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ABSTRACT

AB-INITIO MOLECULAR ORBITAL STUDIES OF CERTAIN NITROSOUREAS AND 

CERTAIN DIAZOHYDROXIDES AND THE RESPECTIVE INFLUENCE OF CATIONS 

( H+, Li+) AND COUNTER IONS (Li+ , Na+, NH4+) ON THEIR ANTITUMOR 

ACTIVITY.

by

Evelyn B. Allen 

Advisor: Professor  Anne-Marie Sapse

A b - in i t io  molecular o r b i t a l  s tud ie s  o f  a lkyld iazohydroxides ,  a lk y ld i -  

a z o t a t e s ,  and n i t ro so u re a s  a re  performed. The Hartree-Fock c a l c u l a ­

t io n s  c l a r i f y  the  e l e c t r o n i c  p ro p e r t i e s  t h a t  e f f e c t  the  a lk y la t io n  of  

DNA by the  a lky ld iazohydrox ides , R-N=N-OH. The l i th iu m ,  sodium, and 

ammonium s a l t s  of the  a lkyldiazohydroxides  e x h ib i t  su b s ta n t i a l  charge 

t r a n s f e r  which per tu rbs  the  e l e c t ro n  dens i ty  and modifies the 

geometric parameters .  The e f f e c t  o f  ca t ions  on the geometries,  ne t  

atomic charges ,  and a c t i v a t io n  energy of the  n i t ro so u rea s  i s  markedly 

ev iden t .

i i i



ACKNOWLEDGEMENT

FAMILY AND FRIENDS, YOUR CONSTANT PRAYERS 

AND UNWAVERING FAITH HAVE SUPPORTED ME.

PAX DOMINI SIT SEMPER VOBISCUM

iv



TABLE OF CONTENTS

Page

TITLE .................................................................................................................... ..

APPROVAL .......................................................................................................................  i i

ABSTRACT .......................................................................................................................  i i i

ACKNOWLEDGEMENT ........................................................................................................ iv

LIST OF TABLES .......................................................................................................... vi

LIST OF TABLES IN THE APPENDIX ........................................................................ v i i

LIST OF ILLUSTRATIONS ......................................................................................... ix

LIST OF ILLUSTRATIONS IN THE APPENDIX ......................................................... x

INTRODUCTION ..............................................................................................................  1

H is to r ic a l  Background ................................................................................  1

Chemical and Elec t ron ic  P roper t ies  of  Nitrosoureas .................. 5

Biological  I n te ra c t io n s  with DNA ........................................................  8

Pharmacologic Aspects ................................................................................  13

Summary ............................................    15

PURPOSE .........................................................................................................................  18

METHOD ...........................................................................................................................  20

Alkyldiazohydroxides and A lky ld iazo ta tes  .......................................  21

Nit rosoureas  ...................................................................................................  23

RESULTS AND DISCUSSION ......................................................................................... 26

Alkyldiazohydroxides ..................................................................................  26

Al k y ld iazo ta te s  .............................................................................................  42

Nitrosoureas  ...................................................................................................  49

REFERENCES ..................................................................................................................  60

APPENDIX ........................................... ........................................................................... 66

v



LIST OF TABLES

Table Page

1. Comparative Anti tumor Spectra  of  Nitrosoureas  ................................ 4

2. Energies o f  Alkyldiazohydroxide Conformers ......................................  28

3. S u b s t i t u t e n t  E f fec ts  on the LUMO Energies and Carbon-5 Con tr i ­

bution o f  Al kyldiazohydroxide Conformers ............................  . .  30

4. Net Atomic Charges and Group Atomic Charges of the

Alky ld iazo ta tes  ......................................................................................... 46

5. Optimized Geometric Parameters fo r  s.yn N-Nitrosourea,

L i th ia t ed  and Protonated Nitrosourea  ...........................................  55

6. Net Atomic Charges f o r  syn N-Nit rosoureas,  L i th ia t ed  and

Protonated Nitrosourea .......................................................................... 57

v i



LIST OF TABLES IN THE APPENDIX 

Tables Page

1-A to  6-fi

Optimized Geometric Parameters and Energies f o r  Ethyldiazo-

hydroxide and Derivatives  .......................................................................... 66

7-A

LUMO Energy and Net Atomic Charges f o r  1 ,2 ,3 -Oxadiazoline  ........... 76

8-A to 13A

LUMO Energies and Atom Contr ibutions  f o r  Ethyldiazohydroxide and

Derivatives  ............................................................  77

14-A to 19A

Net Atomic Charges f o r  Ethyldiazohydroxide and Deriva t ives  .........  87

20-A

Group Net Atomic Charges f o r  Alkyldiazohydroxides ............................  94

21-A

Proton and Lithium A f f i n i t i e s  o f  Methyl n i t ro so u rea  ..........................  96

22-A

Proton and Lithium A f f i n i t i e s  of  the  Nitroso Group of

N-Nitrosourea .................................................................................................... 97

23-A to 26A

Binding Energies of  Methyl- and E thy ld iazo ta te s  ................................. 98

27-A to  29-A

Optimized Geometric Parameters and Energies f o r  Methyldiazo-

hydroxide,  i t s  Anion and Lithium Diazota te  ..........................   102

v i i



L i s t  of Tables in the  Appendix Continued

Page

30-A to  33-A

Optimized Geometric Parameters and Energies fo r  Ethyldiazohydrox­

id e ,  i t s  Anion and Lithium, Sodium, and Ammonium D ia zo ta te s . .  105 

34-A to 38-A

LUMO Energies and Carbon Contr ibutions  fo r  Methyl- and Ethyld i-

azohydroxides and Methyl- and E thy ld iazo ta te s  ............................... 112

39-A to 43-A

Net Atomic Charges fo r  Methyl- and Ethyldiazohydroxides  and

Methyl-and E thy ld iazo ta te s  ........................................................................ 120

v i i  i



LIST OF ILLUSTRATIONS 

Figures Page

1. C h loroe thy ln i t rosourea  (CENU) ................................................................  3

2. Excision Repair Mechanism ........................................................................  12

3. Idea l ized  Hard-Hard and S o f t -S o f t  In te r a c t io n s  ............................ 32

4. Nucleophil ic  Reaction P r o f i l e s  ..............................................................  38

5. Isomers o f  Methyldiazohydroxide ............................................................  49

6. L i th ia ted  Conformers o f  N-Nitrosourea ............................................... 52

Schemes

1. Aqueous Decomposition o f  N-Alkyl-N-Nitrosoureas ...........................  5

2. Formation o f  Te trahedra l  Intermedia tes  ...............................................  7

3. Formation o f  In te r s t r a n d  Cross- l ink  by 2-Chloroethyldiazohy-

droxide .......................................................................................................... 10

4. Eq u i l ib ra t io n  o f  Corner-Protonated and Edge-Protonated

Cyclopropanes .............................................................................................  39

5. Rearrangement o f  n-Propyldiazohydroxide .............................................  41

6. Bridging Pos i t ions  of  _E Lithium Alkyld iazo ta te  ................................ 45



LIST OF ILLUSTRATIONS IN THE APPENDIX

Figures Page

I-A to  6-A

S t ru c tu ra l  Configura tions  o f  Ethyldiazohydroxide Confomers and

Derivatives  of  Ethyldiazohydroxide ........................................................  127

