
E 3.9 3.8
431G
3.66 3.59 basis set
78 22
aEnergies in kcal/mole.
bR = 0 - - S internuclear distance (in X); 8 in degrees: see 4-30.

“These results from this study.

dThese results from reference 194.
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H20/HZS, HZO/phenol, and HZO/thiophenol dimers. This was done in order
to provide some reference points with which to compare the CNDO/2
and ab initio calculations on the intramolecular interactions of the
ortho-substituted thiophenols.

For the HZO/HZS intermolecular hydrogen bonding, a "linear" dimer
(4-30: X=S and Y=0, or vice versa) was assumed, with the two monomer units
lying in perpendicular planes with the X, Y, and H atoms involved in the

180,193

hydrogen bond colinear. A geometry search was conducted simul-

taneously for both R(the 0 - - S internuclear distance) and 8 (see 4-30).

4-30

The results of our ab initio calculations with an STO-3G basis set and

a previous ab initio study194 using a 431G basis set are presented in
Table 4-24. As noted before,l94 the STO-3G basis set predicts AE values
1-2 kcal/mole less than the 431G basis set AE values. Except for slightly
shorter R values, the STO-3G geometries are very similar to the 431G
geometries for the HZO/HZS dimers. As would be expected, AE for H,S

2

as the proton donor is significantly less than for H,0 as the proton

2
donor.

We next examined with CNDO/2 and ab initio calculations the inter-

molecular hydrogen bonding of the H20/C6HSSH dimers. For C6H5YH
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(Y=S or 0) as a proton acceptor (4-31), a "linear" dimer was assumed

with Y = - H-0 lying in the ring plane and on a line bisecting 6

CYH
of C6H5YH. Y - - H-0-H all lie in a plane perpendicular to the ring
plane in order to minimze the interactions of the second H20 proton

4-31

with C6H5YH. For C H.YH as the proton donor (4-10: X=H) a "linear"
dimer was assumed with the two monomer units lying in perpendicular

planes and with the Y, O, and H atoms involved in the hydrogen bond
colinear. 0 (see 4-10) was taken as before as 57° for Y=0 (from the STO-3G
HZO dimer value)184 and as 46° for Y=S (from the STO-3G HZS/HZO dimer
value for HZS as proton donor: Table 4-24). Only R (the Y- -0
internuclear distance) was varied in our geometry searches. Several
interesting observations can be made from the CNDO/2 and ab initio
results, which are presented in Table 4-10. The CNDO/2 calculations

on the HZO/CGHSOH dimer with phenol both as the proton donor and as

the proton acceptor yield AE and R values very close to the CNDO/2 AE

(5.9 kcal/mole) and R (3.3 X) values for the H20/H20 dimer (4-30:
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X=Y=0 with 6 = 0° and H20 experimental geometry).lgs’196

initio calculations on the HZO/C6H

Our ab
5OH dimer give a AE that is more
than twice as large for phenol as the proton donor than for H20 as the
proton donor. This larger AE is accompanied by a smaller R value.

Conversely, our ab initio calculations on the HZO/C SH dimer give a

6''s
AE that is more than twice as small for thiophenol as the proton donor
than for H20 as the proton donor. This smaller AE is accompanied by a
larger R value. Our ab initio calcuations predict CcHgSH to be both a
poorer proton donor and a poorer proton acceptor than phenol. In each
case AE and R correspond well with AE and R for the corresponding
HZO/HZS dimer (Table 4-24). While our CNDO/2 calculations give a reason-
able approximation for AE for thiophenol as a proton acceptor, they
grossly overestimate the AE for thiophenol as a proton donor. Apparently
this same error is reflected in our CNDO/2 calculations predicting very
attractive hydrogen bonds for the ortho-halothiophenols (Table 4-18).

That the ab initio calculations predict relative instability for
conformer 4-27 of ortho-hydroxythiophenol can possibly be rationalized
inspecting the geometries of all three ortho-hydroxythiophenol conformers
(4-27, 4-28, and 4-29) (Table 4-25). The O - - H Van der Waals radii
overlap for 4-29 is significantly less than the rather large S - - H
overlap for 4-27. In contrast to CNDO/2 underestimating O - - halogen
repulsions in the ortho-halophenols, apparently ab initio may overestimate
the S - - H repulsions for 4-27. However, the observed relative inten-

sities of the S-H and O-H stretches make a precise estimate of the amount

of conformers 4-27-4-29 in o-hydroxythiopenol ambiguous.



Table 4-25.

Geometrial Parameters of ortho-Hydroxythiophenol

Conformers (4-27, 4-28, and 4-29).

142

R(O- -S)zalcd R(S- -H)zalcd & Rr(o- _H)ialcd IVan der,Waals
radii
Conformer Q&) Q) &) 0+S S+H O+H
4-27 2.97 2.37 - 3.32 3.00 ---
4-28 2.97 — -— 3.32 ==  ——
4-29 2.97 —-— 2.23 3.32 —— 2.72

3Calculated based on the geometries used in our calculations.

bSee footnote c, Table 4-8.
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Infrared Spectral Properties of ortho-Substituted Phenols.

The ortho-halophenols (except for ortho-fluorophenol) exhibit
in "inert" solvents two O-H stretching frequencies, Vop® ©ne

approximately equal to v of phenol and corresponding to the trans

OH
non-hydrogen bonded conformer; the other shifted to a lower frequency
and corresponding to the cis intramolecularly hydrogen bonded conformer.
(Ortho-fluorophenol exhibits only a single (but broad) Vox because Yoy
for the cis conformer vaH for the trans conformer). The difference
(AvOH) between the two frequencies is of the order F < C1 < Br < I
(Table 4-17). Both the experimental data and our CNDO/2 and ab initio
calculations indicate that the order of intramolecular hydrogen bond
strengths of the ortho-halophenols is most likely Cl x F>Br >1

or C1 > Br > F > I (depending on which studies are cited). This is in
conflict with the Badger-Bauer rule197 which states that AvOH (the
shift to lower frequencies upon hydrogen bond formation) is directly
proportional to the hydrogen bond strength. This discrepany has been

attributed160’166’173

to these intramolecular hydrogen bonds being
highly bent from an ideal colinear geometry for O-H - - X and to the

H - - X distances being fixed by the molecular geometry of the phenols

198

at values not necessarily equal to the preferred interacting distances.
It appears166 that for the ortho-substituted phenols AvOH is a measure
of the amount of H - - X overlap and not the net energy of the OH and
X interactions, which, for example, will include the O - - X repulsion.
Both our CNDO/2 and ab initio calculations support this hypothesis.

The cis conformer H - - X bond orders (Table 4-14), providing some

measure of the H - - X interaction, correlate well with the AvOH values
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(Table 4-17) but not with the intramolecular hydrogen bond strengths.
The experimental AV oy shifts to lower frequencies should be paralleled
by similar decreases in the ortho-halophenol O-H bond orders upon
hydrogen bond formation. The CNDO/2 phenol and trans ortho-halophenol
O-H bond orders are all essentially the same, just as the experimental

phenol and trans ortho-halophenol Avo values are essentially the same.

H

In addition, the CNDO/2 calculated O-H bond order decreases upon hydrogen

bond formation for the ortho-halophenols closely parallel the corresponding

experimental AV oy values (except for the I 0-H bond order which is
slightly out of line). While the ab initio calculated O-H bond orders
are also fairly constant for phenol and the trans ortho-halophenols, the
ab initio O-H bond order decreases of the two ortho-halophenols upon
hydrogen bond formation do not correlate with the corresponding exper-
imental V,y Values.

In order to see whether either the CNDO/2 or ab initio calculations

could predict the experimental Av., values for the ortho-halophenols,

OH
we conducted geometry searches for the minimum energy O-H bond lengths
for phenol and the ortho-halophenols. Assuming a harmonic oscillator
model for changes in energy with R(0-H) variation near the minimum
energy R(0-H), force constants (k) and hence the Vou values were cal-
culated for the O-H stretch (Table 4-26). The CNDO/2 calculations
overestimate the "expected" equilibrium R(0O-H), k, and Vou values. The

CNDO/2 ortho-halophenol v_ . values, even though slightly overestimated,

OH
are in reasonable agreement with the experimental data both in magnitude
and ordering (except for I which is slightly out of line). The CNDO/2
cis ortho-halophenol equilibrium R(O-H) values vary in essentially the

same manner as Av,. for the halogens. The ab initio calculations give

At A - . a——

Ef‘
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reasonable estimates for the ortho-halophenol R(O-H)min values

and vOH values that are less overestimated than for the CNDO/2 calculatioms.

However, the ab initio calculations do very poorly in predicting the

magnitude of Av H for the ortho-halophenols.

0

Because of this insensitivity of the ab initio calculations to
AVOH for the ortho-halophenols, we decided to investigate this area

further. Assuming again a harmonic oscillator model for the O-H stretch:

1/2 % <x2> = <v>n

1/2 En

where: <x2>n = the expectation value of x2 of the nth O-H stretching
energy level
X = ‘R(O—H) - R(O—H)min
<37>h1 = expectation value for V (the potential energy
of the O-H bond) in the nth O-H stretching
energy level

E
n

energy of the nth O-H stretching energy level

(n+1/2) LvOH

Then: <x2> = En/k
n

v -
Assuming Vox v 3600 cm 1 gives:
k = 7.65 x 105 ergs/cm2

(Eqn. 4-1)

_ B -1
E, = 1/2 "“’ou = 1800 cm
_ _ -1
E, = 3/2 thH = 5400 cm
Eqn. 4-1 then gives 1/2
< 2> = 0.068 &
X
[o]
1/2
=0.118 &

),
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We expected that for a phenol the energy difference between these two
R(0O-H) geometries might give a better indication of the H - - X interactions

than the harmonic oscillator v H for two reasons. First, the comparison

0

occurs on a portion of the O-H stretch curve that is steeper and hence
more sensitive to variations in the environment around the O-H bond,
compared to the less steep portion of the curve around R(O—H)min.

Secondly, by comparing energies at the respective E0 and E1 values of x
1/2

correspondings to <x2> , we would be looking at the portions of the
n

curve where the the proton spends a good portion of its time in the

ground and vibrationally excited state. The results, given as
N\ 1/2 172
AE(<x) > <x> ), are presented in Table 4-27. Although
0 1

the ab initio results do qualitatively suggest shifts to lower O-H
stretching frequencies for the cis ortho-fluoro- and ortho-chloro-phenols,
the sensitivity of the model is poor and it does not predict the correct
order for X=H, F, and Cl.

As stated earlier, the ortho-CF_ -phenol is unusual in that the

3
hydrogen bonded (cis) O-H stretching peak is larger than the trans, but

shifted to higher frequencies from the trans O-H stretch. A CNDO/2

geometry search for a minimum energy O-H bond length for ortho-CF_-phenol

3
(Table 4-26) gives a R(O-H)min value which is longer than the CNDO/2

calculated R(O—H)min value for phenol. From the data points used in

the search, a v ., was obtained which incorrectly predicts a shift to

OH

lower frequency for v H for the cis conformer of about 100 cm-l. A

0
similar ab initio geometry search yielded a R(O-H)min value that is
shorter than the ab initio calculated R(O-H)min value for phenol and a
Vou for the cis conformer that is about equal to the ab initio calculated

Voy Value for phenol (Table 4-26). For ortho-CF3-phenol the ab initio

2 2 1/2
AE( <x) -+ <x> ) value, in contrast to the ortho-fluoro-
o 1l
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and chlorophenol cases, is larger than for phenol, suggesting a
steeper O-H bond stretch potential for ortho-CF3-phenol than for
phenol. This in turn suggests that this steric repulsion between
the hydrogen-bonded CF

and OH groups causes the v H shift to higher

3 0]

frequency observed for the cis conformer of ortho-CF3-phenol.
From the geometry of our calculations, the internuclear distance

between the phenolic proton and the closestF of the CF, group for the

3
minimum energy CF3 rotamer of the cis conformer of ortho-CF3-phenol is
calculated to be only 1.70 R. Comparison of this value with the

H- - F internuclear distances for the cis conformer of ortho-fluorophenol
(2.26 R) (Table 4-8) and for the equilibrium HZO/fluorobenzene dimer

(1.50 &, ab initio: Table 4-9) and with the sum of Van der Waals radii

for H+ F (2.67 R) (Table 4-8) suggests that for ortho—CF3-phenol:

1) The intramolecular hydrogen bond strength is due to the expected
attractive interaction of the pehnolic proton with the F atom; 2) The
repulsive interaction of the phenolic proton with the F atoms is due

to the latter being forced (because of geometrical constraints) into

very close proximity with the former in order to maximize the attractive
interaction of the two; and 3) This repulsive interaction due to

the H - - F internuclear distance being forced to be so small is reflected
in our ab initio calculations by a shortened O-H bond length, an increased

0-H bond stretching force constant, and a shift in v to higher

OH

frequency. This shortened H - - F internuclear distance for the closest

F atom in the minimum energy cis-CF_-phenol conformer is reflected in

3
the H - - F bond order (0.0169, CNDO/2; 0.0264; ab initio), which is

significantly greater than the value for the cis ortho-fluorophenol
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Table 4-27. Ab Initio Calculations on the O-H Stretching Potential

Energy Curve for Various Phenols (4-5),

1/2
AE(<x2> 01/2 > <x2>1)a
X (kcal/mole)
H 5.32
F 5.25
Cl 5.30
b
CF3 5.40
cHo® 4.76
on? 5.30
aSee text for derivation of <:!:2>111/2 values.
b . = = = . = 3 = °
Structure 4-3: Re =R, = Rg = F; Y = Hj ¢2156 = 30°,

CStructure 4-20.

dStructure 4-16.
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conformer (0.0021, CNDO/2; 0.0046, ab initio). In additionm, eHOF

for the most stable cis ortho-CF_-phenol conformer is only 23.4°, a

3
much more favorable value than for the ortho-halophenols.

In a series of artic1e3157a167,174

Fateley, et al., have assigned
phenolic OH torsional frequencies to the cis and trans conformations of
a number of ortho-substituted phenols and then used these to calculate
the enthalpy difference between the two conformations for each (Table
4-28). They assumed the potential associated with the internal rotation
of the phenolic OH to be adequately represented by the Fourier cosine
series

V(@) = 1/2 v (1-cos n a) (Eqn. 4-2)
which could be truncated at n = 2 for most ortho-substituted phenols.
(Approximate calculations have shown that higher terms are negligibly

200

small. ) Equating V(a) with our ¢ of 4-1,

1234

V(¢1234) = Vl(l—cos ¢1234)/2 + V2(1—cos 2 ¢1234)/2

(Eqn. 4-3)
For an ortho-substituted phenol, V1 is equal to the energy difference
between the cis and trans conformations and V2 corresponds to the OH

rotational barrier with the V1 (cis/trans) contribution factored out;
i.e., V2 is essentially the energy required to rotate the phenolic OH

out of conjugation with the aromatic ring; differences in V, reflect

2
differences in the inductive and resonance interactions of the different
ortho-substituents with the phenolic OH. From our MO calculations we
can derive values for V1 and V2, which, together with corresponding

experimental values, are presented in Table 4-28. For phenol itself

the ab initio calculations overestimate the experimental V2 rotational
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Table 4-28. (Continued)

3V (90°) = AE (4-1 + 4.32).

b
V, = AE(4-1 > 4-2).

CCalculated from v(90°), Vl’ and Eqn. 4-3.

d . = = = . = °
eStructure 4-3: R, = R, = Rg = H; ¢2156 60°.
2nd CH3 staggered the same as the first with respect to the OH.
= = = o =H- = °
Structure 4-3: R6 = R7 R8 F; Y=H; ¢2156 33°,

Estructure 4-20.

BStructure 4-17.

iStructure 4-16.

J.Structure 4-18: CH3 group staggered.

kStructure 4-19: ¢2156 = 90°, i.e., with the two rings perpendicular.
18y definition.
"Method of study
"Reference 167.
®Method of study
PReference 185: Method of study
9Reference 157.

TReference 186: Method of study

IR OH torsional frequency: Vapor state.

IR OH torsional frequency: Cyclohexane solution.

Force field molecular mechanics calculations.

"

IR OH stretching frequency; CCl4 solution.
OH 1H chemical shift; CCl4 solution.
YEstimated from references 169 and 174.

YReference 199.

SReference 169: Method of study
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barrier by a much larger amount than the CNDO/2 underestimation of V2.
The ab initio calculations, however, agree extremely well with both
the magnitudes and ordering of V1 and V2 for ortho-fluoro- and ortho-
chloro-phenol in the vapor state, but are higher than the values of Vl
and V, in cyclohexane. This suggests an explanation for part of the

2

overestimation by ab initio of V, for phenol itself since this experimental

2
value was also measured in cyclohexane solution and not in the vapor

state. The agreement of the CNDO/2 calculations with the experimental

V1 values for the four ortho-halophenols is moderately good. Interestingly,
the ordering of V2 for the ortho-substituents of the ortho-halophenols

and phenol itself is C1 > Br > I > H > F for CNDO/2, C1 > H > F for

ab initio, and C1 > Br > I > F > H e;perimentally. Apparently, changes

in V2 of the ortho-halophenols (as compared to phenol) are determined by
two factors. First, the greater the electronegativity of the ortho
substituent (F > C1 > Br > I > H), the better if is able to inductively
withdraw electron density from the phenolic ring, causing the phenolic
oxygen to donate electron density into the ring, thus increasing the

phenolic C-0 double bond character and hence V Second, the greater

2.
the ability of the ortho substituent (F >> Cl, Br, I > H) to donate
lone pair electron density by resonance into the aromatic ring, the
better it is able to oppose the delocalization of the phenolic oxygen

lone pair electrons into the ring, hence decreasing V The interpretation

2°
of our results are consistent with a study199 on para-fluorophenol in
which it was found that the para-fluoro-substituent actually decreased
vy (as compared to phenol) by 0.60 and 0.53 kcal/mole in experimental
and ab initio studies, respectively. As seen in Table 4-28, the CNDO/2

and ab initio calculations generally give reasonable predictions for V2
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for the ortho-OH-, NOZ—, CN-, CHO-, C6H5-, CFB—, and OCH3

although the CNDO/2 results tend to underestimate the experimental

-phenols,

V2 values (where available for comparison) slightly more than the
ab initio results.

Fateley and Carlson157 found that the phenolic OH torsional
frequency region was more complicated than at first expected for
ortho-methylphenol. This apparently is due to the CH3 rotational
potential being superimposed upon the phenolic OH rotational potential.
With the CH3 group staggered with respect to the phenolic OH, CNDO/2
gave a value for V2 of 3.11 kcal/mole (Table 4-28) in good agreement
with Fateley and Carlson's experimental value of 3.29 kcal/mole.157
With the addition of a second ortho-methyl group, the CNDO/2 V2 value
rises slightly to 3.28 kcal/mole, paralleling a rise in the experimental
Vv, value to 3.41 kcal/mole.157

In order to test the validity of truncating the Fourier cosine
series, Eqn. 4-2, at n = 2 to give Eqn. 4-3 for the potential associated
with the internal rotation of the phenolic OH group, we calculated with
CNDO/2 the variation of the energy of phenol and of ortho-chlorophenol
at 15° increments of rotation of the OH group. Multiple least squares
linear regression analyses were then conducted, using the CNDO/2 energies
with Eqn. 4-2, including various combinations of the higher order terms.
The results (Table 4-29) lead to the following conclusions concerning
these calculations. Although the inclusion of vy terms with n > 2 is
statistically justifiable, the changes in V1 and V2 induced by these

inclusions are small enough so that quite accurate approximations of

V1 and V2 can be obtained from Eqn. 4-3. As theoretically expected, the
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changes induced in V1 and V2 by the inclusion of Vn terms with n > 2
is such that V1 is affected only by inclusion of Vn terms with n odd

and V2 is affected only by inclusion of Vn terms with n even. The

magnitude of any Vn+2 term is only between 57 and 20% of the Vn term.
Assuming a Boltzmann distribution between the conformers used for

these regressions, it was found that the net energy of the cis conformers

(4-5: -90° < 90°) of ortho-chlorophenol was 2.33 kcal/mole less

< 01234
than the net energy of the trans conformers (4-5: 90° < ¢1234 < 270°),
in very good agreement with the value of 2.30 kcal/mole obtained for V1
considering only AE(cis + trans). That this complete an analysis gives
almost identical results with the simple AE(cis + trans) type of
analysis provides additional justification for the latter's use in
analyzing such cis/trans conformational changes. However, this AE
(2.3 kcal/mole) is not the same as the V1 derived from the least squares
fit to the Fourier series (1.93 kcal/mole). Thus, the experimental values
derived from the V1 (the torsional frequencies in the IR) may not be
quantitatively comparable to the AE values derived by other methods, such
as relative intensities of the O-H stretching peaks in the near IR.

CNDO/2, ab initio, and experimental dipole moments for a number of
compounds examined in this study are presented in Table 4-30. Both
CNDO/2 and ab initio qualitatively predict trends in the dipole moments
for families of compounds in the table. Although there are a few
relatively large devitions from the experimental values, most of the
calculated dipole moments are in reasonable agreement with the experimental

values.
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Table 4-29. (Continued)

bFor both phenol and ortho-chlorophenol, 13 data points at 15° intervals
from o = 0° to ¢ = 180° were used in the regressions. Vn values given
for each equation are for the particular values of n included in that
regression. Values in parentheses are 95% confience intervals. The
inclusion of each additional higher order term (n + 2) is (by F-test

analysis) statistically (at > the 95% confidence level) significant.
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Table 4-30. CNDO/2, Ab Initio,and Experimental Dipole Moments (D).
A. Halobenzenes (CGHSX)
X
i a Solvent
ucalcd(CNDO/Z) “calcd(ék Initio) uexptl
F 1.68 0.93 1.57-1.66 Vapor
1.39-1.51 CGH6
Ccl 2.00 2.28 1.75 Vapor
1.58 C6H6
Br 2.08 -— 1.70-1.79 Vapor
1.50-1.57 C6H6
I 2.72 -— 1.70-1.71 Vapor
1.25-1.39 C_H

66
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Table 4-30. (Continued)

E. H,X: Experimental Geometry

2 . u a Solvent
u (Ab Initio) “exptl.
ucalcd(CNDO/Z) calcd —
X H X H X
0? 2.15 1.73 1.82°¢ Vapor
g2 -— 1.02 0.90-1.01 Vapor

8rrom reference 136 unless otherwise noted.
bCalculated as a simple weighted average assuming a Boltzmann distribution
between 4-5 and 4-6.

€A "best" average experimental value.

Q.

Structure 4-17.

L]

Structure 4-20.
fStructure 4-16.

gStructure 4-18.

hStructure 4-19: @ 90°.
1 —= 72156

Structure 4-3: R6 = R7 = R8 =Y = H.
jStructure 4-3: R5 =Y = H; R6 = R7 = CH3 (staggered).
kStructure 4-3: R5 = R6 = R7 = CH3 (staggered); Y = H.
1 = = = . =

Structure 4-3: R5 = R6 R7 s Y = H.

n 'fI = 1.09.

“y’I = 1.145.
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Table 4-30. (Continued)

°3{p= 1.20.

Py 60°.

2156
Qcalculated assuming a Boltzmann distribution between the conformers of
Table 4-15.
r — ano°
¢2156 30°.
s _ o
tCalculated assuming a Boltzmann distribution between conformers of Table
4-15.
u - o
85156 = 180°-
Ycalculated assuming a Boltzmann distribution between conformers 4-21,
4-22, and 4-23.
“From reference 185.

XCalculated as a simple weighted average assuming a Boltzmann distribution

between conformers 4-24 and 4-25.

Ycalculated assuming a Boltzmann distribution between conformers of
Table 4-22,
zExperimental geometry: see note 180.

aaExperimental geometry: see note 193.
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Conclusions.

With a few exceptions, the CNDO/2 MO method generally does a
fairly reasonable job in reproducing the experimental intramolecular
interactions (and in particulr the experimental AE values) for ortho-
substituted phenols. The probable underestimation by CNDO/2 of the
intramolecular hydrogen bond strength for ortho-fluorophenol can be
viewed as only a minor deficiency in the method. That the cis conformer
of ortho-methylphenol is found by CNDO/2 to be more stable than the trans
is, however, a more serious error. For most of the phenols studied in
this article, the ab initio MO method does at least as well and often
better than CNDO/2 in reproducing the experimental intramolecular
interactions of ortho-substituted phenols, especially of ortho-fluoro-
and ortho-methylphenol. Both the CNDO/2 and ab initio calculations
do well in predicting and providing some insight into the phsyical origins
of the "anomalous' ordering of the experimental intramolecular hydrogen
bond strengths of the ortho-halophenols. These studies suggest that
the intramolecular interactions of the ortho-halophenols are mainly
determined by a competition between the attractive and repulsive
H - - halogen interactions in the cis conformer as well as the
0 - - halogen repulsions in the cis and trans conformers. In addition,
these interactions are a strong function of the H-O - - X angle. The
calculations suggest that the magnitudes of the VoK shifts for the cis
conformers of the ortho-halophenols are determined by the magnitude of
the H - - halogen interactions, which do not necessary reflect the net
intramolecular hydrogen bond energies. Similar physical effects are

apparently operative in ortho-CF_-phenol. In this compound, the

3
H - - F distance is foced to be sufficiently close in the more stable
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cis conformer, so that one observes a shift to higher frequency for the
0-H stretch, as well as predicts (ab initio) a shortened O-H bond
length in this conformer. Low temperature neutron diffraction might
be used to test this prediction.

The ab initio calculations are successful in reproducing the limited
experimental data for the ortho-halothiophenols. The importance of
considering X - - S repulsion effects, which should be greater than
X - - O repulsion, is clear from these studies and experiments. The
prediction that ortho-fluorothiophenol favors the cis hydrogen-bonded
conformer and ortho-chlorothiophenol the trans (the opposite trend in
cis stability from the ortho-halophenols) is a clear indication of the
greater repulsive forces involved in ortho-interactions when both substit-
uents are from the second row.

Our calculations indicate that the theoretical methods we have
employed are capable of yielding a better understanding of the important
forces determining the near and far IR properties of ortho-substituted
phenols and thiophenols.

This study suggests a number of avenues for further work:

1. In the area of semi-empirical MO theory, we have done a very
limited variation of the parameters of the I atom, but clearly more
systematic variations in the spirit of Dewar, gg_gl.,ZOI are possible
and would likely lead to a set of parameters which can better predict
both intramolecular and intermolecular hydrogen bonding effects of I
(as well as Br, Cl, and F) than the parameters we used in this study.

2. We have also used model intermolecular H-bond potentials to

gain insight into the nature of intramolecular H-bonding. This should
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prove of utility in studying intramolecular H-bonded systems with

more conformational flexibility, such as 1,3 propanediol,154 where

one can use such calculations to separate conformation and H-bond effects
in determining the final minimum energy structure.

3. The ab initio calculations with a minimal basis set do a very
good job in predicting the hydrogen-bonding properties of the ortho-
substituted phenols and thiophenols, with the possible exception of
ortho-hydroxythiophenol. The Mulliken populations for the thiophenols
are strange (S 6+ and H & ), but the net dipole moment has the
opposite direction, indicating that the wave function represents the
polarity in a satisfactory manner. The intermolecular potential surfaces

for the H20/C6H SH dimers (thiophenol as the proton donor or acceptor)

5
also support the net S & /H 6+ polarity in the wave function. However,
more accurate calculations on ortho-hydroxythiophenol would probably
be instructive, in order to see if they can reproduce the qualitative
relative conformational stabilities determined by David and Hallamolgl

4. We have also examined some of these ortho-substituted phenols
and thiophenols for which there is no direct quantitative AE(cis + trans)
data. So we hope the calculations presented here will be an impetus for
further experimental physical chemical studies.

5. Our results suggest that to reproduce Av for the X-H stretch in
H-bonded systems may require a careful analysis of the anharmonic part
of the proton potential. For a crude estimate of relative frequency

2\1/2 2 1/2

shifts, E( <x )1 ) - E( <x) ) may be a better guide than directly

o

calculated AvXH.
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INTERMOLECULAR HYDROGEN BONDING IN ORTHO-SUBSTITUTED PHENOLS AND
PHENOXIDES

There are numerous plausible nuclear receptor and plasma protein
binding sites one could imagine in order to explain the outer ring
structure-activity relationships of the thyroid hormones and analogs.
Therefore, we decided to use experimental and theoretically calculated
inter- and intramolecular hydrogen bond strengths of ortho-substituted
phenols and phenoxides in order to examine:

1. Likely orientations for possible nuclear receptor and plasma
protein proton donor and proton acceptor groups.

2. The relative biological activities for different 4' substituents.

3. Possible reasons for the the "non-additivity" effects in binding
for 3', 4' substituted analogs.

Following the extensive theoretical CNDO/2 and ab initio examinations
of the intramolecular hydrogen bonding and interactions of ortho-subs-
tituted phenols, we examined the intermolecular hydrogen bonding of
ortho-substituted phenols as a model system for the unionized phenolic
ring binding to nuclear receptors and the intermolecular hydrogen bonding
of ortho-substituted phenoxides as a model system for the ionized phenolic
ring binding to TBG. H20 was used both (a) as a model proton acceptor
in the nuclear receptor when the unionized phenol is functioning as
a proton donor (4-33) and (b) as a model proton donor in the nuclear
receptor when the un-ionized phenol is functioning as a proton acceptor
(4-34) or in TBG when the ionized phenol is functioning as a proton
acceptor (4-35).

The geometry of the model system for proton donation of a phenol

to H20 (4-33) was defined as follows. The two monomeric units 1lie in
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perpendicular planes with the phenolic OH and 0 of the H20 coplanar
with the aromatic ring and with the aromatic ring plane bisecting

6 H of the H,0. Variations in hydrogen bond energies (AE) were then

HO 2
determined with respect to variations in R, @, and 6 for phenol
(4-33: X=Y=H) and are presented in Table 4-31 and Figs. 4-1 and 4-2.

With @ = 0°, R and 6 were simultaneously varied to give minimum
energy values for R, 6, and AE of 2.63 X, 47° and -8.93 kcal/mole
(CNDO/2) and 2.54 X, 12°, and -6.63 kcal/mole (ab initio), respectively.
With R fixed at these values, variations in the minimum energy values
of AE and 6 were then determined as a function of 6. As can be seen in
Table 4-31, the variations in 6 with respect to @ are more reasonable
for ab initio (formation of a bifurcated hydrogen bond as @ increases)
than for CNDO/2 (H20 protons practically directed at the phenolic O
at @ = 70°). Hence, all further CNDO/2 and ab initio calculations were
performed using the ab initio minimum energy values of R and of 6 as a
function of @. Although the ab initio are greater than the CNDO/2 AE
values, the shapes of the ab initio and CNDO/2 AE vs. @ curves for
phenol are approximately the same and all minimize at @ = 0° (O-H--H
colinear) (Fig. 4-1 and 4-2).

The geometry of the model system for HZO as proton donor to a phenol
(4-34) was defined as follows. The two monomeric units lie in perpendic-
ular planes with the phenolic OH and the H-O of the H20 involved
in the hydrogen bond coplanar with the aromatic ring. The O - - H-0
involved in the hydrogen bond are colinear since this geometry should

147

give maximal hydrogen bond strength. The second O-H bond of the

HZO lies in a plane perpendicular to the aromatic ring plane in order to

minimize any interactions of this second H20 proton with the phenol.
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Variations in CNDO/2 and ab initio AE values were then determined for
simultaneous minimum energy variations of R and eCOO for phenol (4-34:
X=Y=H) and are presented in Table 4-32 and Fig. 4-3 and 4-4. In contrast

to phenol as the proton donor to H,0, the CNDO/2 are greater than the ab

2
initio AE values, although the shapes of the ab initio and CNDO/2 AE

Y
vs. eCOO curves are approximately the same and both minimize at eCOO N~ 125°

(hydrogen bond approximately bisecting 6 OH of phenol). All further

c
CNDO/2 and ab initio calculations were performed utilizing these CNDO/2

and ab initio, respectively, minimum energy values of R as a function

6 .
°f 800

The geometry of the model system for H20 as a proton donor to a

phenoxide (4-35) was defined as above for H,O as a proton donor to a

2
phenol (4-34), except the phenolic proton is left out and the phenoxide

202

R(C-0) shortened to 1.33 R. Variations in CNDO/2 AE values were

then determined for simultaneous variations of R and eCOO for phenoxide

(4-35: X=Y=H) and are presented in Table 4-33 and Fig.4-5. The minimum
energy R values are essentially invarinat (and are considerably shorter

than for 4-34) as 0 0 is varied. As 6 is varied, AE varies very

C00
~ 125° and is about 3.5 to 4 times AE for

co

little, minimizing at eCOO

the corresponding phenol--HOH dimer (4-34). All further CNDO/2 calcu-
lations were performed utilizing these CNDO/2 minimum energy values of R

as a function of eCOO'

Utilizing the reference geometries for 4-33, 4-34, and 4-35, as

defined above for X=Y=H for minimum energy, R, @, 6, and GC values,

00

AE values were calculated for a variety of variations of X, Y,and geometrical



Ab

165

Table 4-31. CNDO/2 and Ab Initio Hydrogen Bond Energies (AE in kcal/mole)

of Phenol as Proton Donor to HZO (4-33: X = Y = H).

é (°)

RQ) 0 10 20 30 50 70
ﬁ 2.632 AE 8.93  8.70 7.36 5.62 2.87 1.89
= b
H 6 47 58 67 77 98 126

2.632 AE  6.05  5.64 4.72 3.49 1.51 1.06
< b
é 6 47 58 67 77 98 126
(&)

2.54¢ AE 6.63 6.42 5.52 4.18  1.69 1.52

d 12 11 17 24 73 157

*Minimum energy (Ab Initio) value for phenol at ¢ = 0°.

bMinimum energy (Ab Initio) values for phenol at R = 2.63 R.
“Minimum energy (CNDO/2) value for phenol at ¢ = 0°.

dMinimum energy (CNDO/2) values for phenol at R = 2.54 .
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Figure 4-1. Ab Initio hydrogen bond energies (AE: kcal/mole) of

various phenols as proton donors to H,0 (4-33).
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Figure 4~2. CNDO/2 hydrogen bond energies (AE: kcal/mole) of various
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Figure 4-3. Ab Initio hydrogen bond energies (AE: kcal/mole) of H20

as proton donor to various phenols (4-34).
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Figure 4-4. CNDO/2 hydrogen bond energies (AE: kcal/mole) of H,O as
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proton donor to various phenols (4-34: X = H); aCH3

group staggered; biPr CH, groups pointed away from OH

3
and staggered.
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parameters and are presented graphically in Fig. 4-1 through 4-5 and/or
are described below.
It was found that the CNDO/2 AE values were only very slightly affected

(+ 0.2 kcal/mole maximum) for Y=H and X=H, F, C1l, Br, I, CH,, iPr, or

3
OH for 4-35. In contrast, the change in the ab initio AE values for
Y=H and X=H, F, or Cl for 4-33 (see Fig. 4-1) and 4-34 (see Fig. 4-3)
are much larger. In almost all cases, the direction of change of AE as
X varies is as expected: i.e., electron-withdrawing X substituents reduce
the electron density on the phenolic O, decreasing AE for 4-34 and 4-35
and increasing AE for 4-33; electron-donating X substituents of course
have the opposite effect.

The situation is quite different when the Y substituent is varied
in that it is capable of sterically interacting with the H20 molecule.
From the CNDO/2 and ab initio AE potentials for 4-33, 4-34, and 4-35

as functions of @ or 6 and of Y, as presented in Fig. 4-1 through

Ccoo
4-5,the following observations can be made. Strong repulsive interactions
result between Y and the H20 molecule for small values of @ for 4-33.
These repulsive interactions decrease as ¢ increases, until the AE for

the Y-substituted phenol equals that of unsubstituted phenol once the

HZO and Y-substituent are no longer within contact distance. Obviously,
the larger Y is, the larger the repulsive HZOIY interactions are and

the larger the @ value must be before AE returns to the unsubstituted

phenol value. The same hold for 4-34 and 4-35, replacing @ with eCOO'

The CNDO/2 H20/Y repulsive AE potentials are much "harder" than the
corresponding ab initio ones.
It was also found for both the CNDO/2 and ab initio calculations

that the electronic effects of the X substituent and the electronic and
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Table 4-33. CNDO/2 Hydrogen Bond Energies (AE in kcal/mole) of H20 as

Proton Donor to Phenol (4-35: X = Y = H).

Coo
110 115 120 125 130 140 160 180
AE 22.52 23.11 23.67 23.74 23.68 23.31 22.20 21.74
r? 2.36  2.35 2.35 2.35 2.35 2.35 2.35 2.35

aMinimum energy (CNDO/2) values for phenoxide at each eCOO'

. oma 3
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Figure 4-5. CNDO/2 hydrogen bond energies (AE: kcal/mole) of H20 as
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steric effects of the Y substituent on the AE of intermolecular
hydrogen bond formation are essentially additive for 4-33, 4-34, and
4-35. That is, X and Y act essentially independently in their influence
on intermolecular hydrogen bond formation.

For 4-33, 4-34, and 4-35, for various X and Y substituents, the
magnitudes but not the general shapes of the CNDO/2 AE potential curves
were changed upon slightly increasing the R values.

Variation of AE upon movement of the H, O molecule oxygen out of the

2
phenol or phenoxide plane was also examined with CNDO/2. Maintaining

) = 110° for 4-33 and the phenolic hydroxyl coplanar with the aromatic

Ccoo

ring, movement of the H,O out of the ring plane and hence loss of

2
O0-H - - O colinearity resulted in a large hydrogen bond energy loss for

phenol (4-33: X=Y=H) for more than about 20° movement of the H,0 oxygen

2
out of the phenol plane. For 2,6-diiodophenol (4-33: X=Y=I) a similar
movement results in loss of HZO/I repulsion but no sgnificant overall

phenol/H20 attraction. Maintaining 6 = 125° for 4-34 and the phenolic

Ccoo
hydroxyl coplanar with the aromatic ring, movement of the H,O out of the

2
aromatic plane retains O-H - - O colinearity. Hence, such a movement has
almost no effect (loss of AE ~ 0.3 kcal/mole) for phenol (4-34: X=Y=H)
and results in a significant (AE ~ 4.5 kcal/mole) phenol/H20 attraction
for 2,6~-diiodophenol (4-34: X=Y=I). A similar result was found for
movement of H20 out of plane for the phenoxide/H20 model system (4-35)
[as for the phenol/HZO model system (4-34)] for phenoxide (4-35: X=Y=H)
and 2,6-diiodophenoxide (ﬁ:éé: X=Y=I). On the basis of these calculations
and analysis of various binding activities, some tentative conclusions

can be drawn concerning the probable nature of the intermolecular

hydrogen bonds which are formed between thyroid hormone analogs and the
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plasma proteins and nuclear receptors to which they bind. The binding

28
3 4°

binding difference can be explained primarily on the basis of the pKa's

affinity of L-T Although this

to TBG is only 97 that of L-T
of the 4'-hydroxyl group of these two analogs, the geometrical orientation
of the proton donor on the TBG molecule must be such that the 3' and

5' iodines provide little if any steric interference to this hydrogen

bond formation. If this were not the case, then, the binding affinity

of L-T4 would not be expected to be so much greater than that of L-T3.
This suggests, using 4-35 as a model system and examining Fig. 4-5,

that the geometrical orientation of the TBG proton donor probably is

such that either the C-0 - - proton donor angle is substantially > 125°
and/or that the proton donor's approach to the phenoxide ion is substan-
tially out of the phenoxide ring plane.