7-A

S t ru c tu re  and Geometric Parameters f o r  1 ,2 ,3 -Oxadiazoline  .............  133

8-A

S t ru c tu re  and Geometric Parameters f o r  syn N-Nitrosourea in the

Ground and Trans i t ion  S ta te s  .....................................................................  134

9 -A

S t ru c tu re  and Geometric Parameters f o r  L i th ia t e d  Nitrosourea

in the Ground and Trans i t ion  States. ......................................................  135

10-A

S tru c tu re  and Geometric Parameters f o r  Protonated Nitrosourea

in the Ground and Trans i t ion  S ta t e s  ......................................................  136

II-A

Energy Associated with C^-N^ Bond Breaking .............................................. 137

12-A to 15A

S tru c tu re  and Geometric Parameters f o r  Methyldiazohydroxides and 

Lithium Methyldiazota tes  ..............................................................................  138

16-A to  19-A

S t ru c tu re  and Geometric Parameters f o r  Ethyldiazohydroxides and

Lithium, Sodium and Ammonium E thy ld iazo ta te s  ...................................  142

x



INTRODUCTION

The n i t r o s o u r e a s ,  po tent  an ti tumor  drugs ,  have been inves t iga ted  

ex tens ive ly  by the s c i e n t i f i c  community in order  to understand t h e i r  

chemical,  b io l o g i c a l ,  and pharmacological p r o p e r t i e s .  Yet, th e o re t i c a l  

s tu d ie s  which could help to  r a t i o n a l i z e  the observed e f f e c t s  have j u s t  

re cen t ly  been considered.  Therefore ,  more extended ab- i n i t i o  c a l c u l a ­

t io n s  have been undertaken to e lu c id a te  the  s t r u c t u r e - a c t i v i t y  r e l a ­

t io n sh ip s  o f  the  n i t r o so u re a s .

H is to r ic a l  Background

When the National Cancer I n s t i t u t e ' s  Chemotherapy Program was 

organized in 1955, the  primary screening process of numerous m a te r ia ls  

was based on the substances '  a c t i v i t i e s  in th ree  t r a n s p lan t ab le  mouse 

tumors - Sarcoma 180, Carcinoma 755, and murine Leukemia L1210 (1).

In 1959, rou t ine  screening  of  N-methyl-N '-n i t ro-N-ni t rosoguanid ine  

(MNNG) ind ica ted  weak a c t i v i t y  a g a in s t  Leukemia L1210 (2 ) .  This 

f inding  s t imula ted  experimental in v e s t ig a t i o n s  o f  compounds s t r u c t u r ­

a l l y  r e l a t e d  to MNNG. Among those submitted,  1 -methyl-1-n i t rosourea  

(MNU) not only demonstrated more e f f e c t i v e  anti tumor a c t i v i t y ,  but 

more importantly  was a c t iv e  a g a in s t  i n t r a c e r e b r a l l y  inocula ted  

Leukemia L1210 c e l l s  (3 ) .  Since both MNNG and MNU were used as 

chemical precursors  in the  p repara t ion  of  diazomethane, t h i s  mode of  

a lk y la t io n  of  DNA was in v e s t ig a te d .  The experimetal  use o f  deu tera ted  

dimethylnitrosoamine (4) and MNNG (5) showed t h a t  the  "CD^" methyl

1



group was t r a n s fe r r e d  i n t a c t .  I f  diazomethane had con t r ibu ted  s i g n i ­

f i c a n t l y  to  the  a lk y la t io n  process ,  then the  a lky la ted  adducts would 

have contained the "CD̂ H" methyl group. Fur ther v e r i f i c a t i o n  o f  in ­

t a c t  transmethy la t ion  was evidenced by the simultaneous r eac t io n  o f  

DNA with ^H-methyl-labeled and ^ C -m ethy l - labe led  MNU. In each of 

the  var ious  products t h a t  were i s o l a t e d ,  the  o r ig in a l  r a t i o  of  the  two 

iso topes  was maintained (6 ) .

The a b i l i t y  of  MNU to pene t ra te  the  b lood-brain  b a r r i e r  prompted 

Southern Research I n s t i t u t e  to i n i t i a t e  a syn thes is  program to  produce 

more a c t iv e  n i t r o so u re a s .  Systematic modif ica t ions  of  the  MNU mole­

cule  and the  eva lua t ion  o f  numerous congeners e s t a b l i s h e d  s t r u c t u r a l  

r e l a t i o n s h i p s  t h a t  enhanced anti tumor e f f i c a c y :  (a) the  lack o f  a n t i ­

tumor a c t i v i t y  o f  methylurea and o th e r  ureas c l e a r l y  ind ica ted  the 

n e c e s s i ty  of the n i t r o s o  group (7 ) ,  (b) the b io log ica l  i n a c t i v i t y  of 

a d i s u b s t i t u t e d  amino group showed the  n e ce s s i ty  of a proton fo r  

spontaneous decomposition in aqueous media (8 ) ,  and (c) super io r  

a c t i v i t y  was obtained when the  s u b s t i t u e n t  on N-4 of  a n i t ro sou rea  was 

the  2-chloroethyl group (9 ) .  T he re a f te r ,  most of  the n i t ro so u rea s  t h a t  

were prepared f o r  c l i n i c a l  t r i a l s  contained the 2-chloroethyl moiety 

on N-4 with various  monosubst i tuents  on N-3 such as 2-chloroethyl 

(BCNU) (9 ) ,  cyclohexyl (CCNU) and t r a n s - 4-methylcyclohexyl 

(MeCCNU) (10) .  (See Figure 1 f o r  the  numbering system.)

Among the  most a c t i v e  compounds te s t ed  a t  Southern Research 

I n s t i t u t e ,  MeCCNU and i t s  carboxy and a c e t i c  acid congeners exh ib i ted  

highly e f f e c t i v e  a c t i v i t y  a g a in s t  a v a r i e ty  of  s o l id  tumors as well as 

systemic leukemias. The sodium s a l t s  o f  these  analogues ,  which are

2



Figure 1. Chioroethylnitrosourea (CENU)

read ily  so luble  in water and more e a s i ly  formulated fo r  in je c t io n ,  are 

equivalent in a c t iv i ty ,  i f  not b e t te r  than , MeCCNU (11). The n i t r o ­

soureas have shown a broader spectrum of a c t iv i ty  against experimental 

neoplasms than any o ther c la ss  of agents reported in the s c ie n t i f i c  

l i t e r a t u r e ,  and since the  inception of the  screening process, begun 

almost th i r ty  years ago, s ix  n itrosourea  compounds have been 

c l in ic a l ly  accepted in the United S ta tes  (12). The antitumor spectra 

o f the more widely te s ted  n itro so u reas ,  as s ing le  agents, are  com­

pared in Table 1 (13).

Congener synthesis of n itrosoureas continues along with the 

concomitant development o f combination chemotherapy. This approach 

to improving therapeutic  e ffec tiveness  serves to (a) lessen drug



TABLE 1

Comparative Antitumor Spectra o f  Nitrosoureas

Neoplasm BCNU CCNU MeCCNU

Brain + + +

Colon + + +

Stomach + + +

Hodgkin1s + + +

Lung + + +

Melanoma + + +

t o x i c i t y  f o r  v i t a l  normal c e l l s ,  (b) ob ta in  s y n e r g i s t i c  c e l l  k i l l  of 

d r u g - r e s i s t a n t  c e l l s ,  and/or  (c) control  overgrowth o f  d r u g - r e s i s t a n t  

c e l l s .  The th e rap eu t i c  synergism o f  the  n i t ro sou reas  (BCNU, CCNU, and 

MeCCNU) i s  w e l l - e s t a b l i s h e d  (14).

The extens ive  e v a lu a t iv e  s tu d ie s  o f  the  n i t ro so u rea s  have focused 

on s t r u c t u r e - a c t i v i t y  r e l a t i o n s h i p s ,  physio logical  c o n d i t io n s ,  and 

p la u s ib le  mechanisms f o r  the  observed b io log ic  e f f e c t s .  The fu tu re  

r a t io n a l  design and d e l iv e ry  o f  new n i t ro so u rea s  requ i re  f u r t h e r  mole­

c u la r  understanding o f  t h e i r  chemical and e l e c t r o n i c  p ro p e r t i e s  as 

well as the  b io log ica l  i n t e r a c t i o n s  of  these  potent  an t i  tumor drugs 

with t h e i r  t a r g e t  DNA molecule.
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Chemical and E lec tron ic  P ro perties  of Ni trosourea

The antitumor and cy to tox ic  a c t iv i ty  o f  n itrosoureas is  re la ted  

to  the a b i l i t y  o f the  drugs to  a lk y la te  DNA (15). The decomposition 

o f  ch loroethy ln itrosoureas proceeds spontaneously under physiological 

conditions to  produce a lk y la tin g  m oieties and isocyanates th a t  may

function as carbamoylating agents (7 ) .  Urea precursors o f the N- 

n itro so  compounds are  not b io lo g ic a l ly  ac t iv e  (7 );  however, introduc­

tion  o f  the N-nitroso group l a b i l iz e s  the bond between the n itro sa ted  

nitrogen and the adjacent carbon atom o f  the carbonyl so th a t  decom­

position  occurs spontaneously in aqueous media. The s t a b i l i t y  of 

ch loroethy ln itrosoureas with a d isu b s t i tu te d  amino group in aqueous 

media (8) suggested th a t  the  decomposition reaction  may require  the 

loss o f a proton from the amino group. The following mechanism has 

been proposed (16):

O R—N =c = 0

HI
' i_i _ R — n  =  n  — o - h

+

Scheme 1. Aqueous Decomposition of N-Alkyl-N-Nitrosoureas

Conformational s tud ies  of the aqueous decompostion of sp e c i f ic a l ly



labeled  2 -h a lo e th y ln i t ro so u rea s  sugges t  the ex is tence  of  t e t r a h ed ra l  

in te rm ed ia tes  which lead to  the  formation o f  _E and 1 ha loe thy l -  

diazonium hydroxides as diagramed in Scheme 2 (17) .  Additional 

experimental  evidence on the  aqueous decomposition o f  s p e c i f i c a l l y  

1abeled b i s - (2 - ch lo r o e th y l ) n i t ro so u re a  (BCNU) in d ic a te s  a r e l a t i v e  

co n t r ib u t io n  of  approximately 80 to  20 f o r  the  competing pathways 

t h a t  form the  JE and 1 diazohydroxide conf igura t iona l  isomers,  

r e s p e c t iv e ly .  The s tu d ie s  a l so  show t h a t  the  isomers do not r e a d i ly  

i n t e r c o n v e r t ,  but r a th e r  a re  d i s c r e t e  e n t i t i e s  t h a t  e s s e n t i a l l y  r e a c t  

independently  (18) .  The computed es t imate  of  the  energy b a r r i e r  fo r  

con f igu ra t iona l  invers ion  of  the  1 to JE methyldiazohydroxides is  

49.35 Kcal. per mole (19) .  Stereochemical s tu d ie s  o f  methyl sub­

s t i t u t e d  BCNU in d ic a te  t h a t  the  a lk y la t io n s  seem to  occur by a pre ­

dominantly Sn2 a t t a c k  on the  e l e c t r o p h i l i c  sp ec ie s ,  ch lo ro e th y l -  

diazonium hydroxide,  r a th e r  than through a f r ee  carbonium ion. I t  was 

pos tu la ted  t h a t  the  a lk y la t in g  agen t ,  R-N=N-0H, probably e x i s t ed  with 

a s h o r t ,  but f i n i t e  l i f e - t i m e ,  ins ide  the t a r g e t  c e l l  (20) .  Although 

a l t e r n a t i v e  pathways have been proposed f o r  the  decomposition of  

n i t ro so u rea s  (8 ,1 6 ,1 7 ,2 1 ) ,  each implies the  formation of  the  e l e c t r o ­

phil  ic  sp ec ie s ,  R-N=N-0H, as the  p u ta t iv e  a lk y la t in g  agent.

Subsequent s tu d ie s  o f  the  reac t ion  o f  nuc le ic  ac ids  with var ious 

N-nit roso a lk y l a t i n g  agents  not only su b s ta n t i a t e d  the predominance of 

a b imolecular  pathway involving an a lkyld iazohydroxide ,  but a l so  in- 

d ica ted  t h a t  adduct rearrangement occurred a t  the  0 p o s i t ion  of 

guanine and not a t  the  N-7 n u c leoph i l ic  s i t e  (22) .  Furthermore, 

e th y la t in g  agents reacted  more ex tens ive ly  with a l l  the  oxygens in
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nucle ic  a c id s ,  r e l a t i v e  to the n i t rogen  c e n te r s ,  than did the 

methylating agents (23) .  These d i s t i n c t i o n s  between the  a lk y la t in g  

agents and the s i t e  of  a t t a c k  are  s i g n i f i c a n t  s ince  a t t a c k  a t  

0® - guanine can lead to  i n t e r s t r a n d  c ro s s - l in k in g  which i s  a l e th a l
c

event  fo r  the tumor c e l l  (24) .  But, a lk y la t io n  a t  0 i s  a l so  con­

sidered to  have poss ib le  mutagenic/carc inogenic  consequences (25) ,  

while a lk y la t io n  a t  the  N-7 pos i t ion  o f  guanine i s  deemed to be r e l a ­

t i v e l y  innocuous (26).  These suppos i t ions ,  however, a re  s t i l l  a matter 

of  controversy and of  continuing in v e s t ig a t i o n .

Such observation o f  s i t u - s e l e c t i v i t y  and d i f fe ren ces  in the bio­

log ica l  i n t e r a c t i o n s  of DNA a lk y la t io n  suggest  the importance o f  in ­

v e s t i g a t in g  the molecular bas is  of  a lk y la t io n  and c o r r e l a t i n g  i t  to 

the  a c t i v i t y  o f  n i t ro so u rea s  in o rder  to  e lu c id a te  t h e i r  c a r c i n o s t a t i c  

and/or carcinogenic  p ro p e r t i e s .