For binding to the nuclear receptor, the situation is considerably
more complicated. First, the 4'-phenolic hydroxyl could be functioning
either as a proton donor (model system 4-33) or as a proton acceptor
(model system 4-34). Second, the inverse correlation of binding affinity
with the size of the 5'-substituent could be due éither to direct
steric interaction of the 5'-substituent with the receptor and/or to
steric interference of the 5'-substituent with intermolecular hydrogen
bond formation between the 4'-hydroxyl and the receptor. Third, whether
the 4'-hydroxyl is functioning as a proton donor or acceptor, the phenolic
hydroxyl could be directed either "cis" or "trans" to the 3'-position.
This question of 4'-hydroxyl functioning as a proton donor or acceptor
to receptor is then best approached by examining relative in vitro

24,25
a

binding potencies of analogs to intact rat hepatic nuclei nd

26,43

to solubilized rat hepatic nuclear protein receptors. (This
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eliminates complications due to differences in analog metabolism
and binding to plasma proteins in vivo.) 1In particular, if the 4'-

hydroxyl were functioning as a proton acceptor, then one would expect

(as with TBG) the binding affinities of analogs to be inversely proportional

to the pKa of the 4'-hydroxyl. The in vitro binding studies have shown
however, that the binding of analogs to these nuclear receptors is

only slightly affected by the electronic interactions of the 3'- and
5'-substituents with the 4'-~hydroxyl. In addition, the binding to
nuclear receptors is approximately equal for analogs with 3'-alkyl or
3'-halo substituents of approximately equal lipophilicities. The relative
binding affinities and physical properties of 3',4'-substituted analogs
support the model of the 4'-hydroxyl functioning as a proton donor
which is directed "trans' to the 3'-position. The contribution of the
4'~hydroxyl to the AG of binding to solubilized rat hepatic nuclear
protein receptors can be calculated (Eqn. 2-2) as the difference in AG
values for binding of a 4'-deoxy analog and the corresponding 4'-hydroxy

26,43

compound. Such AG values have been calculated (for 4-36) as

-1.23, -1.61, and -1.91 kcal/mole for R,, = H, CH3, and tBu, respectively.

3'

HO 0 CHZCH(NHZ)COOH

R3,

4-36



177

This is in agreement with the results that would be expected if the
increasing bulk of these 3'-alkyl substituents were orienting the
4'-hydroxyl toward the 5'-position and a proton acceptor on the receptor.
Similarly, the calculated AG contribution of the 4'-hydroxyl group
with 3'-monohalo substitution is inversely related to the strength of
the intramolecular hydrogen bond that would have to be broken in order
to orient the 4'-hydroxyl toward the 5'-position (AG (4'-OH) = -1.47,
-2.03, -2.48, and -3.60 kcal/mole for 3'-F, 3'-Cl, 3'-Br, and 3'-I,
respectively). That the 3'-halogen substituents (especially Br and I)
enhance the AG for the 4'-OH group suggests that the 3'-halogens are
significantly enhancing the 4'-OH proton donor ability (consistent with
the ab initio results). A receptor proton acceptor on the 3' side is
unlikely because bulky 3' substituents (e.g., Br or I) would certainly
interfere with any hydrogen bond between the 4'-OH and such a receptor
group. (One can not exclude the possibility that the hydrophobic
interactions of the 3'-substituent with the receptor are inducing small
conformational changes in the receptor such that there is a direct
cooperativity in binding between the 3'-hydrophobic interaction and the
4'-hydrogen bond.) With this model, it becomes plausible to ascribe at
least part of the intolerance of the nuclear receptor to 3', 5' disubsti-
tuted compounds to steric interference of the 5'substituent with the
4'-0H - - - receptor hydrogen bond. Our theoretical studies predict
strongly repulsive potentials for bulky 5'-substituents if @ (see

4-33) = 0° (i.e., for a colinear hydrogen bond). Although 5'-bulk is
detrimental for in vivo activity and in vitro binding, even a group as
large I causes only a 5 to 8 fold loss in activity (a AG loss for

binding of ~ 1.27 kcal/mole). This suggests that the receptor proton
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acceptor is probably so oriented that steric interaction with 5'-
substituents is somewhat reduced, e.g., by orientation either slightly
out of the phenolic ring plane and/or with @ > 0° (see 4-33). It
appears that a 5'-substituent sterically interferes with either hydrogen
bond formation between the 4'-hydroxyl and receptor and/or also
decreases activity by direct repulsive steric interaction with the
receptor.

In order for the model of the 4'-hydroxyl as a proton donor
directed towards the 5'-postion to be acceptable, it must also be
able to account for the low in vitro binding affinities of various

24,26

4'-0CH,, 4'-H, and 4'-NH, analogs. Benzene/H20 dimers (to model

3 2
the 4'-H substituent) (optimal phenol/H20 geometries for 4-33 and
4-34 with H then replacing OH) gave (CNDO/2 calculations) only very small

repulsive interactions for H,0 as proton donor (-0.69 kcal/mole) or

2
as proton acceptor (0.27 kcal/mole). With CNDO/2, anisole (to model
the 4'-methoxy substituent) was found to be as good a proton acceptor
as phenol. Then using 4-33, (X=Y=H), replacing the OH proton with a
staggered CH3 group, the dimer gives rise to repulsive interactions, the
magnitude of which depend on R and the CH3 conformation. Experimentally
4'-0CH3 analogs are generally found to bind with affinities similar to those of the
corresponding 4'-H analogs, in agreement with a 4'-OH donor model.
The AE for aniline (to model the 4'-NH2 substituent) as proton
donor to H20 was calculated by CNDO/2 to be -3.85 kcal/mole with the
NH2 group coplanar with the aromatic ring and with eHNH = 120°. The
microwave spectrum of aniline,203 however, predicts that the NH2 group
adopts an out-of-plane angle of v 37.5° with - N 113.1°. With the

_ microwave spectrum geometry for aniline203 and with H20 as a proton
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Figure 4-6. CNDO/2 dependence of Energy (relative, in kcal/mole; )
and eCNH (in degrees; ----—- ) of aniline (4-37) on ¢1234

(in degrees).
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acceptor (but with the H,0 oxygen coplanar with the ring plane and with

2
the closes N-H bond), CNDO/2 predicts a AE for the dimer of only

-2.56 kcal/mole. The CNDO/2 energy and eCNH profile for inversion

of the NH2 group of aniline is given in Fig. 4-6. Assuming the 4'-OH
proton donor model, it is clear why the 4'-NH2 binds less strongly than

4'-OH, but it is not clear at this point why the 4'-NH, compound should

2

bind less strongly than the 4'-OH or 4'-OCH, to nuclear receptors. A

3
reasonable model pictures a receptor proton acceptor location which
is out of the outer ring plane. This allows a weak O-H - - - H bond,
but an H . . X distance which is too short for 4'—NH2,resu1ting in
steric repulsion.

Steric bulk in the 3'-position is disadvantageous for nuclear or
TBG binding, but only for substituents which extend out from the molecule

25,26,56 This suggests

a distance greater than about the group size of I.
that the 3'-substituents do not sterically interfere with an interaction

of the 4'-position with receptor or TBG, but rather that the 3'-substituent
binds in a size-limited pocket approximately the size of I. However,

since the 3'-substituent might influence the cis-trans isomerism of the
4'-0H, we carried out a conformational analysis for several ortho-alkyl-
phenols. The results of these conformational analyses are presented

in Fig. 4-7 through 4-9 (see also the intramolecular hydrogen bonding
studies above). The most striking feature of the conformational energy
maps and our previous calculations on the ortho-alkylphenols is that

the lower energy conformations prefer @ > 90° + 30° (although

2156

favoring ¢2156 > 90°) with ¢ fairly unrestricted within this ¢2156

1578

range. Branching on the carbon alpha to the ring tends to increase

the energetic favorability of conformations with ¢2156 > 90°, as




181

would be expected. In general, the alkyl groups tend to extend up
and away from the hydroxyl group, although no great preference is
seen for fully extended conformations. With the OH cis to the

alkyl group (¢1234 = 0°), conformations with ¢2156 < 60° tend to be
completely excluded. The conformational preference of alkyl chains
to orient up and away from the phenolic hydroxyl could be detrimental
with respect to binding in that these very orientations could be such
that the chains would sterically be interacting with the 3'-pocket
receptor surface. Any 3'-substituent with more than a 2 carbon chain
(e.g., 3'-n-propyl) is significantly less tightly bound to nuclear
receptor than those of similar total size (3'-iPr), with only 2 carbon
extensions from the 3'position.

Further experiments will be interesting in order to test this
"picture" of the receptor. One might test 4'-H or F, 5'-OH or CHZOH
compounds in order to ascertain whether 5'-substituents interfere with
4'-H-bonding or because there is steric repulsion with the receptor.
The fact that 4'-0CH3 is not less tightly bound than 4'-H suggests the
receptor H bond acceptor can move to relieve steric interactions with

the methyl group. The relative inactivity of the 4'-NH, group is sur-

2
prising, and it might be interesting to test 4'—N(a1ky1)2 to completely

remove the proton donor functionality. If our reason for the inactivity

of the 4'-NH, is correct, 4'-N(CH

2 might not further decrease binding.

32

iy
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CONFORMATION OF THE ALANINE SIDE CHAIN

The length, stereochemistry, and associated charges of the
l-position side chain of the thyroid hormones and analogs are
extremely important in determining in vivo (see Tables I-1, I-8
and 1-9 of Appendix I) and in vitro (see Table 4-34) thyromimetic
activities. Many of the in vivo activity differences can be ascribeds’85
to differences in metabolic susceptibilities and clearance rates of the
different side chain variations. However, the in vitro activities
(Table 4-34) clearly indicate that there are inherent differences in the
binding of the various side chains of thyroid hormone analogs to nuclear
receptors and to TBG. Hence a preliminary CNDO/2 conformational analysis
study of the naturally occurring alanine side chain was undertaken.

For analysis of the amino acid side chain conformation, 4-OCH -3,5—12—

3
L-phenylalanine (4-40) was used as a model system. The CH., and NH +

3 4
205

groups were assumed to be staggered. Conformation studies were

performed utilizing variations in ¢l = ¢C6C107C8, ¢2 = ¢CIC7C8N9,

and 63 = ¢N9CSC10011' Taking ¢l = 270° and ¢2 = 180° (the fully
extended "transoid" conformer with the least expected steric repulsions

of the NH3+ and COO with the aromatic ring), 15° variations in 63 led

to a minimum energy at 345°. 63 was taken as 345° in all further calculationms.
15° variations in él and dz led to the energy local minima listed in

Table 4-35. Besides these minima, there are two very steep minima at

61 = 60°/240° and dz = 210° which are about 20 kcal/mole more stable

than the local minimum 61 = 75°, ¢2 = 300°. Bonds orders show that

this stabilization is due to an unexplainable attractive interaction

between the carboxyl group and C2—H and C6-H and is apparently an

artifact of the approximations of the CNDO/2 MO method. From the

calculations it can be concluded that for the model system (4-40)
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Table 4-34. Dependence of In Vitro Thyromimetic Activities of Thyroid

Hormones and Analogs on 1-Position Side Chain.

RS'

HO // \\ 0 // \\ R

R3. I
4-39

Binding to Binding

Intact Rat to

peracie me

Rl R3, RS' (% L-T3) (% L_Té)

CHZCOOH I H 100 —
CHZCOOH I I 5 3.6
CHZCHZCOOH I H —-— 0.3
CHZCHZCOOH I I - 1.7
D—CHZCH(NHZ)COOH I H 70 -—
L-CHZCH(NHZ)COOH I H 100 9.0
D-CHZCH(NHZ)COOH I I —-— 54
L—CHZCH(NHZ)COOH I I 12.5 100
L—CHZCH(NHCOCH3)COOH I I -— 25.0

aReferences 24 and 204.

bReferences 30.
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studied: (1) there is no great preference for either a cisoid (¢1 ~ 90°)
or a transoid (él N 270°) conformation; (2) dz may assume any of the
expected staggered values of approximately 60°, 180°,or 300°; (3)

63 ~ 345°; and (4) the various dl, ¢2 conformers are readily inter-
convertible: barriers between dl conformers { 7.5 kcal/mole and between
¢2 conformers X 4 kcal/mole. These theoretical results are in agreement

10-14,206-208 __

with a large number of X-ray crystallographic studies
aromatic amino acids and thyroid hormone analogs, with the small (and
not unexpected) exception that the transoid conformation is usually (but
not always) observed. The MO and X-ray studies emphasize the fact that
the amino acid side chain can probably assume whatever conformation is
required to maximize binding interactions. Further CNDO/2 studies,

attempting to lock the side chain conformation by use of 2-CH, or 2,6-

3
(CH3)2 groups were also performed. Unfortunately, again because of the
spurious COO-/C2 and C6 attractions, it was impossible to estimate
quantitatively from these calculations the ability of these CH3 groups

to lock or restrict the side chain conformations (except where direct

steric interactions result). Despite this, it would be useful to synthesize
and test the binding activities of 2- and 6-substituted analogs, especially

with regards to the ability of these substituents to restrict the side

chain conformations.
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Table 4-35. CNDO/2 Conformational Energy Local Minima of Alanine Side

Chain (4-40) (Energy in kcal/mole).

4, 4, E
105 60 3.12
285 60 2.87
90 180 n 02
270 180 n 02
75 300 0.00
255 300 0.19

a
See text.
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CHAPTER FIVE: QUANTITATIVE STRUCTURE-ACTIVITY CORRELATIONS

Although the structure-activity relationships of the thyroid
hormones and analogs have been investigated most extensively over the
last 30 years through the synthesis and testing of approximately 500
analogs,52 with very few exceptions such studies have involved quali-
tative rather than quantitative evaluation of activities. This lack of
quantitative structure-activity studies has apparently been due to:

(1) lack of a substantial number of consistently reliable activities;

(2) enormous variability of assay types; and (3) the complexity and

number of physico-chemical properties which affect the activities

of the thyroid hormone analogs. The first two of these deficiencies

have been in part eliminated by the extensive compilation and re-evaluation
of in vivo activities (reference 2 and 8, and Appendix I), as well

as by the recent extensive determination of accurate in vitro binding

24-26,43

affinities to nuclear receptors and plasma proteins.30 The
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third set of problems has step-by-step been clarified by series of
experimental, classical analog, and theoretical studies (as outlined
in Chapters One and Two), and hopefully in part by this study.

A large number of quantitative structure-activity relationship
correlation studies of the various activities of thyroid hormones and
analogs were undertaken in the course of these studies. For reasons
of clarity and of space limitations, however, only the results of those
studies representing final QSAR models or developmental stages of the
correlations are presented in this chapter. Listings and origins (where
appropriate) of substituent parameters used in the correlation studies
are presented first. Rat antigoiter bioassay activity correlations are
the first examined, since all previous QSAR studies of the thyroid
hormone analogs have involved in vivo activities. After presentation
of the previously uninvestigated area of using QSAR methods to analyze
various in vitro binding affinities, correlations between in vivo

activities and in vitro binding affinities are presented.

SUBSTITUENT PARAMETERS AND COMPUTATIONAL DETAILS

Values for the substituent parameters utilized in these quantitative
structure-activity relationship studies are presented in Table 5-1.

For an electronic parameter for 3' and 5' substituents, op was
utilized, under the assumption92 that the electronic effect of a
substituent on an ortho position should be comparable to that on the
para. Ogyge= Ogy + g As the electronic effects of 3' and 5'
substituents were assumed to be expressed through the ionization and/or
hydrogen bonding of the 4'-OH, Oj151 Was set equal to 0.0 for 4'-H

and 4'-0CH3 analogs for in vitro assays. This was not done for
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correlations involving in vivo activities, since it was assumed 4'-H
and 4'-0CH3 analogs would be metabolized to the corresponding 4'-OH
analogs in vivo.

In agreement with the results of Kubinyi,56 choice of a system for
7 values was not found to be crucial to the overall results of the
correlations; using 7 values from different systems did not substantial-
ly change the equations derived. The number of known 7 substituent
constants is largest for the benzene system (“BZ)’ thus requiring the
fewest estimations of unknown values. Hence, unless otherwise noted,

T = 7n,, was used for all 3, 5, 3', and 5' substituents. m,_ =T, +

BZ 35 3

Tse  Tgige = T3y + 7oy

I12' = an indicator variable for 2' substitutions (there was not
enough variation in 2' substituents for use of a steric or
hydrophobic parameter)

= 0 for 2' substituent = H
= 1 for 2' substituent not = H (including 2',3'-(CH)4)
I4'H = an indicator variable for 4'-H analogs
= 1 for 4' substituent = H
= 0 for 4' substituent not = H
IA'OCH3 = an indicator variable for 4'--0CH3 analogs
= 1 for 4' substituent = OCH3
= 0 for 4' substituent not = OCH

3
INTERACT 1is a parameter derived from experimental data and MO

calculations and is an estimate of the free energy change (in kcal/mole)
for orientation of the 4'-OH from cis to the 3' substituent to cis to

the 5' substituent. Values of INTERACT3. listed in Table 5-1 are

for a 3' substituent with the 5' substituent = H. INTERACT,.. (i.e.,

5

H) = -INTERACT,:-

for a 5' substituent with the 3' substituent 3
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Table 5-1. Substituent Parameters Used in Structure-Activity Correlations

b c

Substituent o2 TapA Moz INTERACTB,
0.00  0.00 0.00 0.00
F 0.06  —— 0.14 1.37¢
c1 0.23 — 0.71 2.309
Br 0.23 - 0.86 1.68%
I 0.18  -—- 1.12 0.759
OH -0.37  -0.49 -0.67 —
No, 0.78  —— -0.28 8.29¢
CH, -0.17 0.51 0.56 -0.51°¢
C,H, ~0.15  0.97 1.02 -
1-CH, -0.15  1.30 1.53 -0.99.
n-CH, -0.13  -— 1.55 -0.72
i-C,H, -0.128  1.81" 2.00? —
s-CHy(+) -0.128  —— 2.00% -1.01f
£-C,Hg -0.20 1.68 1.98 -1.57¢
e-CeHy,  =0.22  --- 2.51 —
CHs -0.01  1.89 1.96 —
cF, 0.54 - 0.88 —
2',3'-(cH), 0.04 -— 0.997 —

aop values from reference 57 unless otherwise noted.
bFrom the 3-substituted phenoxyacetic acid system; from reference
209 unless otherwise noted.

c
From the benzene system; from reference 57 unless otherwise noted.
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Table 5-1. (Continued)

Substituent Esk 3'SIZE >1
H 1.24 0.0
F 0.78 0.0
Cl 0.27 0.0
Br 0.08 0.0
I -0.16 0.0
OH - 0.0
NO2 -— 0.0
CH 0.0l 0.0

3
C2H5 -—— 0.127
1-C,H, 0.471 0.253
n-C3H7 - 0.405
i—C4H9 —— 1.160
s=C,Hy (+) — 0.707
t-C4H9 — 0.920
c—C6H11 -— 2.46
C6H5 - 2.22
CF3 —-—— 0.0
2',3'-(cH), -— 0.0

dCND0/2 estimate; see Tables 4-5 and 4-16.

eExperimental value; see Table 4-16.

fCND0/2 interpolation between Me and tBu experimental values; see Table

4-16.
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Table 5-1 (Continued)

EFrom reference 210.

hEstimated.

iEstimate from reference 56.

j0.99 = 3/4(1.32) for 2',3'-(CH)4 since it was assumed that only
approximately 3 of the 4 carbons could be fitting into the 3'
substituent hydrophobic pocket.

kFrom reference 211 unless otherwise noted.

1From reference 212.
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Thus, INTERACT (3',5'disubstitution) = INTERACT, , + INTERACT Since

3! 5'*
the "INTERACT" effects of 3' and 5' substituents were assumed to be
expressed through their influencing the hydrogen bonding capabilities
of the 4'-0OH by virtue of their orienting capabilities, INTERACT was

set equal to 0.0 for 4'-H and 4'-OCH, analogs for in vitro correlationms.

3
The parameter 3'SIZE > I (based on bond distances, Van der Waals

radii, and conformational considerations) is an estimate of the average

distance a 3' substituent extends out from the 3' position further

than iodine. Iodine and smaller 3' substituents were assigned values of

0.0 for this parameter. Utilizing the bond distances used in our MO

calculations (Chapter Four), an estimate of 2.0 R 178 for the Van der

Waals radii of a CH2 or CH3 (rVW,CH3) group, and Van der Waals radii of

Bondi,179 3'SIZE > I values were calcualted as follows. First, the

distance (rz) was calculated to the furthest out non-hydrogen atom

from the 3' carbon atom. For 3' substituent = H, r, = 1.09 8. For

3' substituent = OH, r, = distance to H. For 3' substituent = cHex, r =

distance to C4" for a C,,—equitorially-substituted cHex. For 3'

1"

substituent = Ph, r, = distance to H on C4" for a C,,~substituted Ph.

1"

The appropriate heteroatom, H, or CH2 Van der Waals radius was then

added to r, to give r,, = approximate average Van der Waals size of

3'

a 3' substituent extending out from the 3' carbon. 3'SIZE > I values

were calculated as follows:

3'SIZE > I = Loy - r3,(I)
= 1y, - 4.12 S
= 0.0 1f 1, - 4.12 R < 0.0

For acyclic 3' alkyl substituents, 3'SIZE > I values were calculated
in a slightly different manner in order to take into account conformational

flexibility:
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rz(n) = Calculated distance to the furthest carbon for an alkyl
chain n carbons long in a fully extended, staggered
conformation
r3,(n) = Calculated T3 value for an alkyl chain n carbons long
in a fully extended, staggered conformation
= rz(n) +r

VW,CH
= (n) + 2.0 R

3

3'SIZE > I(n) = Calculated 3'SIZE > I value for an alkyl chain
n carbons long in a fully extended, staggered
conformation

= r3'(n) - r3.(I)

4 (n) - 4.12 R

0.0 if ry, - 4.12 2 0.00

In particular, calculated values are:

3'SIZE > I(n=1) = 0.00 &
3'SIZE > I(n=2) = 0.38 &
3'SIZE > I(n=3) = 1.74 &

A three-fold conformational rotation for branching at the carbon
o to the 3' carbon was then examined in order to calculate the average
distance a particular 3' acyclic alkyl substituent extends out from the
3' carbon. For example, a 3' CH3 substituent, for the three staggered
a-carbon rotamers, extends out (in a particular direction) as a carbon

chain n=1 carbons long for all three rotamers. Hence,

3'SIZE > I(CH3) [3'SIZE > I(n=1) + 3'SIZE > I(n=1)

+3'SIZE > I(n=1)]1/3

0.00 & + 0.00 & + 0.00 R)/3

0.00 &
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A 3' Et substituent, for the three staggered a-carbon rotamers, extends
out (in a particular direction) as a carbon chain n=1 carbons long for
2/3 of the rotamers and as a carbon chain n=2 carbons long for 1/3 of

the rotamers. Hence:

3'SIZE > I(Et) [3'SIZE > I(n=1) + 3'SIZE > I(n=1)

+ 3'SIZE > I(n=2)]/3

(0.00 & + 0.00 & + 0.38 R)/3

0.127 &

A 3'iPr substituent extends out as a carbon chain n=1 carbons long
for 1/3 of the rotamers and as a carbon chain n=2 carbons long for

2/3 of the rotamers. Hence:

3'SIZE > I(iPr) [3'SIZE > I(n=1) + 3'SIZE > I(n=2)

+ 3'SIZE > I(n=2)]1/3

(0.00 8 +0.38 & + 0.38 8)/3

0.253 &

Similarly:

3'SIZE > I(nPr)

[3'SIZE > I(n=1) + 3'SIZE > I(n=1)

+ 3'SIZE > I(n=3)]/3

(0.00 8 + 0.00 & + 1.74 R)/3

0.580 &
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3'SIZE > I(sBu)

[3'SIZE > I(n=1) + 3'SIZE > I(n=2)
+ 3'SIZE > I(n=3)]/3

0.00 8 +0.38 R + 1.74 R)/3

]

0.707 &

3'SIZE > I(iBu) [3'SIZE > I(n=1) + 3'SIZE > I(n=1)

+ 2*3'SIZE > I(n=3)]/3

(0.00 & +0.00 & + 2%1.74 8)/3

1.160 R

For 3'-iBu, the 3'SIZE > I(n=3) value was multiplied by two to take

into account the branching at the R-carbon atom

3'SIZE > I(tBu) = [3'SIZE > I(n=2) + 3'SIZE > I(n=2)

1/3

+ r
VW, CH,

= ' =
rVW,CH3 = 2.0 & was used in place of 3'SIZE > I(n=2)

for the third o-carbon branch. The 3'-tBu is the only 3'-alkyl

For 3'-tBu,

substituent with a third non-hydrogen oa-carbon branch, and apparently
this extra steric bulk, by interaction with the receptor and/or with
the 4'-0OH, adds an extra negative steric influence to this group.
Although this is admittedly a "fudging" factor to account for the

apparent extra steric bulk of the 3'-tBu substituent, the necessity
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of its inclusion to "fit" the relative activity of this substituent
provides additional insight into the strict conformational and size
requirements of 3' substituents; i.e., the third non-hydrogen o-carbon
branch of this substituent does add an additional negative steric
interaction beyond that attributable to the average distance the 3'
substituent extends out from the 3' carbon further than I (see below).

All regression correlations of this study were performed with
PROGRAM QSAR47 (Appendix IT), utilizing standard multiple regression
techniques. Details of the computational methods are presented in the
program documentation (Appendix II). For presentation of the regression
equations:

Values in parentheses after regression coefficients are 95%

confidence intervals.

R = the multiple least squares regression coefficient.
N = the number of data points used in the calculation of the
regression equation.

S = the overall standard deviation of the regression.

FDFN,DFD(caICd) = the calculated F statistic value for DFN
degrees of freedom in the numerator and
DFD degrees of freedom in the denominator.

(Z%) = the % confidence level at which FDFN,DFD(caICd) is

significant.

(<75%) for F(caled) < F(75%).

(>99.97%) for F(caled) > F(99.9%).
For F(X%) < F(caled) < F(YZ), (Z%) is obtained by extrapolation

linearly with log (%):90
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F(caled) - F(Y) ]
F(X) - F(Y)

log(Z) = log(Y) + [log(X) - log(Y)I

On the basis of the qualitative in vivo structure-activity rela-
tionships of the thyroid hormone analogs (in particular, only 3'
substituent "size'" > I decreases activity, all 5' substituent '"size"

decreases activity), for analogs with R3, # R the larger substituent

5"
was assumed to be the 3' substituent and the smaller substituent was

assumed to be the 5' substituent.

RAT ANTIGOITER BIOASSAY ACTIVITIES
Except for the correlations of this study, there have been few

other36s91-94

quantitative SAR studies of in vivo activities of the
thyroid hormones and analogs and none using in vitro activities. These
previous studies, however, did not specifically restrict  analysis

to data from a single assay type in a single animal type: the studies

examined thyroxine-like activity in amphibia,91 mammalia,91 rodents,gz’93

and the rat.56’94

Although various metabolic, antigoiter, and meta-
morphosis activities are often similar, significant deviations do

occur between specific assay types,z’8 In the previous studies, DL
corrections were simply L = 2x DL or were not made at all, and DL- or
L-T4 was used as the reference compound. In addition (and most certainly
unknown to the previous investigators) activities had not been correct-
ed from a weight to a molar basis. In order to conduct our studies with
the largest, most accurate possible set of experimental data for a

single assay type, we conducted our in vivo quantitative SAR correlations

solely with rat antigoiter bioassay activities. Unless otherwise noted,
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all activities were corrected to a molar basis, and for comparison of

L-analogs with L-T, as the reference compound (see Chapter Three for

3
details).

The first attempt to quantitatively study thyromimetic activity
(and one of the early quantitative studies of structure-activity
relationships) was a study of Bruice, gg_gl.,gl who derived equations
relating thyroxine-like activity in amphibia and mammalia of the type
of Eqn. 5-1:
log (% thyroxine-like activity) = kIf + ¢
(Eqn. 5-1)

where I f = fX + fx + fX' + fX' + fOR'

and fx, fX" and fOR' are empirical constants for 5-1.

x'

X

R'O // \\ o // \\ R

X X'

ik
-

For the action of thyroxine analogs on rodents, Hansch and Fujita92

developed Eqn. 5-2 for structure 5-2. R3, and RS' = various halogen
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5'

HO 0 CH20H(NH2)COOH

3|

)]
|
N

combinations. ™ values are from the the 2-substituted phenol system.

o= op values. Thyroxine-like activity = A, relative to L-T, = 100.

4
log (4) = = 1134 (rg,.)° + 7.435 mq,, - 16.323 Oqrge
-0.287
(Eqn. 5-2)
N =9 R = 0.884 S = 0.660

Although the accuracy of biological data available and our conception

of the SAR of thyroid hormone analogs have both changed immensely since
this study, it was in part on the basis of Eqn. 5-2 (predicting activity
to be optimal for moderately lipophilic, electron-donating 3',5'
substituents) that more extensive examination of the thyromimetic
activities of 3',5' alkyl-substituted analogs was encouraged.

Much more recently Kubiny156’94

developed a large series of
equations considering thyroxine-like activity of thyroxine analogs
in the rat, as an example of a mixed approach to quantitative structure-

activity relationships based on Hansch and Free-Wilson analysis. For
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analogs of the type 5-3, they utilized: m values from the benzene

system: oy values for 3',5' substituents

RS' R5
HO 0 CHZCH(NHZ)COOH
Ry Ry
5-3
corr _ _
: ESB' = ESB' EsI
= 0 for values > 0 (i.e., for substituents with
Es3, > EI)
= an approximate measure of 3' substituent size > I
(see later discussion).
corr
: Es' = Esg, + Esg,

sum of 3' and 5' steric influences on activity.
[1] and [CH3] = Free-Wilson parameters for group contributions

of I and CH3, respectively, based on a . 0.00.

B

With these parameters, their results can be summarized with Eqns. 5-3

through 5-5 for a wide variety of substituent types.

log(A) = + 1.673 (4+0.324) - 1.242 (+0.969) ©

Y 3'5!
corr

+ 1.714 (+0.600) Es,,

+ 0.856
(Eqn. 5-3)

N =10 R = 0.984 S = 0.201



log(A) = + 1.908 (+0.517) =

log(A) = + 1.569 (+0.251)
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- 2.151 (+1.517) o©

3'5! 3's5!
+ 1.871 (10.700) ESS' - 1.598
(Eqn. 5-4)
N =13 R = 0.946 S = 0.347

1‘3|5' - 1.582 (i0.555) 03|5'

+ 1.493 (+0.299) Es' + 0.176 (+0.159) [I]

- 0.563 (40.195) [CH3] - 1.348

(Eqn. 5-5)

N =23 R = 0.965 S = 0.250

All three of these equations predict in vivo thyromimetic activity to be

proportional to the sum of 3' and 5' substituent lipophilicities and

electron-donating capabilities. In addition it is predicted that:

(1)

(2)

(3)

Utilizing Eqn. 5-3 and 5-3 (R3 =R, = I; R., = H), 3' substituent

5

steric bulk greater than iodine (estimated by Es corry

3'

reduces activity.

Utilizing Eqn. 5-4 and 5-3 (R3 =R, = I; R3, = substituents

5
not sterically "larger" than I), any 5' substituent bulk
(estimated by ESS,) reduces activity.

Utilizing Eqn. 5-5 and 5-3, activity is reduced by the sum of
steric bulk of 3' substituents larger than iodine and of 5'
substituents (estimated by Es') and is of the order I > Br > CH

3

for R3 and R5 substituents.
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The QSAR studies of Hansch92 and Kubiny156’94

are important

and represent the evolving understanding of in vivo thyromimetic
activity structure-activity relationships. The choice and significance
of the substituent parameters utilized in these previous studies will
be examined below.

As an examination of the possibility of a parabolic dependence of
in vivo thyromimetic activity on lipophilicity, a preliminary study25
of in vivo rat antigoiter bioassay activities (BA) of 3,5-diiodo-thyronines
(5-4: Table 5-2) yielded Eqn. 5-6, utilizing n values derived from the
3-substituted phenoxyacetic acid system, a simple L = 2x DL correction
factor, L-T4 = 100% as reference compound, BA values not corrected to
a molar basis, and R3. = substituents all with approximately the same

electronic contributions in order to restrict analysis to an inspection

of the n/n2 parabolic relationship.

log(BA) = + 1.358 (+0.541) + 2.405 (+ 1.076)

3'
2
-1.192 (+0.652) T3
(Eqn. 5-6)
N=28 R = 0.936 S = 0.383
log (BA) maximized for ideal Ty = 1.01
Squared independent variable cross correlation matrix

2
T3r =7 T3¢ olement = 0.847

Development of Eqn. 5-6 is presented in Table 5-3. Eqn. 5-6 is

highly significant and supports the study of Hansch and Fujita,92

which predicts a parabolic dependence of activity on compound lipophilicity.
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Two factors, however, raise the possibility of whether this w/m 2
relationship truely represents a distribution phenomenon or rather
a steric effect for large 3' substituents: (1) As first noted at
the time of this study,25 activity rises linearly with ﬂ3, up to

mﬁ3'iPr’ but then sharply drops for larger LEY values. This can be

seen in Table 5-2 from the deviations of log(BA) from log(BA)

obsd’
(2) As to be shown quantitatively below, and as was observed at the

caled

time of this study,25 binding of analogs to intact rat hepatic nuclei
(where distribution should not be a factor) also peaks atn “3'iPr
and then sharply decreases for larger LEY values.

After a series of developmental studies, the essentially equivalent
Eqns. 5-8 through 5-11 were developed as the simplest, most general

equations for predicting in vivo thyromimetic rat antigoiter bioassay

activities (BA) for structures of the type 5-5 (Table 5-4). Biological

5' 5

R, 0 CH,,CH (NH,) COOH

3! 3

data used for calculating the equations is presented in Table 5-5. The
representative stepwise development of Eqn. 5-8 is presented in Table
5-6. The independent variable squared cross correlation matrix for the

variables utilized in these equations is presented in Table 5-7.
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Table 5-2. Data Used in the Formulation of Eqn. 5-6 Correlating Rat
Antigoiter Activities (BA) for Thyroid Hormone Analogs (5-4).

I
HO 0 CHZCH(NHZ)COOH
R3,
o4
Data BA(Z) log(BA)
a

P;int R3, Obsd. Obsd. Calcd.b Dev.
1 OH 1.5 0.176 -0.107 0.283
2 H 10 1.000 1.358 -0.358
3 Me 85 1.929 2.274 -0.345
4 Et 550 2.740 2.569 0.172
5 iPr 1000 3.000 2.469 0.531
6 tBu 120 2.079 2.033 0.046
7 iBu 60 1.778 1.805 -0.027
8 Ph 22 1.342 1.644 -0.302

%Uncorrected to a molar basis. L—T4 = 1007. Assuming L = 2x DL.

bCalculated with Eqn. 5-6.
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Stepwise Development of Eqn. 5-6.

Eqn. # Eqn. and Statistical Data
5-7 log (BA) + 1.186 + 0.594 Tas
R = 0.572 S = 0.813
F1,6 = 2.91 (83.6% vs. mean)
5-6 F2,5 = 17.62 (99.4% vs. mean)
F = 22.09 (99.4% vs. Eqn. 5-7)

1,6




Table 5-4. Structures of Thyroid Hormone Analogs (5-5) Used in
Deriving Eqns. 5-8 through 5-11.
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Data
Point # Abbreviation R3 R5 R3, RS' RA'
1 3Me-3'I-T Me H I OH
2 Me3-T Me Me Me H OH
3 Me4-T Me Me Me Me OH
4 3'iPr-Me2-T Me Me iPr H OH
5 3'nPr-Me2-T Me Me nPr H OH
6 3'sBu-Me2-T Me Me sBu H OH
7 3'I-Me2-T Me Me H OH
*8 S5Me-T1 Me I H H OH
9 5Me-33'-T2 Me I H OH
*10 C13-T Cl Cl C1 H OH
11 55'C12-33'-T2 I Cl I Cl OH
12 3'{Pr-Br2-T Br Br iPr OH
13 Br3-T Br Br Br OH
*14 Br4-T Br Br Br Br OH
15 3'I-Br2-T Br Br I H OH
16 3'5'12-Br2-T Br Br I OH
17 55'Br2-33'-T2 1 Br I Br OH
*18 5Br-33'-T2 I Br I H OH
*19 33'-T2 I H I H OH
20 T2 1 I H H OH
21 3'Me-T2 I I Me H OH
22 3'5'"Me2-T2 I I Me Me OH
23 3'Et-T2 I I Et H OH
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Table 5-4. (Continued)

Data
Point # Abbreviation R3 R5 Ry RS' R4,
24 3'iPr-T2 I I iPr H OH
25 3'"iPr-355'-T3 I I iPr I OH
26 3'nPr-T2 I I nPr H OH
27 3'iBu-T2 I I iBu H OH
28 3'sBu-T2 I 1 sBu H OH
29 3'tBu-T2 I I tBu H OH
30 3'Ph-T2 I I Ph H OH
31 3'NO2-T2 I I NO2 H OH
32 3'0H-T2 I I OH H OH
33 3'F-T2 I I - F H OH
*34 3'5'F2-T2 I I F F OH
*35 5'F-T3 I I I F OH
36 3'Cl-T2 I I Cl H OH
37 3'5'C12-T2 I I Cl Cl OH
38 3'Br-T2 I I Br H OH
*39 3'5'Br2-T2 I I Br Br OH
40 T3 I I I H OH
41 T4 I I I I OH
42 4'0CH3-3"iPr-T2 T I iPr H OCH3
43 4'0CH3-3"tBu-T2 I I tBu H OCH3
44 4'0CH3-T3 I I I H OCH3

*
Not used in calculating Eqns. 5-8 through 5-11.
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Table 5-5. Data Used in the Formulation of Eqns. 5-8 Through 5-11
Correlating Rat Antigoiter Bioassay Activities (BA) for
Thyroid Hormone Analogs.

Data® BA b Log (BA)
Point obsd c

# Obsd. Calcd. Dev,
1 0.12 -0.921 -0.598 -0.322
2 0.54 -0.268 -0.398 0.130
3 0.36 -0.444 -0.461 0.017
4 3.60 0.556 0.493 0.063
5 2.36 0.373 0.326 0.047
6 2.91 0.464 0.520 -0.056
7 0.90 -0.046 0.102 -0.148
*8 0.093 -1.032 -0.487 -0.545
9 6.24 0.795 0.802 -0.007
*10 0.091 -1.041 -0.059 -0.982
11 2.27 0.356 0.662 -0.306
12 30.0 1.477 1.244 0.233
13 4.63 0.666 0.502 0.163
*14 0.065 -1.187 0.132 -1.319
15 16.87 1.227 0.853 0.375
16 1.97 0.294 0.437 -0.142
17 2.83 0.452 0.807 -0.356
*18 71.98 1.857 1.178 0.679
*19 0.056 -1.252 0.102 -1.354
20 0.81 -0.092 0.214 -0.305

21 14.47 1.160 1.003 0.157
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Table 5-5. (Continued)

log (BA)
S, c

" Obsd. Calcd. Dev.
22 9.04 0.956 0.940 0.016
23 93.5 1.971 1.412 0.559
24 142.1 2.153 1.894 0.258
25 55.36 1.743 1.478 0.265
26 39.5 1.597 1.727 -0.131
27 7.74 0.889 1.382 -0.493
28 79.9 1.902 1.921 -0.018
29 21.7 1.336 1.687 -0.351
30 3.50 0.544 0.011 0.534
31 0.18 -0.745 -0.568 -0.177
32 0.27 -0.569 -0.411 -0.157
33 1.12 0.049 0.354 -0.305

*34 0.43 -0.366 0.281 -0.648

*35 6.03 0.780 1.430 -0.650
36 4.88 0.688 0.967 -0.278
37 3.80 0.580 0.638 -0.059
38 23.78 1.376 1.153 0.224
39 1.58 0.199 0.782 -0.584
40 100.0 2.000 1.503 0.497
41 18.1 1.258 1.087 0.171

42 19.0 1.279 1.132 0.147
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Table 5-5. (Continued)

Data® log(BA)
Point BA b o
# obsd Obsd. Calcd. Dev.
43 2.35 0.371 0.925 -0.554
44 11.25 1.051 0.741 0.310

3See Table 5-4.

bSee Appendix I. Corrected to a molar basis. Assuming L = DL/0.59.
L-T3 = 100 = reference compound.

Calculated using Eqn. 5-8.

*
Not used in calculating Eqns. 5-8 through 5-11.
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Table 5-6. Stepwise Development of Eqn. 5-8.