Biological  In t e r a c t io n s  with DNA

DNA -  Alkylation

Class ical  a lk y la t in g  agents such as n i t rogen  mustards requ i re  

b i func t iona l  groups to  form covalen t  c ro s s - l in k s  between nuc leoph i l ic  

s i t e s  on oppos i te  s t rands  of  DNA, thereby producing cy to tox ic  

le s io n s  (27) .  These c la s s e s  of  agen ts ,  p a r t i c u l a r l y  the  methyl 

analogues ,  r e a c t  p r im ar i ly  a t  the  N-7 p o s i t ion  of  guanine (28) which 

is  not considered to  lead to carc inogenesis  or mutagenesis (26).  The 

s t r u c t u r e  o f  n i t r o so u re a s ,  however, incorpora te s  only a s in g le  a l k y l a t ­

ing f u n c t i o n a l i t y ,  y e t  methyl n i t ro sou rea  is  s t rong ly  mutagenic (29)
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and ch lo ro e th y ln i t ro so u rea s  produce le th a l  i n t e r s t r a n d  c ro s s ­

l in k s  (24,30) .  The proposed sequence in the  formation of  DNA c ro s s ­

l in k s  by ch lo ro e th y ln i t ro so u rea s  begins with the generation of  the  

r e a c t iv e  in te rm ed ia te ,  ch loroe thyld iazohydroxide ,  which t r a n s f e r s  the 

chloroethyl moiety to a nuc leoph i l ic  s i t e  on one DNA s t rand .  This 

monoadduct then r e a c t s  with a second nuc leoph i l ic  s i t e  on the  opposite  

DNA st rand through the displacement of  the  l a b i l e  ch lo r ide  r e s u l t i n g  

in an e thylene  bridge between the  two a lk y la ted  s t rands  (31).  The 

h e l i c a l  na ture  o f  DNA suggested t h a t  a two-carbon bridge between the 

base p a i r s ,  guanine and cy to s in e ,  would be the  more probable

l i n k  (24 ,30) .  Since experimental  evidence had demonstrated t h a t  the

06 p os i t ion  of  guanine could be e thy la ted  (23a ,32) ,  i t  was proposed 

t h a t  t h i s  was the  s i t e  of  i n i t i a l  c h lo ro e th y la t io n ,  which then led to

the subsequent formation o f  the  i n t e r s t r a n d  c r o s s - l in k s  (24).  The
3 1d inuc leos ide  1-[N -deoxycy t idy l] ,2-[N -deoxyguanosinyl] -e thane was

i s o la te d  from DNA t r e a t e d  with b i s - ( 2 -c h lo ro e th y l ) n i t rosourea

(BCNU) (33) .  Scheme 3 i l l u s t r a t e s  i t s  proposed formation from an

i n i t i a l  a t t a c k  a t  the  0® p o s i t io n  of  guanine.

I t  was hypothesized t h a t  the  dec i s iv e  f a c t o r  in carc inogenesis  was

not the  abso lu te  ex ten t  of  modif ica tion  o f  nuc le ic  a c id s ,  but r a th e r  

the  r e l a t i v e  amount o f  0 guanine adduct t h a t  was formed (32a ,b ) .  This
g

hypothesis was supported by the f ind ings  t h a t  the  a lk y la t io n  of  the  0 

pos i t ion  o f  guanine could cause mispair ing or  mis incorpora t ion  during 

t r a n s c r ip t i o n  (34) .  The p e r s i s t e n c e  of 0^ a lk y la t io n  (32a,b;35)  as 

well as the  slowness o f  the  second a lk y la t io n  (24,30) prompted f u r th e r  

in v e s t ig a t io n s  of  the  r e p a i r  mechanism of DNA.
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DNA -  Repair Mechanism

The r e p a i r  mechanism in normal human c e l l s  would be capable of 

removing the  i n i t i a l  ch lo roethyl le s ion  a t  the 0 p o s i t ion  of  guanine 

before  the  slow conversion to  l e t h a l  i n t e r s t r a n d  c r o s s - l i n k s  was 

completed.  This na tu ra l  defensive  process spares v i t a l  normal c e l l s  

during the  regimen of  chemotherapy with a lk y la t in g  agents  (31) .  The 

s e l e c t i v e  c y t o t o x i c i t y  o f  n i t ro so u rea s  i s  a lso  apparent among tumor 

c e l l s  which show varying s u s c e p t i b i l i t y  to a lk y la t io n  chemo­

therapy (36) .  Such experimental  f indings  suggest  t h a t  tumor c e l l s  

which exh ib i ted  s e n s i t i v i t y  toward a lk y la t in g  agents  a re  d e f i c i e n t  in 

removing the  monoadduct from the 0® p o s i t ion  of  guanine.  Extensive 

s tu d ie s  of  normal human c e l l s  and various  tumor c e l l  s t r a i n s  i d e n t i ­

f i ed  two groups o f  c e l l s  t h a t  did indeed d i f f e r  in t h e i r  p ro f ic iency  

to  remove 0 - methyl guanine.  Tumor c e l l  s t r a i n s  t h a t  are  d e f i c i e n t  

in DNA methyla tion r e p a i r  a re  designated as phenotype "Mer~" (37) .

The experimental s tu d ie s  were extended to show t h a t  the  e f f e c t i v e  or
C.

d e fe c t iv e  r e p a i r  system which was opera t iona l  f o r  0 -  methylguanine 

removal was a lso  func t iona l  f o r  0® -  ch lo roe thylguanine  mono- 

adducts (38) .  I t  has been proposed t h a t  normal human c e l l s  (Mer+)
C

remove the  monoadduct from 0 -guanine by the ac t ion  o f  an alkyl -  

t r a n s f e r a s e  p ro te in  and not by excis ion  (39) .

In adddit ion  to  c r o s s - l i n k s  c h lo ro e th y ln i t ro so u re a s  induce DNA 

s in g l e - s t r a n d  breaks (40) which a re  normally repa i red  by an excis ion  

and r e jo in in g  process (41) ,  which i s  i l l u s t r a t e d  in Figure 2.
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Figure 2. Excision Repair Mechanism

Inhib ition  o f  DNA re p a ir  fo r  th i s  type of damage has been re la ted  to 

the carbamoylating a c t iv i ty  o f the n itrosoureas (42) which occurs as 

a r e s u l t  o f the formation o f  isocyanates during decomposition (7) .

The e f f e c t  on tumor c e l l s  trea te d  with se lec ted  nitrosoureas th a t  

exhibited strong and weak carbamoylating a c t iv i ty  indicated th a t  a de­

lay in the rep a ir  o f s ing le -s trand  breaks was associated  with strongly  

carbamoylating n itrosoureas (43). A study o f DNA cross-link ing  and 

c y to to x ic i ty  in normal (Mer+) and transformed human c e l ls  (Mer") t r e a t ­

ed with various n itrosoureas shows th a t  the n itrosoureas which could
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generate  a lky l isocyana tes  produced smal ler d i f f e rences  in cy to tox ic ­

i t y  between the  ce l l  types ,  whereas the  noncarbamoylating n i t rosoureas  

demonstrated s u b s t a n t i a l l y  g re a te r  d i f f e r en ces  between the two ce l l  

types (44).  The decrease in DNA r e p a i r  in normal human c e l l s  i n d i ­

ca te s  t h a t  these  c e l l s  are  more s e n s i t i v e  to  s t rong ly  carbamoylating 

ch lo ro e th y ln i t ro so u rea s ,  possib ly  due to the  in h ib i t i o n  of the s t rand-  

re jo in in g  s tep  in DNA r e p a i r  (45).

Chemotherapeutic value o f  an anti tumor drug depends not only upon 

i t s  s e l e c t iv e  c y to to x i c i t y ,  but a lso  upon the absence of d e le t e r io u s  

e f f e c t s  on v i t a l  normal c e l l s .  While experimental s tud ies  such as 

those descr ibed above help to i d e n t i fy  the  inherent chemical-biological  

p rope r t ie s  of  the n i t ro so u re a s ,  pharmacologic e f f e c t s  are  c ruc ia l  to 

the s e lec t io n  and development of  r a t io n a l  approaches to c l i n i c a l  

t r i a l s .

Pharmacologic Aspects

Nitrosoureas are  prodrugs whose c y to to x ic i t y  i s  r e l a t e d  to t h e i r  

a b i l i t y  to generate  the  r e a c t iv e  a lk y la t in g  spec ie s ,  R-N=N-0H, a t  the 

i n t r a c e l l u l a r  t a r g e t  s i t e  (8 ,24a) .  While the  n i t rosoureas  share 

common modes o f  a c t i v a t io n ,  many f a c to r s  co n t r ibu te  to the r a t e  o f  

a c t i v a t io n  and the ex ten t  of  b i o d i s t r i b u t i o n ,  so t h a t  individual  

pharmacokinetics o f  the  n i t ro sou reas  can d i f f e r  s i g n i f i c a n t l y  (46).

Most ch lo roe thy ln i t rosoureas  are  r ap id ly  c leared  (t ,  n, 15-30 min.) 

from plasma, in which the more l i p o p h i l i c  n i t rosoureas  d i s t r i b u t e  

more ex tens ive ly  than the  l e s s  l i p o p h i l i c  ones (47) .  The amount of
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a lky la t ing  species in the tumor cell  determines ce l l  k i l l  and is  de­

pendent on the i n t r a c e l l u l a r  h a l f - l i f e  of the parent n it rosoureas  as 

well as the exposure of the tumor ce l l  to the drug (48).  Among the 

options av a i lab le  to oncologis ts  to  maximize drug exposure without 

increas ing systemic t o x i c i t y  would be to reduce myelotoxici ty (bone 

marrow des t ruc t ion)  and to increase membrane f l u i d i t y  as well as tumor 

c ap i l l a r y  permeabil i ty .  Osmotic agents t h a t  could pass ively  open 

c a p i l l a r i e s  would increase  tumor drug leve l s  and the ce l l  k i l l  of 

s en s i t iv e  tumors (46).

I n t r a a r t e r i a l  adminis t ra t ion  of hypertonic so lu t ions  such as 

l i th ium ch lor ide  are  shown to open, r e v e r s ib ly ,  the blood-brain 

b a r r i e r  independent of  any sp ec i f ic  chemical or drug act ion (49).  The 

l i th ium cat ion  has been found to s t im ula te  the  t r a n sp o r t  of the amino 

ac id ,  p ro l ine ,  in whole c e l l s  of Escherichia  co l i  (50).  Several c l i n ­

ical  s tudies  r e p o r t  t h a t  the  adminis t ra t ion  of l i th ium ch lor ide  or 

l i th ium carbonate to pa t ien t s  who a re  undergoing treatment with 

chemotherapeutic drugs reduces the incidence o f  in fec t ion  (51).  This 

benef ic ia l  e f f e c t  in those p a t i e n t s  t r e a ted  with l i th ium is  a t t r ib u te d  

to the e levated white blood count due to  the  s t imula to ry  e f f e c t  of the 

l i th ium cat ion on stem c e l l s  in the  bone marrow (52).  The combined 

treatment of  l i th ium chlo r ide  with the chemotherapeutic agents ,  

bleomycin and v in b la s t in e ,  produces a s i g n i f i c a n t  decrease in tumor 

s ize  and prolongs the survival of  the  melanoma-bearing mice. These 

e f f e c t s  seem to  demonstrate th a t  the l i th ium may produce changes in 

membrane f l u i d i t y  and permeabil i ty  which would increase  the penetra­

t ion  of  cytotoxic  agents in to  the tumor ce l l  (53).
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Lithium ca t ion  a f f i n i t i e s  o f  n i trogen bases have been ca lcu la ted  

and found to  be l i n e a r l y  r e l a t e d  to the  proton a f f i n i t y  of  the 

bases (54) .  Recently,  l i th ium and sodium ca t ion  a f f i n i t i e s  of 

a z i r i d i n e  were ca lcu la ted  (55) ,  and although smal le r than the proton 

a f f i n i t y ,  the  p o s s i b i l i t y  remains t h a t  the  a c t i v i t y  o f  the  anti tumor 

a n t i b i o t i c ,  mitomycin C, which conta ins  the  a z i r i d in e  r in g ,  might be 

enhanced i f  used in conjunct ion with s a l t s .  S im ilar f ind ings  f o r  the  

n i t ro so u rea s  would support  dosage regimens of combination chemotherapy 

with s a l t s  fo r  poss ib le  improved th e rap eu t i c  e f f e c t iv e n e s s .

Knowledge of  the  e f f e c t s  o f  the  n i t ro sou reas  upon c e l l  surv ival 

along with the  knowledge o f  c e l l  k in e t i c s  in the t a r g e t  tumor c e l l s  

allows fo r  designing c l i n i c a l  t r i a l s  and combinations t h a t  produce 

s y n e r g i s t i c  r e s u l t s  (56) .

Summary

Nitrosoureas  have been e s t a b l i sh e d  as e f f e c t i v e  anti tumor agents 

a g a in s t  a v a r i e t y  of  human carcinomas (12).  The decomposition o f  

ch lo ro e th y ln i t ro so u rea s  proceeds spontaneously under physio logical  

condi t ions  to  produce a lk y la t in g  moie t ies  and carbamoylating i s o ­

cyanates (7 ) .  The anti tumor and cy to tox ic  a c t i v i t y  of  the 

n i t ro so u rea s  i s  r e l a t e d  to the formation of  the  r e a c t iv e  e l e c t r o p h i l i c  

sp ec ie s ,  R-N=N-0H, which a lk y la t e s  DNA (15) ,  thus producing i n t e r ­

s t rand  c r o s s - l i n k s  which a re  l e th a l  to  tumor c e l l s  (24).

Chlo roe thyla t ion  o f  0^- guanine may i n i t i a t e  the  formation of 

the le tha l  i n t e r s t r a n d  c r o s s - l i n k s  so t h a t  a t t a c k  a t  t h i s  p o s i t ion  i s
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s t rong ly  r e l a t e d  to the anti tumor a c t i v i t y  o f  n i t ro so u rea s  and the 

cy to tox ic  s e l e c t i v i t y  among c e l l  s t r a i n s  (31).  However, carcinogenic  

potency of  the a lk y la t in g  agents  a l so  c o r r e l a t e s  with t h e i r  a f f i n i t y
g

to a lk y l a t e  the  0 p o s i t io n  of  guanine,  but th e re  i s  no c o r r e l a t i o n  

between the  e x ten t  o f  N-7 a lk y la t i o n  and carc inogenes is  (23b,26).