Eqn. # Eqn. and Statistical Data
5-12 log(BA) = + 0.056 + 0.620 "3,
R = 0.511 S = 0.698
Fl,34 = 12.01 (99.8% vs. mean)
5-13 log(BA) =-1.722 + 0.898 T3 + 0.674 Tas
R = 0.754 S = 0.541
Fi 33 = 23.61 (>99.9% vs. Eqn. 5-12)
5-14 log (BA) =-2.319 + 1.082 m,, + 1.106 m,,
- 0.933 3'SIZE > I
R = 0.862 S = 0.424
F1,32 = 21.60 (>99.9% vs. Eqn. 5-13)
5-15 log(BA) =-2.518 + 1.171 Tag + 1.191 T
- 0.988 3'SIZE> 1 - 0.632 I4'OCH3
R = 0.892 0.384
F = 8.16 (99.2% vs. Eqn. 5-14)

1,31
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Table 5-6. (Continued)

Eqn. # Eqn. and Statistical Data
5-16 log(BA) = - 2.546 + 1.217 ﬂ35 + 1.196 ﬂ3,
- 1.115 3'SIZE > 1 - 0.667 03,5,
- 0.696 I4'OCH3
R = 0.924 - S = 0.332
F1,30 = 11.51 (99.7% vs. Eqn. 5-15)
5—8 F = 4.77 (96.070 \_7§-- Eqn. 5-16)'

1,29
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log(BA)

log(BA)

log(BA)

log (BA)

2.588 (+0.546)

1.240 (+0.233)

0.282 (+0.321)

0.762 (+0.414) 14'OCH

R = 0.935

2.790 (40.616)

1.225 (+0.231)

0.190 (+0.222) Es

0.756 (+0.415) I4'OCH

- 2.588

+ 1.240

- 1.522

- 0.762

3.561

+ 1.137

+ 0.951

- 0.719

™

+ 1.251 (+0.243) =

+ 1.241 (+0.243) =

218

35

- 1.189 (+0.340) 3'SIZE > I

- 0.557 (+0.453) O,

3 (Eqn. 5-8)

S = 0.312

35

- 1.183 (+0.339) 3'SIZE > I

- 0.606 (+0.442) G315

3 (Eqn. 5-9)

R = 0.934 S = 0.313
(+0.546)  + 1.251 (+0.243) myq
(#0.233) my,o, - 1.189 (+0.340) 3'SIZE >1
(+0.436) m, - 0.557 (+0.453) oy,
(+0.414) I4'0CH,
(Eqn. 5-10)

R = 0,935 S = 0.312
(10.761)  + 1.194 (+0.256) T,
(+#0.231) LEYPY' - 1.132 (+0.356) 3'SIZE > I
(#0.301) Esg, - 0.804 (+0.472) og,,

I U

(+0.440) 4 OCH3 (Eqn. 5-11)

R = 0.925 S = 0.334
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On the basis of Eqns. 5-8 and 5-9, we arrive at the following
conclusions concerning in vivo rat antigoiter bioassay activities:

(1) Activity is enhanced by bulky, lipophilic 3 and 5 substituents
(n35)- This is consistent with the concept of thyromimetic activity
being directly related to the ability of the 3 and 5 substituents (by
virtue of their size or bulk) to constrain the diphenyl ether thyronine
nucleus to the two approximately equal energy, readily interconvertible
proximal and distal conformers. Because of the near colinearity of 7 and
group size for 3 and 5 substituents, however, it is not possible to rule
out or confirm an inherent hydrophobic effect for the 3 and 5 substituents.

(2) Although directly related to 3' substituent lipophilicity (n3,),
activity 1s also decreased by 3' substituent steric bulk which extends

out from the 3' position further than iodine (3'SIZE > I). Kubiny156

corr

used Es3, derived from Es (see above and Eqn. 5-3) as an estimate

3'
of 3' substituent size or steric bulk greater than iodine. Es is a
measure of the steric effect of a substituent on a reaction site or

binding position located ortho to or on the next atom to the substituent.

For essentially symmetrical substituents (e.g., H, F, Br, I, CH,, tBu),

3
Es is also a good measure of how far a substituent can extend out from

say the 3' position. For substituents with conformational flexibility

to move by internal rotations away from the "ortho" position (e.g.,

nPr, cHex, iBu, Ph), however, Es will not reflect substituent "size
extending out from the position. Indeed, Kubinyi56 was forced to exclude
analogs with 3'-iBu and 3'-Ph substituents from his correlations utilizing
ES3'corr. The ability of 3'SIZE > I to account for the negative,

"greater than iodine'" steric effects of Et, iPr, nPr, tBu, iBu, Ph, and

sBu 3' substituents indicates that this parameter more accurately (than
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corr

Es3,

) represents this effect.

(3) Activity is enhanced by electron donating 3' and 5' substituents

(03,5,), as previously observed by both Hansch92 and Kubinyi.56

(4) Activity is decreased by 5' substituent lipophilicity (ns,)

or bulk (ESS')° The almost complete lack of orthogonality between m_, and

5

Es (see Table 5-7) allows prediction of the detrimental effect of

51
5' substituents by either parameter (Eqns. 5-8 and 5-9), although in most
correlations Tgy was found to be a slightly better predictor of the
negative 5' substituent effects than ESS"
(5) Activity correlates well with an indicator variable (IA'OCH3)
for the less active lo'—OCH3 analogs which are metabolized to the naturally
occurring 4'-OH analogs in vivo.
Following the example of Kubinyi56 (Eqns. 5-3 through 5-5), Eqns.

5-10 and 5-11 utilize instead of LEY alone. Inspection of the

3's5!
equations shows, however, that Eqn. 5-10 is merely a linear combination
of the variables of Eqn. 5-8 and hence ( since Tes and ESS' are so

well correlated) Eqn. 5-11 is essentially equivalent to Eqn. 5-9; i.e.,

log(BA)

8(1T3'5') - b(ﬂsv)
is equivalent to

log(BA)

a(ry,) - (b-a) (mg,)

and due to the w_,--Es lack of orthogonality

5' 5'
log(BA) = c(n3,5,) + d(EsS,)
is essentially equivalent to
log(BA) = e(n3,) + f(EsS,)

As only negative effects on activity are observed for 5' substituents, the

+ w3,/-w5. or+Es;, model, and not the + n3,5,/-ﬂ5, or +Es, model, makes
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more intuitive sense and is favored by the principle of parsimony; all
things being equal, one accepts the simplest rnodel.213 Synthesis and
testing of analogs with 5' substituents which are considerably more
orthogonal in Tot and ESS' should help to resolve this ambiguity.

Because the coefficients of the Es terms are nearly identical in
Eqns. 5-3 and 5-4, both Es values were combined by Kubiny156 as Es' =
ESS' + Es3,c°rr. Combination of originally separate variables in this
manner can be misleading since this implies that the magnitudes and
mechanisms of the effects described by the two original variables are
equivalent and additive. Such equivalence may not hold, however, for
analogs not yet studied. In addition, if the original model is wrong,
then the relative importance of the variables may be different than
in the original model. This is especially evident from our in vivo

corr

studies which show that Kubinyi's56 n3,5,/Es3, /ESS' model is

essentially equivalent to a w3,/Es3,C°rr/Ess, model: the former model,

but not the latter model, would allow the Es' = Es3,c°rr + ESS' alteration.
The poor prediction of the activities of the analogs in Tables 5-4
and 5-5 which were not included in the regression calculation of Eqns.
5-8 through 5-11 can be almost entirely ascribed to questionable synthesis
and/or to questionable activity determinations. The correlations of
Eqns. 5-8 through 5-11 can really be considered quite good correlations
considering that the synthesis and testing of the analogs were conducted
by a large number of different investigating groups during an over 30
year period.
For the correlations presented below for in vitro binding of analogs

to rat hepatic intact nuclei and solubilized nuclear protein, essentially

identical equations could be obtained in almost every case for a ﬂ3./ﬂ5u
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model, for a ﬂ3,/ESS' model, for a n3,5,h3. model, or for a ﬂ3,5,/ESS,
model (just as described above for the correlations involving in vivo
antigoiter activities). Since in most cases the best correlations were
obtained with the n3,/n5, model, it is the model for which equations

are presented, although the other models (because of lack of ﬂs, and

ESS' orthogonality) can not be ruled out (but see concluding remarks at the
end of this chapter).

An unsuccessful attempt was made to expand Eqns. 5-8 through 5-11 to
include 4'-deoxy analogs by inclusion of the I4'H indicator variable.
This failure is apparently due to: (1) uncertainty in the antigoiter
activities of some of the 4'-~deoxy analogs; and (2) unequal in vivo
hydroxylation of different 4'-deoxy analogs (possibly because of
varying 3' and 5' substituent bulk affecting the ease of in vivo
hydroxylation). The antigoiter activities of 4'-deoxy analogs certainly
deserves further study, especially with respect to 3' and 5' substituent

influences on in vivo hydroxylation.

BINDING TO INTACT RAT HEPATIC NUCLEI

Utilizing the analogs of Table 5-8 and data of Table 5-9, the
correlation Eqn. 5-17 for in vitro binding of analogs to intact rat
hepatic nuclei (BN) was derived for structures of type 5-6. The
appropriate stepwise development of Eqn. 5-17 and independent variable
squared cross correlation matrix are presented in Tables 5-10 and 5-11,

respectively.
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log(BN) = - 3.292 (40.660) + 1.680 (+0.290)
+ 1.147 (+0.362) 75, - 1.218 (+0.307) 3'SIZE > I
- 0.873 (40.289) no, - 0.920 (+0.432) 12
- 2.049 (+0.411) 14'H
(Eqn. 5-17)

N =25 R = 0.969 S = 0.280

Just as was found for the correlations of in vivo rat antigoiter
activities, binding of analogs to intact rat hepatic nuclei is enhanced
by large, lipophilic 3,5 substituents (n35) and is decreased by 5'
substituent size or lipophilicity (estimated here by “5') and by 2'
substitution (I2'). Of interest is that the 3' substituent apparently
binds in a hydrophobic pocket (n3,) approximately the size of "iodine
(3'SIZE > I). That this same size-limited, 3' substituent hydrophobic
effect is observed for in vivo and in vitro activities suggests that
for the former it is reflecting receptor binding and not distribution.
The inherent loss of 4'-OH binding for 4'-deoxy analogs to the intact
nuclei can be seen from the indicator variable (I4'H). 1In contrast
to the in vivo quantitative SAR, addition of a 03,5, parameter is not
significant.

QSAR studies represent extrathermodynamic linear free energy
correlations of activity with the physico-chemical properties of the
analogs. In vitro equilibrium binding affinities, Ka’ such as measured
with binding to intact nuclel or proteins, permit direct correlation
of the apparent free energy of binding (AG) with the physico-chemical

properties of the analogs:



Table 5-8. Structures of Thyroid Hormone Analogs (5-6) Used in
Deriving Eqns. 5-17 and 5-24.
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5' 5
R4, o CHZCH(NHZ)COOH
Ry By R3
5-6
Data
Point
# Abbreviation Ry Rg Ry, Rov Ry, Ry
*1 T2 I I H H OH H
2 3'C1-T2 I I Cl H OH H
3 3'Me-T2 I I Me H OH H
4 3'Et-T2 I I Et H OH H
5 3'iPr-T2 I I iPr H OH H
6 3'tBu-T2 I I tBu H OH H
7 3'iBu-T2 I I iBu H OH H
8 3'Ph-T2 I I Ph H OH H
9 3'cHex-T2 I I cHex H OH H
10 2'3'Me2-T2 I I Me H OH Me
11 2'5'Me2-T2 I 1 Me OH Me
%12 2'Me-5"I-T2 I I I OH Me
13 Napth-T2 I I a H OH a
14 T3 I I H OH
15 T4 I I I I OH H
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Table 5-8. (Continued)

Data

Point

i Abbreviation R3 R5 R3, RS' R4, R2,
16 3'5'C12-T2 I I Cl C1 OH H
17 3'5'Me2-T2 I I Me Me OH H
18 3'5'iPr2-T2 I I iPr iPr OH H
19 4'H-T3 I I I H H H
20 4'H-3'CF3-T2 I I CF3 H H
21 4'H-3'Me-T2 I I Me H H
22 3'iPr-Br2-T Br Br iPr H OH H
23 Me3-T Me Me Me H OH H
24 Me4-T Me Me Me Me OH H
25 3'iPr-Me2-T Me Me iPr H OH H
26 33'-T2 I H I H OH H
27 R-T3 I H I I OH H

az',3'-(cn)4

*
Not used in calculating Eqns. 5-17 and 5-24.
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Table 5-9. Data Used in the Formulation of Eqn. 5-17 Correlating
In Vitro Binding to Intact Rat Hepatic Nuclei (BN) for
Thyroid Hormone Analogs.
a log (BN)
Data
Point
# BNobsd Obsd. Caled.® Dev.
*1 0.3 -0.523 0.472 -0.995
2 6.2 0.792 1.286 -0.494
3 13.5 1.130 1.114 0.016
4 21.0 1.322 1.487 -0.165
5 104.0 2.017 1.918 0.099
6 38.5 1.586 1.622 -0.037
7 20.0 1.301 1.353 -0.052
8 2.0 0.301 0.016 0.285
9 1.4 0.146 0.355 -0.209
10 1.1 0.041 0.194 -0.153
11 0.1 -1.000 -0.937 -0.063
*12 0.3 -0.523 -1.426 0.903
13 8.0 0.903 0.687 0.216
14 100.0 2.000 1.756 0.244
15 12.5 1.097 0.778 0.319
16 4.5 0.653 0.666 -0.013
17 6.2 0.792 0.625 0.167
18 1.4 0.146 0.582 -0.436
19 0.4 -0.398 -0.293 -0.105
20 0.2 -0.699 -0.568 -0.131
21 0.2 -0.699 -0.935 0.236
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Table 5-9. (Continued)

Data log(BN)
Point b
¢ BN obsa Obsd. caled.® Dev.

22 36.0 1.556 1.045 0.512
23 0.1 ~1.000 ~0.768 -0.232
24 0.1 ~1.000 -1.257 0.257
25 0.7 -0.155 0.036 ~0.191
26 0.5 -0.301 ~0.126 -0.175
27 0.1 ~1.000 ~1.104 0.104

aSee Table 5-8.

bFrom references 24 and 25. No DL/L correction. On a molar basis.
BN = (KA/KT3) x 100, where KA = equilibrium association constants for
analog A. BN = relative binding affinity (relative to BN(T3) = 100 as

reference compound).
®Calculated using Eqn. 5-17.

*
Not used in calculating Eqn. 5-17.
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Table 5-10. Stepwise Development of Eqn. 5-17.

Eqn. and Statistical Data
Eqn. #

5-18 log (BN)

-1.753 + 1.070 T35

R = 0.499 S = 0.870

F1,23 = 7.63 (98.8% vs. mean)

5-19 log (BN) - 2,003 +1.284 « - 1.471 14'H

35

R = 0.697 S =10.736

Fl,22 = 10.11 (99.5% vs. Eqn. 5-18)

5-20 log(BN)

-2,370 + 1,215

35 + 0.436 T3

- 1.323 14'H
R = 0.742 S = 0.704

F1,21 = 3.08 (90.4% vs. Eqn. 5-19)

5-21 log(BN) = 3.598  + 1.475 my. 4+ 1411 my,

1.121 3'SIZE > I - 1.509 I4'H

R = 0.872 S = 0.526

F2,20 = 11.52 (>99.9% vs. Eqn. 5-19)

F1,21 = 17.54 (>99.9% vs. Eqn. 5-20)
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Table 5-10. (Continued)
Eqn. # Eqn. and Statistical Data
5-22 log(BN) = - 3,422 + 1.503 T3 + 1.453 Ta

- 1.288 3'SIZE > I - 0.778 T

- 1.782 14'H

R = 0.934 S = 0.396

F1,19 = 16.41 (>99.9% vs. Eqn. 5-21)
5-17 F1,18 = 20.05 (>99.9% vs. Eqn. 5-22)
Table 5-11. Independent Variable Squared Cross Correlation Matrix

for Eqns. 5-17 and 5-24.
1 | '
Ta LY Tas 3'SIZE > 1 I2 I4'H

T3 1.000 0.019 0.007 0.621 0.145 0.028
Ty 1.000 0.006 0.047 0.003 0.043
Tas 1.000 0.042 0.040 0.040
3'SIZE > I 1.000 0.031 0.031
12' 1.000 0.018
I14'H 1.000
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AG = -RT 1n(KA) (Eqn. 5-23)

-1

Using Eqn. 5-23, Kpy = 6.1 x 1078 o 33

at T = 310° K, ~ and the
data of Table 5-9, Eqn. 5-17 can be converted (with the resulting data

of Table 5-12) to the equivalent Eqn. 5-24:

-AG = + 4.955 (+0.936) + 2.384 (+0.412) T3g
+ 1.626 (+0.514) T - 1.727 (4#0.435) 3'SIZE > 1
- 1.239 (+0.409) Tes - 1.305 (+0.612) 12'
- 2.906 (+0.584) I4'H
(Eqn. 5-24)

N =25 R = 0.969 S = 0.396

Eqn. 5-24 is extremely interesting in that it now allows estimation of
the kcal/mole contributions to the free energy of binding of various
analog structural features and physico-chemical properties. For
example, for each m unit of the 3' and of the 3,5 substituents, Eqn.
5-24 predicts 1.63 and 2.38 kcal/mole contributions, respectively, to the
free energy of binding.

Of particular interest is that the 4'-OH apparently contributes
n2.91 kcal/mole to the free energy of binding, a reasonable value for

net hydrogen bond formation between the 4'-OH and a nuclear receptor.
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Table 5-12. Data Used in the Formulation of Eqn. 5-24 Correlating
In Vitro Free Energy of Binding to Intact Rat Hepatic
Nuclei (AG) for Thyroid Hormone Analogs.
—AG(kcal/mole)b
Data a
Point
# Obsd. € Calcd.d Dev.
*1 8.883 10.294 -1.411
2 10.749 11.449 -0.700
3 11.228 11.205 0.023
4 11.500 11.734 -0.234
5 12.486 12.346 0.140
6 11.874 11.926 -0.052
7 11.470 11.544 -0.074
8 10.052 9.648 0.404
9 9.832 10.128 -0.296
10 9.684 9.900 -0.217
11 8.206 8.296 -0.089
*12 8.883 7.602 1.281
13 10.906 10.600 0.306
14 12.462 12.116 0.346
15 11.181 10.728 0.452
16 10.551 10.569 -0.018
17 10.749 10.511 0.237
18 9.832 10.450 -0.618
19 9.060 9.209 -0.149
20 8.633 8.819 -0.186




Table 5-12. (Continued)

227b

-AG (kcal/mole)b

Data
Point
c d

# Obsd. Calcd. Dev.
21 8.633 8.298 0.335
22 11.832 11.106 0.726
23 8.206 8.536 -0.329
24 8.206 7.842 0.364
25 9.405 9.676 -0.271
26 9.198 9.446 -0.249
27 8.206 8.059 0.148

85ee Table 5-8.
bSee text for derivation.
CFrom data of Table 5-9.

dCalculated using Eqn. 5-24.

*
Not used in calculating Eqn.

5-24.
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BINDING TO SOLUBILIZED RAT HEPATIC NUCLEAR PROTEIN

Utilizing the analogs of Table 5-13 and the data of Table 5-14,
the correlation Eqns. 5-25 and 5-26 for in vitro binding of analogs
to solubilized rat hepatic nuclear protein (BS) were derived for analogs
of structure 5-7. The appropriate stepwise development of Eqns. 5-25
and 5-26 and the independent variable squared cross correlation matrix

are presented in Tables 5-15 and 5-16, respectively.

log(BS) = - 0.304 (+0.380) + 1.675 (+0.420) Tar

- 2.118 (+0.876) 3'SIZE > I - 0.634 (+0.406) r,

- 1.540 (+0.375) 14'H - 1.347 (40.489) 14'0CH,

(Eqn. 5-25)
N=31 R = 0.946 S = 0.400

log(BS) =

0.222 (+0.430) + 1.546 (+0.445) T3

- 1.904 (+0.825) 3'SIZE > I - 0.780 (40.391) g,

- 1.553 (+0.366) I4'H - 1.323 (+0.447) I4'OCH,

+ 0.958 (+0.793) o - 0.114 (4#0.109) INTERACT

3'5'

(Eqn. 5-26)
N =31 R = 0.960 S = 0.364

Utilizing Eqn. 5-25, we can draw the following conclusions concerning

in vitro binding of analogs to solubilized rat hepatic nuclear protein:
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Table 5-13. Structures of Thyroid Hormone Analogs (5-7) Used in

Deriving Eqns. 5-25, 5-26 and 5-33.

R, 1
R4. 0 CHZCH(NHZ)COOH
R3 1
5-7
Data
Point
# Abbreviation Ry, R5, RA'
1 4'"H-T2 H H H
2 4'H-3"Me-T2 Me H H
*3 4"H-3'iPr-T2 iPr H H
4 4'H-3'tBu-T2 tBu H H
5 4'H-3'F-T2 F H H
6 4'H-3'C1-T2 cl H H
7 4'"H-3'Br-T2 Br H H
8 4"H-T3 I H H
*9 T2 H H OH
10 3'Me-T2 Me H OH
11 3'i{Pr-T2 iPr H OH
12 3'"nPr-T2 nPr H OH
13 3'tBu-T2 tBu H OH

14 3'F-T2 F H OH
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Table 5-13. (Continued)

Data
Point

it Abbreviation R3, RS' R4,
15 3'C1-T2 Cl H OH
16 3'Br-T2 Br H OH
17 T3 I H OH
18 4'0CH3-3"Me-T2 Me H OCH3
19 4'0CH3-3"1iPr-T2 iPr H OCH3
20 4'0CH3-3"tBu-T2 tBu H OCH3
21 4'0OCH3-T3 I H OCH3
22 3'N02-T2 N02 H OH
23 3'sBu-T2 sBu(+) H OH
24 4'H-3'5"Me2-T2 Me Me H
25 T4 I I OH
26 3'5'iPr2-T2 iPr iPr OH
27 3'5'C12-T2 Cl Cl OH
28 3'5'Br2-T2 Br Br OH
29 3'iPr-5'C1-T2 iPr Cl OH
30 3'"iPr-5'Br-T2 iPr Br OH
31 3'iPr-355'-T3 iPr I OH
32 4'H-3"N02-T2 NO2 H H
33 3'5'Me2-T2 Me Me OH
*34 4'0CH3-3'5"'Me2-T2 Me Me OCH3
35 4'0CH3-3"sBu-T2 sBu(+) H OCH,

*
Not used in the calculation of Eqmns. 5-25, 5-26, and 5-27.
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Table 5-14. Data Used in the Formulation of Eqns. 5-25 and 5-26
Correlating In Vitro Binding to Solubilized Rat Hepatic
Nuclear Protein Receptors (BS) for Thyroid Hormone Analogs.

Data? log (BS)
Point
B BSbed®  oObsd. Calcd.S Dev. calcd.?  Dev.
1 0.0l ~2.000 -1.844  -0.156 -1.775 -0.225
2 0.225  -0.648 -0.906  0.258 =0.910 0.262
x3  0.492  -0.308 0.183  -0.491 0.108 -0.416
4  0.335  -0.475 -0.476  0.001 -0.467 -0.008
5 0.0136  -1.866 -1.610  -0.257 -1.559 ~0.308
6  0.118  -0.928 -0.654  -0.274 =-0.678 -0.250
7 0.24 ~0.620 -0.403  -0.217 =-0.446 -0.174
8  0.23 -0.638 0.032  -0.671 -0.044 0.594
%9 0.082 -1.086 -0.304  -0.782 =-0.222 -0.864
10 3.30 0.518 0.634  -0.116 0.538 -0.020
11 89.15 1.950 1.723  0.227 1.630 0.321
12 23.97 1.380 1.435  -0.055 1.359 0.020
13 8.45 0.927 1.064  -0.138 1.073 -0.146
14  0.164  -0.785 -0.069  -0.716 =0.105 -0.681
15 3.73 0.572 0.886  -0.314 0.834 -0.262
16  15.89 1.201 1.137  0.064 1.136 0.065
17 100.0 2,000 1.572  0.428 1.596 0.404
18 0.17 -0.770 -0.713  -0.057 -0.680 -0.090
19 6.82 0.83 0.376  0.458 0.338 0.496

20 0.27 -0.569 -0.283 -0.286 =0.237 -0.332
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Table 5-14. (Continued)
log (BS)
Dataa
P;int BSobsd Obsd. Calcd.© Dev. Calcd.d Dev.
21 1.29 0.111 0.225 -0.115 0.186 -0.075
22 0.225 -0.648 -0.773 0.125 -0.852 0.204
23 78.29 1.894 1.549 0.345 1.522 0.371
24 0.145 -0.839 -1.261 0.422 -1.347 0.508
25 13.85 1.141 0.863 0.279 0.980 0.162
26 1.10 0.041 0.754 -0.713 0.179 -0.138
27 3.71 0.569 0.436 0.134 0.762 -0.192
28 5.07 0.705 0.592 0.113 0.876 -0.172
29 52.56 1.721 1.274 0.447 1.624 0.097
30 21.95 1.341 1.178 0.163 1.436 -0.095
31 12.41 1.094 1.014 0.080 1.080 0.014
32 0.038 -1.420 -2.313 0.893 -2.208 0.788
33 0.845 -0.073 0.280 -0.353 -0.120 0.046
*34 0.335 -0.475 ~-1.068 0.593 -1.117 0.642
*35 1.29 0.111 1.549 -1.438 1.522 -1.412

aFrom Table 5-13.

From references 26 and 43.

No DL/L correction. On a molar basis. BS

relative binding affinity (relative to BS(L-T3) = 100 as reference
compound) = (KA/KT3) x 100, where K, =

for analog A.
“Calculated using Eqn. 5-25.
dCalculated using Eqn. 5-26.

A

equilibrium association constant

*
Not used in calculating Eqns. 5-25 and 5-26.
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Table 5-15. Stepwise Development of Eqns. 5-25 and 5-26.

Eqn. and Statistical Data

Eqn. #
5-27 log(BS) = + 0.689 - 1.737 14'H
R = 0.709 S = 0.812
F1,29 = 29.25 (>99.9% vs. mean)
5-28 log(BS) = -0.165 + 0.760 LY - 1.360 14'H
R = 0.820 S = 0.669
F1,28 = 14.65 (>99.9% vs. Eqn. 5-27)
5-29 log(BS) = - 0.036 + 0.829 T3 - 1.533 14'H
- 1.138 I4'0CH3
R = 0.884 S = 0.556
F1,27 = 13.51 (99.9% vs. Eqn. 5-28)
5-30 1log(BS) = - 0.393 + 1.433 Ty - 1.634 3'SIZE > I
- 1.388 I4'H - 1.086 I4'0CH3
R = 0.923 S = 0.467
Fl,26 = 12.41 (99.8% vs. Eqn. 5-29)
5-25 F = 10.35 (99.6% vs. Eqn. 5-30)

1,25
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Table 5-15. (Continued)

Eqn. # Eqn. and Statistical Data
5-31  log(BS) = - 0.429 +1.755 m,, - 2.114 3'SIZE > I
- 0.651 T - 1.465 14'H

\]
1.327 14'0CH, + 0.523 04,

R = 0.951 S = 0.391

Fl,24 = 2.24 (82.9% vs. Eqn. 5-25)

5-32 log(BS) 0.182 + 1.567 - 2.038 3'SIZE > I

3'

- 0.678 ™, - 1.599 I4'H

- 1.352 I4'0CH3 ~ 0.045 INTERACT

R = 0.948 S = 0.402

F1,24 = 0.81 (<75% vs. Eqn. 5-25)
5-26 F) g3 = 4.67 (95.7% ys. Eqn. 5-31)

F1,23 = 6.26 (97.6% vs. Eqn. 5-32)

F = 3.62 (95.5% vs. Eqn. 5-25)

2,23
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(1) Just as was found for binding of analogs to intact rat hepatic
nuclei, the 3' substituent apparently binds in a size-limited (3'SIZE > I),
hydrophobic (n3,) pocket, while any 5' substituent bulk or lipophilicity
(estimated here by "5') is detrimental to binding.

(2) 1Indicator variables again reflect the inherent loss of 4'-OH
hydrogen bonding with the receptor due to replacement with a 4'-H
(14'H) or with a 4'-OCH3 (IA'OCH3).

Addition of a o X term alone or of an INTERACT term alone to Eqn.

3
5-25 is not significant (see Table 5-15). Simultaneous inclusion of both
terms, however, (to give Eqn. 5-26) is significant at the 95.5% confidence
level. The signs of the regression coefficients indicate that binding
is enhanced by electron-withdrawing substituents which orient the
4'-OH towards the 5' position. This suggests that the 4'-OH donates
a hydrogen bond to the 5' side of the nuclear receptor. This also suggests
that the negative effect of 5' substitution might be due to interference
with 4'-0OH hydrogen bond formation with the receptor and/or to direct
steric interaction of the 5' substituent with the receptor. These results
are consistent with the results of our MO studies of Chapter Four, which
support the model of 3' and 5' substituents interacting with and affecting
the hydrogen bonding of the 4'-OH to the nuclear receptor.

As was done for the binding of analogs to intact nuclei, we converted

9 -1 26

Eqn. 5-26 (using Eqn. 5-23, KT3 = 1,29 x 10° M~ at T = 298° K, and

the data of Table 5-14) with the resulting data of Table 5-17 to the

equivalent Eqn. 5-33:
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Table 5-17. Data Used in the Formulation of Eqn. 5-33 Correlating
In Vitro Free Energy of Binding to Solubilized Rat Hepatic

Nuclear Protein (AG) for Thyroid Hormone Analogs.

Data? -AG(kcal/mole)b
Point
# Obsd. € calcd.d Dev.
1 6.969 7.275 -0.306
2 8.812 8.455 0.357
*3 9.276 9.843 -0.567
4 9.048 9.059 -0.011
5 7.151 7.570 -0.419
6 8.430 8.771 -0.341
7 8.851 9.088 -0.237
8 8.825 9.636 -0.810
*9 8.215 9.392 -1.178
10 10.403 10.430 -0.027
11 12.355 11.918 0.437
12 11.577 11.549 0.028
13 10.960 11.159 -0.199
14 8.625 9.553 -0.928
15 10.475 10.832 -0.357
16 11.334 11.245 0.089
17 12.423 11.872 0.551
18 8.646 8.769 -0.122
19 10.833 10.156 0.677
20 8.920 9.372 -0.452

21 9.846 9.949 -0.102
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Table 5-17. (Continued)

Data® -AG(kcal/mole)b
Point
# Obsd. Calcd.d Dev.
22 8.812 8.534 0.278
23 12.278 11.772 0.506
24 8.552 7.859 0.693
25 11.252 11.032 0.220
26 9.752 9.940 -0.188
27 10.472 10.734 -0.262
28 10.657 10.891 -0.234
29 12.042 11.910 0.132
30 11.525 11.654 -0.129
31 11.187 11.168 0.020
32 7.759 6.685 1.074
33 9.596 9.533 0.063
*34 9.048 8.173 0.875
*35 9.896 11.772 -1.875

3See Table 5-13.

bSee text for derivation.
“From data of Table 5-14.
dCalculated using Eqn. 5-33.

*
Not used in calculating Eqn. 5-33.
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-AG = + 9.392 (+0.587) + 2.108 (+0.607) Tan

- 2.597 (+1.125) 3'SIZE > I - 1.064 (+0.533) g,
- 2.117 (+0.499) T4'H - 1.804 (+0.610) T4 'OCH,

+ 1.306 (+1.080) - 0.155 (+0.149) INTERACT

03'5!
(Eqn. 5-33)
N = 31 R = 0.960 S = 0.496

Comparing Eqns. 5-24 and 5-33, there are quantitative differences
in the AG contributions of the outer ring substituents to the free
energy of binding of analogs to intact nuclei and to solubilized nuclear
protein receptors, although the qualitative picture remains unchanged.

Of particular interest, Eqn. 5-33 predicts a 4'-OH net hydrogen bond of
n2.1 kcal/mole with the receptor. The accuracy and level of significance
of the binding data is generally better than for binding to intact
nuclei. On this basis, the AG substituent contributions might be
considered to be more accurate for Eqn. 5-33 than for Eqn. 5-24, although
the differences could also be due to actual differences between the two
assay systems.

These free energies for binding of analogs to solubilized rat
hepatic nuclear protein receptors provide an additional means of more
closely inspecting the interactive effects of the 3' and 5' substituents
on the hydrogen bonding of the 4'-OH with nuclear receptors. Utilizing
the procedure outlined in Chapter Two for the partitioning of substituent
contributions to the free energy of binding (using Eqn. 2-2 and the

data of Table 5-17), -AG(OH) values can be calculated from Eqn. 5-34:

-AG(OH) = -AG(5-8) - -AG(5-9) (Eqn. 5-34)
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For a variety of 3' substituents, it can be seen (from the -AG(OH)
values presented in Table 5-18) that the free energy of binding of the
4'-0OH to nuclear receptors is not constant from compound to compound:
i.e., there are interactive effects between the 4'-OH and the 3'

substituent which affect the value of -AG(OH).

I
HOQO ‘anzcn(mz)coon
RS, I

5-8
1
R3, I
5-9

Using Oqige and INTERACT (for 5-8) as substituent parameters which

should reflect the interactive effects of the 3' and 5' substituents

-
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Table 5-18. Data Used in the Formulation of Eqns. 5-35 Through 5-37

Correlating -AG(OH) for Thyroid Hormone Analogs.

-AG(OH) (kcal/mole)b

Data
Point R .2 c d
it 3' Obsd. Calcd. Dev.
*]1 H 1.25 2.37 1.12
2 Me 1.59 1.33 -0.26
*3 iPr 3.08 2.01 -1.07
4 tBu 1.91 2.14 0.23
5 F 1.47 1.51 0.04
6 Cl 2.05 2.12 0.07
7 Br 2,48 2.76 0.28
8 I 3.60 3.26 -0.34
9 NO2 1.05 1.03 -0.02

-~a 2t

PR At MW 1B KA P TEORMAS, T

¥See structures 5-8 and 5-9.

bSee text and Eqn. 5-34 for derivation.
“From data of Table 5-17.

dCalculated using Eqn. 5-37.

*
Not used in calculating Eqns. 5-35 through 5-37.
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with the 4'-OH and its hydrogen bonding to nuclear receptors, Eqns.

5-35 through 5-37 were derived:

-AG(OH) = + 2.095 (+0.982) - 0.465 (+2.871) O3t
N=7 R = 0.183 S = 0.896
(Eqn. 5-35)
Fl,S = 0.17 (<75% vs. mean)
-AG(OH) = + 2,208 (+0.944) - 0.106 (+0.276) INTERACT
(Eqn. 5-36)
N=7 R = 0.404 S = 0.833
F1 5 = 0.098 (<75% vs. mean)

-AG(OH) = + 2.370 (+0.357) + 9.206 (+4.118) 03151

- 1.028 (+0.425) INTERACT

(Eqn. 5-37)
N=7 R = 0.960 S = 0.286
F) 4 = 45.09 (99.6% vs. Eqn. 5-35)
Fl,4 = 38.50 (99.6% vs. Eqn. 5-36)
F2,4 = 23.40 (99.3% vs. mean)

It can be seen that neither 03,5, or INTERACT alone correlates very

well with -AG(OH). Simultaneous inclusion of both terms is highly




243

significant, however (Eqn. 5-37). This result is consistent with Eqn.

5-33, which also predicts the 4'-OH hydrogen bond to be enhanced by
electron-withdrawing 3' and 5' substituents which tend to orient the

4'-OH towards the 5' position. The magnitudes of the regression coefficients
of Eqn. 5-37 are significantly larger than the corresponding ones of

Eqn. 5-33. This could be due to: (1) the high degree of correlation
between Ogrgt and INTERACT for the compounds used to derive Eqn. 5-37;
independent variable squared cross correlation matrix element = 0.942
--INTERACT; and (2) the partial colinearity of ¢

for O3 150 and

5' 3
INTERACT with the other parameters for the compounds used to derive

Eqn. 5-33 (see Table 5-16). Further studies in this area obviously

call for a set of compounds with Ogrge and INTERACT, as well as the

rest of the other variables, a great deal more orthogonal in order to
provide better acceptability for the + 03,5,/—INTERACT model and to avoid
the possibility of chance correlations (see comments at the end of this
chapter). Eqn. 5-37 does predict that the 4'-OH, without the interactive
effects of the 3' and 5' substituents, is apparently forming a hydrogen
bond with the nuclear receptor with a net intrinsic hydrogen bond strength
of 2.37 kcal/mole. The deviation of the -AG(OH) value for data point

#1 of Table 5-18 from this value is consistent with the questionable purity
of the analog tested. The same holds for the large discrepancy between

the observed and calculated -AG(OH) values for data point #3 of Table
5-18. A similar type analysis for analogs which contain 5' substituents
could provide some insight into whether the 5' substituent, in addition

to electronically and orientationally affecting the 4'-OH hydrogen

bonding with the receptor, exerts its negative influence on thyromimetic

nd

- eia
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activity by: (1) merely sterically interacting with the receptor;
(2) sterically interfering with 4'-OH hydrogen bonding with the
receptor (see the MO calculations of Chapter Four); or (3) a combination

of (1) and (2).

BINDING TO THYROXINE BINDING GLOBULIN

As shown above, in vivo rat antigoiter bioassay activities are
enhanced by electron-donating 3' and 5' substituents. In contrast,
in vitro binding to nuclear receptors is apparently enhanced by
electron-withdrawing 3' and 5' substituents, as they influence the
association of the 4'-OH with the nuclear receptor. This can be
rationalized in part by inspecting the quantitative SAR for the in vitro
binding of thyroid hormone analogs of structure 5-10 to the plasma
protein thyroxine binding globulin (TBG), the principal transport and
storage site for the thyroid hormones in human plasma. Utilizing the
analogs and data of Table 5-19, the correlation Eqn. 5-38 was derived.
The appropriate stepwise development of Eqn. 5-38 and the independent
variable squared cross correlation matrix are presented in Tables

5-20 and 5-21, respectively.

log(TBG) = - 0.098 (+0.704) + 0.563 (+0.496) LEYPY

- 1.100 (+0.482) 3'SIZE > I+ 2.366 (+1.676) 04,

(Eqn. 5-38)
N =10 R = 0.962 S = 0.355

Hydrophobic bonding by 3' and 5' substituents (n3,5,), size-limited

at least for the 3' substituent (3'SIZE > I), contributes only moderately
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to binding. Of greater importance, however, is the apparent binding

of the 4'-phenoxide to this plasma protein, as indicated by the large,
positive 03,5, regression coefficient. It thus appears that in vivo
activity is enhanced by electron-donating 3' and 5' substituents, which
discourage plasma protein binding and encourage passage of the unionized
4'-0OH across cell membranes.

Preliminary reportss5 indicate that halogen-free analogs are capable,
upon maternal administration, of effectively transversing placental barriers
and mediating thyroid hormone effects in the fetus. This could be
especially important in treating fetal hypothyroidism (which has been
implicated as preventing normal fetal development, expressed, for
example, by respiratory-distress syndrome at birth214) by administration
of a compound which has low maternal activity but high fetal activity.

The high fetal activity is probably due in part to the lack of suscepti-
bility of the halogen-free analogs to fetal deiodinases. Also of
importance, however, is the fact that the halogen-free analogs readily
cross the placental barriers, while the natural hormones T3 and T4 do not.
This can not be a distribution phenomenon based on compound lipophilicity,
since T3 and T4 are more lipophilic than any of the active halogen-free
analogs. It appears instead that the degree of in vivo 4'-OH ioniza-
tion is the determining factor for whether an analog can cross the
placental barriers. T3 and T4, with their much more highly ionized
4'-OH's, are more tightly bound to plasma protein and will resist
passage across the placental barrier while ionized (even with an

unionized 4'-0OH, these compounds are apparently too large to cross




Table 5-19. Analog Structures and Data Used in the Formulation of
Eqn. 5-38 Correlating In Vitro Binding to Purified
Thyroxine Binding Globulin (TBG) for Thyroid Hormone
Analogs (5-10).

o

PR RV IR i)

P YRR

LY

RS' I
HO 0 CHZCH(NHZ)COOH
R3| I
5-10
Data log (TBG)
Point a b
# Abbreviation R, R., TBG Obsd. Calcd. Dev.
3 5
Obsd
1 T4 1 I 100.0 2,000 2.016 -0.016
2 T3 I H 9.0 0.954 0.959 -0.005
*3 T2 H H 0.07 -1.155 -0.098 -1.057
4 3'5'Me2-T2 Me Me 0.29 -0.538 -0.272 -0.266
5 3'0H-T2 OH H 0.06 -1.222 -1.351 0.129
6 3'"Me-T2 Me H 0.28 -0.553 -0.185 -0.368
7 3'Et-T2 Et H 1.59 0.201 -0.018 0.220
8 3'tBu-T2 tBu H 0.67 -0.174 -0.468 0.294
9 3'iBu-T2 iBu H 0.10 -1.000 -0.532 -0.468
10 3'Ph-T2 Ph H 0.04 -1.398 -1.461 0.063

11 3'iPr-T2 iPr H 3.53 0.548 0.131 0.417
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Table 5-19, (Continued)

8From reference 30. TBG = relative binding affinity to TBG (relative
to TBG (Té) = 100) = (KA/KTQ) x 100, where KA = equilibrium association
constant for analog A. No DL/L correction. On a molar basis.

bCalculated using Eqn. 5-38.