DNA r e p a i r  mechanism in normal human c e l l s  (Mer+) can e f f e c t i v e l y  

remove 0®- a lkyladducts  before l e th a l  i n t e r s t r a n d  c r o s s - l i n k s  are  

formed, whereas s e n s i t i v e  tumor c e l l  s t r a i n s  designated (Mer” ) are  

d e f i c i e n t  in t h i s  r e p a i r  process  which r e s u l t s  in t h e i r  s e l e c t i v e  

s u s c e p t i b i l i t y  to  cy to tox ic  agents  (37) .  Mutagenicity i s  assoc ia ted  

with l e s io n s  t h a t  produce DNA s in g le - s t r a n d  breaks (57) .  The ca r -  

bamoylating a c t i v i t y  of  the  n i t ro so u re a s  i n h i b i t  the  DNA re p a i r  

mechanism which r e jo in s  s i n g l e - s t r a n d  breaks (43) .  The d i f f e r e n t i a l  

c y to to x ic i t y  between Mer+ and Mer" c e l l s  i s  l e s s  with carbamoylating 

congeners of  n i t ro so u rea s  than with noncarbamoylating ones (44).

Biological  i n t e r a c t i o n s  o f  the  n i t ro so u rea s  are  a lso  a function 

o f  pharmacokinetics .  Delayed and cumulative myelosuppression l im i t s  

both the  frequency and t o t a l  dosage of  the  n i t ro so u rea s  (13) ,  y e t  

l i t t l e  a t t e n t i o n  has been given to  the  use of  int ravenous hyperosmotic 

agen ts ,  such as l i th ium  c h lo r id e ,  in combination with the 

n i t ro so u rea s  (46).

The ev iden t  complexity o f  the  n i t ro so u re a s  with regard to t h e i r  

chemical and e le c t r o n i c  n a tu re ,  t h e i r  b io log ica l  i n t e r a c t i o n s ,  and 

t h e i r  pharmacokinetics emphasizes the  importance o f  a f u l l e r  under­

s tanding on a molecular ba s i s  o f  those s t r u c t u r e - a c t i v i t y  r e l a t i o n ­

ships  t h a t  determine s e l e c t i v e  c y t o t o x i c i t y ,  c a r c i n o s t a t i c  p r o p e r t i e s ,
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and c a r c in o g e n ic /m u ta g e n ic  p o s s i b i l i t i e s .

I t  is  acknowledged th a t  a b - i n i t i o  molecular o r b i t a l  s tud ies  

ob ta in  c a l c u l a t i o n s  fo r  a gas-phase environment, which may d i f f e r  

from the  phys io logical  environment o f  the  c e l l .  Regardless o f  the  

ac tua l  c e l l ' s  surroundings ,  t h e o r e t i c a l  c a lc u l a t i o n s  permit  an ex ten­

s iv e  study o f  the  r e a c t iv e  in te rm ed ia tes .  Detailed information 

concerning r e l a t i v e  en e rg ie s ,  e l ec t ro n  d i s t r i b u t i o n ,  and reac t ion  

pathways, which i s  not always o b ta inab le  through experimental  

endeavors ,  i s  provided by t h e o r e t i c a l  i n v e s t i g a t i o n s .  Theore tical  

s tu d ie s  a re  accorded deserved recogn i t ion  f o r  t h e i r  value in the  

e lu c id a t io n  of  chemical and b io log ica l  phenomena.

17



PURPOSE

A f u l l e r  understanding on a molecular bas is  of  those s t r u c t u r e -  

a c t i v i t y  r e l a t i o n s h ip s  t h a t  in f luence  the  observed b io log ic  e f f e c t s  of 

the  n i t ro so u rea s  might be a t t a i n a b l e  by a b - i n i t i o  molecular o rb i t a l  

s t u d i e s .  Hartree-Fock c a l c u l a t i o n s  t h a t  obta in  optimized geometries,  

en e rg ie s ,  LUMO composi t ion,  and charge d i s t r i b u t i o n  could determine 

the  e s s e n t i a l  e l e c t r o n i c  p ro p e r t i e s  t h a t  d i f f e r e n t i a t e  the  a lk y la t in g  

a c t i v i t y  of  the  e l e c t r o p h i l i c  a lky ld iazohydrox ides , R-N=N-0H.

The spontaneous decomposition o f  the  parent  n i t ro so u rea s  in 

aqueous media is  fundamental to  the  genera tion  of  t h i s  r e a c t iv e  

a lk y l a t i n g  sp ec ie s .  In one pos tu la ted  mechanism, the  loss  of  a proton 

from the amino group and the  add i t ion  o f  a proton to  the n i t r o s o  group 

i n i t i a t e s  t h i s  decomposition (16) .  The source o f  the  proton has not 

been unequivocally  determined s ince  the  decomposition occurs a t  

phys io logica l  pH which i s  s l i g h t l y  a l k a l i n e ;  however, a l k a l i  ca t ions  

might a l so  func t ion  as i n i t i a t o r s  of  the  r e a c t io n .  Among the many 

ro le s  o f  a l k a l i  meta ls  in b io log ica l  systems i s  metal ion c a t a l y s i s ,  

which i s  poss ib le  in pH ranges where proton c a t a l y s i s ,  would be in ­

e f f e c t i v e  (58) .  Thus, the  de termination o f  the  e f f e c t  o f  a l k a l i  metal 

c a t ions  on the  a c t i v i t y  of  the  n i t ro so u re a s  and the  a lkyld iazohy­

droxides  i s  in format ive .

Therefore ,  the  two p r inc ipa l  o b je c t iv e s  o f  t h i s  work were (1) the 

e lu c id a t io n  of  the  mechanism o f  DNA a lk y la t i o n  by the  e l e c t r o p h i l i c  

sp e c ie s ,  R-N=N-0H, which i s  produced by the  decomposition of 

n i t r o so u re a ,  and (2) the  i n v e s t ig a t i o n  of the poss ib le  e f f e c t s  of
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a lk a l i  metal c a t ions  on the  a c t i v i t y  of  the  n i t rosoureas  and the 

alkyldiazohydroxides which r e s u l t  from t h e i r  decomposition.

The f i r s t  o b jec t ive  was accomplished by performing a b - i n i t i o  

Hartree-Fock c a lcu la t io n s  as implemented by the  Gauss-80 computer 

program with Gaussian bas is  s e t s  (59) on re p re se n ta t iv e  diazohydroxide 

compounds with d i f f e r e n t  alkyl su b s t i t u e n t s  on the ni trogen  in order 

to  compare the  LUMO compositions and charge d i s t r i b u t i o n s  among the 

conf igura t iona l  isomers.  I f  the a lk y la t io n  of DNA proceeds through a 

s o f t  nuc leophi le ,  the LUMO composition of  the  e l e c t r o p h i l e  i s  of  g rea t  

importance; however, i f  the  reac t ion  occurs via  a hard nuc leophi le ,  

then ne t  atomic charges become s i g n i f i c a n t ,  f o r  the in t e r a c t io n  with 

DNA i s  then e l e c t r o s t a t i c a l l y  c o n t ro l l e d .  This approach i s  re fe r red  

throughout the  d iscuss ion  as the  Hard-Soft ,  Acid-Base concept 

(HSAB) (50) .

The second o b jec t ive  was accomplished by a lso  performing 

a b - i n i t i o  Hartree-Fock level  c a lc u la t io n s  on n i t rosourea  and methyl - 

n i t ro so u rea  to determine (a) i f  the  nuc leophi l ic  s i t e s  on the drugs 

e x h ib i t  s i g n i f i c a n t  a f f i n i t y  fo r  a l k a l i  c a t i o n s ,  and (b) the 

inf luence  of  such ca t ions  on the process o f  decomposit ion.  Fur ther­

more, in order to i n v e s t ig a te  s a l t  e f f e c t s  on R-N=N-0H, the product 

o f  decomposition o f  n i t ro so u re a ,  c a lc u la t io n s  were performed on 

re p re se n ta t iv e  d iazo ta te s  with d i f f e r e n t  counter  ions to determine

(a) i f  a s i g n i f i c a n t  a f f i n i t y  fo r  such counter ions e x i s t s ,  and

(b) the in f luence  of  such counter ions on the  geometries,  energ ies ,  

LUMO composit ion,  and charge d i s t r i b u t i o n  of the  d ia z o ta te s .
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METHOD

A b - in i t io  s e l f - c o n s i s t e n t  f i e l d  (Hartree-Fock) c a lc u l a t i o n s  of  

the  geometries ,  en e rg ie s ,  ne t  atomic charges ,  and composit ion o f  the 

molecular o r b i t a l s  were obtained by solving Roothaan equations (61) 

using Gaussian bas is  s e t s  as implemented by the  Gauss-80 computer 

program (59) .  The program incorpora tes  the Berny optimization 

method (62) f o r  obta in ing  e n e r g e t i c a l l y  optimized molecular geometries.  

In a b - i n i t i o  SCF-MO c a l c u l a t i o n s ,  a s e t  o f  o r b i t a l s  i s  s e lec ted  to 

ob ta in  an i n i t i a l  o p e ra to r  and an i n i t i a l  energy. The s e t  of  o r b i t a l s  

t h a t  i s  se lec ted  c o n s t i t u t e s  the  bas is  s e t .  The i n i t i a l  opera to r  i s  

used to c o n s t r u c t  a new s e t  of o r b i t a l s  which in turn  proceeds to 

generate  another  opera to r  and another  energy. This i t e r a t i v e  process 

cont inues  u n t i l  convergence occurs and a s e l f - c o n s i s t e n c y  is  achieved, 

t h a t  i s ,  the  s e t  of  o r b i t a l s  produced by the ope ra to r  is  the  same s e t  

o f  o r b i t a l s  t h a t  produced the energy terms in the  o pe ra to r  (63) .

The Gaussian bas is  s e t  chosen f o r  the  c a lc u la t io n s  depended on

the  s p e c i f i c  system t h a t  was in v e s t ig a te d .  Larger systems such as the

n i t ro so u rea s  were s tud ied  with minimal basis  s e t s ,  namely ST0-6G (64)

and the small extended bas is  s e t  3-21G (65) .  Smaller systems were

in v e s t ig a te d  with l a r g e r  bas is  s e t s  such as 6-31G* (66) as well as the

3-21G bas is  s e t .  A minimal bas is  s e t  such as ST0-6G approximates a

S la te r - ty p e  o r b i t a l  as a l i n e a r  combination of  s ix  gaussian func t ions .

The exponent in a S l a t e r - t y p e  c a lc u l a t i o n  i s  "e~a r " which requ i re s

cons ide rab le  time to  ev a lua te  the  i n t e g r a l s ;  t h e r e f o r e ,  by rep lac ing
-a-.r2 - a 2r 2

such an exponent with a l i n e a r  combination, b^e + b2e + . . .
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bne , the  i n t e g r a l s  are  r e a d i ly  c a lc u la t e d .  The extended basis  

s e t  3-21G incorpora tes  a l i n e a r  combination o f  th ree  gaussian 

func t ions  to each inner she l l  S l a t e r - t y p e  o r b i t a l  (STO). Add i t iona l ly ,  

each valence shel l  STO is  s p l i t  in to  inner  and ou te r  p a r t s  with hydro­

gen atoms having Is + I s 1 o r b i t a l s  and the  o ther  atoms having I s ,

2s + 2 s 1, 2p + 2p‘ o r b i t a l s .  The inner  I s ,  2s,  and 2p o r b i t a l s  are  

descr ibed  by two gaussian fu n c t io n s ,  while the  ou te r  I s ' ,  2 s ' ,  and 2p' 

o r b i t a l s  a re  described by one gauss ian func t ion .  The l a r g e r  6-31G* 

s p l i t - v a l e n c e  basis  s e t  not only extends the number o f  gaussian 

func t ions  to the  STOs, but a l so  adds "d" functions  to the  nonhydrogen 

"s" and "p" o r b i t a l s .  The add i t ion  of  new func t ions  increases  the 

c a p a b i l i t y  o f  the  bas is  s e t ;  however, the  r e s u l t i n g  continuous de­

crease  in energy approaches a l im i t in g  value as the  bas is  s e t  

approaches mathematical completeness.  This l im i t in g  energy value is  

the lowest t h a t  can be achieved fo r  a s in g le  determinantal  wave- 

func t ion .  I t  i s  c a l l ed  the  Hartree-Fock energy (63).

Alkyldiazohydroxides and A lkyld iazo ta tes

The c a l c u la t io n s  fo r  the  _E and 1 isomers o f  methyldiazohydroxide,  

t h e i r  r e sp ec t iv e  anions and d i a z o ta te  s a l t s ,  were performed with both 

3-21G and 6-31G* bas i s  s e t s .  The c a l c u la t io n s  fo r  the_E and 1 isomers 

o f  e thyld iazohydroxide,  t h e i r  r e sp ec t iv e  anions and d i a z o ta te  s a l t s ,  

were performed only with the  3-21G bas is  s e t .  The r e s u l t s  obtained 

using the  smal le r  extended bas is  s e t  are  e s s e n t i a l l y  r e p re se n ta t iv e  o f
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those t h a t  would have been obtained from the  l a r g e r  bas is  s e t .  The 

only d iscrepancy observed in a l l  the  c a l c u la t io n s  when both the  3-21G 

and 6-31G* bas is  s e t s  were used is  t h a t  the  LUMO p a r t i c ip a t i o n  of  the  

carbon in the _E isomers o f  methyldiazohydroxide i s  se t-dependent.

The 3-21G c a lc u l a t i o n s  show p a r t i c i p a t i o n ,  while a t  both the 6-31G* 

and 6-31G le v e l s  th e re  i s  v i r t u a l l y  no c o n t r ib u t io n .  The l a rg e r  

bas is  s e t s  a re  considered  more r e l i a b l e  and d e p ic t  LUMO composition 

with more exac tness ;  t h e r e f o r e ,  the  p a r t i c i p a t i o n  o f  the  carbon in 

the  £  isomer o f  methyldiazohydroxide is  repor ted  as minimal. The 

r e s u l t s  presented correspond to  completely optimized geometric 

parameters f o r  the _E and 1 isomers of  methyl-  and e thyld iazohy-  

d rox ides ,  t h e i r  r e s p ec t iv e  anions and l i th ium  d ia z o t a t e s .