*
Not used in calculating Eqn. 5-38.




Table 5-20. Stepwise Development of Eqn. 5-38.

247a

Eqn. #

Eqn. and Statistical Data

5-39 log (TBG) =

5-40 1log (TBG)

5-38

+ 0.220 + 3.481 o

3!5!
R = 0.731 S =0.770
F1,8 = 9.17 (98.1% vs. mean)
+ 0.592 - 0.777 3'SIZE > 1
+ 3,571 T30
R = 0.911 S = 0.497
F, 5 =12.24 (99.0% vs. Eqn. 5-39)
F = 7.72 (96.5% vs. Eqn. 5-40)

1,6
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Table 5-21. Independent Variable Squared Cross Correlation

Matrix for Eqn. 5-38.

Tarsy Oarg 3'SIZE > I
L 1.000 0.316 0.259
S 1.000 0.001
3"SIZE > I 1.000

B AT e

ZTOE L.
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the barrier, due to the bulk of the I atoms). In contrast, the
3,5-dimethyl-3'-alkyl-thyronines, with the smaller Me groups and
essentially unionized 4'-0OH, are weakly plasma protein bound and readily
cross the placental barriers. It thus appears that the degree of 4'-OH
ionization, as determined by the electronic influences of the 3' and 5'
substituents, affects not only the degree of palsma protein binding,

but also the ease with which analogs are able to cross cell membranes

and the placental barriers.

CORRELATIONS BEIWEEN IN VIVO AND IN VITRO ACTIVITIES

Utilizing the analogs of Table 5-22 and the data of Table 5-23,
Eqn. 5-41 correlating in vivo antigoiter activities (BA) with in vitro
binding to intact rat hepatic nuclei (BN) was derived.26 The appropriate
stepwise development of Eqn. 5-41 and the independent variable squared
cross correlation matrix are presented in Tables 5-24 and 5-25, respec-
tively. Eqn. 5-42 was originally derived26 for correlation of in vivo
antigoiter activities (BA) with in vitro binding to solubilized rat
hepatic nuclear protein (BS). Utilizing the analogs of Table 5-26 and
the data of Table 5-27 (improved and expanded from the data used in the
derivation of Eqn. 5-42), Eqn. 5-43 was derived for correlation of in
vivo antigoiter activities (BA) with in vitro binding to solubilized rat
hepatic nuclear protein (BS). The appropriate stepwise development
of Eqn. 5-43 and the independent variable squared cross correlation

matrix are presented in Tables 5-24 and 5-28, respectively.




Table 5-22. Structures of Thyroid Hormone Analogs (5-11) Used in
Deriving Eqn. 5-41.
RS' R
Ra, X CH20H(NH2)COOH
R3, R2, R
5-11
Data
zoint Abbreviation R3 R5 R3, RS' R4, RZ'
1 T3 I I I H OH H
2 T2 I I H H OH H
3 3'Me-T2 I I Me H OH H
4 3'Et-T2 I I Et H OH H
5 3'iPr-T2(L) I I iPr H OH H
6 3'tBu-T2 I I tBu H OH H
7 3'iBu-T2 I I iBu H OH H
8 3'Ph-T2 I I Ph H OH H
*9 3'cHex-T2 I I <cHex H OH H
10 3'C1-T2 I I C1 H OH H
11 3'5'C12-T2 I I C1 C1 OH H
12 3'5'"Me2-T2 I I Me Me OH H
13 T4 I I I I OH H
14 3'i{Pr-T2(DL) I I iPr H OH H

-
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Table 5-22. (Continued)

Data

Point

# Abbreviation R, R, L Rgs Ry Ry X
*15 3'5'iPr2-T2 I I iPr iPr OH H 0
16 4'H-3"'Me-T2 I I Me H H H 0
17 4'H-3'CF3-T2 I I CF3 H H H 0
18 4'H-T3 I I I H H H 0
19 Me3-T Me Me Me H OH H 0
20 Me4-T Me Me Me Me OH H 0
21 3'iPr-Me2-T Me Me iPr H OH H 0
22 2'3'"Me2-T2 I I Me H OH Me 0
23 2'5'Me2-T2 I I H Me OH Me 0
24 2'Me-5"'I-T2 I I H I OH Me 0
25 Napth-T2 I I a H OH a 0
26 4'NH2-T2 I I H H NH2 H 0
27 33'-T2 I H I H OH H 0
28 33'5'-T3 I H I I OH H 0
29 3'1iPr-Br2-T Br Br iPr H OH H 0

*30 3'I-1Pr2-T iPr iPr I H OH H 0
31 MB-T3 I I I H OH H CH2

*32 MB--T4 I I I I OH H CH2

*33 SB-T2 I I H H OH H S
34 SB-T3 I I I H OH H S

421, 3'-(cn),
*
Not used in calculating Eqn. 5-41.

N s ol
5
N NS 1

Lt Al
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Table 5-23. Data Used in the Formulation of Eqn. 5-41 Correlating
In Vivo Antigoiter Activities (BA) with In Vitro Binding
to Intact Rat Hepatic Nuclei (BN) for Thyroid Hormone Analogs.

Dataa b c log (BA)
Point BA BN log (BN) d
# Obsd. Obsd. Obsd. Obsd. Calcd. Dev.
1 100.00 100.00 2.000 2.000 1.701 0.299
2 0.81 0.30 -0.523 -0.092 -0.140 0.049
3 14.47 13.5 1.130 1.160 1.067 0.094
4 40.8 21.0 1.322 1.611 1.207 0.404
5 142.1 104.0 2,017 2.153 1.714 0.439
6 21.7 38.5 1.586 1.337 1.399 -0.062
7 7.74 20.0 1.301 0.889 1.191 -0.302
8 2.03 2.0 0.301 0.308 0.461 -0.154
£ J— 1.4 0.146 _— 0.348 —
10 4,88 6.2 0.792 0.688 0.820 -0.131
11 3.80 4.5 0.653 0.580 0.718 -0.138
12 9.04 6.2 0.792 0.956 0.820 0.136
13 18.1 12.5 1.097 1.258 1.042 0.216
14 83.4 100.0 2.000 1.916 1.701 0.214
* 15 @ ———- 1.4 0.146 —— 0.348 —_——
16 2.71 0.2 -0.699 0.433 0.847 -0.414
17 13.56 0.2 -0.699 1.132 0.847 0.286
18 27.12 0.4 -0.398 1.433 1.066 0.367
19 0.54 0.1 -1.000 -0.268 -0.489 0.221

20 0.36 0.1 -1.000 -0.444 -0.489 0.045

e #
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Table 5-23. (Continued)

Data® | . log (BA)

Point BA BN log(BN) 3

# Obsd. Obsd. Obsd. Obsd. Calcd. Dev.

21 3.60 0.7 -0.155 0.556 0.128 0.428
22 9.04 1.10 0.041 0.956 0.271 0.685
23 0.18 0.1 -1.000 -0.745 -0.489 -0.256
24 0.36 0.30 -0.523 -0.444 -0.140 -0.303
25 18.08 8.0 0.903 1.257 0.901 0.357
26 0.27 0.76 -0.119 -0.569 0.154 -0.723
27 0.25 0.50 -0.301 -0.602 0.021 -0.624
28 0.125 0.1 -1.000 -0.903 0.489 -0.414
29 30.0 36.0 1.556 1.477 1.378 0.100
%30 _— 0.2 -0.699 _— -0.269 _—

31 54.25 250.0 2.398 1.734 1.992 -0.258
*32 —— 2.6 0.415 —_— 0.544 —-—

*33 —_—— 1.3 0.114 —_— 0.324 —

34 13.82 100.0 2.000 1.140 1.701 -0.561

¥See Table 5-23.
bFrom Appendix I. No DL correction. On a molar basis. Relative

to L-T, = 100,

3
®See footnote b, Table 5-9.
dCalculated using Eqn. 5-41.

*
Not used in calculating Eqn. 5-41.
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Table 5-24. Stepwise Development of Eqns. 5-41 and 5-43.
Eqn. # Eqn. and Statistical Data
5-44  log(BA) + 0.404 + 0.635 log (BN)
R = 0.820 S = 0.522
F1,27 = 55.43 (>99.9% vs. mean)
5-41 F1,26 = 27.64 (>99.9% vs. Eqn. 5-44)
5-45  log(BA) = + 0.597 + 0.548 log (BS)
R = 0.779 S = 0.692
F1,24 = 37.08 (>99.9% vs. mean)
5-46  log(BA) = + 0.383 + 0.720 log (BS) + 0.984 I4'H
R = 0.915 S = 0.454
Fl,23 = 32.75 (>99.9% vs. Eqn. 5-45)
5-43 F = 7.38 (98.6% vs. Eqn. 5-46)

=
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Table 5-~25. Independent Variable Squared Cross Correlation
Matrix for Eqn. 5-41.
log(BN) 14'H
log (BN) 1.000 0.095
I4'H 1.000

e



Table 5-26. Structures of Thyroid Hormone Analogs (5-12)

Used in Deriving Eqn. 5-43.
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RS' RS
RA' 0 CHZCH(NHZ)COOH
R3, I
5-12

Data

Point

it Abbreviation Rg Ras RS' Ry

1 4"H-T2 I H H H

*2 T2 I H H OH

3 4"NH2-T2 I H H NH2

4 4"H-T3 I I H H

5 T3 I I H OH

6 4'OCH3-T3 I I H OCH3

7 4"H-3"Me-T2 I Me H H

8 3"'Me-T2 I Me H OH
*g 4"0CH3-3"Me-T2 I Me H OCH3
10 3'iPr-T2 I iPr H OH
11 4'0CH3-3"iPr-T2 I iPr H OCH3
12 3'sBu-T2 I +sBu H OH

*13 4"H-3"tBu-T2 I tBu H H

14 3'tBu-T2 I tBu H OH




Table 5-26, (Continued)
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Data

P;int Abbreviation R R3, RS' R4,

15 4'0CH3-3'tBu-T2 I tBu H OCH3

16 4'H-3'5'Me2-T2 I Me Me H
*17 4'0CH3-3"5"Me2-T2 I Me Me OCH3
*18 4'H-3"NO2-T2 I N02 H

19 3'N0O2-T2 I NO2 OH

20 4'NH2-3"Me-T2 I Me NH

21 4'NH2-3'5'Me2-T2 I Me Me NH,

22 33'-T2 H H OH

23 3'F-T2 I F H OH

24 3'C1-T2 I Cl H OH

25 3'Br-T2 I Br H OH

26 T4 I I I OH
*27 4'H-3'"iPr-T2 I iPr H H

28 3'nPr-T2 I nPr H OH

29 4'H-3'Br-T2 1 Br H

30 4'H-3'C1-T2 I Cl H

31 4'H-3'F-T2 I F H

*32 3'5'iPr-T2 I iPr iPr OH
*33 4'0CH3-3"sBu-T2 I +sBu H OCH3

34 3'5'C12-T2 I Cl C1 OH
*35 3'5'Br2-T2 I Br Br OH
*36 3'iPr-5'C1-1T2 I iPr C1 OH
*37 3'iPr-5"Br-T2 I iPr Br OH
*38 3'iPr-355'-T3 I iPr I OH

*
Not used in calculating Eqn. 5-43.

'S o wreen -
h
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Table 5-27. Data Used in the Formulation of Eqn. 5-43 Correlating
In Vivo Antigoiter Activities (BA) with In Vitro Binding
to Solubilized Rat Hepatic Nuclear Protein (BS) for
Thyroid Hormone Analogs.
gz;:: BAP Bs® log(BS) 1°g(Bs)d
# Obsd. Obsd. Obsd. Obsd. Calcd. Dev.
1 1.24 0.01 -2.000 0.093 -0.082 0.175
*2 0.81 0.082 -1.086 -0.092 -0.548 0.457
3 0.036 0.0031 -2.502 -1.444 -1.620 0.176
4 27.12 0.230 -0.638 1.433 0.949 0.484
5 100.0 100.0 2.000 2.000 1.788 0.212
6 11.25 1.29 0.111 1.051 0.981 0.070
7 2.71 0.225 -0.648 0.433 0.942 -0.509
8 14.47 3.30 0.518 1.160 0.666 0.494
*9 — 0.17 -0.770 -— 0.314 -—
10 142.1 89.15 1.950 2.153 1.750 0.402
11 19.0 6.82 0.834 1.279 1.528 -0.249
12 79.9 78.29 1.894 1.902 1.708 0.195
*13 -— 0.335 -0.475 -— 1.073 -—
14 21.7 8.45 0.927 1.336 0.976 0.361
15 2.35 0.27 -0.569 0.371 0.466 -0.095
16 0.054 0.145 -0.839 -1.268 -0.361 -0.907
*17 —-— 0.335 -0.475 -— 0.537 -—
*18 -— 0.038 -1.420 -— 0.358 -—
19 0.18 0.225 -0.648 -0.745 -0.216 -0.528
20 0.036 0.031 -1.509 -1.444 -0.868 -0.576

o e



Table 5-27. (Continued)
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Data® log(BA)
P;i“t BAD BSC log (BS) 1
Obsd. Obsd. Obsd. Obsd. Calcd. Dev.
21 0.13 0.041 -1.387 -0.886 -0.776 -0.110
22 0.25 0.688 -0.162 ~0.602 0.151 ~0.753
23 0.65 0.164 -0.785 -0.187 -0.320 0.133
24 4.88 3.73 0.572 0.688 0.707 -0.018
25  23.78  15.89 1.201 1.376 1.183 0.193
26 18.1 13.85 1.141 1.258 1.138 0.120
%27 -— 0.492 ~0.308 -— 1.199 —
28 39.5 23.97 1.380 1.597 1.318 0.278
29 18.0 0.24 -0.620 1.255 0.963 0.292
30 7.78 0.118 -0.928 0.891 0.730 0.161
31 1.39 0.0136 ~1.866 0.143 0.020 0.123
*32 — 1.10 0.041 -— 0.305 —
*33 -— 1.29 0.111 — 0.981 —
34 3.80 3.71 0.569 0.580 0.705 -0.125
35 1.58 5.07 0.705 0.199 0.808 -0.609
%36 — 52.56 1.721 -— 1.576 —
*37 _— 21.95 1.341 -— 1.289 -—
%38 — 12.41 1.094 — 1.102 -—-

33ee Table 5-26.

bSee footnote b, Table 5-23,.
€See footnote b, Table 5-14.
dcalculated using Eqn. 5-43.

*
Not used in calculating Eqn. 5-43.

i
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Table 5-28. Independent Variable Squared Cross Correlation Matrix
for Eqn. 5-43.
log(BS) I4'H IA'OCH3
log(BS) 1.000 0.210 0.001
14'H 1.000 0.064
14'OCH 1.000

3
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log(BA) = + 0.241 (+0.170) + 0.730 (+0.134) log(BN)
+ 1.116 (+0.484) 14'H

(Eqn. 5-41)
N = 29 R = 0.917 S =0.371

log(BA)

n
+

0.261 (+0.207) + 0.853 (+0.152) log(BS)
+ 1.164 (0.466) I4'H + 0.609 (+0.437) I‘*'OCH3

(Eqn. 5-42)
22 R = 0.943 S = 0.410

]
1}

log(BA) = + 0.274 (+0.192) + 0.757 (+0.135) 1log(BS)

+ 1.159 (+0.362) 14'H + 0.623 (+0.387) I4'0CH3

(Eqn. 5-43)

N = 26 R = 0.937 S = 0.402

It thus appears that in vivo antigoiter activities (BA) correlate well
with in vitro binding to intact rat hepatic nuclei (BN) and with in
vitro binding to solubilized rat hepatic nuclear protein (BS), with
adjustments made for in vivo metabolism of 4'-deoxy (I4'H) and 4'-—OCH3
(IA'OCH3) analogs. (Data Point #16 = 4'H-3'5'Me2-T2 of Tables 5-26 and
5-27 was assigned a value of 0 for I4'H in that the two 3' and 5'

CH3 groups apparently sterically inhibit the in vivo hydroxylation of
this analog.) The deviations of the intercepts from 0.0 and of the
log(aN) and log(BS) regression coefficients from 1.0 reflect not only
the minimal accuracy of some of the in vivo data, but also differences

in analog plasma protein binding, metabolism, elimination, and 4'-OH

ionization effects in vivo.
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Addition of a © 15 term to Eqn. 5-43 was not significant, even

3

though log(BA) and log(BS) correlate with -o (Eqn. 5-8) and with

3's?’
+ 03151 (Eqn. 5-26), respectively. This is not completely surprising,
however, since the T3 values used for deriving Eqns. 5-8 and 5-26

differ for the 4'-deoxy and 4'-0OCH, analogs (see the discussion above

3
concerning substituent constant choices). Further examination of this

area will certainly be of interest.

CONCLUSIONS
The results of all of these quantitative structure-activity

relationship correlations can be briefly summarized as follows: ‘

1T

(1) The correlations confirm that both in vivo antigoiter activity
and in vitro binding to nuclear receptors are enhanced by bulky,
lipophilic 3 and 5 substituents and by size-limited, lipophilic 3’
substituents and are decreased by any 5' substituent bulk or lipophilicity.

(2) In vivo activity is enhanced by electron donating 3' and 5'
substituents, which prevent plasma protein binding and encourage movement
of the analog into cells.

(3) In vitro binding probably involves hydrogen bond donation of
the 4'-0OH to the 5' side of the nuclear receptor.

(4) The good correlations between in vivo antigoiter activities and
in vitro nuclear receptor binding reflect that the latter is probably
the first step in initiating subsequent hormonal responses (as expressed
through protein synthesis).

(5) Except for 3' and 5' substituent influences on the degree of

4'-0H ionization (and hence on the degree of plasma protein binding),
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distribution, at least within the range of analog lipophilicities
studied, does not play a major role in determining whole animal
activities.

(6) Binding of analogs to TBG is strongly influenced by the degree
of 4'-OH ionization.

(7) The success of our use of the 3'SIZE > I and INTERACT parameters

in these QSAR studies indicate that they are reasonable estimates of

B ]

the physical properties they were designed to predict. Hopefully these,
or similarly derived parameters, may be of use in future QSAR studies
of the thyroid hormone analog or other systems for which the "traditional"

substituent parameters are unable to account for particular physico- :

N ——_—E — 2 " Lt S AT L

chemical properties of the analogs.
A diagramatic representation of the overall picture of thyroid
hormone analog binding to nuclear receptor is presented in Figure 5-1.
As mentioned above, one of the difficulties involved in the QSAR
examination of thyromimetic activities is the lack of orthogonality
between some of the substituent constants. This is especially evident
Og31g T3g and Es35.

The complete synthesis and testing of each new thyroid hormone analog

for: (1) Tos and ESS'; 2) , and INTERACT; and (3)
requires considerable effort, time, and expense. In order to obtain
the maximal amount of information for the fewest number of new analogs,
therefore, it will be necessary to insure that future design of new
analogs takes into account the orthogonality of substituent constants.
Pre-synthesis substituent constant cluster analysis216 and examination

of substituent constant squared cross correlation matrices should

certainly be utilized in such analysis. Some "intuitive" suggestions
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(based on the known qualitative and quantitative SAR's for the various

thyromimetic activities of the thyroid hormone analogs, previously

observed (see above) lack of orthogonality between substituent constants,

and possible ease of synthesis) can be made, however, for a number of

new substituent combinations:

(1)

(2)

(3)

(4)

(5)

3'-COR, where R = H, CH3, C2H5’ C3H7, etc.: strong
intramolecular hydrogen bond with the potential for varying

the substituent '"size" and lipophilicity.

3'-1, 5'-Me; 3'-Br, 5'-Me: 03150 ~ Oz1g1 as for 3'-iPr,
5'-halogen, but INTERACT N -INTERACT as for 3'-iPr, 5'-halogen.
3' and/or 5' substituents with wm and Es substituent constants
not correlated: e.g. NHZ’ NMez, NEtz, CHZOH, CZHSOH'

3'-nBu; 3'-nAmyl; 3'-CH(CH,)C,H,; 3'-CH(C,H for further
3773 2

7 502
investigation of the 7 and "size" 3'-substituent requirements

for thyromimetic activity.

3,5-—(CF3)2 and other 3,5 substituents with greater orthogonality

of Tag and ESBS' Although thyromimetic activities have been
examined for a wide variety of 3,5 substituents, finite quantitative
activities are available for only a limited number of 3,5
substituents (F, Cl, Br, I, CHB) and for these Tqs and E335

are well correlated. In addition to thyromimetic activity

being influenced by the ability of the 3,5 substituents to

"lock" the diphenyl ether nucleus into the proximal and

distal conformations, 3,5 substituents larger than iodine

(e.g., iPr, SPh) (larger than bromine for TBG binding30)

also exert a negative steric influence on activity (see

Appendix I). Determination of finite quantitative
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thyromimetic activities for a wider variety of 3,5 substituents is
most necessary for determining the relative importance in influencing
thyromimetic activities of 3,5 substituent lipophilicity, "size" or
"bulk'", and conformational flexibility (as this affects the diphenyl

ether conformation).

ad
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CHAPTER SIX: CONCLUDING REMARKS

The thyroid hormones and analogs have proven to be an excellent
system for the experimental and theoretical studies presented here. The
results of the synthetic and bioassay investigations, coupled with the
molecular orbital studies and quantitative structure-activity correlations,
have helped to further define and to provide a better understanding of
the structural requirements, physico-chemical properties, and interactive
effects of the outer ring substituents, as they influence the various
thyromimetic activities. The ready accessibility of thyroid hormone
nuclear receptors, as well as other assay systems (e.g., in vivo
antigoiter assay, in vitro binding to plasma proteins, etc.) provide
opportunities for further research. The partitioning into substituent
contributions of the free energy of interaction with macromolecules,
coupled with available and potentially available X-ray structures

for these macromolecules, will provide an opportunity for examining
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the physical origins of these interactions. Further theoretical studies
(e.g., MO, QSAR, electrostatic potential models) will most certainly
play a role in the examination of these interactions. Additional
experimental studies (e.g., determination of AH and AS of binding to
macromolecules, further thyromimetic activity determinations, fetal
studies, biochemical investigations of nuclear receptors) will be equally
important. Of special interest, at least in retrospect from these
studies, will be the design, synthesis, and testing of analogs with
physico-chemical properties which are considerably more orthogonal than
those presently available. This alone should help to provide a better
understanding of the physical origins of specific analog--macromolecule
interactions. The thyroid hormones and anlogs truly do provide the
potential for molecular-level investigation of the structural, physical,

and mechanistic properties of the until-recently-elusive '"receptor'.

as .z
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APPENDIX I: RECALCULATED AND STANDARDIZED RAT ANTIGOITER BIOASSAY

ACTIVITIES OF THYROID HORMONE ANALOGS

See text for discussion and explanation of the recalculation and

standardization.
Table I-1. Thyronines: 3, 5, 3', and 5' Substitutions.
Table I-2. Thyronines: Sterically Fixed (2' Substituted;

Including 4' Substitutions).

Table I-3. Thyronines: 4' Substitutions.

Table I-4. 1'-Napthyl Ethers of 3,5-1,-Tyrosine.

Table I-5. 2'-Napthyl Ethers of 3,5—12-Tyrosine.

Table I-6. Thyronines: Bridge Variations.

Table I-7. Thyronines: Alanine Side Chain Position Isomers.
Table I-8. Benzoic, Acetic, Propionic, and Butyric Acid

Side Chain Analogs.
Table I-9. Other Side Chain Variations.

Table I-10. Aliphatic and Alicyclic Ethers of 3,5-I_-Tyrosine.

2
Table I-11. 0dds and Ends.
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APPENDIX II: COMPUTER PROGRAMS

This appendix contains listings of the computer programs written
and used in the quantitative structure-activity studies. PROGRAM QSAR47
was used to perform the actual QSAR calculations and requires three
on-line magnetic disk direct access files:
1. FTABLES: 510 formatted (7F9.2) records each with a length
of 63 bytes.
Contains the critical F statistic values needed
by PROGRAM QSAR47.
Created by PROGRAM FILLFTBL.

2. WCFILE: 346 formatted (60I1, 612) records each with a
length of 72 bytes.
Contains the weight card values needed by PROGRAM
QSAR47 when the "ALL" option is used.
Created by PROGRAM FILLWCF from cards punched
by PROGRAM PUNCHWC2.

3. SFILE: A  temporary (scratch) disk space.

Used by PROGRAM QSAR47 to save a summary of the
title cards and regression equations for listing
at the end of the regressionms.

Fixed-format, blocked records each with a length

of 120 bytes.



PROGRAM QSAR47
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(L8800 000RR0RRRRRRR0RCRRRDDAUORRERRNOREREOO0RCRRORORNRRRDRRRRBCRRRDRRDY

o
C
C

PR GRAM QSAR&7

CG.G.O9.'0000"000#0600.'.0000GOQ.IGDGQ.0..'900#0#000009#000’09.9000099.

[aNeNeNeRaloNeNoNaloN oo NeNoN o oo oo e oo NaNg N e N e NeNeRaXe N oo Xa e XaXakaXakakeXakakakasN s XK s Xe Kl

0SAK = QUANMTITATIVE STRUCTUKt ACTIVITY RELATIOASHIPS

47 = THAT MAGICAL NUMBER FROM wHICH ALL GOOD THINGS ARE DERIVED

(22222222 XX2XX22 2222222222 X2 2222222222222 XX22 222222222222 X202 X222 X 2 23

GENERAL REFERENCESS

PROGRAM QSARG7 IS A MULTIPLE LEAST SOQUARES L1 EAR REGKESSION ANALYSIS
PROGRAM ESPECIALLY DESIGNED FOR (BUT NOT LIMITED TO APPLICATIONS WITH)
0SAR STUDIES IN MEDICINAL CHEMISTRY o

OSAR4T7 WAS PROGKAMMED AMD DEBUGGED ON AN I8M 370 MODEL 145
COMPUTER bY? STEVE DIETRICH

LEPBLKRTMENT OF PHARMACEUTICAL CHEMISTRY
SCHOUL OF PHAKMACY

UNIVERSITY OF CALIFORNIA

SANM FRANCISCOs CALIFORNIA 94143

APRIL 1976

THE PROGRAM WAS DEBUGGED IN WATFIV AND STORED AS AN ON-LINE OISK.
PKRIVATE PROGKAM IN FORTRAN H,

(2222222222222 2222222 2222222222222 222 2 X X X222 2 2 X2 2 2 23

C. DANIEL AND F. S. WOOD
SFITTING EQUATIUNS TU DATA?
WILEY INTERSCIENCEs Ne Yo (1971)

Ge Ae PALL
S INTRODUCTION TO SCIENTIFIC COMPUTING?
APPLETON=CENTURY=CHOFTSe No Yo (1971)

Te he WOMNACOTT AND ke Jo WONNACOTT
Y INTRODUCTORY STATISTICS!

SECOND EOITION

JOHN WILEY & SONSe INCee NY (1972)

PRBNONBEORBERNVEROVVRRDVTVRRTRDEVNIVOROOVREADDOCLDNDCRDORNERREEIRDARDENSE

THE USERe

THE FEATURES OF THIS PKROGKAM ARE S

le ALL CALCULATIONS ARE DONE IN DOUBLE PRECISION (REAL®8).,

ce ANY NUMHER OF TITLE CAWDS MAY Bt USED,
3¢ VALUES FROM 1 TO 15 INOEPENDENT VARIABLES MAY BE SUPPLIED 8Y



HeXeNeYaleXeNoNoNoNoNeRe el o Ne Nl s NolaNeReaNe oo oo o NaloNeN oo NN No e Na oo N o s N o NNl s NeN o oo oo NeRoRoeNaNe o X o N o]

Lo

5.
te.

7.

be

Ye

10.

11.

THE PROGRAM WILL (AT THE USER'S OFTION) GENERATE AND ALLOW
REGRESSION wITH ANY NUMBER OF 1 TU 10 ADDITIONAL
INDEPENDENT VARIABLESy WHICH ARE GENERATED FROM THE
SUPPLIED INUEPENDENT VARIABLES: SEE RELOW.
DATA FHOM ¢ TO 99 (HUT SEE HELOW) DaTA POINTS MAY BE USED.
AT THE USEK'S OPTIONs SPECIFIC DATA POINTS wltLL NOT BE
INCLUDED IN CALCULATING THE REGKRESSION EGCUATIONS.
DEPENUENT VARIABLE VALUES DO NOT NEED TO BE ENTERED FOR .
THESFE UATA POINTS.
ANY SINGLE KEGRESSION MAY USE FROM 1 7O 15 OF THE
INDEPENDENT VARIABLES.
THE REGRESSIONS THEMSELVES ARE SPECIFIED BY WEIGHT CARDS IN
ONt OR HOTH OF 2 METHODS: SINOLt KEGRESSIONS wITH SPECIFIC
INDEPENDENT VARIABLES MAY BE
INDICATED BY A SINGLE WEIGHT CARD,
WITH THE *ALL' OPTION, ALL
POSSIBLE COMBINATIONS OF ANY 1 TO
10 INUEPENDENT VARIABLES
SPECIFIED ON THE WEIGHT CARD WILL
HE RUN.
PROGRAM OUTPUT CONSISTS OF: LISTINGS OF ALL DEPENDENT
AND INDEPENOENT VARIABLE VALUES,
MEANSs STANDAKD DEVIATIONSe AND
vo0 HBY THE NUMBERS OF THE DATA
POINTS NOT USED IN THE
REGKRESSION CALCULATIONS.
¢ FOR EACH REGRESSION: .
¢t THE REGRESSION EQUATION WITH
95% CONF JDENCE INTERVALS FOR
THE INTERCEPT AND INDEPENDENT
VARIABLE COLFFICIENTS.
SESTIMATED VALUES (AND
DEVIATIONS FROM THE ACTUAL
VALUES) OF THE DEFENDENT
VARIA-LEs BASED ON THE
REGRESSION EQUATION,
sALL RELEVANT STATISTICAL DATA
FOR THF REGHESSION IN AN
ANOVA (ANALYSIS OF VARIANCE)
TABLE.
$9IDEAL® VALUES FOR EACH
INDEPENDENT VARIABLE X FOR
EQUATTIONS CONTAINING THE
INDEPENDENT VARIABLE X ONLY AS
X AND x®v2 TERMS,
$ALL THE CALCULATEUL F TEST
VALUES AND THE INTERPOLATED
PERCENTAGE CUNFJDENCE LEVELS
FOR COMPARISON OF EACH
EQUATION wITH aLL OTHER
EWUATIONS WHICH BKE SUBSETS OF
1Te SFE SULROUTINE FTESTS.
tTHE INOEPENUENT VARIABLE CROSS
CUKKELATIUN AND SGUARED CROSS
CURKELATION MATRICES.
MAXPTSe THE MAXIMUM NUMBER OF DATA POINTS ALLOWEDes MAY Bt
CHANGLD BY ALTERING: ARRAY SIZES IN FACH SUBROUTINE AND IN
THE MAINPRUGKAM,
$ VALUE OF MAXPT< IN THe FIRST EXECUTABLE
STATEMENT OF THF MAINPROGRAM,
A PERMANENT ON-LINE DISKR DIKECT ACCESS FILE FTApBLES
(CREATED bY THE PKOGRAM FILLFTBL) CUNTAINS THE CRITICAL F

.o
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STATISTIC VALUES NEEDED BY THIS PHOGRAM.
A PERMANENT ON=LINE DISK DIRECT ACCESS FILE WCFILE
(CREATED bY THE PHROGHFAM FILLWCF FKOM CARDS PUNCHEL bY THE
PROGRAM PUNCHWLZ) COMTAINS THE wk]JOHT CARD VALULS NEEDED BY
THIS PrOGRAM WwHEN THE *ALL' OPTIUN IS USED.
THE TEMPORERY (SCRATCH) DISK SPACE SFILE IS USED bY THE
PROGRAM TO SAVE A SUMMARY OF THE TITLE CARDS AND
REGRESSION tQUATIONS FOR LISTINL AT THE END OF THE
REGRESSIONS,
THE MATRIX INVERSION INVOLVED wlThH t7CH KEGKESSION EMPLOYS
LAKGEST PIVUT ELEMENT SEARCHES IN OFNER TO MINIMIZE
ROUND=OFF ERROKS DUE TO SMALL DIVISOURS.
AT THE USEW'S OPTIONs THE PROGKRAM wILL INTERNALLY CALCULATE
FOR EACH DATA POINT?S
DEPENDENT VARIABLE VALUE

= LOG(VALUE OF ONE OF THE INDEFENDENT VARIABLES)

0OR

= LOG(]1./VALUE OF ONE OF THE INDEPENDENT VARIABLES) .
AT THE UStkK'S OPTIONy THE PROGRAM WwlLL INTERNALLY CALCULATE
FOR EACH DATA POINT:
VALUE OF ONE OF THE INDEPENDENT VANIABLES

= LNG(VALUE OF ONE OF THE OTHER INDEPENCENT
VARIABLES)

THIS CAN b OONE FOR FROM 1 TO 3 -OF THE INDEPENDENT
VARIAGLES.
FOR ANY SINGLE SET OF DATA POINTSe THE MAXIMUM NUMBER OF
ALLOWEL REGKESSIONS (1099 = 76 MORE THAN THE NUMBER OF
KEGRESSIONS RUN WITH THE *ALL® OPTION AND 10 INUEFENDENT .
VARTIABLES) MAY BE CHANGED BY ALTERING ARKAY SIZES IN EACH
SUBROUTINE AND IN THE MAIN PROGRAM,

[YITYTYITRYITTZTRE ST YRR YRR T2 L2222 Y2222 22 222822222 2 X2 2d 2]

THE DATA IS ENTERED IN Tht FOLLOWING STEPSS

ANY NUMBEK OF TITLE CARDSe.

FORMAT (A76).

ENTER THE VALUE 1 ON THE NEXT CARD.

FORMAT (79Xs I1)e

ON THt NEXT CARD ENTER: DVAR
¢ LOGY

THE DEFENDENT VAKIABLE NAME
0 = VEFAULT
= USER wILL ENTER DEPENDENTY
VARIABLE VALUES
0 AND < 16 = OPTION
= PROGRAM wTLL
INTEFNALLY
GENERATE FOR
EACH UATA POINT
THE DEPENDENT
VARIABLE VALUE =
LOG(VALUE OF THE
(LOLY) TH
INDEPENLEMT
VAR]ABLE)
OPTION
PROGKAM WITLL
INTERNALLY
GENERATE FOR
EACH DATA POINT
THE UEPENDENT
VAKIABLE VALUE

v

> =16 AND < 0
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= =L0OG(VALUE Of
THE (=LOGY)TH
INVEPENDENT
VARIABLE) .
: NI = THE NUMRER OF USER SUPPLIED
INUEPENDENT VARIABLES.
AN INDEPENUENT VAKIABLE
INTERNALLY OENERATED ACCORDING
TO TrE LOGX OPTION (SEE FELOW)
1S CONSIDERED TO BE A USER
SUPPLIED INDEPENDENT VARTABLE.
$ OPTIUN(K) e xk=1410
= 0 = DEPRULT
=1 = OPTIOM
WHERE : Tht PROGRAM WILL GENERATE ANV
ALLU. REGKESSION WITH THE
(Re15)TH INDEPENDENT VARIABLE
IF X(1eJ) = THE VALUE OF THE JTH
INUEPENUENT VARIABLE FOr THE ITH
DATA POINT:
X(Ielt) = X(Iel)ma2

X(Iel7) = x(192)882
X(lel8) = X(Ie3)0ea2
X(1elY) =" x(1yG) a2
X(1¢20) = x(Iyl)®e3
X(I1e21) = X(1e2)0#3
X(Ie22) = X(Is1)#X(Ie2)
X(1e23) = X(lel)oX(163)
X(I1e24) = X(Igl)ex(]e2)ue2
X(1e25) = X(I91)®X(]93) a2

¢ LOGX(Kel)e K=192
LOGX (K92)y K=zle2
LOGX(Ke3)y K=192
LOGX(1leL) = O
= DEFAULT
LOGX(leL) > O AND < 16
= OPTION
= PROGRAM WILL
INTERNALLY
" GENEKATE FOR EACH
DATA PUINT,
VALUE OF THE
LOGX(1oL)TH
INDEFENDENT
VAPIABLE =
LOG(VALUE OF THE
LONX(29L)TH
INDEPENDENT
VA-1ABLE) .,
FORMAT (ABs I3y 1Xo 12y 1Xe 1011y Sxes 612)
NEXT ENTER INOVAK(I)e I=1elVTOT
WHERE: INUVAR(I) = THE NAME Of THE ITH INDEPENOENT
VAr]AHBLE
$ IVIOT = NI ¢ NUMBEK OF PKROGRaM=GENERATED INDEPENDENT
VARIABLES
ENTER THE NAMES OF THE SUPPLIED AND PROGRAM=-GENERATED
INDEPENDENT VAWAJABLES IN OFDEKRS: EGe FOR [=192¢3016418,
ON ONt. CANU WITH FORMAT (5(A8y ¢X)) THE FIVe INUVEFENDENT
VARIAELE NAMES WOULD BE ENTERED.
FORMAT (B(AbBs 2X) ),
FOR EACH UATA POINT ENTERS ICALC = 0 IF THE DATA POINT WILL
BE USED IN THE
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REGPESSION CALCUIL ATIONS
IF THE DATA FOINT WILL
NOT ~E USED IN THE
REGRESSION CALCULATIONS
BUT A VALUE FOR THE
DEPENDENT VARIABLE wILL
+tE ENTEKED,
= 2 IF Tht DATA POINT WILL
NOT HE USED IN THE
REGKESSION CALCULATIONS
AND A VALUt FOR THE
DEPENDENT VAKIABLE
WILL NUOT 6k ENTERED.
¢ XNAME = THE NAME OF THE DATA
POINT.
t Y = THE DEPENDENT VARIABLE VALUE
FOR THE DATA POINT,
= IF LUGY OPTION 1S USEDe
VALUES OF 0. SHOULD BE
ENTERED FOR BEACH DATA POINT,
¢ X(Ied)e J=1eNI = THE INDEPENDENT
VARJABLE VALUES
OF THE ITH DATA
POINT FOR THE NI
USEK SUPPLIED
INDEPENUVENT
VAR]IABLES
= VALUES OF 0.
SHOULD BE
ENTERED FOR
THOSE
INUEPENUDENT
VARIABLES WHICH
wiLL kE
GENERATED BY THE
LOGX OPTION.

"
—

FORMAT (Ile 1Xe Al6e 2Xe (6F10.5)),

ENTER THE VALUE 1 ON THE NEXT CARD.

FORMAT (1Xe Il)oe

ALSO ENTER 0Oe le¢ OR 2 BLANK CARUS SO THAT THE TOTAL NUMBER

OF CARDS EMTERED IN THIS STEP = NUMBEK OF CAKDS ENTERED FOR

EACH DATA POINT IN STEP S.

ENTER THE WEIGHT CARDSs USING ONE AND/OR BOTH OF THE TwO

METHOLS HELOWS

Ae FCR A SINGLE REGKRESSIONe PUT A 1 IN EACH COLUMN
CORRESPONDING TU THE NUMBERS OF THE INDEPENDENT
VARTABLES DESIRED IN THE KEGRESSION EQUATION,
FORMAT (2S511).
Be THE *ALL* CPTIONe PUT A 1 IN EACr COLUMN

CURRESPUNDING TO THE NUMBERS OF THt INDEPENDENT
VAKRTABLES OF WHICH ALL POSSIBLE COMBINATIONS WILL
Ht RUN AS REORESSIONSe ALSO PUT A 1 IN COLUMN 79,
FORMAT (2S11le S3xe I1)e

ENTER THE VvALUE )1 ON THE NEXT CARD.

FORMAT (79Xe T1)e

IF ANOTHtr wKEGRESSION ANALYSIS IS TO BE DONEe RETURN TO

STEP 1o OTHERWISEs THAT IS ALLe

PRGN NE RN NERBBENNNNRRORONRDRRORTVRNVRBIDODRVINNOREDVNCRTNERROEEIREGRRNGY
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c ) . *
C MAINPROGRAM: CONTROLS THE CALLING OF THE VARIOUS SUBROUTINES *
C o
R T T Y Y T P Y R Y R P Y T Y YA YA R Y T LYY T Y YL 22 2 )
C
C

CQ...'Q...’...Q..GGGO.QOGGQGQGO.660'.000.0.9Q#GGQQ.QO'..GQGOQQIIIQI.’..Q

VARIABLE DEFINITIONS:
DVAR = NAME OF THE ODEPENDENT VARIABLE
1 = CONVENTIONAL USE AS DO LOUP VARIABLESs SUBSCRIPTS»
COUNTERSs ETC.
IREGIN = COUNTING VARIABLE WHICH IS USED TO CONTROL
NUMBER AND WHICH OFf OTHER VARIABLES AKE
PRINTEDs CaLCULATED wITHe ETC.
ICALC(1) = 1 = PROGRAM wILL NOT USE ITH DATA POINT IN
) CALCULATING THE REGRESSION EQUATIONS
= 0 = PROGRAM WILL USE THE ITH DATA POINT IN
CALCULATING THE REGRESSION EQUATIONS
COUNTING VAkIABLE wHICH IS USED TO CONTROL
NUMRER AND WHICH OF OTHER VARIABLES AKE PRINTEOD,
CALCULATED WITHe ETC.
IF = DATA SET REFEKENCE NUMBER FOR PERMANENT ON=-LINE
MAGNETIC DISK DIKECT ACCESS FILE OF CRITICAL F
. STATISTIC VALUE TABLES
IMUDONE = PROOWAM TEXMINATION FLAG
INUVAR(J) = NAME OF THE JTH INDEPENDENT VARIABLE
IR = DaTA SET REFEKENCE NUMBER FOR CAkD READER
IV(J) = EXTERNAL NUMBER OF ThHE JTH INTERNAL
INDEPENDENT VARIABLES: J=1IVTOTS SEE
SURROUTINE READ]1 FOR MORE DETAILS
TOTAL NUMEER OF INDEPENDENT VARIABLES
Nl ¢ NOPT
IW = DATA SET REFERENCE NUMBER FOR PRINTER
J CONVENTIONAL USE AS DO LUOP VARIABLESs SUBSCRIPTS
COUNTERSy ETC,
K = CONVENTIONAL USE AS DO LOOP VARIABLESe SUBSCRIPTS,
COUNTERSy ETC.
L = CONVENTIONAL USE AS DO LOOP VARJABLESe SUBSCRIPTS
COUNTERSy ETCe
LINES = NUMBER OF LINES THAT HAVE BEEN PRINTED ON &
PAGES USED FOR PRINTING CONTROL
M = CONVENTIONAL USE AS DO LUOP VARIABLESs SUHSCRIPTS.
COUNTERSy ETCe
MATXX (UsK) = SUMAING OVER ALL N DATA POINTS
((X(IeJd) = XAVG(IN)I®(X(1eK) = XAVG(K)))
MAXPTS = MAXIMUM NUMHER OF DATA PNINTS ALLOWED
N = NUMBER OF DATA POINTS WHICH wILL HE USED IN
CALCULATING THE WEGRESSIUN EQUATIONS
NT = NUMbER OF SUPKLIEU INDEPENDENT VARIABLES
NIV(J) = THE NUMBER OF INDEPENDENT VAKIABLES INDICATED
FOR KEGNESSION RY THE JTH REGKESSION WEIGHT
CAKD
NLINES = MAXIMUM NUMHBER (cITHEP SYSTEM UEFAULT OR USER
SUPPLIED vaLut) OF LINES PRINTED PER PAGE
NOPT = NUMRER OF INUEPENDENT VAR]ABLES wHICH wlLL RE
INTFRNALLY OGENEPATEDL BY THE PROGRAM FROM THF
SUPPLIED INUEPENUENT VAKRIARLES
NOKREG = NuMHEK OF DATA FOINTS wHICH WILL NOT Bt USED
IN CALCULATING THE KEOGKESSION EQUATIONS
NTOT = TOTAL NuMbtk OF DATA POINTS

IEND

"

IvToT
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= N ¢ NOREG
NWC = TOTALL NUMBER OF REGRESSION WEIGHT CARDS READ
(FOM CAWRD KEADER AND FROM WCFILE)s EACH OF WHICH
wiLL CAUSE A SINOLE KEOKESSION TU 5t PERFORMED
RR(¥WCN) = Tht "SWUAKED (MULTIFPLE) REGRESSION COLFFICIENT
FUR THE (WCN)TH KEORESSION
Rﬁie
VKEG/TOTVAR
SDX(J) = STANDARD UEVIATION OF THE JTH INDEPENOENT
VArTABLE
SDY = STANDARD DEVIATION OF THE DEPENDENT VARIABLE
SFILE = UATA SET WEFEKENCE NUMptx FOR TEMPORARY
(SCRATCH) ON=-LINE MAONETIC DISK SPACE FOR
STOKAGE OF SUMMAKFY OF TITLE CAKDS AND
KREGKESSION EGUATIONS WITH ASSOCIATED
STATISTICS (T0 BE LISTELD AT END OF RUN)
SUMXY (J) = SUMMING OVER ALL N DATA POINTS
: ((X(IeJ) = XAVG(J)I®(Y(I) = YAVG))
TOTVAR = TOTAL VARIATION OF THE DEPENDENT VARIABLE
WC(JeK) = FOR THE JTH REGRESSIONs THE K = NIVWJ)
INTERNAL NUMBERS OF THE K INDEPENDENT
VARIABLES SPECIFIED FOR THE KEOGKESSION
WCFILE = DATA SET REFERENCE NUMRER FOR PERMANENT
ON=LINE MAONETIC DISK UIRECT ACCtSS FILE OF
REGRESSION WEIGHT CARDS
X(1sJ) = VALUEL OF JUTH INDEPENDENT VARIABLE FOR THE ITH
DATA POINT
XAVG(J) = MEAN OF THE JUTH INDEPENDENT VARIABLE
XNAME (1eK) = NAME OF Tht ITH DATA POINT: K=],2
Y(I) = VALUE OF DEPENDENT VARIABLE FOR 1TH DATA POINT
YAVO = MEAN OF THt DEPENDENT VAKRIABLE

(1}

LK B B BN BE IR BN BE BN BN BN IR BN BN BN BN BN BN BN BE BN BF BE BN NN-RE BN B BN OB N

Y IYIYIIIIIIIITYYITZZY ST Y22 S Y TR TR X2 2 X222 2222222 2222282222222 2 2 22 2 )

QOO0 OOOOOO

IMPLICIT REFAL®#B (A=H,0=Z)y INTEGER®2 (I=N)

REAL®H INDVAR(2S)e XNAME(100+42)e Y(100)se X(100+25)s XAVG(2S5),
X SDX(25)9 MATXX(25e25)s PRK(1100)9 MAT(1S915)s INVMAT(15015)
INTEOGER®2 IFe4e WCFILE®G, SFILE®Gs Ik®4y w24y OPTIUN(10)

X ICALC(100)s NIV(1100)e WC(1100e15)e FILEWC(1046), IV(2S)
COMMON /REAL/ DVAR. INDVAKs XNAMEs Ys Xg¢ YAVGy, TOTVAR,
X XAVGe SUXe SDYs MATXXs KRe MATe INVMAT
COMMON ZINTGER/ IFe IRe Iwy WCFILFe SFILEs MAXPTS,
X IMDONEs NOPTe NLINESe LINESe Nle OPTION, IVe
X IVIOTe ICALCe No NOREGe NTOTe IBEGINs IENDe NWCe NIV
X Ie Jo Ko Lo My wCe FILEWC

[aN el

INITIALIZE MAXPTS AND NLINES
MAXKFTS = 99
NLINES = S6

(g X o]

INITIALIZE DATA SET WREFERENCE NUMBER VARIABLES
IR = 5
Iw = 6
IF = 12
WwCFILE = 13
SFILE = 16
c
C CALL SUBROUTINE KREAUDL] TO KEAD IN DATA FOR THE REGRESSIOANS
10 CALL READ]
C .
C IF IMDONE = 1 UFON KETURN FHOM SUHROUTINE kEADle NO MURE REGRESSION
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ANALYSES ARE TO KE UONE AND EXIT FROM PROOGRAM OCCURS.
If (IMDONE .EQ. 1) GO TO 99999

IF THE PROGRAM IS TO INTERNALLY GENERATE ANY OF THE INDEPENDENT
VARIABLES (FROM THE SUPPLIED INDEPENDENT VARIABLES) e« SUBROUTINE CALCL
IS CALLED TO CALCULATE THEM,

IF (NOPT oNt. 0) CALL CALC]

CALL SUBROUTIMNE CALC2 TO CALCULATE: MEAN VALULS AND STANDARD
: LDEVIATIONS OF THE ODEPENDENT AND
INDEPENLENT VAKIABLES
: VARIATION OF THE DEFENDENT
VARJABLE
CALL CALC2

CALL SUBROUTINE WRITELl TO PRINT?

¢ FOR tACH DATA POINTS NUMBERs NAMEs AND DEPENDENT AND
INDEPENDENT VARIASBLE VALUES,
USEDL IN THE REGRESSION
CALCULATIONS

t MEANS AND STANDAKD DEVIATIUNS OF THE DEPENGENT AND

INDEFENDENT VARIABLES
CALL wRITE}

CALL SUBROUTINE MAT] TO CKREATE THE MASTER MATKICES MATXX AND SumMXY
CALL MAT1

CALL SUBROUTINE WTCAWD TO KEAD AND STORE VALUES FRUM REGRESSION WEIGHt
CARDS FKOM CARD KEAUEK AND/ORs IF SPECIFIED. FROUM THt DIKECT ACCESS
Fltt wCFILE.

CaLL wTCARD

CALL SUBROUTINE REGFRES TO PERFORM EACH OF THt REGKESSIONSe AS
SPECIFItD BY THE ReOKESSION WEIGHT CARDSe ANU TO PKINT OUT THE
PESULTS.

CaLL REGRES

CALL SUBROUTINE FTESTS TO CALCULATE AND PRINT sLL OF THE F TEST
COMPARISUNS OF THE WREOGRESSION EQUATIONS,
CaLL FTESTS

CALL SUEROUTINE SUMUF TO0: PRINT (AS STORED ON THE TEMPORARY (SCRATCH)
FILE SFILE) TITLE CaRDS AND A SUMMARY OF THE
REGRESSION EQUATIONS AND ASSOCIATED
STATISTICAL DATA.

CALCULATE AND PRINT INDEPENDENT VARIABLE
COSS CORRELATION CUFFFICIENT AND SQUARED
CROSS CORRELATIUN COEFFICIENT MATHICES,

CaLL Sumup

RETURN TO BEGINNING OF MAINPROGRAM TO SEE IF ANOTHER REGRESSION SERIES
IS TO st RUN.
-0 70 10

TRANSFEKR IS TO STATEMENT 99999 (AFTER RETURN FROM SUBROUTINE READ])
It NO MURE REGRELSSIUN ANALYSES AKE TO BE RUN.
9999 CONTINUVE
STub
END
SUBKROUTINE KtAD])
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SUBRUUTINE READ]:

oo

PRINTS HEADING FOR REGRESSION
KEAUS TITLE CAKDSs CHECKRING TO SEE IF THERE ARE NO
MOkt REGKESSION RUNS TO BE RUN
PKINTS TITLE CakDS ,
wRITES TITLE CAkDS ON SCKraTCH FILE SFILE FOR
SUMMARY AT END OF KEOGRESSIO-S
READS AND PRINTS DEPENUENT oND INUERENDENT
VAKIABLE NAMES
READS NUMBER OF INDEPENUENT VARIABLES TO EE
SUPFPLTED AND wHICH (IF ANY) INDEFENDENT VARJIABLES
wiLL RE INTERNALLY GENERATED bY TrHt PROGRAM
REAUS (FOk EACH DATA FOINT) DEPENDENT AND
INDEPENDENT VARIABLE VALUES AND WHETHER THE DATA
POINT IS TO Bt USED IN CALCH!WLATINL THE REGRESSION
EUUATIONSe CHECKING FOK END OF DATA POINT CARDS
FLAG
I+ SPECIFIEDs CALCULATE FOR EACH DATA POINT
OEPENDENT VAKRIABLE VALUE = LOG(VALUE OF ONE OF
Trt INDEPENDENT
VA: JABLES)
OR = LOG(l./vALUE OF ONE
" OF THE INUEPENUENT
VARTABLES)
VALUE OF ONE OF THE INDEFENDENT VARIABLES
= LOG(VALUE OF ONE OF THE OTHER
INDEPENDENT VAKIABLES)
= THIS CAN Bt DUNE FOK FROM 1 TO 3
DIFFERENT INDLPENDENT VARIABLES,

[ 30 30 B S BN B DY BE B BN B BN BN BN BN BN BN R B BN NN BN NN DR IR AR AR IR AN J

[YYZYYYIYTYYZXR YT IR YR XXX 2222222222 2222222222222 2222 22222222

IYIZYYITITIYYZYTRS RS2SR 22222222222 22222 222222 X 2 2 22 2 22 %)

VARIABLES NOT OtFINED IN MAINPROGRAM?

LAST]

LAST2 = END OF DATA POINTS FLAG
LOGX (KoL) = AN OPTION USED TU CALCULATE THE VALUES OF

Looy

OPTION(K)

= END OF TITLE CARDS FLAG

FROM 1 TO 3 INDEPENDENT VAKIABLES AS
LOG(VALUES OF 1 TO 3 0OThtk INDEPENDENT
VARJABLES)
t K=1423 L=103
IF LOOGX(1eL) > 0 AND < 16+ THEN PROGRAM
wILL CALCULATE FOR E4CH 1Th DATA POINT:
X(1oLOOX(1oL)) = LOG(XR(ISLOGK(20oL)))
0 = DEFAULT
0 AND < 16

= OPTION

= PROGRAM wiLL GENEKATE INTEKNALLY
FOR EACH ITH DATA POINT Tht VALUE
OF THE DEPENUFNT VARIABLE Y(]) AS
Y(I) = LOG(X(IsLOOY))

=16 AND < 0 = OPTIUN

= PROGRAM WILL GENEKRATE INTERNALLY
FOR BACH ITH DATA FOINT THE VALUE
OF THE ULPEMDENT VARIABLE Y(I) AS
Y(I) = =LOG(X(1s=LOGY))

= LOG(]e/X(1e=LOGY))

v

v

0 = DEFAULT
1 OPTION
PROORAM wILL GENERATE INTERNALLY.

"
LI B B BN B BN BN BE NN N BN BN BE-RE NE BN BN BN BE BN R BN BN BN IR AN
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LISTe AND ALLOw PEGRESSION WITH THE o

(K+15)TH INDEPE*DENT VARIABLES: K=1,10 <

TITLES = TEMPORARY STORAGE VARIABLE FOR LITEKRAL °
CHARACTERS OF LATA CAKULS »

. *

o

SIZIXZEXXIZTIXRITIZZRZ RIS 222 2222 X222 2222222 2 X2 X 2 X 2 2

OOCOOOOO

IMPLICIT REAL®H (A=H,0-Z)y INTEGEKR®2 (]=N)

REAL#E INDVAKR(25)s XNAME(100¢2)e Y(100)s Xx(100+25)e XAVG(2S),
X SLUX(25)e MATXX(25425)9 RK(1100)e MAT(1S41S)e INVMAT(15+15)
X TITLES(19)« LLOGLO

INTLGEWF®2 1F26y WCFILE®G, SFILE®G, IR®G, IW®&4Gy OPTION(10)

X ICALC(100)e NIV(1100)e WC(1100+15)e FILEWC(1096)s IV(2S)e
A LOLX(2+3)

COMMUN /REAL/ DVAR, INDVARy XNAMEs Ys Xs VYAVG, TOTVAR,
X XAVGe SOXe SUYs MATXXe kRe MATe INVMAT

COMMON ZINTOER/Z 1Fe IRe IWe WCFILEy SFILEs MAXPTS,

X IMUONEs NOFTs NLINESe LINESS NIe OPTION, 1Ve
X IVTOTe ICALCe Ns NOKEGe NTOTe IBbEGINs IENDs NWCy NIV,
X Ieo Jo Ke Le My wWCe FILEWC -
EQUIVALENCE (LASTle LAST2) s (XNAMEs TITLES)

INITIALIZE IMDOME = PKOGRAM TERMINATION FLAG
IMOONE = 0

(gX g} o0

PRINT HEADING FOR REGRESSION
WRITE (IWs10)
10 FORMAT (lHls 120()H®*)// 41Xs 4OHLEAST SQUARES LINLAR REGRESSION AN
XALYSIS/ 1HOs 120(1H®*)//)

READ (CARD READER) ANV WRITE (PRINTER AND SCKATCH FILE SFILE) TITLE
CARDSy CHECKING FOR END OF FILE (TRANSFER IS THEN TO STATEMENT 180)
AND IF THE PREVIOUS TITLE CARD READ IN WAS THt LAST TI1TLE CARO (IEe IF
LAST] =1)
PEWIND SFILE
LINES = 7
20 READ (IRe30+£ND=180) TITLESs LASTI
30 FOKMAT (19A4y 3Xe I1)
WRITE (Iwes0) TITLES
40 FORMAT (1Xel9AG)
WRITE (SFILE.30) TITLES
LINES = LINES ¢ 1
IF (LINES +GTe NLINES) LINES = |
IF (LAST] .tQ. 0) GO TO 20
IF (LINES +Otes NLINFS=]1) 60 TO 60
WRITE (IweSV)
S50 FORMAT (lH o 120(1H®))
LINES = LINES ¢ )

(s NeNeNgRal

o0

READ VALUES FOR LVAKe LNGYe NIe OPTIUNe AND LOGX
60 FEAD (IRe70) DLvAke LOOYs NIs OPTION,s LOGX
70 FORMAT (A8s¢ I3e 1X9 12 1Xs 1CIle 5Xe 612)

OPTION VALUES AKE INSPECTEL AND USED TO CALCULATE NOPT AND IVTOT.

IN ADDITIUNe ANU OF SKECLAL IMPORTANCE FOK COMPREHENSION OF THE REST
OF THE PROGFAMe THE ARRAY IV(IVIOT) IS GENEWATED.

IVCIVTOT) ALLOWS FURTHER CALCULATIONS INVOLVING THt INDEFENCENT
VARIABLES TO BE UONt SUCH THAT INTERNALLY WITHIN THIS PRUOGRAM THE
PROGKAM=GENERATED INUEPENUENT VARIADLES AxE SHIFTED Tu THt UNFILLED
SUPPLIED INDEPENLENT VARIABLE POSITIONS.

FOR EXAMPLES IF N1 = 3 AND UNLY INDEFENDENT VARIABLE 16 IS INTERNALLY

(2R e aNaNeNaNaNaN el
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OCOOOOOHCCOOOOO

GENEWRATEDs ALL FURTHRER CALCULATIONS wlLL OCCUR INTEKNALLY WITHIN ThE
PHROGKAM AS IF INUEFENDENT VARIABLE 16 WEKE KEALLY INDEPENDENT VARIABLE
NUMHER &,

THIS IS DONE FOR PROGRAMMING EFFICIENCY BUT IS OF NO IMPOKTANCE TO THE
PROGRAM USERs TO wHOM IT wllLL APPEAR THAT Tht PROGKAM-GENERATED
INDEPENUENT VARIABLES STILL HAVE THEIR ORIGINALLY ASSIGNED NUMBERS.

NOPT = 0
DO 80 J=1.10
IF (OPTION(J) oEue 0) GU TO 80
NOPT = NOPT o )
IVINI*NOPT) = J ¢ 1S
80 C(ONTINUE
IVTOT = NI + NOPT
00 90 J=1.NI
Ivy) = J
90 CONTINUE

READ NAMES OF SUPPLIED AND PROGRAM=GENERATED INDEPENDENT VARIABLES
FEAU (IRy100) (INODVAR(I)e 1=14IVTOT)
100 FORMAT (8(AB+2X))

WRITE DEPENDENT AND INDEPENDENT VARIABLE NAMES AND NUMBERS
IF (LINES +GTe NLINES=9=221VTOT) wrRITE (I4es110)
110 FORMAT (1H1)
wWRITE (IwWel120) 1iVARe (IV(I)s INDVAR(I)e I=1.IVTOT)
120 FORMAT (22HOUEPENDENT VARIABLE = o A8/ 18ROINDEPT VARIABLESSe 3Xo
X129 lHeo 3X9 A8/ (21Xe 129 1lHey 33Xy AB)) )

READ FOKk EACH ITH DATA POINT?: XNAME (I)e Y(I)e (X(IeJ)e J=1eNI)e AND
1caLC(l)
It SPECIFIED BY LOGYs FOR EACH ITH DATA POINT/CALCULATES
Y(I) = LOG(X(IsLOGY))s [IF LOGY > O
OR
Y(I) = =LOG(X(I«=LOGY))e IF LOGY < 0
IF SPECIFIED BY THE LOGX VALUESs CALCULATE FOR EACH ITH DATA POINTS
X(IoLOGX(1eJ)) = LOGIX(ToLOGX(2ed)))e J=1e3
ALSO CHECK WHETHER THE PKEVIOUS DATA POINT READ IN WAS THt LAST DATA
POINT (LAST2 = 1) OR NOT (LASTZ2 = 0)
ALSO CALCULATES Ny NOKEGe NTOT
N=0
NTOT = 0

r. = MAXPTS ¢ ]
DO 160 I=1.K
KEAD (IR¢130) ICALC(I)e LASTZ2s XNAME(ls]1)y XNAME(L142)e Y(I)»
X (X(Ied)e J=1eNI)
130 FORMAT (2I1s 2A8s 2Xe (6F10.5))
IF (LAST2 .tQ. 1) GO TO 170
IF (ICALC(I) +Eue 2) GO TO 140
IF (LOGY +GTe. 0) Y(D) DLOGLO (X (I9LOGY))
IF (LOGY +LTe 0) Y(I) =DLOG1O0(X(19=LOGY))
140 N0 150 J=143
IF (LOGX(1eJ) eNEe N) X(IeLOGX(19eJ)) = DLOGLIO(X(I4LOGX(20u)))
150 CONTINUE
NTOT = NTOT ¢ |
IF (ICALC(]) «Nte. 0) GO TO 160
N=Nel
160 CONTINUE
170 wOREG = NTOT = N
60 T0 190

TRANSFER IS TO THIS FUINT WHEN AN END OF FILE 1S ENCOUNTERED wHILE
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C ATTEMPTING TO READ TITLE CAKDS.
C IF A VALUE OF 1 FOKr IMDONE IS RETURNED TO THE MAINPROGRAM, NO MORE
C REGKESSION ANALYSES AKE TO BE CONDUCTEDL AND PKNOGRAM EX1TS.
C JF A VALUE OF 0 FOKR 1MUNNE IS KETURNED TO THE MAINPROOGKAM, REGULAR
C EXECUTIUN OF THE REOKESSION ANALYSIS IS CUNTINUED.
180 IMUONE = )
Cc
190 RETURN
END
SUBKROUTINE CALCl
C
C
CQOOQCGQQGQG.GGQGOO600006oD..GQQ#...OQ..D0.060090606091’“9.000'.0.00....0
C “
C SUBROUTINE CALC1: CALCULATES THE VALUES OF THOSE INDEPENDENT -
C VaRIARLES WHICH wtkE SPECIFIED TO BE INTERNALLY -
C GENERATELU BY THE PROOKRAM FRUM THE SUPPLILED .
C INODEPENDENT VARIABLES, ) -
C ¢ THIS SUBROUTINE IS CaALLED IF AND ONLY IF NOPT DOES #
C NOT EQUAL 0. L4
C »
CQ.'GQO..QQQOQ.IQQO6‘6.#00.99..06.69Q0600..'.’.90000..QQOQQQ.O0.0'."Q’.
C .
p .
CI.....C.Q'C....IG"!000.l..’.l.'l..l..‘ll'.....0!'0.“.600...0...."'...
C . L
C ALL VARIABLES ARE DEFINED IN THE MAINPROGRAM, @
C L-3
C IN PARTICULAR: X(1+16) = X(Jel)ee2 *
C X(Iell) = X(Ie2)®e2 *
C X(lelb) = X(Je3)we2 ~ *
Cc X(I919) = X(]e4)we2 @
C X(Is20) = X(Iegl)ee3 -
C X(lec)l) = X(]e2)®e3 °
C X(lece) = X(lel)®X(]e2) L
C X(l1e23) = X(lel)®X(1+3) L4
C X(Is24) = X(1el)exX(Ie2)®a2 L
o X(Ie25) = X(lel)ox(193)nup @
C o
c..QCQO..O...Q..IQQOQQ..'.'..’....'0.'0..0...00.QQGI.QDQOQQQQOCO....'.'.
C
Cc
IMPLICIT REAL®8 (A-H,0<2)y INTEGER®2 (l=N)
REAL*H INDVAR(25)e XNAME(10092)s Y(100)e X(100s25)9 XAVG(2S),
X SDUX(25)e MATXX(25¢25)9 RR(1100)e MAT(1S915)¢ INVMAT(1S541S)
INTEGER®2 IFo4y WCFILE®Gy SFILE®4s IR®4y Iw®as UPTION(10)
X ICALC(100)s NIV(1100)e WC(1100015)9 FIIEWC(10s6)y 1V(25)
COMMON /REAL/ UVARP. INDVARy XNAMEs Yo X9 VYAVOe TOTVAR,
X XAVGe SDXy SDYe MATXXe KRe MAT, INVMAT
COMMON ZINTOER/ 1Fy Ike Iwe WCFILEe SFILE. MAXPTSe .
X IMUONEs NUPTe NLINESe LINES Nls OPTION, IV,
X IVIOTe ICALCe No NCKEGe NTOTe IBEGINe IENDe NWCe NIV
X Teo Jo Ko Lo Mo WCe FILEWC
C

DO 90 J=1evOPT

K = IVINIeJ) = 15

GO TO (10410410¢10030030¢50¢50070470)0 K
10 DO 20 T1=14NTOT

X(IoNIeJ) = X(Isn)ae2
20 CONTINUE

GO TO 90
30 DO «0 I=1sNTOT



X(IsNI*J) = X(lyK=4)8a]
40 CONTINUE

60 70 90
S50 DO 60 I=1sNTOT

X(IeNI¢J) = X(Isl)eX([9K=5)
60 CONTINUE

GO T0 90
70 10 60 I=14NTOT

X(IyNIeU) = X(Io1)oX(]oK=T)®a2
80 CONTINUE
90 CONTINUE

RETURN
END
SUBROUTINE CALC/
C
C
R T T LTI Y Y Y Y Yy Yy T T e T Y Y R Y Ty T T YT T YT YT T
C “
C SUBKROUTINE CALC¢: CALCULATES MEANe VARIATIONs AMND STANDARD *
Cc DevIATION OF THE ULEPENDENT VARIABLE 4
Cc ¢ CALCULATES MEANS AND STANDAKD DEVIATIONS OF THE L
c SUPPLIEU AND PROGHAM=GENERATED (IF ANY) “
Cc INVDEPENUENT VARJIABLES L4
(o »
R I T T T T YT TYTYYS
C
C
N ORI AN R RO R RN DR G RNER R EE RN RO BN ROR AR ROOORNERREOONNEONOEDY
C *
C ALL VARIABLES ARt UEFINED IN THE MAINPROGRAM, °
C “
CH B E R aE NI uREER R ORI NN ROOR0DROERNORONRRORROEROROROURRDRRaENENNIONEeNDY
C
C
IMPLICIT REAL®8B (A=Hs0-Z)¢ INTEGER®#2 (I=N) :
REAL®H INDVAR(Z5) e XNAME(10092)s Y(100)e X(100+25)e XAVG(2S),
X SDX(2S)e MATXX(Z25425)9 RK(1100)e MAT(1Se1S)e INVMAT(1591S)y
X DSURT ,
INTLGER®?2 IFeu,y WCFILE®G4, SFILE®4e IR®4, JW®4s OPTION(10),
X ICALC(100)s NIV(1100)s WwWC(1100+15)e FI1EWC(1096)s IVI(2S)
COMMON /KEAL/ UVARe INDVARe XNAMEs Ys Xo YAVGye TOTVAR,
X XAVGe SUXe SD'Ye MATXXe KRe MATs INVMAT
COMMON ZINTOER/ [Fye IKe IwWwe WCFILEs SFILE. MAXPTS,
X IMUONEs NOPTs NLINESe LINESe NIe OPTION, Ve
X IVIOTs ICALCe Nes NOREGe NTOTe IBEGINe IENDe NWCe NIV
X Io Jo Ko Lo Mo wCe FILEWC
(o
C INITIALIZ2E VARIABLES
YAVOG = 0.
TOTVAR =2 0,

00 10 J=1.1VTOT
XAVG(J) = 0,
SOx(J) = 0.

10 CONTINUE

C

C CALCULATE YAVGe TOTVARe AND SDY
DO 20 1=]1.NTOT
IF (ICALC(I) +EQs 0) YAVG = YAVO ¢ Y(I)

20 CONT INUE

YAVG = YAVG/N
D0 30 I=1eNTOT
IF (ICALC(I) +EGe 0) TUTVAR = TOTVAK ¢ (Y(]) = YAVG)ee2
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30 CONTINUE
SDY = DSORT(TOTVAR/ (N=1))
C
C CALCULATE MEANS AND STANDARD DEVIATIONS OF INDFPENDENT VARIABLES
DO 60 J=1,1VTOT
00 40 I=1.NTOT
IF (ICALC(I) +tQe 0) XAVG(J) = XAVG(J) ¢ X(IsJ)
40 CONTINUE
XAVO(J) = XAVG(J)/N
DO 50 I=1yNTOT
IF (ICALC(I) oEQe 0) SOUX(J) = SDX(J) ¢ (X(IsJ) = XAVG(J))®e2
50 CONTINUE
SOX(J) = DSQRT(SLX(J)/(N=1))
60 CONTINUE

C

RETURN

END

SUBKOUTINE wWRITE]
C
C
c........b...I..Q..OQOQO'.'...0...'...0.’l’0...066#“000'“'.0'00.‘.0..'..
c .
C SUBROUTINE wRITELl: PRINTS VALUES FOR: N X
C : NOREG
C 8 NTOT
C $ NI
C $ NOPT
C s IvioT
C ¢ PRINTS FOR EACH
C UDATA POINT: NUMBER

$ NAME

DEPENUVENT VARIABLE VALUE

SUPPLLIED AND PRUGRAM=-GENERATED

INDEPENUDENT VANIABLE VALUES

o9 By DATA POINT NUMBER IF THE

DATA POINT wiLL NOT BE USED IN

THE KEGKESSION CALCULATIONS

: PRINTS MEAN AND STANDAKD DEVIATION FOR DEPENDENT
AND EACH INDEPENUENT VAKIARLE

L I B N B BN BN BN BN BN BN BE PR BN BN BN BN AN ]

(XXX 22222222222 X222 222222 222222222 X2 2 X2 X2 222 X222 2 2 2 % )

(22 XXX 222222222222 222X 222222 22X 222222 22X 22X 222222 %)
<

VARIABLES NOT DEF INED IN MAINPROGRAMS -

¢ ULINE = THE LITERAL VARIABLE l .
@

(22T ASTIRIT IR RIS LAY Z2 2222222222222 2 2 2 23

COOOOOOOOOO0OOO0OO0O0ONOON

IMPLICIT REAL®E (A=Hs0=2)¢ INTEGLR®#2 (I=v)

REAL®8 INDVAR(gS)e XNAME(10092)e Y(100)e X(100¢25)9 XxAVGI(2S),
X SDX(2S)e MATXX(25e¢P5)e KR(1100)y MAT(1Se15)e INVMAT(15415)
X ULINt/BH___ /

INTELOER®Z 1Feue WCFILE®Ge SFILE®4Gs [koGy JWo4e OPTIUN(10)
X ICALC(100)e NIV(110U)e WC(110001S)e FI  EwC(10e6)e IVI(25)
COMMUN /KEAL/ UVARe INUVARe XNAMEe Yo X YAVGy TOTVAR,
X XAVOe SDXe SUYe MATXXe WRy MAT, INVMAT

COMMON ZINTGER/ LFe Ike lwe wCFILEe SFILFe MAXPTS,
X IMUONEe NUPTe NLINESe LINESS Nle OPTION, IVe
X IVIOTe ICALCe Ny NOFEGe NTOTe IBEGINe IENDe NWCe NIVe
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X Ie Jo Ko Lo My wCy FILEWC

PHINT VALUES FOR N NURFGe NTOTe NIy NOPTs AND IVTOT
IF (LINES oGTe NLINFS=12) WkITE (Iwel0)
10 FORMAT (1HD)
WRITE (Iwe20) Ne NORtGe NTOTe NIe NOPTs IVvTOT
20 *OKMAT (1HO+I3e 46H = NUMBER UF (\ATA PTS USED IN REGRESSION CALCS/
1HOe 13+ SoH MUMBER OF DATA PTS NOT USED IN REGRESSION CALCS/
1H0e 13y 2uH TOTAL NUMBER DATA PTS/
1HO0y I3y 3oh NUMRER OF SUPRLIED INUEFT VARIABLES/
1HOs I3y 43R NUMPER OF POM=GENERATED 1n.DEPT VAKIABLES/
1HOs I3y 35H TOTAL NUMBER OF INDEPT VAKIABLES)

nuwuanan

x X x>

IMITIALIZE IBEGIN AND IEND
IBEOIN = 1
30 IEND = IBEGIN ¢ 6
IF (IVTOT oLTe IEND) IEND = IVTOT

PRINT TABLE CONTAINING: DATA POINT NUMBERSs NAMES, ULEPENOENT AND
INDEPENDENT VARIABLE VALUES. AND (IF
INVICATED) *®#¢ BY DATA POINT NUMBER
DEPENDENT AND INUEPEN :ENT VARIABLE MEANS AND
STANDARD DEVIATIONS

00 160 I=leNTOT
IF (1 .EQ. 1) GO TO 40
IF (LINES oLEe NLINES=3) GO TO 90
40 WRITE (IW,s10)
LINES = 1 .

PRINT OUT TABLE HEADINGS
IF (IBEGIN oNEe 1) GO TO 60
WRITE (IWeS0) DVAK
S0 FOKMAT (1Hey 27xs AB/ 30Xs 4HOBSD/ 1lHes 27Xy 8(1H_))
LINES = LINES « 1
60 WRITE (Iws7u) (INUVAR(J)s J=IBEGIN,IEND)
70 FORMAT (lHes 6Xo L10HDATA POINTs 19Xs 7(3X¢A8))
WRITE (IweB0) (ULINEs J=IBEGINsIEND)
80 FORMAT (1Hes 24(1H_)y 11Xe 7(3Xy AB))

FILLING TABLE
90 wRITE (IWel100) Io (XNAME(TeJ)e J=192)s (s(Ied)e J=IBEGINsIEND)
100 FORMAT (2Xe I39 lHee 3X9 2ABs 11lXe T(3Xe FAL4))
1¢ (IBEGIN «NE. 1) GO TO 120

DEPENDENT VARIAHSLE VALUE LISTED onLY IF PROVIUED
IF (ICALC(I) +LE« 1) wkITE (Jwell0) Y(I)
110 FORMAT (1Hey 27Xe FBo)

PUT A *e¢ BY THE DATA POINTS WHICH WILL NOT Bt USEUL IN THE REGRFSSION
CALCULATIONS
120 IF (JCALC(I) oGte 1) WRITE (IWs130)
130 FORMAT (2He®)
LINES = LINES ¢ 1
IF (LINES otW. NLINES=3) GO 10 140
IF (1 «LTe NTOT) GO TO l60

PAGE IS FILLED AND/COR THIS PART OF THt TAbLE 1S FINH]ISHED.
BLOCr OFF BOTTOM OF TABLLE.
140 wRITE (IWeRU) (ULINEs JU=IBEOGINCIEND)
IF (IREGIN t0e 1) WRITE (IwelS50) ULINE
150 FOUKMAT (lkHey 27X AB)

. 160 CONTINUE
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C ADD MEAN AND STANDARD DEVIATION VALUES AT BOTTOM OF TABLE
WRITE (IWe170) (XAVG(J) e J=IHBEGINs IEND)
170 FOKMAT (SH MEANe 31Xs 7(3Xe FBe4))
IF (IBEGIN otGe 1) WWITE (Iwse110) YAVO
WRITE (IWel80) (SDX(J)s J=IBtGINGIEND)
180 FORMAT (3H SDe 33Xxe 7(3Xe F8e4))
IF (I6EGIN ot0Q. 1) WRITE (Iwell0) SOY

C
C IF ALL YHE INDEPENDENT VAKIABLES HAVE BEEN LISTEDs THEN EXIT FROM
C SUBROUTINE. OTHEPWISE CONTINUE «1TH THt TAELE.

IF (IEND oJEuwe IVTUT) GO TO 190

IREGIN = JEND ¢ 1

GO 10 30

190 CONT]INUE

RETURN

END

SUBKOQUTINE MAT]
C
C
CQQQ..OG.GCQﬂQOQOQQQOQOOOQQGQlQ.DQ..00000#000.600906'.'9.00'.0!!00..00.0
C -
C SUBROUTINE MAT13 CALCULATES THE MASTER MATRICES SUMXY (A 1 X IVTOT L]
C MATR1IX) AND MATXX (A IVTUT X IVTOT MATRIX) L
C o
(60000900&QQOQQQQQQQQ.Q'GQo0QQQ9000900000QIQQQQQGOOQQOG.Q..QQQ.OOIQO’GQ.
C
C
C’QD.QQ.OOQQDD.lnulo!.’#ﬂb&!o...000000'.QCOQQQQQ'QOQCQQDIQGQQQCQOQQOQQQQ
C *
C ALL VAKRIABLES ARE DEFINED IN THE MAINPROGRAM,. L]
C "

(R 2222222222222 22222222222 222222222222 2222222222222}

(o
C
IMPLICIT REAL®#8 (A=H40-Z)y INTEGER®2 (l-N)
REAL®8 INDVAR(2S)e XNAME(100+2)e Y(100)e x(100925)e XxAVG(2S),
X SDX(25)y MATXX(25425)e RR(1100)e MAT(1S+15)e INVMAT(15415)
X SUMXY (25)
INTELER®2 IF*4, WCFILE®4y SFILE®G, [JR®4y JWo4y OPTION(10)e
X TICALC(100)e NIV(1100)s wC(1100+15)9 FILEWC(10+6)0e IV(25)
COMMON /REAL/ DVARe INDVARe XNAMEs Yy X YAVG, TOTVAR,
X XAVGe SDXe SDYe MATXXe RKe MAT, INVMAT
COMMON /INTOER/ IFs IKe IWe WCFILEe SFILEs MEXPTS,
X IMUONEe NOUPTe NLINESe LINESH Nles OPTION, IVe
X IVIOTe ICALCs No NOUOREGe NTOTe IBEGINe IENDs NWCy NIV,
X Io Jo Ko Le Me wWCoe FILEWC
EQUIVALENCE (SDXxy SUMXY)

C
C INITIALIZE SUMXY
DO 10 J=1,IvTOT
SUMXY (J) = 0.
10 (ONTINUE
C
C FILL SuMxy
V0 30 JU=l.1vTOT
00 20 I=1eNTOT
IF (ICALC(I) +EQ. 0) SUMXY(J) = SUMXY(J) ¢ (X(IsJ) = XAVG(I))®(Y(]
X) = YAVGO)
20 CONTINUE
30 CONTINUE
C



C INITIALIZE MATXX (
C TPIANGULAKR HALF OF
DO S0 J=1ls1VTO
D0 40 K=JsIVTO
MATXX(JeK) = 0
40 (ONTINUE
S0 (ONTINUE
C
C FILL MATXXe TAKING
DO &0 J=1l,1VTO
DO 10 K=JoIVTO
0 60 I=1eNTOT
IF (I1CALC(I) o
MATXX(JeK) = M
60 CONTINUE
MATXX (KeJ) = M
70 (ONTINUE
80 CONTINUE

HETURN

ENC

SUBKROUTINE wTC
C
C

Crosnsoacsasasdnanes

SUBROUTINE WTCARD

(22222222222 22 2 X 2 4

(2222222222222 22X 2%

VARIABLES NOT DtFl
ALL

ALLVA

FILEw

LAST
NALL

NIVEW

OO0 COCOOOOOOONOON

ACTUALLY ONLY NEED TO INITIALIZE UPPER KIGHT
MATXX)

T

T

ADVANTAGE OF THE FACT THAT MATXX(JeK) = MATXX(KyJ)
T
T

EQ. 1) GO T0 60
ATXX (JpK) ¢ (X(IeJ) = XAVG(U))®(X(IsK) = XAVG(K))

ATXX (JoK)

oRD

I L T T T A S Y Y YT Y Y Y AT YT YT Y XYY Y Y XX T
L4
¢ READS THE REGRESSIO WEIGHT CARDS WHICH TELL
WHAT VARIABLES ARE TO bt INCLUDED IN EACH OF THE
KEGRESSIONS
WHEN THE OPTION *ALL' IS INVOXED TO CAUSE THE
KEGRESSION OF ALL POSSIBLE COMBINATIONS OF A
SELECTED SET OF ] TO 10 INDEPENULENT VARIABLES
THE APFROPRIATE KEGRESSION WEIGHT CARULS AFE READ
FkOM THE DIRECT ACCESS FILE WCFILE

*$ ¢ 8 ¢%sses

00Q.'Q.’.0'l.QOQ.Q.Q'l,“.G060#0.0..0'.'.’.'.G."...'

(XYY TYYTZIIX YT YR IR Y222 22X S22 X 2322222 2 2 2 2 2 2 )

NED IN THE MAINPROGRAM?
THE *ALL* OPTION FLAG
0 DEFAULT
1 OPTION
THE REGRESSION OF ALL POSSIBLE COMBINATIONS
OF THE 1 TO 10 INDEPENDENT VARIABLES
SPECIFIED ON THE wbkIGHT CARD WILL BE
PERFORMEDL
R(J) = Tht INTERNAL NUMBER OF THE JTH (J=].NALL)
INUVEPENDENT VARIABLE SPECIFIED ALONG WITH
THE 'ALL® OPTION
C(led) = TEMPORARY STORAGE OF THE I =1 70 10
WEIGHT CAKD VALUELS FOR EACH OF U = 6
wEIGHT CARDS OF A SINGLE RECORD OF
WCFILE
=z END OF KEGRESSIUN wEIGHT CARDS FLAG
= THE NUMEER OF INDEPENDENT VARIABLES OF WHICH
ALL POSSIBLE REGRESSIUN COMBINATIOUNS wILL BE
PERFORMED
C(h) = TEMPORARY STORAGE OF THE NUMBEK OF
INDEPENDENT VARIABLES VALUES FOR EACH OF
J = 6 WEIGHT CARUS OF A SINGLE RECORD OF
WCF ILE

L2 B BN B BN BE BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN N
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O 00 000 o0 oo

o000

OO0 00

RN R R RN BB RGLRRORBDDEORRRCORRROOOBRERRDEODRRCBDDROIRRRORRRDRRRRRRGO

READWC (25) = TEMPORARY STORAGE OF THE 25 WEIGHT CARD
VALUES FOR THE POSSIRLE INDEPENDENT
VARIABLES OF A REGRESSIONs AS READ FROM A
SINGLE REGKESSIUN wt]GHT CAKD
RECORD = THE ASSOCIATED INTEOEK VARIABLE FOR THE DIRECT
ACCESS FILE WCFILE
= INDICATES THE KELATIVE POSITION OF A KECORD
WITHIN wCFILE
WCKEC(J) = THE RECORD NUMBER OF THE OIKECT ACCESS FILE
wCFILE AT WHICH THE READING OF RECOKDS
COMMENCES wHEN THE *ALL® OPTION HaS BEEN
INVOKED FOR J = NALL INDEPENDENT VARIABLES

$ ¢ 0 5850 &0 e G S

IMPLICIT REAL®#8 (A=Hy0=Z)+¢ INTEGER®2 (I=N)
KEAL®8 INDVAR(25)s XNAME(100+2)e Y(100)e X(100025)s xAVG(25),
X SDX(25)e MATXX(25+25)s RR(1100)s MAT(1Ss15)s INVMAT(15,15)
INTEGER®2 1F26y WCFILE®G, SFILE®ws [R®4y Jwo4y OUPTIUN(10)e
X ICALC(100)s NIV(1100)e wC(1100+15)s FILEWC(1006)e IV(2S)e
X READWC(25) e ALLe ALLVAKR(10)y RECOKDs NIVF:C(6)
X WCKREC(10) /1y 29 39 Se 84 16y 250 4Ty 90+ 176/

COMMUN /REAL/ UVAR, INDVARs XNAMEs Yo Xeo VYAVGe TOTVAR,
X XAVGe SDXe SOYe MATXXe RRe MATs INVMAT

COMMON ZINTGER/ 1Fe IRe Iwe WCFILEs SFILEe MAXPTS,

X IMUONEs NOPTe NLINESe LINESy NIe OPTIONy IV
X IVIOTe ICaLCe Ns NOKEGe NTOTe IBEGINe IENDe NwCy NIV
X Io Jo Ko Lo Me WCe FILEWC

EQUIVALENCE (OPTIONe ALLVAR)

DEFINE FILE 13 (3464729E4RECORD)

INITIALIZE NWC
NwC = 0

READ VALUES FOR KREADWC(2S)s ALLs AND LAST FROM REGKESSION WEIGHT CARD
10 ReAD (IRy20) READwCe ALLs LAST
20 FOKMAT (2511e S3Xs 211)

IF LAST = 1. THt PREVIOUS REGRESSION WEIGHT CARD wWAS THE LAST A+D THE
SUBKOUTINE RETUKNS TU THE MAINPROGRAM
IF (LAST +EUe 1) GO TO 110

CHECK TU SEE IF THE *ALL® OPTION HAS BEEN INDICATED
IF (ALL «EQ. 1) GO TO &0

NWC = NWC « ]
NIVINWC) = 0

STORE TrHE INTERNAL NUMBERS OF THUSE K OF Tht J"OEPENDENT VARIABLES
wHICH wtkE INDICATEL FOR KEGRESSION BY THE KEORESSION #EIGHT CARD IN
WC(NWCoJd) e J=1oK

0 30 J=lyIvTOT

IF (READWC(IV(.)) +FQe 0) GO TO 30

NIVINWC) = NIVINWC) o ]

wCINWCNIVINWC)) = J

30 CONTINUE

RETUKN TO STATEMENT 10 AND KEAD ANOTHER KEGHRESSION WEIGHT CAROD
¢0 70 10

THRANSFEK IS TO TRHIS POINT WHEN THE tALL' OPTION IS INDICATED (1E. WHEN
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ALL = D)o

DETEWMINE THE NUMBEK = NALL AND wHIChH (ALLVAR(J)s J=1eNALL) OF THE
INDEPENUVENT VARIABLES OF leCH ALL POSSIbLE KREGRESSION COMBINATIONS
WILL Bt PERFORMED

40 NALL = O
DO S0 J=1s1VTOT
IF (READWC(IV(J)) «EQe 0) GO TO SO
NALL = NALL + 1
ALLVAR(NALL) = J
S0 CONTINUE

THE APPROPRIATF wkIGRT CARD VALUES FOR ALL PUSSIBLE CO-BINATIONS OF
THE NALL INUEPENDENT VARIABLESs AS WELL AS NIVFwCy ARE RtAD FROM THE
DIKECT ACCESS FILE wCFILEe
READING STAKTS AT RECORD NUMBER WCREC(NALL) OF WCFILE
AS EACH RECOKD 1S ReAbe NIVFWC AND THE INTEWNaL NUMBERS OF THE
INDERPENDENT VARIABLES INDICATED FOR REGRESSION ARE APPROPKRIATELY
STOKEDe FOR THE & wkJOGHT CARDS CONTAINED IN THE KECURDe IN
NIV(NWC) AND WC(NwWCoeK) e K=1oNALL

RECORD = wCrEC(NALL)

00 90 I=1+200

REAU (WCFILE'RECORD.60) FILEWCe: NIVFWC
60 FORMAT (60I1e 612) T

IF (NIVFWC(6) oNEs 0) FIND (WCFILE'RECORD)

DO B0 L=1.6

WHEN NIVFWC(K+l) = 0y THE KTH wtIGHT CARD OF THIS RECORD OF WCFILE
CUMPLETES THE SET OF REGRESSION WEIGHT CAKDS INVOKED BY THE *ALL®
OPTION
IF (NIVFWC(L) <tWe 0) GO TO 100
NWC = NWC ¢ ]
NIVINWC) = NIVFWC(L)
K =0
00 70 J=1eNALL
IF (FILEWC(JsL) +EQ. 0) GO TO 70
K=K ¢
WC(NWCeK) = ALLVAR(J)
70 CONTINUE
80 CONTINUE
90 CONTINUE

RETURM TO STATEMENT 10 AND READ ANOTHER KEOGKESSIOW WEIGHT CARD
100 GO 70 10

TRANSFER IS TO THIS POINT WHEN THE LAST WEIGHT CARD HAS bEEN READ.
SUBROUTINE NOwW RETUKNS TO THE MAINPKROGRAM,
110 CONTINUE

RETURN

ENVL

SUBNOUTINE REOGRES

[ YYXYYTXYXYR YT YRR Y YR XYL RSS2 L2 222222 2 2 24 % )

SUBROUTINE REGRESS: 1S THE GUTS OF THIS PROGKA - AND DLOLS THE
FOLLOWING FOR EACH REORESSIONS
! CKEATES THE WEOGRESSION MATKIX MAT. AS
SPECIFIED HY Tht (W(N)TH REOKESSION Wb IGHT
CAKDs FROM THE MASTER MATKRIX MATXX
8 CALCULATES. INVMATy TH+ INVEKRSE MATRIX OF MAT e
$ FROM THE ELEMENTS OF THE MATRICES INVMAT AND @

s &6 &% 8 C



SUMXYe CALCULATES AND PRINTS FOR THE
REGKESSION EQUATION:

! Tht INTERCEPT ANV ITS 95% CONFIDENCE

INTERVAL

¢ THE INUEPENDENT VARIABLE KREGRESSION
COEFFICIENTS AND THEIR 95% CONF IDENCE
INTERVALS
ESTIMATES OF THE DEPENDENT VARIAHLE
VALUE BASED ON TrE CALCULATEUD
KEORESSION EQUATIONe FOR EACH DATA
FOINT
OEVIATION OF ThE ESTIMATED FROM THE
ACTUAL ULEPENUENT VARIABLE VALUE FOR
EACH DATA POINT )
STANDAKG ERKRUR AND MULTIPLE REGRESSION
COEFFICIENT
ANALYSIS OF VAKIANCE (ANOVA) TaABLE
THE YIDEAL' INUDEPENDENT VARIABLE
VALUESe IF APPLICABLE (SEE MAINPROGRAM)
$ ALSO WRITES THE KEOKESSION EQUATION AND A

SUMMARY OF THE ASSOCIATED STATISTICS ON THE
SCKATCH FILE SFILE

oo

[ 35 BN BN B BN BN BN BN BN BN BN B B R BE BN BE BN BN BE BN IR BN J

PR R RO R OO R RO RN RN OR RGO RORR RO RDREORBRRDRIDRTERRRRRORRRTROBROTY

BEBOOUN RN B R RN DR E RO RO R RNV IRROBROIRCGRR RN RN RIROBRRRODDORDRDS

VARIABSLES NOT DEFINED IN THE MAINPROGRAM?
CICOtF (1) = 95% CONFIDENCE INTERVAL FOR THE REGRESSION
COEFFICIENT OF THE 1714 INUDEPENDENT VARIABLE
CIINT = 9S& CONFIDENCE INTERVAL FOR THE KEGRESSION
INTERCEPT
DF1 = l./(NUMBER OF DEGKEES OF FREEDOM)
= USED FOR INTERPOLATION OF STUDENTS T VALUES wITH
THE STATEMENT FUNCTION TINTRP3 DF1 1S ASSOCIATED
wWITH THE STUL'ENTS T VALUE T1
1./ (NUMBER OF DEGRELS OF FREEOOw)
USED FOR INTERPOLATION OF <TUDEMTS T VALUES WITH
THE STATEMENT FUNCTION TINTRP3 DFZ 1S ASSOCIATED
wITH THE STUDENTS T VALUE T2
IFLAG(]) = FLAG FOR A PARABOLIC MAXIMUM OR MINIMUM FOR
THE ITH (I = 19 29 39 Ok &) INDEPENDENT
VARIABLE
INTER = THE REGRESSION INTERCEPT
INVMAT = ORIGINALLY A NIV(WCN) X NIV(WCN) JOENTITY
MATRIXe IT IS TRANSFOWMED INTO THE INVERSE OF
THE KEGRESSION MATRIX MuT FOR THE (WCN)TH
REGRESSION IN THE CUURSE OF Tht MaTRIX
INVERSTON
IPORM = 1 IF INTER > OR = 0,0
= 2 IF INTER < 0.0
IVCOEF (1) = THE REONESSION COEFFICIENT FOR THE ITH
INDEPENUENT VARIABLE
MAT(IeJ) = FOR THE (WCN)TH REOWKESSIONs MAT IS THE
NIVI(WCN) X NIVI(WCN) ReORESSION MATRIX
CREATED FROM MATXX (THF MASTEN MATKIX)
= MATXX (WC(WCNolI) eWCL(WCeJ))
MINMAX(I) = THE *IOEAL® VALUE OF THE ITH (1 = le 24 3o
OR 4) [INDEPENDENT VARTABLE FOR MAXIMIZING
OR MINIMIZING THt DEVENDENT VARIABLE VALUE
NDFRES = NUMBER OF KESIUUAL ULOGFEES OF FrEEDUM FOKk THE

" -

OF e
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(WCN) TH REGRESSION
N = NIV(WCN) =1

NDFTOT = TOTAL NUMBER DEGRESS OF FREELOM FOR THE DATA
= N =« ]
NMINUS = NUMBER OF DATA FOR wHICr YDEV < 0,0

NPLUS = NUMbEr OF DATA POINTS FOK WHICH YODEV > OR = 0.0

PAKENS (1) = THE LITERAL VARIABLE ¢ (¢

PARENS () = Tht LITERAL VARIABLE ')

PFLAG = THF PIVOT FLAGs WHICH TELLS WHEN EACH FIRST

PIVOT IS FOUND

PIVCOL(I) = THE PIVOT ELEMENT FLAG FOR THE ITH COLUMN

UF MAT
= TELLS NOT ONLY IF THe ITH COLUMN HAS

CONTAINED A PIVOT (NOT = 0) OR NOT (= D)o

BUT ALSO TELLS wHAT wOwW CONTAINEG THE PIVOT

(VALUE OF PIVCOL(I))e THIS IS USED IN

PLACE OF ACTUALLY EXCHANGING ROWS (COLUMNS

NEED NOT Bt EXCHANGED AT ALL).

PIVOTR = THE ROw NUMHER OF Trik CURRENT PIVOT ELEMENT
PIVROW(I) = ThE PIVUT ELEMENT FLAG FOR THt ITH ROW OF
MAT
= TELLS wHETHER THE ITH ~Ow HAS CONTAINED A
PIVOT (NOT = 0) OK NOT (=0)
1 IfF 1VCOEF (1) > OR = 0.0
. It IVCOEF(I) < 0.0
R = THE (MULTIFLE) REGRESSION COEFFICIENT
S = THt KEGRESSION STANDAKD DEVIATION

PORM(I)

nn
N

SIGN(1) = THE LITERAL VARIABLE te0
SION(2) = THE LITERAL VARIABLE '=?
SION(3) = Tht LITERAL VARIABLE *_¢
SS = THt RESIDUAL (OR UNEXPLAIMED) VARIANCE OF THE DATA
POINTS
= THE RFGKESSION VARIANCE
= Seep
= VRES/NUFKES

STOKE = TEMPORARY STORAGE OF VALUES DURING THE

CALCULATIONS INVOLVEL wlTH THE INVERSION OF MATY

T = STUDENTS T VALUE WHICH WiLL BE USED WITH THE
REGHESSTIUN FOR CALCULATING THE 95% COUNF IDENCE
INTERVALS FOR THE KEGRESSION INTEKCEPT AND
INDEFENDENT VARIABLE COEFFICIENTS

T1! = OnNt OF THE STUUENTS T VALUES USED FOR

INTERPOLATION WITH THE STATEMENT FUNCTION TINTRP}

Tl 1S ASSOCIATED WITH NUMBER OF UDEGKEES OF FREEDOM

= 1/0F]) °
T2 = UNE OF THE STUDENTS T VALUES USED FOR
INTERPOLATION wITH THE STATEMENT FUNCTIUN TINTRP3

T2 1S ASSUCIATED wITH NUMBEr OF UDEGKEES OF FREEOOM

= 1/0F2
TINTRP = THE STATEMENT FUNCTION TINTRP WHICH IS USED
TO IMTERPOLATE STULENTS T VALUES FOR THE
NUMBER OF DEOREES OF FREEDOM = NDFKRES > 30
TOTALV = TOTAL VARIANCE OF Tht OATA
= TOTVAR/NDF TOT
TVAL(]) = STUUENTS T VALUE FUR I DEGREELS OF FREEDOM™
(1 =1 10 30)
VREG = VARIATICON OF THt DATA POINTS EXPLAINEU BY THE
FEGRESSION
VRES = THE KESIDUAL (OR UNEXPLAINED) VARLATION OF THE
DATA POINTS .
VVKkEG = VARJANCE OF THt DATA POINTS EXPLAINED BY THE

THE COLUMN NUMHER OF Thbt CURRENT PIVOT ELEMENT

L 2R BN BN BN BN BN BN BN BN DR BN BN B BN BN B BN BN N I

¢ 8 0% 3 %% 0808828 et Ot St Ot SR ¢ EEERESECECESCOCSSO SSTS
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REGFRESSION

= VREG/NIV(WCN) .

wCN = AN INTEGER VARIASBLE THAT KEEPS TRACK OF THE
NUMBER OF THE REGKRESSIUN EWUATIUN CURKENTLY EEING
FUN ’

Yoev(I) = v(l) - YEST(I)

YEST(I) = CALCULATED VALUE OF Y(1)s BASED ON THE

REGRESSION EQUATION

L BN BN BN BN BN BN AN J

SRR EBROGOBRNONNRRCRNORRRBOVDOORERARDUCDRRNREIRCROORNODEDRRDBCROORRDORODG

IMPLICIT REAL®8 (A=H,0-Z)y INTEGER®?2 (I=N)

REAL®H INDVAR(Z5)e XNAME(10042)e Y(100'e X(100+25)e XAVG(25),
SUA(25) e MATXX(25425)s RR(1100)e MAT(1Se15)e INVMAT(15415)
SUMXY (25) o 0tH8Sy INTERe IVCOLF (1S)e MIMMAX(4)e YEST(100)e
YOEV(100)e CICOEF (15)s TINTRPe DSORT

TVAL(30)7 124706¢ %e303¢ 3¢1829 247760 2:5710 204479 24365
2.306' 20202' ZoZ?RQ 202010 20179' 201000 201“5' 2.131' 2.1200
2¢1100 261ULle 2.0939 2+0869 240809 20740 20690 2,064y 2,060
2e0%60 240520 2404Ry 2,045y 2.042/

INTEGER®2 IFeu, WCFILE®Gy SFILE®4y [R®#4e IWe4y OPTION(10),

X ICALC(100)s NIV(1100)s WC(1100+15)s FILEWC(ICeb)e IV(2S)e

X IFLAG(G) e SIGN(3)/1H*y 1H=4 1H_/e POLRENS(2)/1H(s 1H) /9 WCNy

X PIVROW(15)y PIVCOL(15)e PFLAGs PIVOTRe PIVUTCs PORM(]1S5)

COMMON /REAL/ LVARe INDVARs XNAMEs Yo X9 VYAVOGy, TOTVAR,

X XAVGs SDXe SUYs MATXXe RRe MATy INVMAT
COMMON ZINTGER/ IFs IRy Iwe WwCFILEs SFILE. MAXPTS,

X IMUONEy NOPTs NLINESe LINES NIle OPTION, 1V

X IVIOTe ICALCe Neo NOREGe NTOTs IBEGINe IENUs NWCy NIV,

X To Je Ko Lo Me wCo FILEWC
EQUIVALENCE (MAT(1)e IVCOEF)s (MAT(16)s YEST)s (MAT(116)s YDEV),

X (MAT(216)e MINMAX) ¢ (SUXeSUMXY)s (FILEWC(1)s PIVROW) e

X (FILEWC(16)e PIVLOL) s (FILEWC(31)e PUkM)

M I} I M ¢ X

DEFINE THE STATEMENT FUNCTION TINTRP
TINTRP(Tls T2¢ UFle DF2) = T1 ¢ (T2 = T1)e
X ((14/NDFRES = UF1)/(DF2 = DF]))

CALCULATE TOTALV AND NDFTOT
NOFTOT = N = )
TOTALV = TOTVAR/NDFTOT

AS SPECIFIED BY (WC(WCNeJ)e J=1oNIVI(WCN)) FOR THE (WCN)TH REGRESSION
WEIGHT CARDy CREATE THE KEOKESSION MATRIX MAT (A NIVI(WCN) X NIV(WCN)
MATRIX) FROM THt MASTER MATKIX MATXXe TAKING ADVANTAGE OF THE FACT
MATXX (JoK) = MATXX(KeJ) AND THAT MAT (JeK) = MAT(KyJ)
wCN = ]
10 IENU = NIVIWULN)
00 30 I=le1lt..D
V0 20 J=1.1END
MAT(I9J) = MATXX (WC(WCNe]) oWC(WCNeU))
IF (I oNbe J) MAT(Jel) = MAT(1eJ)
20 (ONTINUE
30 CONTINUE

INITIALIZE INVMAT AS AN JUENTITY MATRIX OF OKUER NIV(WCN) X NIV(WCN)
AND INITIALIZE PIVROw AND PIVCOLe THt PIVOT ELEMENT FLAGS

LO 50 I=14IEND

Plvkuw(l) = 0

PIvLuL(l) = 0

00 «0 J=1e1IEND
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INVMAT(TsJ)- = O,

IF (1 +EQe J) INVMAT(IsJ) = 1.
40 CONTINUE
50 CONTINUE

NOw PERFORM THE MATRIX INVERSIONy CONVERTING MAT INTO AN IDENTITY
MATRIX UF OKDER NIV (aCN) ANU INVMAT INTO THE INVEKSE MATRIx OF THE
ORIGINAL MAT MATRIX,

KOUND OFF ERRORS DUt TO SMALL DIVISOKRS IS MINIMIZED BY UTILIZ:/TION OF
A StAaKCh FOR THe LARGEST PIVOT ELEMENT,

FIRST DO THE PIVOT SEARCKH

00 120 I=1.1END
PFLAG = 0
DO 80 J=1.1END
IF (PIVROW(J) oNEe N) GO TO 80
V0 /0 K=1sIEND
IF (PIVCOL(K) «NEe 0) GO TO 70
IF (PFLAG +EQ. 1) GO TO 60
PIVOTR = J
PIVOTC = K
PFLAG = ]
-0 TO 70

60 1F (VDABS(MAT(PIVOTR.FIVOTC)) GE. DABS(MAT(JsK))) GO TO 70
PIVOTK = J
FIVOTC = K

70 CONTINUE

80 CONTINUE
PIVROW(PIVOTR)
PIVCOL (PIVOTC)

1
PIVOTR

IF THE PIVOT ELEMENT IS EQUAL TO 0.0y THt REGKFSSION »~ATRIX IS
SINGULAK AND SO HAS NO UNIQUE SOLUTION: CONTkOUL IS THEN PASSED TO
STATEMENT 640, '

IF (MAT(PIVOTRWPIVOTC) .EQe 0.) GO TO 640

NOW DO THt MATRIX INVERSION
STOKE = MAT(PIVUTK.PIVOTC)
DO Y0 K=1.1END
MAT(PIVOTRsK) = MAT(FIVOTR,K)/STORE
INVMAT(PIVOTRK) = INVMAT(PIVOTR.K)/STORE
90 CONTINUE
It (NIV(WCN) L,EQ. 1) GO TO 120
DO 110 J=141END
It (PIVOTR .EQ. J) GO TO 110
STOKE = MAT(JPIVOTC)
U0 100 K=1e1END
MAT (JeK) = MAT(JeK) = STORE®MAT(PIVOTRK)
INVMAT (JeK) = INVMAT(JoK) = STORE®#INVMAT (PIVOTkReK)
100 CONTINUE
110 CONTJINUE
120 CONTINUE

USING INVMATe CALCULATE THE INTERCEPT AND INUEPENUNT VARIABLE
REGRESSION COEFFICIENTS FOW THE REOKESSION EwATIONe NOTING WHETHER
EACH 15 GREATER THAN OR EQUAL TO 0.0 (IPUKM Ok PORM = 1) OR LESS THAN
0.0 (JPURM OR PUKM = 2),

INTER = YAVO

00 1«0 I=)elEND

IVCOLF (1) = 0,

L0 130 J=1e1END

IVCUEF (I) = JVCOEF (1) o INVMAT(PIVCOL(I) 9J)@SUMKY (WC(WCNeJ))
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130 CONTINUE

POKRM(]I) =1

IF (IVCOEF (1) «LTe N,) PORM(]I) = 2

INTER = INTEK = XAVG(WC(WCNs1))®*IVCOEF (I)
140 CONTINUE

1PUKRM = ]

IF (INTER oLTe 0.) IPORM = 2

IF MOPT > 0o THEN THt VAKIABLES OF THE REOKESSIONW ARE CHECKED TO SEE
IF THE LQUATION CONTAINS THE X AND x®#2 TEkMS AS ThE ONLY TERMS

INVOLVING Xo wHErkE X = THE 1STe Z2NDs 3RDy Ok «TH INDEPENDENT VARIABLE,

IF (NOPT +FWe 0) GO TO 250
DO 240 1=]lee
IF (I «EQs NIV(WCN)) GO TO 250
IFLAG(I) = 0
J = IVIWC(WCNL DY)
IfF (J «GTe @) GO TO 240
K =11
00 210 L=K+1END
M = JVIWC(WCNsL)) = 14 = J
GO 10 (150616001704180)J
150 GO TO (190+21092100210020002109200020092004200) oM
-0 10 210
160 GO TO (190+210+21002104200+20092100200)9M
GO T0 210
170 GO TO (1904210+210+2109210020002109200) oM
GO T0 210
160 IF (M +EQe 1) GO T0 190
0 T0 210
190 IFLAG(I) = (
GO T0 210
200 IFLAG(I) = 0
210 CONTINUE

IF APPNCPKIATEe THE *IDEAL® VALUE FOR THE ITH (I = 1y 24 39 OR &)
INDEPENUENT VARIABLE 1S CALCULATED.
220 IF (IFLLG(I) +tQe 0) GO TO 240

MINMAX(I) = =14®#1VCOLF (1)/(2.21VCOLF (IFLAG(I)))

IFLAG(I) IS NOW USED TO STORE THE SIGM OF THE COEFFICIENT OF THE
SGUAKED INDEPENDENT vARIABLE TERM AS WELL AS THE MAGNIT.'DE OF THE
INTEKNAL NUMBER OF THE COKKESPONDING UNSQWUAKED INDEPENUENT VARIABLE
It (IVCOEF (IFLAL(I)) oLTe 0s) GO TO 230
IFLAG(I) = wC(WCNsI)
GO 10 240
230 IFLAG(I) = =wC(WCNoI)
240 CONTINUE
250 (ONTINUE

CALCULATE ESTIMATES OF THt DEPENDENT VARIABLE VALUES (AMD DEVIATIONS
OF THESt FROM THt ACTUAL VALUES). BASED ON THt CALCULATED KEGWRESSIUN
EQUATION (IEe BASED ON INTER AND THE IVCORF VALUES) FUR EACH DATA
POINT.

NPLUS = 0

NMINUS = 0

D0 270 I=1.NTOT

YEST(I) = INTEW

VO 260 J=1+1END

YEST(I) = YEST(1) ¢ x(lewWCIWCNeJ))®IVCOLF ()
260 CONTINUE

IF (ICALC(1) .LEt, 1) YDEV(I) = Y(I) = YEST(I)

IF (ICALC(I) oGte 1) OGO TO 270
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IF (YCEV(I) «LTe 0e¢) NMINUS = NMINUS + 1
IF (YDEV(I) +GTe 0e¢) NPLUS = NPLUS ¢ 1
270 CONTINUE

CALCULATE ANOVA TABLE ENTRIES: VREGs VVREGs VKESe rnDFRESy S SSe Ry
AND RR
NDFRES = N = NIV(WCN) = 1
VRES = 0.
0 280 I=1.NTOT
IF (ICALC(I) «NEe 0) GO TO 240
VRES = VRES ¢ YUEV(])®e2
280 CONTINUE
VREGLG = TOTVAR = VRES
VVkEG = VKEL/NIV(WCN)
SS = VRES/NUFRES
S = DSORT(SS)
RR(WCN) = VREG/TOTVAR
R = DSQRT(RK(WCN))

CALCULATE STUDENT®S T VALUE WHICH wILL BE USED wITH THIS KEGRESSION
FOR CALCULATING THE 95% CONFIDENCE INTERVALS OF THE REGKESSION
INTERCEPT (CIINT) AND OF THE INDEPENDENT VARIASBLE KEGRESSION
COLFFICLIENTS (CICOLF) .
IF (NUFRES +GTe 30) GO TO 290
T = TVAL (NDFRES)
GO T0 300
290 1IF (NDFRES oLEe 40) T = TINT-P(2.042¢2¢021014/30e91.740.)
IF (NDFKRES oGTe 40 oANDe NDFRES oLEes 60) T = TINTRP(2.021+2.000,
X le/60eo0le/60s)
IF (NDFRES oGTe 60 <ANDe NDFKRES oLE. 120) T = TINTRP(2.000+1.9800
X 1e/60e01e/1204)
IF (NDFRES oGTe 120) T = TINTRP(1e98091.970914712009147240,)
300 CONTINUE

CALCULATE 95% CONFIUENCE INTERVALS OF THE REGRESSION INTERCEPT
(CIINT) AND OF ThE INDEPENDENT VARIABLE KEGRESSION COEFFICIENTS (CICO&F).
CIINT = lu/N
DO 320 J=141END
CICOEF (J) = TeDSURT (INVMAT(PIVCOL (J) 9J) #SS)
00 310 KX=1l.1END
CIINT = CIINT ¢ XAVG(WC(WCNyJ))@XAVG (WC(WCNJK) ) ®INVMAT (PIVCOL (J) oK
X )
310 CONTINUE
320 CONTINUF
CIINT = T®DSQRT(CIINT®SS)

BECAUSE THE SIGNS OF THF INTERCEPT AND THE INUFPENUENT VARIABLE
REGWRESSION COLFFICIENTS ARE CONTAINEL IN IPORM AND PORM, FOk OUTPUT
PURPOSES THE INTERCEPT AND INDEPENOENT VARIABLE REGRESSION
COEFFICIENTS ARt StT tQUAL TO THEIR ABSOLUTE VALUES.

INTER = DABS (INTER)

LO 330 J=1.1END

IVCOLE (J) = DABS(IVCOEF (U))
330 CONTINUE

NOWe FINALLYs ITS TIME TO PRINT OUT THt KEGKESSION EQUATION AND
ASSOCIATED STATISTICS.
AT TrnE SAME TIMrte ALSO WRITE THE EQUATION AND A SUMMAKY OF THE
ASSOCIATED STATISTICS ON THt SCRATCH FILE SFILE.

LINES = NLINES

DO 00 I=1enTOT

IF (LINES oLte NLINFS=&) GO TO 360
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IF (1 oNEe 1) wRITE (IWs340)
340 FORMAT (lHey 24(1H_)e 3(SXe 8(1H_)))

PRINT HEADINGS FOK TABLE TO CONTAIN Y(I)s YEST(I)s AnbL YDEV(I) VALUES
WRITE (Iwe350) w(CMe DVARs DVAR
350 FORMAT (1H1le 21(1lH®)/
2H @9 1YXe 1H®/
2H oy 2Xs )1OHREGKESSIONy ISe 2Xy 1H®/
2H ®4 19X lHey
1Xe 21(1h#*)/
1HUe 24Xe 2(SXeAB)/
6Xe 10HDATA POINTe 13Xe 6H(OBSD) s 7Xe E€n(CALC) s bXeehDtVe/
1Hey 24(1H_) s 3(5Xe B(1lH_)))
LINES = 8

> M D M M} XX X

FOR EACH DATA POINT, PRINT DATA POINT NUMbEks NAMEs AND DEPENDENT
VARIABLE VALUE
360 WRITE (IwWe370) Is (XNAME(IeJ)e J=1e2)e YEST(])
370 FOKMAT (2Xe 139 lHeeo 3Xe 2Abe lbXy FBe4)
LINES = LINES + ]

FOR EACh DATA POINT, PRINT VALUES FOR Y(I) ANUL YDEv(I) IF Y(I) WAS
PROVIDEL

IF (ICALC(I) oLte 1) WRITE (IWe3~0) Y(IDs YDEV(I)
360 FORMAT(1Hes 11Xy 2(1EXy FB.4))

PUT A @9 BY THE DATA POINT NUMBER IF THE DATA POINT wAS NOT USED IN
THE KEORESSION CALCULATIONS
IF (ICALC(]) oGEe 1) WRITE (IWe350)
390 FORMAT (2He®)
400 CONTINUE

PRINTs AT THE BOTTOr OF THE TABLEs VALUES FOR YAVGs SDY, NPLUSs AND
NMINIS

WRITE (Iweal0) YAVGe SUYs NFLUSe NMINUS
410 FORMAT (lHes 24(1H_)s 3(5Xe 8B(IN_))/

X Sh MEANe 25Xe FHe4/

X 3H SDe 27xs F8e/

X S«Xe THDEVe = o 13/

X S4Xxe THOUEV= = o I3J)

LINES = LINES ¢ ¢

IF (LINES oLEs NLINES=9) GO TO 430

whITE (IWe&20)
420 FOKMAT (1H))

LINES = )

PRINT ThE AMNOVA TABLE
430 WRITE (JWe4aU) VKEGe NIV(WCN) ¢ VVFEGe VKESe NOFRESs SSe TOTVAR,
X NUFTOTe TOTOLYV
460 FOKMAT (1HOD, 24Xs )1HANOVA TABLE/
IH o 60()H=)/
‘TH SOUKCEs 13Xy 9HVARIATIONe 12Xe 2HDFe 10Xe BHVARIANCE/
1Moo 10(1H_)e 9Xe 9(1H_)e 11Xe 3H___» 10Xe B(IH_ )/
111 REGRESSIONe 10Xe FB.4s 11Xe I3 1UXe FHeG/
OH RESIDUALe 1¢Xe Flebs 11Xe 130 10Xe tBeu/
IHee 10(1H_De 9Xo 9(IH_)s 11Xe 3H___o 10xe B(IN_)/
6H TOTALe 15Xe Flebe 11Xe 136 10Xe FBe4///7)
LINES = LINES ¢ 10
IF (LINES oLEs NLINES=3) GO TO 450
WRITE (IWe4c0)
LINES = 1]

;M 2 M 3 W W W
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PRINT VALUES FOR Ne Ro RR(WCN)y Se AND SS
450 WRITE (IWes60) Ny Re RR(WCN) e So ' SS .
460 FOKMAT (4H N =¢ a4y 10Xy GHR = 4y F6,49 10Xe THR®®#2 = o F6,4¢ 10Xy
X GHS = 4 FBobo 10Xy THS®®2 = 4 F8Be4//)
LINES = LINES ¢ 3 ’
I+ (LINES «LEs NLINFS=9) GO TO 470
wRITE (Iwya20)
LINES =1

NOW PRINT THE REGRESSIOM EQUATION (WITH 95% CONFIDENCE INTERVALS FOR
THE INTERCEPT ANUD The INDEPENDENT VAKIABLE RtORESSION COEFF ICIENTS),
PLACINL THE ENTIRE EQUATION IN A BOX OF 920S T0 HelLP 1T STAND OUT FROM
THE REST OF THE PRINTOUT,

THE REGKESSION EQUATION IS ALSO wRITTEN ON THE SCRATCH FILE SFILE FOR
LISTING AT THE END UF THE REGRESSIONS.

470 WRITE (IWes4B0) WCN

480 FORMAT (1Xe 120(1H®)/ 2H #, 118Xy 1H®/ 12n & EQUATIONs 1S5s 103X
X 1H®#/ 2H @y 118Xy lH®)
LINES = LINES ¢ 3
IRELIN = 1
490 IEND = IBEGIN ¢ 3
IF (IEND «GTe NIV(WCN)) IEND = NIV (®CN)
IF (LINES .LE. NLINES=6) GO TO 500
WRITE (1We420)
LINES = 1
S00 IF (IBEGIN .otEQe 1) WRITE (SFILE+sS10) wCNe DVARy SIGN(IPORM),
X INTERe (SION(PORM(J))e IVCOEF (J)e INUVAR(WC(WCNeJ))9e J=IEEGIN
X IEND)
S10 FORMAT (///73HEQNs ISs 1Hee SXe Abs 2H =9 3Xe Als F8.4»
X 4(3Xs Aly FlH.4e 1H=, A8))
IF (IHEGIN oNEe 1) WRITE (SFILE#S20) (SIGN(PORM(J))e IVCOEF (U)o
X INUVAR(WC(WCNoJ) )y J=SIBEGINs 1END)
520 FORMAT (///736Xe 4(3Xe Als FBods JH®y A8))
WRITE (IWe530) (SION(PORM(J)) s IVCOEF (J) e INDVAR(WC(WCNeJ))»
X J=IBEGINGIEND)
S30 FORMAT (2H ®4116Xs 1H®/ 2H #,118Xe1H®/ 120X e1H®/2Hesy 27Xy 4(SKy
X Aly FEL loe 1hee AH))
~ IF (IBEGIN +tQe 1) WRITE (IWsS540) OVARe SIGN(IPORM), INTER.
S40 FORMAT (lhes 3Xe Abe 2H =9 5S5Xo¢ Als FBe4)
WRITE (IWeSSU) (PARENS(1)e SIGN(1)s CICOEF (J) e PARENS(2)
X J=IBEGINGIEND)
550 FOKMAT (21Xe @(12xs 2Ale FH.4y Al))
WRITE(IWe560) (SIGN(3) e J=IBEGINyIEND)
S60 FOKMAT (2He¢y 118Xe 1H®/ )
X lmey 11Xy 4(22Xe Al))
IF (IBEGIN oEQe 1) WRITE “(Iwy570) CIINT
S70 FOKRMAT (lHey 17Xe 2H(®y FBe&s )JH)/ 1Hey 18Xe 1H_)
LINES = LINES ¢ &
IF (IEND o.Eue NIV(WCN)) GO TO S80
IBEGIN = IEND ¢ )
60 TO 490
S60 whITE (Jwe590)
590 FOKMAT (2H %o 118Xe1H®/1Xs 120(1H*))
WRITE (SFILE+600) Ne Ry KR(WCN)y S
600 +ORMAT (/14Xe 3HN =¢ Ja4e 10Xe 4HR = o F6oke 10Xe THR®82 = o Fboeby
X J0Ke 4HS = o FBe4)

NOwe IF INDICATED BY THE IFLAG(I)e I=le4 VALUESe PRINT THE *JDEAL'
INODEPENDENT VARIABLE VALUES FOR MAXIMIZED ANU/OK MINIMIZED DEPENDENT

VAKIABLES.
1F (NOPT LEQ. 0) GO TO £80

DO 630 I=]ea
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IF (1 +EQes NIV(WCN)) GO TO 680
IF (IFLAG(TI) +EG. 0) GO TO 630
IF (IFLAG(I) oGTe 0) WRITE (IWe610) DOVARs INDVAR(IFLAG(I))
X MINMAX (D)
610 FOKMAT (1HO, ABe2)lH MINIMIZED FOR IDEAL ¢ ABe 3H = 4 FB.4)
IF (IFLAG(]) oLTe 0) WRITE (Iwe620) OVARe INODVAR(=1®#]FLAG(I))»
X MINMAX(I)
620 FOKMAT (1H0y AB921H MAXIMIZED FOR IDEAL o A8y 3H = 4 F8.4)
630 CONTINUE
G0 TO 680

TRANSFEKR IS TO THIS POINT WHEN A PIVOT ELEMENT IS FOUND TO BE ZERO
(IEy wHEN THE REORESSION MATRIX IS SINGULAK AND SO HAS NO UNIQUE
SULUTIUN) s APPROPK1IATE COMMENTS TO THIS EFFECT ARE PRINTED AND
WRITTEN ON THE SCKATCH FILE SFILE,

640 IEND = NIV(wWCN)

NIV(WCN) IS SET TO 99 AS A FLAG TO INDICATE (UPON ANY FURTHER
REFERENCES TO THIS WEGRESSION) THAT THIS REGKESSION HAS NO UNIQUE
SOLUTION.
NIV(WCN) = 99
WRITE (IWe650) WCNe (INDVAR(WC(WCNsJ) )9 J=1,1END)
650 FORMAT (1Hly 120(1H®)/
2H ®y 118Xe 1lHey
14H & REGKESSIONy ISy 101Xe 1lHe#/
2h ®#¢ 118%Xe 1He®/
22H @ MATRIX 1S SINGULARs 98Xe 1H®/
2h ®4 118Xy 1He/
22h #  INDePT VARIABLES: ¢ A8y 90Xy lHey
2h @49 118Xy 1H#/
(2H ®#4 19Xy ABy 90Xe 1H®))
WRITE (Iwe660)
660 FORMAT (1Hes 119Xs 1H®/ 1Xe 120(1H®))
WRITE (SFILE+670) WCNs (INDVAR(WC(WCNeJ)) e J=1421END)
670 FOKMAT (/8HEOUATIONs ISe 2Xe 10(1H®)9 2X9 1SHMATRIX SINGULAR//
X (S5Xe B(ABe SX)))

s NeNeKal e ¥ eXeNeXel

€ 3 X ¢ > X > X

CHECK AMD SEE IF ALL THE REGRESSIO-S SPECIFIED BY THE WEIGHT CA~DS
HAVE BEEN COMPLETED
€660 IF (WCN +EQ. NWC) GO TO 690

WCN = WCN + ]

[N e Xe]

RETURN TO STATEVENT 10 ANU DO ANOTHER REGKRESSION BASED ON THE NEXT
REGKESSION WEIGHT CawD
GO 70 1o

(2 X g] aoco

TKANSFEK IS TO THIS POINT WHEN ALL THE KEGRESSIONS HMAVE BEEN ULONE
690 CONTINUE
ENU FILE SFILE

Rt TURN

END

SUtKOUTINE FTESTS
C
C

[ 2 XXX ISR LLZIZ IS 2222 222222 22X XX 222222222}

(o]

C SUBROUTINE FTESTS: le FROM THE DIRECT ACCESS FILE FTAULESe CREATES
C FMATy A MATRIX CONTAINING THt CRITICAL F

C STATISTIC VALULS (FOR 7 DIFFEKENT

C PROBABILITIES) FOR COMPARISON wITH CALCULATED
C F STATISTIC VALULS

c 2e CALCULATES F STATISTIC VALUES (AND ASSOCIATED

68 ¢ 8 s
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DEGKEES OF FREEDOM IN THE NUMERATOR AND
DENOMINATOR) FOR COMPARISON OF BACH REGHESSION
EQUATION wiTH EVERY OTHER REGKESSION EQUALTION
WHICH IS A SUESET OF 17
3. DETEXMINES wETWEEN wHICH CRITICAL F STATISTIC
VALUES THE CALCULATED F STATISTIC VALUES LIE
“o CALCULATES The ESTIMATED PERCENTAGE CONFIDENCE
LEvVELS FOk THE CALCULATED F VALUES
“e PRINTS: 2+ AND 4. ABOVE
¢ wHICH INDEPENUENT VARIABLES TrE
COMPAKRED EGUATIUNS CONTAIN

2¢O S S s0 s eO &S

[ZYYZTYIIZIYEZ YRR YRR R R YR SRR XYY YRR LR 222 222 2222 222222 R s ddd ]

XXX IXZIZIYY YRS XY R YRR 2222222222 222 X202 X222 2 2 X 2 gt )

VARLIABLES NOT Otk INED IN THE MAINPROGRAM?
BLANK = THE LITERAL VARIABLE ¢ ¢
DFU = POINTEK WHICh TELLS THAT THF CRITICAL F
STATISTIC VALUES NEEDEU FUK COMPARISON WITH THE
CALCULATED F VALULS ARE TO Bt FOUND IN
FMAT(DFOCNNUMK)T K=147 .
F = THE CALCULATED F TEST VALUE
FINTRP = TEMPURARY STORAGE OF F VALUES WHICH ARE READ
FPOM FTABLES AND AKE THEM USED TO CALCULATE
BY INTERPOLATION THE NEEOEO CRITICAL F
STATISTIC VALUES
FMAT(IeJeK) = A MATRIX WHICH IS FILLED ( FROM THE
ODIRECT ACCESS FILE FTABLES) WITH THE
CRITICAL F STATISTIC VALUES NEEDED FOR
COMPARISON WITH THE F VALUES TO BE
CALCULATED
= SEE BELOW . v
FPROB = THE INTERPOLATED PERCENTAGE CONFIDENCE LEVEL
OF THE CALCULATED F TEST valLut
FVAR]) (1) = BLANKs IF THE EQUATION WCN]1 CONTAINS THE
INDEPENDENT VARJAuLE WITH THE INTERNAL
NUMBER I (EXTERNAL NUMRER IV(I))
z XXo IF THE EQUATIUN wCN1 DOES NOT CONTAIN
THE INDEPENUENT VARIABLE wWITH THE INTERNAL
NUMEER 1
BLANK s 1F THE EQUATION WCNZ2 CONTAINS THE
INUEPENUDENT VARIAbBLE wITH THE INTERNAL
NUMBER 1 (EXTERNAL NUMREKR IV(I))
XxXe IF THE BEQUATION wCNe DUES NOT CONTAIN
THE INDEPENDENT VARIABLE WITH THE INTERNAL
NUMBER |
ICOUNT = ASSOCIATED VARIAGLE FOk THE ULIRECT ACCESS FILE
FTABLES
= SEE HBELOW
TEMPOKARY STORAGE OF NIV (WCNI])
TEMPORARY STORAGE OF NIV (WCN2)
FLAG TO INDICATE IF Tht b VALUES NEEDED FOP
INTERPOLATION HAVE obEN wFAD FROM THE DIRECT
ACCESS FILE FTABLES (= 1) OR NOT (= 0)
DEGKEES OF FREEDOM (UR THEIR KECIPRICALS) WHICH
ARE USED IN INTERPOLAT]IOr bBETwWEEN CRITICAL F
STATISTIC VALUES IN ukutx TO CALCULATE FPRNB
JEND = AN INUDICATOUR FOR WHICH VALUE OF J FMAT(leJeK) IS
HEIMG FILLED
JJ = WHEN VALUES AKE READ FrUM FTABLESs JJ 1S SET TO

Fvare ()

IEND]
1END?
IFLAG

INTRP

OO COOOOOODOC OO0 ONCTOO0OO0OOOOO0O

L 2N B B BE BN BN BN BN BN BN BN BN BN B BN BN BN BN B B BN B BN BN BN AR BN BE BN R BN IR B BN BE B B BN B R BE BN B B BN
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THE VALUE OF JEND SUCH THAT THE MINIMUM NUMHER
OF +EAUS FROM FTABLES wlLL OCCUR
NDENOM = NUMBER OF OEGREES OF FKEEWOM IN THE
DENUMINATOKR OF THE CALCULATED F VALUE FOR
EQUATION WCNI
= N = NIV(WCN]) =1
NUMBER OF DLGREES OF FREEUOM IN THE NUMERATOR
Ot THt CALCULATED F VALUE FOR CUMPARING
tOQUATION WCNZ TO EQUATION WCN1
NIV(WCNL) = NIV(WCN2)

NNUM

wCN1

FERCENTAGE VALUES USED IN INTERPOLATING BETWEEN
CRITICAL F STATISTIC VALUES IN ORDER TO
CALCULATE FPKOB

PPOB

WCN)
COUMPAKED BY MEANS OF THE F TEST
SUBSET OF WCN1 AND WHICH 1S BEING COMPARED WITH

wCN1 BY MEANS OF THE F TEST
XX = THt LITERAL VARJABLE 'x°¢

OCOOO00OOOONOOOOOOOOOOOOOO

IMPLICIT REAL®8 (A=Hs0-2)s INTEGER®2 (I=N)

wHERE NIV(WCN2) = 0 wHEN COMPAKING THE MEAN WITH

THE NUMBER OF THE REGKESSION EQUATION WITH WHICH
ALL BQUATIONS wHICH AkE A SUBSET OF IT ARE PEING

WCNZ2 = Tht NUMBER OF THE REGRESSION EGQUATION wHICH IS A

R RGN RN OBERO RGO RE RN O R RNORRNRNENBEECRNNNDNOOTTDORDRRRBIBOIRRNDRRD

LR BN B B BE BN BN B BN BN BN BN BN BN BE BN BN BE BN BN BN AR BN

REAL®#8 INDVAR(25)s XNAME(100+2)e Y(100)s X(100025)9 XAVG(25),

X SDX(25)s MATXX(25425)e PRR(1100), MAT(15415) s INVMAT(15415)
X FMAT(1Se¢15e7) e FINTRP(541547)s OLOG1O»
X INTRP(S)/ 300' “0.' 6000 1200' o./’
X PROB(T7)/ 75409 90,09 95.09 97.5¢ 9909 99,59 99,9/
INTEGER®2 IFe4y WCFILL®G, SFILE®4s 1R®G4y Iw®4y OPTION(10),
X ICALC(100)s NIV(1100)e wC(1100015)e FILFWC(10s6)y IVI(2S)e
X WCNle WCN2e FVARL1(25)y FVAR2(25) 9 BLANK/]IH /o XX/1HX/9s DFD
COMMON /REAL/ OVAR,y INDVARs XNAMEs Yo Xso VYAVGy TOTVAR,
X XAVGe SOXe SUYese MATXXs KRy MATe INVMaT
COMMON /INTGER/ 1Fe IRe IWe WCFILEe SFILEe MAXPTS, .
" X IMUONEs NOPTs NLINESe LINESy NI« OPTION, IVe
X IVTOTe ICALCe No NOREGe NTOTe IBEGINs IENDs NWCe NIV,
X 1o Jo Ko Lo Mo WCy FILEWC
EQUIVALENCE (X(1)s FINTRP)y (X(526)9 FMAT)s (ICALC(1)e FVAR1),
X (ICALC(26)y FVAKZ)

DEFINE FILE 12 (510463+E4ICOUNT)

THE DIRECT ACCESS FILE FTABLES CONTAINS THE CRITICAL F STATISTIC
VALUES FOKS OFN =1 T0O 15
1 UFO = 1 TO 30¢ «0s 600 120 INFINITY

SEQUENTIAL RECORD NunBER OF THE UIRECT ACCESS FILE FTABLES
152 (1=1) ¢ J

WHERE? UFN = J

: UFD 1 FOR T =1 T0 30

40 FOR I = 3]
60 FOR I = 32
120 FOR I = 33
INFINITY FOR 1 = 34

ICOUNT

EACH RECOKD OF FTABLES CONTAINS CRITICAL F STATISTIC VALUES FOR 7
DIFFERENT PERCENTAGE CONFIDENCE LEVELSS 795¢0%¢ 90.0%¢ 95.0%¢ 97.5%
99¢0%¢ 99.5%¢ AND 99.9%,

OOOOOOOOOOOONOHOOOO
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READING RECORDS FROM THE OIRECT ACCESS FILE FTABLESs FILL FMYAT(1eJeK)
¥wITH THt CRITICAL F STATISTIC VALUES NEEDED FOR CUMPARISON wiTH THE F
VALUES TO BE CALCULATED: I = N = 1 = IVTOT (Or N = 1 = 15: WHICHEVER
1S LARGER) TO N = 2
= DFD
tJ=1TON=1-1
= DFN
Tt K=1T07

THE 7 DIFFERENT PERCENTAGE CONF IOENCE
LEVELS 75.0% TO 99.9%
1FLAG = 0
IBLOIN = N = 1 = IvTOT
IF (IVTOT .GT. 15) IBEGIN = N =1 = 15
IF (IBEGIN JLEe ) IBEGIN =1
IEND = N = 2
I =15 = (N =1 - IBEGIN)
DO 200 L=1BEGINyIEND
1 =1-+¢1
JENL = 16 = 1
IF (L «GT. 30) GO TO 30
ICOUNT = 1S5#(L=-]) ¢+ 1}
FIND (IF*ICOUNT)
DO 20 J=1eJEND
READ (IF*ICOUNTo10) (FMAT(I9JeK)y K=197)
10 FORMAT(7F9.2)
20 CONTINUE
GO TO 200

FOR I > 30+ FMAT(IsJeK) VALUES ARE CALCULATED BY I+TERPOLATION.
ACTUALLY, ONLY THE UPFER LEFT TRIANGULAR HALF OF FMAT(I.JyeK) NEEDS TO
BE (aND IS) FILLED.

IF IFLAG = 1y THE CRITICAL F STATISTIC VALUES "EEDED FOR THE
INTERPOLATIONS HAVE ALREADY BEEN READ FROM FTABLES
30 IF (IFLAG .tQ. 1) GO TO 130
L0 40 M=)e6
INTRP (M) = 1o/INTRP (M)
«0 CONTINUE
IFLAG = )

FIRSTe SET UP THE VARIABLES -WHICH wiLL OEFItrE WHICH CRITICAL F
STATISTIC VALUES wiILL BF READ FROM FTABLES FOr THE INTERPOLATIONS
JJ = JEND
DO 120 M=]145
ICOUNT = 42] ¢ ]5¢M
FINU (IF*ICOUNT)
GO TO (50060970960990) oM
50 IF (L «GEe. «0) GO TO 120
60 70 100
60 IF (L «GEs 60) GO TO 120
60 10 100
70 IF (IEND oLEe 40U +OR. L +GE. 120) GO TO 120
IF (IEND oLEe S3) JJ = JVEND = 40
G0 T0 100
80 IF (IEND oLE. 60) GO TO )20
IF (IEND oLbe 73) JJ = JEND - 60
60 70 100
90 IF(JEND oLE. 120) GO TO 120
IF (JEND oLEe 133) JJ = JEND = 120

READ THt CRITICAL F STATISTIC VALUES NEEDED FOR THE INTERPOLATIONS



OO0 OHOOOOO

oo

C
C

100 b0 110 J=l4JJ
READ (IFYICOUNTe10) (FINTRP(MeJsK)y K=1,7)
110 CONTINUE
120 CONTINUE
130 IF (L «GTs 40) GO TO 140
L |
GO T0 170
140 IF (L «GT. 60) GO TO 150
M= 2
GO TO 170
150 IF (L «GT. 120) GO 7O 160
M =3
GO 10 170
160 M = &

NOW DO THE ACTUAL INTERPOLATIONS

170 DO 190 J=1.JEND
DO 180 K=1e7
FMAT (I9JeK) = FINTRP(MoJsK) ¢ (FINTRP(MeloJoK) = FINTRP(MyJoK))®
X (le/L = INTRP(M))/Z (INTRP(Me]l) = INTRP(M))

180 CONTINUE

190 CONTINUE

200 CONTINUE

NOW DO THE F TESTS FOR COMPARING EACH EQUATION (WCN1) WITH EACH OTHER
EQUATION (WCN2) wHICH IS A SUBSET OF IT.

AN EQUATION IS A SUBSET OF ANOTHER BQUATION IF:

1. THE NUMBER OF INDEPENDENT VARIABLES OF THE FIRST 1S LESS
THAN THAT OF THE SECOND.

2e¢ ALL THE INDEPENDENT VARIABLES OF THE FIRST EWUATION ARE CONTAINED
IN THE SECOND EQUATION,

3, THE MtAN (OF THE DEPENDENT VARIABLE) IS A SUBSET OF EVERY
EQUATION: IEe THE MEAN IS EQUIVALENT TO AN tQUATION
CONTAINING NO INDEPENDENT VARIABLESe

LINES = 0
DO 440 WCN1 = 14NwC

IF NIV(WCN]) = 99, THE REGRESSION MATRIX WAS SINGULAR AND NO F TESTS
CAN RE UVONE FOR THIS EQUATION
IF (NIV(WCN]) +EQe 99) GO TO 440
IEND] = NIV(wWCN])
00 210 L=1e1VTOT
FVAR] (L) = BLANK
FVAKZ2 (L) = BLANK
210 C(ONTINUE
DO 220 M=1,JEND]
FVAK] (WC(WCN1ot)) = XX
220 CONTINUE
NOENOM = N = NIV(WCN]) = 1
DFD = 16 = NIV(WCNI])
K = NWC ¢ ]
DO 430 J=1eK
#CNE = J = ]
IF (WCN2 +Eu. 0) GO TO 260

FIRST DETERMINE IF EQUATION WCN2 IS A SUBSET OF EQUATION WCNI
IF (NIV(WCNZ) «Ote NIV(WCNL)) GO TO 430
IENLZ = NIV(WCNR2)
00 230 L=leIVTOT
FVARZ2(L) = BLANK
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230 CONTINUE
LO 250 L=1+1END2
00 ¢40 M=L,1END]
IF (WC(WCN2sL) oNEe WC(WCN1sM)) GO TO 240
FVvAKZ2 (WC (WCN2sL)) = XX°
GO 10 250
240 CONTINUE
-0 TO 430
250 CONTINUE

CALCULATE THE F VALUE FOR CO-PAKING EQUATIONS WCN1 AND wCNZ2
NNUM = NIV(WCN]) = NIV(WCNZ)
F = ((RR(WCN1) = RR(WCNZ2))/NNUM)/((1s = RR(WCNI1))/NDENOM)
GO TO 270

260 NNUM = NIV (WCNI)
F = (RR(WCN1)/NNUM)/Z((le = RR(WCN]))/NDENO )

270 IF (LINES «tQs 0) GO TO 290
IF (LINES +LE. NLINES=2) GO TO 310

PRINT THE F TESTS TARLE HEADINGSy INSERTING THE EXTERNAL INDEPENDENT
VARIABLE NUMBERS
wRITE (Iwe2u0)
260 FORMAT (lHey 11(1H_)s 2Xo TG(1H_)s 2Xs 3(1H_)s 1Xe S(lh_)s 2Xe
X 19(1H_)) )
290 WRITE (Iwe300) (IV(L)e L=14IVTOT)
300 FOKMAT (1Hle 120(1H®)/ BHOF TESTS/ 1HOe 120 (1H®*)//
X 1HOe 40Xy COHEGON INDEPT VAKIAGLESs 25Xy 2(4Xy 2HOF)/
X 14Xe TG(1H=)9 2Xx¢ 2HINe a4xy 2HIN/
X 2Xe SHEQUATIONSs 79Xe 3HNUMe 1Xe¢ SHDENUMy 6Xe 11HF VALUE (¥)/
X lHe+s 12X9 25(1Xy 12))
WRITE (IwWe280)
LINES = 10

PRINT THE F TEST VALUE A\D ASSOCIATED DATA
310 WRITE (Iwe320) wCNle NNUMy NDENOMe Fo (FVARLI(I)e FVAK2(I)y
x I=1le1VTOT)
320 FORMAT (1HOs TG4y 2H &y 81Xy 2(2Xe 13)e 3IXy F9.2/
X lHee 12Xe 25(1Xy 2A1))
" IF (WCN2 +Eu. 0) GO TO 340
WRITE (Iwe330) wCN2
330 FORMAT (lHeo 7Xe 14)
G0 TO 360
340 WRITE(IWe350)
350 FORMAT (lHey TXe 4HMEAN)
360 IF (F «GTe. FMAT(DFDeNNUMy1)) GO TO 380
WRITE (IWe370) FrUB(]) *
370 FORMAT (lHeo 110X 3H(< o Flhole 2H®))
GO TO 420

CALCULATE Tdk % CONFlDENCE LEVEL OF THE F TEST VALULE
380 00 400 L=2.7
IF (F «GT. FMAT(UFONNUMeL)) GO TO 4«00

PROB1 = PRCbB(L=-1)

PROB2 = PROBI(L)

FPROB = 10.%% (DLOG1O (PROBL) ¢ (DLOGLO(PROB2) -

X DLUGL10 (PROBL) ) ®(F = FMAT(OFOsNNUMeL=1))/ (FMAT (UFDeNNUMsL) =

X FMAT(DOFDoNNUMeL=1)))

PRINT THE % CONFIDENCE LEVEL OF THE F TEST VALUE
WwRITE (Iwe3%¥0) FPKOR

390 FORMAT (lhes 110Ke lH(e FGol)e 2HB))
-0 10 420



400 CONYINUE
wRITE (IWs610) PKRUB(T)
410 FORMAT (lhes 110Xy 3H(> 4 Fo,le 2H®))
420 LINES = LINES ¢ 2
«30 CONTINUE
460 CONTINUE
wRITe (IWy2b0)
RFETURN
END
SUckROUTINE SUMUP

22222212 2X X222 X222 222X 2222222 22X XXX 2222 X222 2222 X2 X222 22222 X222 22 2 X X )

SUBROUTINE SUMUP: SEQUENTIALLY KEADING FkUM THE SCRATCH FILE SFILE,
PRINTS AS A SUMMARY OF THt KEOGRESSION ANALYSES:

¢ THE TITLE CAKDS

! THE KEGKESSIUN EQUATIONS AND ASSOCIATEOD

STATISTICAL VATA

CALCULATES AND PRINTS THE CLO0SS CURRELATION AND
SQUARED CKOSS CORRELATIUN M.LTRICES FOR THE
INDEPEMNDENT VARIABLES

T ¢ ¢ &G 8 & & C

6....G....G.QC.QGG...Q...6.00..0.QO..6"0.QQbGBQQOQGGQQQGOOQGOQ09.".'

L d

(22 XXX R ZL 2222222222222 2222222222 22222222 2 X2 2 3

VARJABLES NOT DEFINED IN THE MAINRPROGRAMS
CCMAT = TEMPORARY STORAGEs OUKRING CALCULATIONS AND
BEFORE PRINTINGe OF THE INDEPENDENT VARIABLE
CROSS CORKFELATION MATRIX 4ND LATER QF THE
INDEPENDENT VAKIABLE SQUARED CKROSS CORKELATION
MATRIX
IFLAG = ] WHEN THE INDEPENDENT VARIABLE CROSS
CORKELATION MATRIX 1S bHEING CALCULATED AND
PRINTED
= 2 WHEN THE INDEPENDENT VaRIABLE CROSS
CORRELATION MATRIX IS GP HAS BEEN CALCULATED
OR PRINTED
SUMING = TEMPORARY STORAGE OF THt RECORDS REaD FrROM THE
SCRATCH FILE SFILE JUST BeFOrt THEY AKE
PRINTED
ULINE = THE LITERAL VARIABLE 'eccccce=?

R B B B BE BN BN BE BN R BE BE BE BN B

(XY I Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y YT Y Y Y Y Y Y YT Y YT YT FY YT YT Y Y Y Y

(s XeNgNeNaNaleNs el Xe ool o Ne oo e oo ol o Koo NaNe N e Ns N e ke e XaNaksXakaXaks)

IMPLICIT REAL®#B (A=H,0=7)¢ INTEGER®2 (I=N)

KEAL®8 INDVAR(25)e XNAME(10092)e Y(10U)e X(100e25)9 XA G(2S),
X SOX(25)e MATXX(25¢25)e RR(1100)e MAT(1Se]lS5)e INVMAT(15415)
X ULINE/B8Heeecoeeea/y SUMING(30)e CLMAT(25e25) ¢ LSORT

INTEGER®2 TFeue WCFILE®Gs SFILE®Gs IK®4s Jwehs OPTIONI(10)

X ICALC(100)s NIV(1100)e WwC(1100elS)e FILFWC(l0e6)s [V(2S)

COMMON /KRt AL/ LVAP. INDVAk, XNAME s Yo X9 YAVO, TOTVAR.

X XAVGe SOXe ShYe MATXXe RRe MATs INVMAT

COMMON ZINTOER/ JFe IKe IWwe WwCFILEe SFILE. MAXPTSe
X JMUONFe NUPTe NLINESe LINESe Nle OUPTIONe IVe
X IVTOTe ICALCe Ne NOREGe NTOTe IbbGINe IENUe NWCoe NIVe
X Io Jo Ko Lo My WCy FILEWC

EQUIVALENCE (XNAME s SUMING) e (MATXXe CCMmAT)
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348

REWIND THE SCRATCH FILE SFILE TO THE FIRST RELOKD

KREWIND SFILE

SEQUENTIALLY READ AND PRINT RECORDS OF THE SCwATCH FILkE SFILE UMTIL AN

END

10

OF FILE IS KtAChtDe THANSFEk AT THAT TIME IS Tu STATEMENT So,

WRITE (IwWel0)
FOKMAT (1H1e 120(1H®)/ BHOSUMMARY/

¥ 1h0s 120(1ne)/)

20
30

40

S0

REAU (SFILE+30+6ENU=50) SUMING
FOKMAT (30A4)

wRITE (Iwyss0) SUMING

FORMAT (1Xe 30A4)

-0 TO 20

CONT INUE

FROM THE MASTER MATKIX MATXX CREATE THE THE SYMMETKICAL CROSS
CORRELATIUN MATRIX CCMAT, TAKING AUVANTAGE OF THE FACT THAT CCMAT(I,J)
= CCMAT(Je]) ANU THAT CCMAT(IeI) = 140. CCMAT IS EQUIVALENCED WITH
MATXX o ’

60
70
80

90

IF (IVTOT .tQ. 1) GO TO 80

IEND = IVTOT - 1

VO 70 I=1+IEND

K =191

U0 60 J=K,IVTOT

CCMAT(14J) = MATXX(T4J)/DSQRT (MATXX(Ts1)#MATXX (JeJ))

CCMAT (Js 1) CCMAT(TeJ)
CONTINUE :
CONTINUE

L0 90 I=l.IVTOT

CCMAT(IsI) = 1.
CONTINUE

C PRINT ThHE INDEPENDENT VARIABLE CROSS COkRELATION -ATRIX

C

100
110

IFLAG = ]}
IBEOIN = ]

WRITE (Iwyel10)
tOKMAT (1H1. - 40(1H®) ¢ GOHINDEPY VARIABLE CROSS CORRELATION M

XATRIXy 40(1H®)/)

GO TO 140

C PHINT THE INDEPENDENT VARIABLE SQUARED CRUSS CORRELATION MATRIX

120
130

wRITE (IwWe130)
FORMAT (1H]l. 36(1H®) ¢ «BHINDEPT VARIABLE SQUARED CROSS CORRE

XLATION MATRIXe 36(1H®)/)

140

150

160

170
180

190

1FLAG = 2

IENLU = JBEGIN ¢ 9

IF (IEND oGT. IVTOT) lEND = IVTOT

WRITE (IWs150) (INDVAR(J)e J=IBEGINIEND)
FORMAT (1HOs 10Xe 10(3Xs AB))

WRITE (Iwel60) (ULINEe J=IBEGINGIEND)

FORMAT (1Xe B(lH=)s 2Xs 10(3Xe AB))

DO 180 I=11IVTOT

WRITE (Iwel70) INDVAR(I)e (CCMAT(IeJ)e J=IBEGINSIEND)
FOKMAT (1HOs ABe 1Xe 10(5Xxe F6.3))

CONTINUE

WRITE (IWe160) (ULINEs J=IBEGIN.IEND)

IF (IEND .EWQ. IVTOT) GO TO 1vO

IBEGIN = JEND ¢ 1]

GO 10 100

CONT INUE .
IF (IFLAG +EO. 2) GO TO 220



C NOW CALCULATE THE INDEPENDENT VARIABLE SQUAKED CROSS CORKELATION

C MATRIX BY SWUARING EACH ELEMENT OF CCMAT,

200
210

220

U0 210 I=1,1VT0T7

VO 200 J=llIVTOT

CCMAT (IeJd) = CCHMAT(1,J)a82
CONT INUE

CONT INUE

GO TO 120

CONT INUE

RE TUKN

END
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Supporting Programs for PROGRAM QSAR47

PROGRAM FILLFTBL.

PKOGKRAM FILLFTBL

A SHORT PROGKAM TO KEAD (FRUM DATA CARUDS) F CRITICAL POUINT VALUES
AND THEN TO wRITE ThtM ON THE ON=-LINE DISKR DIRECT ACCtSS
FILE FT&BLES

PROGRAM WRITTEN BY: STEVE OIETRICH
VDEPARTMENT OF PHARMACEUTICAL CHEMISTR-
SCHOOL OF PHARMACY
UNIVERSITY OF CALIFOKNIA
SAN FRANCISCOs CALIFOKNIS 94143
APRILY 1976

PKOGRAM WRITTEN, DEBUGGEDs AND USED IN UATFIV ON AN IbM MODEL 370
145 COMFUTER AT UCSF

F CRITICAL POIMT VALUES FROM:
BIOMETRICA TABLES FOR STATISTICIANS
VOLUME [ -
EDITED HBY E¢ Se FPEARSUN AND He 0o HARTLEY
CaMbRIDGE AT THE UNIVERSITY PRESS
FOUKTH EDITION (1956}

F CRITICAL POINT VALUES ARE READ FOR?
PROBABILITY (P) = 7S5.0%9 90039 95.0%9 G7:5%9 99%9 99.5%
AND 99,9%,
DEGKEES OF FREEULUM IN THE DENOMINATOK (DFL) = 1=30e 409 60,
120+ AND INFINITY,
DEGKEES OF FREEDOM IN THE NUMERATOR (UFN) = 1=10s 129 AND 1S,

F CRITICAL POINT VALUES FOR DFN = 1l 13+ AND 14 ARE OBTAINED
BY INTERPOLATION

THE ON-LINE DISK DIRECT ACCESS FILE FTABLES CUNTAINS 510 FORMATTED
(7F9.,2) RECOKDS EACH wlTH A LENOLTH OF 63 BYTES,

(s N e aNeNeNeNeleNeNelaXeXsksXaKaNs ke XsXaNe sl oo e NN e oNaNaeNaN oo o NaN ool ol

REAL®4 INTEKP
DIMENSION F(34e15e7)
DEFINE FILE 12 (510e¢639E9ICOUNT)
lNItHP(AoColA'onlC) = A ¢ (C=A)®(((le/]IB)=(1a/]A))/((1a/1C)=(14/]
XA)))
IF = 12
IR =5
DO S0 K=l47
VO S0 I=1+36
READ (IkelSU) (F(LoJoK)eJ=1010)e F(ls12sK)e F(lel5eK)
150 FOKMAT (6(FYecelX))
F(loelloer) = INTERP(F(Io109K)oF (I9l2eK)el0011912)
F(lel3eK) = INTERP(F(1ol2eK)sF(Iol5eK)e1l013015)
F(loelGer) = INTERF(F(lol2eK)oF(lalSer)sl2e]14015)
50 CONTINUE
ICOUNT = )



C NOW CALCULATE ThE INDEPENDENT VARIABLE SQUAKED CROSS CORRELATION

C MATRIX BY SUUARING BACH ELEMENT OF CCMAT,

200
210

220

Lo ¢10 I=1,1VT0T

‘WO 200 J=1+1VTOT

CCMAT (T eJ) = CCHAT(IyJ)ee2
CONTINUE

CONTINUE

6O TO 120

CONTINUE

RE TURN

END
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Data Cards for PROGRAM FILLFTBL.

5.83 750 Be.20 b.5SY 8,82 8,98 75.0% DFD= ) »]
9.10 9.19 Ye26 9.32 9.41 9.49 75.0% DFD= 1 #2
2.57 3.00 3.15 3.23 3.2b 3,31 75.0% DFD= 2 #1
3.3 3.35 3,37 3.3b 3.3Y 3.41 75.0% OFD= 2 #2
2.02 2428 2436 2439 2ol 2e42 75.0% DFD= 3 wl
243 Celels 2ebl Colls 2.45 246 75.0% DFD= 3 #2
l.el 2.00 2.05 2.06 2.07 2.06 7‘%.0‘5 0FD= 4 'l
2.08 2.08 2.08 2.08 2.08 2.08 75.0: DFD= & #2
1.69 l.85 1.88 1.89 1.89 1.89 75.0% DFD= S #1
1089 1089 lo59 1089 1089 1089 75.0% DFD= S '2
1.62 1076 1.78 1079 1079 1076 75.0* DFD: 6 "
l.78 l1.78 1.77 1.77 1.77 1.76 : 75.0% D¢D= 6 w2
1.57 1.70 l.7¢ l.72 1.71 1.71 75.0% DFD= 7 »l
1.70 1.70 1.69 1.69 1.68 1.68 75.0% DFD= 7 #2
105“ 1066 1067 1066 1066 1.65 75.0% DFD= 8 “l
l.64 l1.64 1.63 1.63 l.62 l1.62 75.0% DFD= 8 #2
1.51 l.62 1.63 163 1.62 l1.61 75.0% DFD= 9 #1
1.60 1.60 1.59 1.59 1.58 ° : 1.57 75.0% DOFD= 9 #2
10“9 1060 . 1.60 1059 1059 1.58 75.0% DFDS 10 ’l
1.57 1.56 1.56 1.55 1.54 1.53 75.0% DFD= 10 #2
lea47 1.58 1.58 1.57 1.56 1.55 75.0% DFD= 1] »l
1.54 153 1.53 1.52 1.51 1.50 75.0% DFD= 11 #2
l.46 1.56 1.56 1.55 1.5 1.53 75.0% DFD= 12 »l
1.52 1.51 1.51 1.50 1.49 l.48 75.0% DFD= 12 #2
1.45 1.55 1.55 1.53 1.52 1.51 75.0% OFD= 13 #1}
1.50 169 1,49 1.48 1.47 1.46 75.0% DFD= 13 #2
letd 1.53 1.53 1.52 1.51 1.50 75.0% OFD= 14 »l
1.49 1.48 107 1.46 1.45 le4a 75.0% DrD= 14 #2
1.43 1.52 1.5%2 1.51 le49 1.48 75.0% DFD= 15 #1
1e67 le46 le46 1.45 | YY) 1.43 75.0% DrD= 1S5 #2
l.62 1.51 1.51 1.50 let8 1.47 75.0% DFD= 16 #1
1.46 1445 lets ) X 1e43 le4l 75.0+ DED= 16 w2
le42 1.51 1.50 1.49 leb? 1,66 75.0% DFD= 17 #1
1445 ) P 1¢43 1.43 leal 1.40 75.0% DFD= 17 w2
lesl 1e50 1,49 lebl le46 1.645 75.0¢ DFD= 18 #l
leté le43 le42 lo42 1640 1.39 75.0% DFD= 18 #»2
le.41 1.09 loewYy leb? l.46 leta 75.0% DFD= 19 w1
14643 le42 le0l le6l let0 1.38 75.0% DOFD= 19 #»2
1.40 1.49 1.48 1.47 le65 lo44 75.0% DFD= 20 #1
lo‘3 10‘2 lo“l 10‘0 1.39 1037 75.0* DFDS 20 '2
1.40 l.48 lewd 1.46 lebé 1.43 75.0+* DtD= 21 #»)
le42 le4l le40 1.39 l.38 1.37 75.0+ DFD= 21 w2
1.640 1.48 loa? 1.45 loevo l.62 75.0+ DFD= 22 #1
l1.41 140 le39 1.39 1.37 1.306 75.0+ DFD= 22 ®2
1.39 l1e67 lea? - 1445 1e643 1.42 75.0+ DFD= 23 w1
le4l le40 1.39 1.38 1.37 1.35 75.0+ DFD= 23 #2
1.39 1e47 | YY) | X lebs letl 75.0% OFD= 24 #]
le40 1.39 le38 l1.38 le30 1.35 75.0% DFD= 24 ®2
1.39 167 1.46 1ot le4e le4l 75.0% DFD= 25 =]
1.40 1.39 1.38 137 1.36 le3¢ 75.0% OrD= 2% #2
1.38 le40 le4S 1ot le42 lesl 75.0% DFD=z 26 w»l
‘039 1038 1037 1037 1035 103“ 75.0% DFD: 26 '2
l.38 l1e66 le65 l1e63 letc l.40 75.0% DFD= 27 »l
1.39 1.38 1637 1.36 l.35 1.33 75.0% DtD= 27 #2
1.38 . letb leedS l1.43 leel 1,40 75.0% DFD= 28 #1

1439 1.38 1437 1.36 1.34 1.33 75.0% OrD= 28 #2



1.38
1.38
1.38
1.38
1.36
1.36
1.35
1.33
1.34
1.31
1.32
1.29
39.86
58,91
8.53
Y¢35
5.54
S.27
40564
3.98
4,06
3.37
3.78
3.01
3.59
2.78
3.46
262
3.36
2.51
3.29
2eb)
3.23
2e3%
3.18
2e.28
3.16
2.23
3.10
2.19
3.07
2e16
3.05
2.13
3.03
2.10
3.01
2.08
299
2+006
2497
2e04
2096
2.02
2095
2.01
Ce9%
1.99
2493
1.98
2.92
1.97

1,45
1.37
1.45
1,37
.66
1.35
1,62
1.32
140
1.30
1.39
1.28
49,50
59,46
9.00
9.37
S.46

S.25 -

%e32
3.95
3.78
3.34
3.46
2.98
3.26
2.75
3.11
2459
3.01
24617
292

‘2438

2.86
2430
2.81
2+24
24706
2420
2.73
2.15
270
2.12
2467
2.09
2.64
2.006
2062
2e04
2.61
2.02
2459
2.00
2457
1.98
2+56
1.97
255
1.9
2+54
le9¢
2453
1.93

1e43
1.35
1.02
1.35

© let0

1.33
1.3b
1.30
1.37
1.28
135
1.25
55.83
6019
9.24
9.39
Se34
5.23
4el1l
3.92
3.52
3.30
3.18
2.94
296
270
2.81
254
269
2e.42
2.61
232
2454
225
2448
2.19
2eb3
2.164
239
2.10
2036
2.006
2.33
2.03
2.31
2+ 00
2429
1.98
2.217
1.96
2.25
1.96
2.23
1.92
2.22
1.90
2.21
1.89
2.19
leb8
C.18
1.87

le60
1.32
1.39
1.32
1.37
1.30
1.35
1.27
1.33
l.2¢
1.31
1.22
S8.20
6le.22
9.33
9,42
S.28
5,20
4,01
3.87
3440
J.24
3.05
2.87
2.83
2.63
2.67
2.“6
2455
2.364

2446

2.24
2439
2.17
2¢33
2.10
2.28
2,05
224
2401}
2.21
1.97
2.18
1.9“
2.15
l1.91
2.13
1.89
2ell
1.86
2,09
l.84
2.08
1.83
2,06
1.81
2405
1.80
2404
le78
2.02
1.77

75.0%
71S.0%
75.0%
75.0%
750 0%
75.0%
75.0+
75.08
75.0%
75.0%
75.0%
90.0%
90,0¢
90.0%
90.,0%
90,0%
90.0n
90,04
90.0%
90.,0%
90.0%
9Y0.0%
90.,0%
90.0%
90.0%
90.,0%
90,04
90.0%
90.,0%
90,0%
90,0%
90.0%
90,08
90,0%
90.0%
90,0%
90.0%
90.,0%
90.0%
90.0%
90.0%
90.02
90.0%
90.0%
90.0%
90.0%
90.,0%
90.0%
90.0%
90,0%
90.0%
90.0%
90.0%
qo.o%
90.0%
90.,0%
90.0%
90.0%
90.0%
90.0%
90.0%

OFD=
OFL=
OF D=
DtD=
DFD=
DFD=
D¢ D=
OFOD=

29
29
30
30
40
40
60
60

DFD=120
DrD=120
DFD=INF
DF D=INF

DFD=
Df D=
DFD=
DFD=
DfF D=
OFO=
DFD=
DFD=
DFD=
DFD=
Df D=
DFD=
DF D=
DFD=
DFD=
Dt D=
D+ D=
OFD=
DFD=
DF D=
DFB=
DF D=
OFD=
OF D=
OFf D=
DF D=
DFOD=
OfF D=
D+ D=
Dt D=
DFD=
LFD=
DFD=
DFD=
OF D=
DF D=
D+ D=
DFD=
DFD=
DFD=
Df D=
Dt D=
D¢ D=
DOfF D=
DFD=
DF D=
Dt D=
D¢t D=
Dr D=
Df D=

Ot Gt Gt Yt
OO COPENNCCVUVESWWNN = -

el et et edrdd et et et el
VWOXTTN~NGGOONVESESLWWNN

LGSV VI SOV VR VI TR LT
S L WWNN=~OCO

N
v
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2.91
1.96
2.90
1.95
2.89
1.9¢
2.89
1.93
2.88
1.93
2.84
1.87
2.79
1.82
2.75
1.77
2.71
1.72
161.4«
236.8
18.51
19.35
10.13
8.69
T7.71
6.09
6.61
4,88
S.99
4e21
S5.59
3.79
S.32
3.50
S.12
3.29
4,96
3ela
4,84
3.01
4,75
2491
4,67
2.83
4,60
. 2476
2.71
2.66
4445
246]
hobl
258
4038
2e54
4¢35
2.51
“e32
2ebY
430
Cotb

2.52
1.92
2.51
1.91
2.50
1.90
2.50
1.89
2+49
1.88
Celsls
1.83
2439
1.77
2435
1.72
2430
1067 :
199.5
238.9
19.00
19.37
9.55
8,85
6.94
6.06
S.79
.82
Selé
415
G474
3.73
bbb
364
4.26
3.23
4el0
3,07
3.98
2.95
3.89
2.85
3.81
2.77
3.74
270
3,68
2.606
3,63
2459
3.59
255
355
2451
3.52
2e48
3,49
2445
Jeb?
PXLT4
Joba
2okl

2.17
1.86
2.17
1.85

© 2416

1.84
2.15
1.83
2.1¢
1.82
2.09
l.76
2.04
1.71
1.99
1.65
1.94
1.60
22446
241.9
19.25
190‘0!!
9.12
8,79
6.39
5.96
5.19
GoTh
“e53
4,06
4e12
3.64
3.8«
3.35
3.63
3el6
3.48
2.98
3.36
2.85
3.26
2.75
3.1
2e67
3.11
2%60
3.06
2.5
3.01
2049
2.96
2eld
2093
2e6]
290
2038
2.87
2¢35
Ceble
2¢32
2.82
2430

2.08

© le81

2.07
1.80
2.006
1.79
2.06
l1.78
2405
1.77
2.00
1.71
1.95
1.66
1.90
l.60
l.85
1.55
230.2
243.9
19.30
19.41
9.01

o704 -

6.206
S.91
S.05
4.68
4039
4,00
3497
3.57
3.69
J.c8
K YY)
3.07
3,33
2.91
3.20
2.79
3.11
2e6Y
3.03
2.6V
2,96
2453
2090
2obb
285
Y4
2.81
2438
el
2o 34
2e76
2e31
271
2.28
2.68
2eld
2.60
2.23

2.01
1.76
2.00
1.75
2.00
1.7“
1.99
1.73
1.98
l.72
1.93
1.66
1.87
1.60
l1.82
1.55
1.77
1.49
234.0
245.9
19.33
19,43
8.94
8.70
6.16.
S.86
4.95
4,62
64,28
3.94
3.87

3.51

3.58
d.c2
3.37
3.01
3.22
2485
3.09
2.72
3.00
2.62
2.92
2453
2.85
2elsb
2.79
2440
2.7“
2.35
2.70
2.31
2.66
2.27
2.63
2.23
2.60
2.20
2.57
2.18
2455
2.15

90.0%
90,0%
90.0%
90.0%
90,0%
90,0%
90.0%
90.,0%
90,0%
90.0%
90.0%
90.0%
90.0"\
90,0%
90.0"\
9N, 0%
90.0%
90.0%
9%,0%
95,.0%
95,0%
95.0%
95.0¢
9Y5.0%
9S.0%
9S5.0%
95.0%
95,03
95.0%
9S,.0%
95.,0%
95.0%
95.0%
9S.0%
95.0%
95.0%
95.0%
9%5.0%
9S,.0%
95,0%
9S,0%
95,.0%
95.0%
95,0%
95.0%
95.0%
95,.0%
95,0%
95.0%
95,0%
95,04
95.0%
95.,0%
95,0%
95,0%
9S5.0%
95,.0%
9%.0%
Q5,0%
95,.0%
95,0%
95,03

DFD=
DF D=
DF D=
OFD=
DOt D=
Ot D=
OF D=
DF D=
DFD=
DF D=
DFD=
Dt D=
OF D=
Ot D=

60

DFD=120
DFD=1¢0
DF D= INF
DFD=INF

Ot D=
Df D=
DFD=
DF D=
DOf D=
Ot D=
DFD=
DFD=
DFD=
DF D=
DFD=
DFD=
Dt D=
DF D=
DF D=
DFD=
OF D=
DfF D=
DFD=
DFD=
DFD=
DFD=
Ot D=
DF D=
DFD=
O+ D=
D¢ D=
DFD=
Ot D=
OFD=
Dt D=
O+ D=
DF D=
Dt D=
DFD=
DF D=
DOt D=
Ot D=
Or D=
Dt D=
OFD=
Dt D=
DF D=
DFD=

o st Gt
MO OVLBIOINNCOCRUVIUVESFWWNN =~

[
—

o Gt Bt Gt Pt et Bt Gt Gt Gt Gt P Gt
PPNNITOOVNSSWVWWNN
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4.28
2e0&
4,26
2eb2
G264
2440
“.23
2.39
4,21
2.37
4,20
2+36
4.18
2.35
4,17
233
4,08
2.25
4,00
2.17
3.92
2409
3.84
2.01
647.8
948,2
38,51
39.36
17.44
14.62
12.22
9.07
10,01
6.85
8.81
S.70
8.07
4.99
7.57
4453
7.21
“e.20
6.94
3.95
6.72
3.76
6.55
3,61
6,41
3.48
6.30
3.38
6.20
3.29
6.12
3.22
6.04
3.16
S.98
3.10
S5.92
3.0

3.2
2317
3.40
2.36
3.39
2434
3.37
2.32
3.35
2+31
3.3
229
3.33
2.28
3.32
2.27
3.23
2.18
3.15
2.10
3.07
2.02
3.00
1.9¢
799.5
956.7
39.00
39.37
16,04
14,54
1065
8.98
Be43
6.76
7.26
S.60
6.54
6,06
443
S.71
%.10
S.46
3.85
S5.26
3.66
S.10
3.51
“.97
3.39
4,86
3.29
477
3.20
4,69
3.12
4.62
3.06
4.56
3.01
“.51
2.96

3.03
2.32
3.01
2.30
2499
228
2.98
2.217
2.96
2.25
2495
2.2“
2.93
2e.22
2.92
2.21
2.84
Celc
2.76
2e04
2.68
1.90
2460
1.88
866,22
963.3
39.17
39,39
15.44
1647
9.98
8490
T.76
6.68
6.60
S5.52

S.b9

4,82
S.42
4,36
S.u8
4,03
4.83
3.78
.63
3.59
Go?
Je.b4
4435
3.31
4,24
3.21
4.15
3.12
o8
3.05
4,01
2.98
3.95
Ce93
3.90
2.88

2.80
2.27
2.78
2.25
2.76
2.26
274
2.22
2.73
2.20
2.71
2.19
2.70
2.18
269
216
2.61
2.08
253
1.99
2+45
1.91
2437
1.83
899.6
968.6
39.25
39,40
15.10
14,42
9.60
8.84
T.39
6.62
6.23
S.46
5.52
4.76
$.05
4.30
4,72
3.96
Qo7
3.72
4.28
3.53
4.2
3.37
4.00
3.25
3.89
3.15
3.80
3.06
3.73
299
3.066
2.92
3.61
2.87
3.56
282

2.64
2.20
2.62
2.18
2.60
2.16
2459
2.15
2.57
2.13
2.56
2.1¢
2455
2.10
2¢53
2.09
2445
2.00
2.37
1.92
2.2Y
1.83
2.21

le75 -

Y21.8
976.7
39.30
39.41
14.88
14,34
9,36
.75
7.15
6.5¢
S.99
5.37
S.29
4.67
4.82
4.20
“.“e
3.87
4ol
3.6¢
4,04
343
3.89
3.28
3.77
3.15
3.66
3.05
3.58
2+.90
3.50
2.8Y
304
r¥x-14
3. 38
277
3.33
2.72

2.53
2.13
251
2.11
2.49
2.09
267
2.07
2.46
2.006
2,45
2.04
2.43
2.03
2.42
2.01
2¢34
1.92
2.25
l.864
2.17
1.75
2.10
1.67
937.1
984,9
39.33
39,43
14,73
14.25
9.20
8.66
6.98

6e43

S.82
S.27
S.12
457
4065
4,10
4,32
3.77
4.07
3.52
3.88
3.33
3.73
3.18
3.60
3.05
3.50
2495
30l
2486
Je 36
279
3.28
272
3.2¢
2067
3.17
2.62

qs'o%
95.03%
95.0%
95.0%
95,0+
95,0%
95,0+
95,0+
95.0;
95.0%
95,0%
Y5.0%
9500‘5\
95.0%
95.0%
95,.0%
95,0%
95.0%
95.0%
9%5,0%
95.0%
9%5.0%
QSQOf
95,0%
97.5%
97.5%
97.5%
97.5%
97.5%
97.5%
97.5%
97.5%
97.5%
97.5%
97.5%
97.5%
97.5%
97.5%
97.5%
97.5%
97.5%
97.5%
97.5%
97.5+*
97.5%
97.5%
97.5%
97 .5%
97.5%
97.5%
97.5%
97,.5%¢
97.5%
97.5¢
97.5¢
97.5"’.
97.5%
97.5*
97.5+
97.5*
97.55
97.58

DF D=
Df D=
Df D=
Ot D=
OF D=
D+ D=

DFD= ¢

DFD=
Df D=
OfF D=
DFD=
DF D=
DFO=
DFD=
DrD=
DF D=
OF D=
OF D=
Dt D=
OF D=

60

DFD=120
DFD=120
OFO=1INF
DFD=INF

DFD=
D+D=
DFD=
OFD=
DF D=
DF D=
Of D=
DFfF 0=
DF D=
Dr D=
Dt D=
D+ D=
Or D=
O¢ D=
DOt D=
DF D=
DF D=
OFD=
DFD=
Df D=
D¢ D=
Dt D=
Dt D=
D¢ D=
OFD=
Ot D=
DFD=
Dt D=
DFD=
Df D=
DF D=
Dt 0=
OFD=
D¥D=
DFD=
Dt D=
OrD=
DFD=
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S.87
3.01
5.83
2.97
S5.79
2.93
5.75
2.90
S.72
2.87
5.69
2.85
5.66
2.82
5.63
2.80
S.61
2.78
S5.59
2.76
5.57
275
S.42
2.62
5.29
2451
5.15
2.39
5.02
2.29
4524
5928,
98,50
99,36
34,12
27.67
21.20
14.98
16.26
10.46
13.75
8.26
12.25
6.99
11.26
6.18
10,56
5.61
10.04
5.20
9,65
«.89
9.33
4,66
9.07
bbb
B.86
Lo28
8.068
Gl
8.53
4,03

4,46
291
4eb2
2.87
4,38
2.86
2.81
432
2.78
429
2475
“4.27
2.73
4ol
2e71
“.22
2.69
4e.20
2467
4el8
2465
4,05
2453
3.93
2eb}
3.60
2¢30
3.69
2419
©999,5
5982
99,00
99,37
30.82
2T.49
18,00
14,80
13.27
10.29
1092
gel0
9455
6.84
8465
6,03
8,02
Se&7
7.56
S5.06
7.21
beT4
6.93
4.50
6.70
4e30
6.51
“eld
6.36
4,00
6.23
3.89

3.86
2.84
3.82
2.80
3.78
2.76
3.75
2.73
3.7¢
2.7u
3.69
2.6b
3.067
2465
3.65
2463
3.63
2e61
3.0l
299
3.59
2.57
3.46
2e45
3.34
2.33
3.23
2.22
3.12
2.11
S4rn3.
60622,
99.17
99,39
29,46
2735
16,69
14,66
12.06
10.16
9.78
T.98
8.45
672
7.59
S.91
6.99
5,35
6,55
496
6.22
be63
5.95
4039
Se74
419
S5.56
4,03
Seuc
3.89
Sec9
3.78

3.51
2.77
3.48
2.73
364
2.70
3.4l
2e67
3.3
2e64
3.35
2.61
3.33
2459
3.31
2457
3.29
255
3.27
2453
3.25
251
3.13
2.39
3.01
2.27
2.89
2.16
2.79
205
5625,
6056,
99.25
99,40
28.71
27.23
15.98
14,55
11.39
10.05
9.15
7.87
T.85
6.62
Tenl
S.81
642
Se.26
5.99
4.85
S.67
Se.41l
4.30
S.2]
“e10
S.04
Je9
4489
3.80
4,77
3.69

3.2Y9
2.68
3.25
2e64
3.2¢
2.60
3.18
2457
3.15
CeS4
3.13
2.51
3.10
CeltY
3.08
2ol
3.006
2045
3.04
2.43
3.03
2.41
2.90

2¢2Y -

2.79
2.17
2.67
2.05
2457
1.94
5764,
6106,
99,30
99,42
28.24
27.05
15.5¢
16,37
10.97
9.89
8.75
T.7¢
T7.46
647
6.63
S.67
6,006
S.11
S.64
5.32
440
5.06
4.0
4,80
3.96
Le6Y
3.80
4056
3.07
G, bk
3.55

3.13
2,57
3.09
2.53
3.05
2.50
3.02
2447
2.99
2.64
2.97
2.41
2.94
2.39
2.92
2.36
2.90
234
2.88
2.32
2.87
2.31
2.74
2.18
2.63
2.06
2.52
1.94
2ot
1.83
S859.
6157.
99.33
99.43
27.91
26.87
15.21
14420
10.67
9.72
Bea7
7.56
1. 19
6,31
6.37
5.52
5.80
4,96
S.39
4,56
S.07
4ol
4.82
4001
4062
3. 82
bbb
3.66
“.32
3.52
4,20
Jeal

97'5%
97.5%
97.5%
97.5%
97.5%
97.5%
97.5%
97.5%
97.S$
97.5%
97.5%
97.5%
97.5%
97.5%
97.5%
97.5%
97.5%
97.5%
97.5%
97.5%
97.5+
97.5%

.97.5%

97.5%
97.5%
97.5%
97.5%
97.5%
97.5%
97.5%
99,0%
99,0%
99,0%
99,0%
99.0%
99.0%
99.0t
99,0%
99,0%
99,0%
99.0%
99,.0%
99.0%
99,0%
99,0%
99,0%
99,0%
99,0+
9900'#-
99,0¢
99,0%
99,0¢
99,0+
99,.0%
99,0%
99,0%
99.0%
99,09
99,08
9G,0%
99,0%
99,0%

Ot D=
DFO=
DOt D=
DFD=
OrD=
Ot D=
OrD=
Ot D=
DFD=
OFD=
OF D=
D¢ D=
Ot D=
D¢ D=
Ot D=
OFD=
DOt D=

DFD= -

OFD=
Dt D=
DFD=
DFD=
DFD=
DFD=
Dt D=
DF D=

DFD=120
DiD=120
DF D=INF
OFD=1INF

DF D=
OFD=
DFD=
OFD=
DFD=
DfF D=
OFD=
Of D=
DF D=
DFD=
OFD=
OF D=
DFD=
OF D=
OFD=
Dt D=
Of D=
DF D=
DF D=
Dt D=
DFD=
Dt D=
Df D=
DFD=
OfF D=
DfD=
Ot D=
UF D=
Dt 0=
Ot D=
DF D=
D¢ D=
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8,40
3.93
6.29
J.84
8.18
3.77
8.10
3.70
8.02
3.64
7.95
3.59
7.88
3.54
T.82
3.50
7.77
3.46
TeT2
J. b2
7.68
3.39
T.64
3.36
3.33
T7.56
3.30
7.31
3.12
7.08
2.95
6.85
2.79
6.63
2,64
16211,
2371S.
198.5
199.4
55,55
44,43
31.33
2l1.62
22.78
le.20
18,63
10.79
16.24
8.89
14,69
7.69
13.61
6.88
12.83
6.30
12.23
S.86
11.75
5.5¢
11.37
5.25

6.11
3.79
6.01
3.71
5.93
3,63
S.85
3.56
5.78
3.51
S.72
3445
5,66
3.41
5.61
3.36
5.57
3.32°
5.53
3.29
S.49
3.26
S.45
3.23
S.42
3.20
5.39
3.17
5.18
2499

4,98

2.82
4e79
266
4,61
2651
20000,
23925.
199.0
199.4
49,80
44,13
26.28
21435
18.31
13.96
léo5
10657
12.40
4,68
11.064
7.50
10.11
6.69
943
6.12
b.91
5,68
8.51
5.35
8019
5.08

S.18
3.08
S.09
3.60
S.01
3.52
4,94
3,46
4,87
340
4,82
3.35
4,76
3.30
4,72
3.26
4,68
3.22
G.064
3.18
4460
3.15
4457
3.12
4,54
3.09
4,51
3.07
4,31
2.8Y
“el3
2.72
3.95
2456
3.78
2.4l
21615,
24091,
199,2
199.4
47,47
“3.b8
24626
2l.]e
16,53
13,77
12.92
10.39
10.88
8.51
9.60
Te34
B.72
6,54
8.05
597
7.60
5,54
T.23
5.20
6.93
4,96

4,67
3.59
4.58
3.51

T 450

3.43
4e43
3.37
4437
3.31
4,31
3.26
4e26
3.21
be22
3.17
4,18
3.13
bol4
3.09
4.1l
3.06
4e07
3.03
4,04
3.00
4,02
2.98
3.83
2.80
3.65
2.63
J.48
267
3.32
2.32
22500.
24224,
199.2
199.4
46,19
43,69
23.15
20.97
15.56
13.62
12.03
10.25
10.0%
8,38
8.81
7.21
7.96
642
Tede
5.85
6.88
Se42
652
5.09
6.23
.82

P TA
3.46
4.25
3,37
4o117
3.30
4,10
3.23
4.04
3.17
3.99
3,12
3.94
3.07
3.90
3.03
3.85
2.99
3.82
2.96
3.78
2693
3.75
2.90
3.73
2.817
3.70
2e.84
3.51
2.66
3034
2450
3.17
Ced6
3.02
2ol
23056,
24426,
199.3
199.4
45,39
“3.39
22.46
20670
l4.94
13.38
11.46
10,03
9.52
8,18
8,30
7.01
Tl
6.23
6,07
Se.0606
[ XX ¥4
Sel4
6,07
“.91
S.79
4,64

4,10
3.31
4,01
3.23
3.94
3.15
J.87
3.09
3.61
3,03
3.70
2.98
3,71
2.93
3.67
2.89
3.03
2.85
3.59
2.81
3.56
2.78
3.93
2.75
3050'
2073
3.67
270
3.29
252
3.12
2.35
2.96
2.19
2.80
2.06
234317,
24630,
199.3
199.4
44,84
43,08
2197
20,44
14,51
13.15
11.07
9.81
9.16
7.97
7.95
6.81
7613
6.03
6.54
S.47
6.10
S5.05
S.76
“o72
S.48
bbb

99,0%

.99.0%

99,0%
S9,0+¢
99,0%
9Q,04
99,08
99,0+
99,0+
990 0",
9G9.0%
99,0%
99,0%
99,0%
qgio%
99,.0%
99,0%
99,0%
99,.0%
99,0%
99,0%
99,.,0%
99,.0%
99.0%
99,0%
99.0%
99,0%
99,0%
99,0%
99,0%
99,0%
99,.,0%
99,0%
99,0%
99.5%
99,5%
99,.5%
q°05$
99.5%
99,5%
99,5%
99,S%
99,5%
99,.5%
99,5%
99,5%
99,5%
99,5%
99,5%
99,5
99,5%
Y9,.5%
9005‘
99,5
99,5¢
QQ.St
99,5+
99,53
99,5»*

OFD=
OrD=
DFD=
Dt D=
OF D=
Ot D=
UrD=
Ot D=
Ot D=
Df D=
DOt D=
D¥ D=
Dt D=
Of D=
Dr D=
DFD=
DfF D=
DrD=
Ot D=
DFD=
Ot D=
DFD=
OF 0=
DFD=
DFD=
DF D=
DrD=
DFD=
DFD=
OF D=
DF D=
DFD=

17
17
18
16
19
19
20
20
'3\
21
e2
22
23
23
24
24
25
25
26
26
er
e
28
28
29
29
30
30
40
40
60
60

DFD=120
DFD=120
DFD=INF
DFD=INF

DFD=
O+ D=
Dt D=
DFD=
Df D=
OFD=
DFD=
DFD=
Dt D=
DFD=
Ot D=
OFD=
OF D=
OF D=
Ot D=
OF D=
Dr D=
Dt D=
Dt D=
D¥FD=
DF D=
Ot D=
Dt D=
D¢ D=
D¢ D=
OF D=
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11.06
5.03
10.b0
4.85
10.58
4.69
10.38
‘0.50
10.22
G444
10,07
4,34
9,94
4,26
9.83
4.18
9,73
4oll
9.63
4,05
9,55
3.99
9.48
3.94
941
3.89
9.34
3.85
9.28
3.81
9.23
3.77
9.18
3.7“
8.83
3.51
8.49
3.29
8.18
3.09
7.88
2090
405300.
592900,
968.5
999 .4
167.0
131.6
T4elb
49,66
“7.18
28.16
35.51
19,46
29.25
15.02
25.62
12.40
22.86
10.70
2l.06
9.52

7.92
“.86
7.70
4.67
7.51
4,52
7.35
4,39
7.21
4.28
7.09
4,18
6.99
4,09
6.89
4,01
6.81
3.94
6.73
3.88
6.66
3.83
6,60
3.78
6.54
3.73
649
3.69
[ Y'Y
3.65
6,40
3.61
6435
3.58
6.07
3.35
S.79
3.13
S.54
2.93
S.30
2e74
500000.
598100,
999.0
999,4
148,.5
130,06
61.25
9,00
37.12
2T.64
27.00
19.03
214069
14.63
18.49
12.04
16.39
10,37
14,91
9,20

6.68
“.72
6,48
4,54
6.30
4038
b.16
“.25
6,03
G.la
5.92
4,064
b.82
3.96
5,73
3.8b
5.65
3.81
S.58
3.75
5.%2
3.69
S5.46
3.64
Se4l
3.60
5.36
3.56
5.32
3.52
5.28
3.48
Se24
3.45
4.98
3.22

“4e73

3.01
G450
2.81
4.2b
2.62
540400,
602300,
999,.2
999,.4
141.1
129.9
56.18
G4BJ6?
33.20
27.24
23,70
18,69
18.77
14,33
15.03
11.77
13.90
10.11
12.55
8B.90

6.00
4,60
5.80
4ot2
S.64
4.27
5.50
4.1
5,37
4,03
5.27
3.93
Se17
3.85
S.09
3.77
S.ne2
3.70
4,95
3.64
4.89
3.59
4,84
3.54
4,79
3.49
4. T4
3.45
4,70
3.4}
4.66
3.38
4.62
3.34
4037
3.12
UYS £
2.90
3.92
2671
3.72
2.52
562500,
605600
999,2
999,4
137.1
129.2
S3.kb
“8,05
3l.09
26.9¢
2l.92
18.0]
17419
14,08
14,39
11.54
12.5%¢
9.89
11.28
8475

S5.56
4,43
S.37
4025
S5.21
4e10
5.07
3.97
4,906
J.86
4,85
3.76
3.68
4,68
3.60
4,61
3.5
4,54
3.47
4,49
3.42
4e43
3.37
4438
3.33
be30
3.28
4430

S5.26
4425
5.07
4,07
4.91
3.92
4,78
3.79
4,66
3.68
4,56
3.599
GL,67
3.50
%.39
3.43
“.32
3.36
4,26
3.30
“.20
3.25
3.20
4,10
3.15
4,06
3.11
4,02
3.07
3,98
3,04
3,95
3.01
3.71
2.78
3,49
2.517
3.28
237
3.09
2,19
S85900.
615800,
999,3
99Y,4
132.8
127.4
50453
46,76
28,84
2591
200,03
17.56
15.52
13.32
12.86
10,84«
11.13
9.26
9.92
8,13

99,5%
99,5%
99,5%
99,.5%
99,.5%
99.5%
99,.5%
99.5%
99,5%
99,5%
99,5%
99,S%
99,5%
99,5%
99,5%
99,5%
99,5%
99,5%
qoﬂs*
99,5%
99,5%
99,5%
99,5%
99,.5%
99,5%
99,5%
99,5%
99,5%
99,5%
99,5%
99.5%
99,5%
99,5%
99,5%

' 99,5%

99,5%
99,54
99,5%
99,5+
99'5%
99,5
99.5%
99,9%
99,9%
99.9%
99,.9%
99,92
99,9%
99,9%
99,9%
qgoq‘f‘
99,9%
99,93
99,9%
99,9%
99.9%
99,9
99,.9%
99,9%
99,9%
99,.9%
99,9%

OFD= 14
OrD= 14
LFD= 15
OrD= 15
DtD= 16
DrD= 16
DFD= 17
DrD= 17
DrD= 18
D¢D= 18
DrD= 19
DFD= 19
DrD= 20
DtD= 20
DFD= 21
Dt D= 21
DrD= 22
DFD= 22
DtD=z 23
DrD= 23
DrD= 24
DFD= 24
DrO= 25
DrD= 25
DtO= 26
DFD= 26
DFO= 27
DFD= 27
DrD= 28
Dt D= 28
DFD= 29
DFD= ¢9
OFD= 30
OrD= 30
OFD= 40
DFD= «0
OFD= 60
Dt D= 60
DtD=120
OrD=120
Dt D= INF
DrD=INF
D+ D=
DFD=
D¢ D=
Or D=
DFD=
DFD=
O+t D=
Ot D=
DF D=
OtD=
DF D=
Dt D=
Ot D=
Dt D=
D+ D=
DF D=
OrD=
OfF D=
D+ D=
Ot D=
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19.69
8.66
18.64
u.oo
17.81
Ty
17.14
7.08
16.59
6.74
16,12
646
15.72
6.22
15.38
6.02
15,08
5.85
le.82
5.69
14,59
S5.506
14,38
S.44
14.19
5.33
14,03
5.23
13.88
S.15
13.74
5,07
13,61
5.00
13.50
4,93
13.39
LoB7
13.29
G482
12.61
Gobols
11.97
4,09
11.38
- 3477
10,83
3.“7

13.81
8.35
12.97
7.71
12,31
7.21
11.78
6.80
11.34
6e47
10,97
6019
10.66
S.96
10,39
S.76
10.16
5459 -
9.95
Sebb
9.77
5.31
9.61
5.19
9,47
S.09
9.34
“.99
9.22
“‘91
9.12
4,83
9.02
4e76
8.93
4,69
8.85
4,64
8,77
“e58
8.25
.21
T.76
3.87
7.32
3.55
6.91
3.27

11.56
Be.12
10.80
7T.48
l10.21
6098
9,73
6.58
9.34
6.26
Y.,00
5,98
8.73
5.75
Be69
5.56

8,28

5.39
S.24
T.94
S.l1l
7.80
4,99
T.67
7.55
4,80
745
4071
T.306
4,64
7.27
4,50
T.12
4,45
T7.05
4,39
6,60
4,02
6.17
3.69
5,79
3.38
S.42
3.10

10,35
7.92
9.63
7.29

T 9407

6.80
B.62
6.40
8.25
6.08
7.94
S.81
7.68
5.58
T.46
S.39
7.26
S.22
7.10
S.08
6.95
©.95
6.81
4,83
6,69
4.73
6.59
4064
6.49
“4.56
6okl
4,48
6.33
Lol
6.25
“e35
6.19
4029
6.12
426
S.70
3.87
5.31
3.56
4.95
3.24
4,62
2.96

9.58

© T7.63

8.89
7.00
8,35
6.52
T.9¢
6.13
7.57
S.81
7.21
5.55
7.02
5.3¢
6.81
S.13
6,6¢
4.97
6,406
4.82
6.32
4.0
6.19

4.58 °

6,08
4,48
S.98
4,39
S.88
4,31
S.80
44,24
5.73
4017
5.606
4.11
5.59
4,05
5.53
4,00
S.13
3.64
.76
3.31
4,42
3.02
“. lo
2el4

9.05
7.32
8.38
6.71
7.86
6.23
T7.43
5.85
7.09
S.5¢
6.81
S.27
6.56
5.05
6.35
4.87
6.18
4,70
6.02
4.56
S.88
Lol
5.76
4,33
5.65
4,23
S5.55
4.la
S5.46
“.ob
5.38
3.99
5.31
3.92
S.24
3.86
S.18
3.80
S.l12
3.75
“.73
3.40
437
3.08
4,04
.78
3. 74
2.51

99,9%
99.9%
99,9%
99,94
99,9+
99,9%
99,9+
99,9+
99.9*
99,9%
99,9+
99,9%
99,9+
99,9%
99,94
99,.9%
99.9%
99,9%
99.9%
99,9+
99,9%
99,9%
99.9%
99,9%
99,9%
99.9%
99,9%
99,9%
99,.9%
99,9%
99.9%
99,9%
99,9%
99.9%
99,9%
99,9%
99,.9%
99.9%
99.9%
99,9%
99,9Y%
99,.9%
99.9%
99,9%
99.9%
99,9%
99,9%
99,9%

DFD=
DFD=
OFD=
Df D=
D¢ D=
Of D=
DFO=
DF D=
DFD=
DF D=
DFD=
Dt D=
Df D=
DFD=
DOf D=
OF D=
OFD=
DFD=
D¢ D=
D D=
Dt D=
DF D=
Dt D=
OFD=
DFD=
DFD=
DfD=
Df D=
DF D=
DFD=
DFD=
DFD=
Of D=
DFD=
DFD=
DF D=
OF D=
Dt D=
DFD=
DFD=
DFD=
DFD=
OF D=
DFD=

11
11
12
12
13
13
14
14
15
15
16
16
17
17
18
18
19
19
20
20
21
21
22
22
23
23
24
24
2s
25
26
26
27
27
28
28
29
29
30
30
40
40
60
60

DFD=120
DFD=120
DFD=INF
OF D=INF
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PROGRAM PUNCHWC2.

OO0 COOOOOOOOOO

PROGRAM PUNCHWC¢

A SHORT PKOGRAM TO PUNCH Tht REGKESSIOnN WEIGHT CARDS FOWK LEAST SQUAKRES
LINEAR KEGRESSTION ANALYSIS FOR ALL POSSIBLE COMHINATIONS OF 1 TO 10
INDEPENUENT VARIABLES, '

PROGKAM ALSO LISTS WHAT IS PUNCHED.

PKOGRAM WRITTEN bY: STEVE DIETRICH
DEPARTMENT OF PHARMACEUTICAL CHEMISTRY
SCHOOL OF PHARMACY
UNIVERSITY OF CALIFORNIA
SAN FRANCISCOe CALIFORNIA 94163
APRILe 1976

PROGRAM WRITTEM, DEBUGGEDs AND USED It WATFIV ON AN IsM MODEL 370
145 COMPUTER AT UCSF

PROGRAM FIRST PUNCHES THE ONE POSSIBLE COMBINATION FOR 1 VARIABLES
THEN ALL POSSIBLE CUMBINATIUNS OF FrRUM 1 TO 2 VARIABLESS -
THEN ALL POSSIBLE CUMBINATIONS OF FROM 1 TO 3 VARIABLESS

AND SO UN UP TO ALL KUSSIBLE COM3INATIONS OF FROM 1 TO 10 VARIABLES.

FOR ALL POSSIBLE COMBINATIONS OF FROM 1 Tu X VARIABLESe THE PROGRAM
FIRST PUNCHES ALL PUSSIBLE 1 VARIABLE COMBINATIUNS OF THE X VARIABLES?
THEN ALL POSSIBLE 2 VaRTABLE COMBINATIUNS OF Tmk X VARIABLESS

AND SO UN UP TO THt ONE POSSIBLE X VARIAoLE COMBINATION OF THE X
VAKIABLES

DIMENSION 1(10)
91 FOKMAT (1Xe 10Ile 63X9 12 lH=y &)
92 FOKMAT ( 1011e 63Xe 129 lH=y l4)
0O 10 IT =110

10 I(iI1) =0
VO ¢00 N=1.10
NCAKDS = 0

DO 111 NN=1leN
10 110 Jl=1N
IF (U] «OGTe Nel=NN) GO TO 111
DO 31 I1=1eN
31 Itll)=0
1(J1 )=] :
IF (NN «NEo. 1) GO TO 11
NCAKDS = NCARLS ¢ 1
wklTe (6491) le Ne NCARDS
wWRITE (7¢92) 19 No NCARDS
G0 10 110
11 x2 = Jl + 1
00 109 J2=K{ZoN
IF (J2 «0Te Ne2=NN) 06O TO 110
DO 32 1I=K2.N
32 1(11)=0
1(Je )1=]



12

33

13

34

14

3

15

36

16

37

17

IF (NN oNE. 2) GO TO 12
NCAKDS = NCAKDS ¢ 1

WRITE (6991) Is Ny NCARDS
WRITE (7+492) Is Ny NCARDS
60 10 109 )
K3 = J2 ¢ 1

U0 108 J3=K3sN

IF (U3 .GT. N+¢3=NN) GO 70O
DO 33 1TI=K3sN

1(11)=0

1643 )=1

IF (NN oNEes 3) 6O TO 13
NCAKDS = NCAKULS ¢ 1

wRITE (6491) 19 Ne NCARDS
WRITE (7+92) Is No MCARDS
G0 10 108

Ke = J3 ¢ 1

DO 107 J4=Ka,oN

IF (J4 «GT. Ne&=NN) GO TO
DO 34 1I=K4sN

1(11)=0

1(Jye )=1

IF (NN oNE. ) GO 10 14
NCAKUS = NCAKDS ¢ 1

WRITE (6991) Is Ny NCARDS
WRITE (7492) I+ N» NCARDS
GO0 T0 107

KS = J& ¢ ]

DO 106 JS=KS5,N

IF (JUS +6Te N¢S=NN) GO TO
DO 35 1I=KSeN

1(11)=0

1(J5 1=1

IF (NN «NEes 5) GO TO 15
NCARDS = NCAKDS ¢ 1

wWR1TE (6+91) ls No NCARDS
WRITE (7492) Ie No NCARDS
GO TO 106

K6 = JS ¢ 1

DO 105 J6=K69N

IF (J6 «GTe Ne6=NN) GO TO
DO 36 1I=K6N

1(11)=0

1(Jb ) =]

IF (NN oNE. 6) GO TO 16
NCAKDS = NCAKDS + ]

wWRITE (6+91) Is No NCARDS
WRITE (7492) 1+ No NCAKRDS
0 10 105

K7 = J6 ¢ ]

00 104 J7=K74N

IF (U7 «GTe NeT=NN) GO TO
D0 37 1I=KTeN

1(11)=0

197 )=1

IF (NN «NEke 7) GO TO 17
NCAKRDS = NCAKRUS « 1]

WwHITE (6¢91) Ie No NCARDS
WRITE (7492) s No NCARDS
G0 10 104

K8 = J7 ¢ 1

DO 103 Jb=KdeN

109

lu8

107

106

105
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38

18

19

102
103
104
105
106
107
108
109
110
111

140

150
160

170
2uo

IF (U8 «GTe Ne8B=NN) GO TO
DO 38 I1I=KBsN

I(I1=0

1(Js )=1

IF (NN «NE., 8) GO TO 18
NCAKUS = NCakDS + 1

WK1ITE (6e91) Is Ne NCARDS
WRITE (7+92) 1+ Ne NCARDS
60 70 103

KRG = U8 + 1

D0 102 J9=KY,N

IF (U9 «GTe« N¢9=NN) GO TO
00 39 11=K9sN

1(11)=0

1oy )=1

IF (NN «NE. 9) GO TO 19
NCAKDS = NCARDLS « ]

WRITE (p991) Ie¢ Ne NCARDS
wRITE (7+92) I+ Ns NCARULS
60 10 102

1(10) =1

WCAKUS = NCARDS ¢ 1

wR1ITE (6491) Ie Ne NCARDS
WRITE (7+92) 19 Ns NCARDS
CONT iNUE

CONT INUE

CONT INUE

CONT INUE

CONTINUE

CONTINUE

CONT INUE

CONT INUE

CONT INUE

CONT INUE

DO 140 M=],10

I(tm) =0

L =3

6o T0 (150016b01500160015001609150016001500160)0 N

L=S5

00 170 LL = 1oL

NCAKDS = NCAKDS ¢ 1

WRITE (6491) le Ne NCARDS
wikITE (7492) Ie No NCARDS
CONT INUE

STOP

ENVL

10«

103
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PROGRAM FILLWCF.

OOCOO0OOOOOOOOODOOOOOCOOCCOOOOTO0O0D

PRUOGRAM FILLWCF

PROGHRAM FILLWCF- KEADS REGRESSION WEIGHT CARDS FUR LEAST SUUARES
LINEAR KEGRESSION ANALYSES FOR ANY COMBINATION OF 1 TO 10 INDEPENDENT
VARIABLESe THE wtIGHT CarRUS HAVING BEEN PREVIOUSLY PUNCHED bY

THE PRUOGRAM PUNCHWCZ,

PROGRAM CALCULATES ThHE NUMBER OF INDEPENDENT vakIABLES SPtClFItD -} {
EACH wtIGHT CARULU FOk REGRESSION (NIVvC)e.

VALUES OF 6 WEIGHT CARDS (FILEWC(10sJ)e J=1e6) AND THE ~UMBER OF
INDEPENUENT VARIAHBLES INDICATED FOR KEGRESSION bBY EACH (NIVWC(J)
J=146) ARE WRITTEN INTO EACH RECORD OF THt OUN=LINE OISK DIRECT ACCESS
FILE wCFILE.

THE ON=LIME DISK OIRECT ACCESS FILE wCFILE COMTAINS 346 FORMATTED
(6011y 612) RECORDS EACH wITH A LENGTH OF 72 BYTES.

PROGRAM WRITTEN by: STEVE DIETRICH
DEPAKTMENT OF PHARMACEUTICAL CHEMISTRY
SCHOOL OF PHARMACY
UNIVERSITY OF CALIFOKRNIA
SAN FRANCISCOs CALIFORNIA 94143
AFRILs 1976

PROGKAM WRITTENs OEBUGGEDs AND USED IN wATFIV ON AN IsM MODEL 370
145 COMPUTER AT UCSF

INTEGER®#2 FILEWC(1046)9 NIVWC(6)
DEFINE FILE 13 (346¢729E9JCOUNT)
IwCk = 13
IR =S5
) JCOUNT = ]
S0 KREAL (IRs1004E~D=%00) FILEWC
100 FORMAT (1011)
DO 120 J=l+6
NIVWC(J) = 0
DC 110 X=1410
IF (FILEWC(KeJ) otQe 1) NIVWC(J) = NIVWC(Y) ¢ ]
110 CONTINUE
120 CONTINUE
WRITE (IWCF*JUCOUNT150) FILEWCe NIVWC
150 FORMAT (6011, 612)
G0 T0 S0
S00 CONTINUE
STOP
END
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