Calcu la t ions  on the  s u b s t i t u t e d  ethyld iazohydroxides  (2 - f lu o ro ,

2 -ch lo ro ,  2-hydroxy) and the  j i-propyldiazohydroxide conformers as 

well as the  1 ,2 ,3 -oxad iazo l ine  in te rmedia te  were performed with the

3-21G bas is  s e t .  The r e s u l t s  presented correspond to p a r t i a l  

geometrical  opt imiza t ion  o f  the  t o t a l  energy. To optimize every bond 

d i s tan ce  and every bond angle f o r  a l l  the conformers o f  the  molecules 

i n v e s t ig a te d  in t h i s  study would requ i re  a p r o h ib i t i v e  amount o f  com­

pu te r  t ime,  money and re sou rce s .  A pragmatic and t h e o r e t i c a l l y  

j u s t i f i a b l e  a l t e r n a t i v e  i s  to focus on se lec ted  geometric optimiza­

t ions  t h a t  s t i l l  produce re le v a n t  c a l c u l a t i o n s  in those a reas  t h a t  are  

p e r t i n e n t  to the  o b je c t iv e s .

The ne t  atomic charge c a lc u la t e d  f o r  the  ch lo r in e  atom i s  sen­

s i t i v e  to  complete op t im iza t ion  and i s  bas is  se t -dependen t ,  so when 

p a r t i a l  op t imiza t ion  i s  performed and the 3-21G basis  s e t  is  used,
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the  charge on the  c h lo r in e  atom becomes almost n e u t r a l .  A dd i t iona l ly ,  

the  C-Cl bond length  t h a t  was obta ined with the  3-21G bas is  s e t  i s  too 

long. Bond d i s tan ce s  a ssoc ia ted  with the minimum in the  Hartree-Fock 

energy su r face  tend to  be s l i g h t l y  longer than experimental r e s u l t s  

i n d i c a t e .  However, q u a l i t a t i v e  changes induced in the  geometry o f  one 

p a r t  of  a molecule by geometrical  changes elsewhere in the  molecule 

a re  w e l l - rep resen ted .

S in g le - p o in t  c a l c u l a t i o n s  fo r  the  sodium and ammonium d ia z o t a te  

o f  e thyld iazohydroxides  and f o r  the  l i th ium  d ia z o ta te  of  2 -ch lo ro -  

e thyld iazohydroxides  were performed. The s in g l e - p o i n t  geometries 

were chosen as follows: the  d i a z o t a t e  e n t i t y  was ass igned the

geometry obta ined from the  complete optimiza t ions  o f  the  l i th ium  

d ia z o t a t e s .  The O-Na and O-NH  ̂ d is tances  were given the  re spec t ive
o

values  o f  2.25 A as found fo r  the  O-Na length in sodium oxirane (55) ,
o

and 1.50 A fo r  0-NH^ which was po in t -by -po in t  optimized to within
o  o

0.02 A. The C-Cl d i s tan ce  was s e t  a t  1.85 A and prev ious ly  optimized 

angles were used.

All s p l i t - v a l e n c e  bas is  s e t s  exaggerate  the  charge sepa ra t ion  fo r  

the C-H bonds; t h e r e f o r e ,  group net atomic charges f o r  CHg, CH^, C ^ F ,  

CĤ Cl and C^OH, which a re  more i n d ic a t iv e  o f  the  spac ia l  charge con­

c e n t r a t i o n ,  a re  used f o r  comparative purposes and fo r  def in ing  the 

observed t rends  in charge d i s t r i b u t i o n .

Nit rosoureas

The ST0-6G bas is  s e t  was used to  c a l c u l a t e  the  binding energ ies

23



o f  l i th ium  to the oxygen o f  the  n i t r o s o  group (-N=0) and the  carbonyl 

group ( -C=0) o f  m ethy ln i t rosourea .  The geometry of the  l i t h i a t e d  

methyl n i t ro so u rea s  was optimized with the  exception o f  the  CHg and NĤ  

groups whose parameters were kept a t  experimental values to  conform 

and compare with the  p revious ly  optimized methyl n i t ro so u rea s  (67).

The values of  the  l i th ium  a f f i n i t i e s  a re  higher compared to  values  

obtained fo r  l i t h i a t e d  ^ 0 = 0  and HN=0 with the 6-31G* bas is  s e t  (54) .  

This r e s u l t  i s  due to  the  e f f e c t  of  the  bas is  s e t  superpos i t ion  e r r o r  

which should be la rge  when a minimal bas is  s e t  i s  used,  e sp e c i a l l y  

when a small e n t i t y  such as a l i th iu m  ca t ion  i s  a t tached  to  a la rge

molecule.  The e r r o r  r e s u l t s  from the  f a c t  t h a t  the  bas is  s e t  f o r  the

l i th ium  complex (AB) comprises the  bas is  s e t s  f o r  both l i th ium  cat ion  

(A) and methy ln i t rosourea  (B). Hence, when c a lc u la t in g  the  energy of  

AB the  bas is  s e t  o f  B improves the  energy o f  A and vice  ve rsa .  The 

t o t a l  energy E^g i s  thus the  sum o f  the  improved energ ies  o f  A and B 

and of  the energy o f  t h e i r  i n t e r a c t io n  (68) .  Cat ionic  a f f i n i t i e s  are  

c a lc u la te d  using the  formula:

~ ^complex(AB) " ^ c a t i o n ( A )  + ^ e n t i t y  (B)^

Since the  superpos i t ion  e r r o r  i s  i n t r i n s i c  to the  ST0-6G bas is

s e t ,  f u r t h e r  c a lc u l a t i o n s  o f  the  binding energy of  l i th ium  and o ther

ca t ions  to  the  n i t r o s o  group of  n i t ro so u re a s  were performed with the

3-21G bas is  s e t .  Completely optimized geometries were obta ined f o r  s.yn 

N-nitrosourea as well as f o r  the  l i t h i a t e d  and protona ted n i t r o so u re a s .

The energy a ssoc ia ted  with C-N bond breaking in n i t r o so u re a  was
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determined by incremental lengthening  of  the  C-N bond and opt imiza t ion  

of the  o th e r  geometric parameters .  When the t r a n s i t i o n  s t a t e  had been 

approximately determined in t h i s  manner, then the  second d e r iv a t iv e  

eigenvalues  were examined to lo c a t e  the  saddle  po in t  according to 

the  Berny opt imiza t ion  method (62) ,  thus f ix in g  the exac t  t r a n s i ­

t ion  s t a t e ,  geometric parameters ,  charge d i s t r i b u t i o n ,  and energy. 

Calcu la t ions  were performed fo r  syn N -n i t rosourea ,  the  l i t h i a t e d  and 

protonated n i t ro so u rea s  to compare the changes in energy from the 

ground s t a t e  to  the  t r a n s i t i o n  s t a t e .
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RESULTS AND DISCUSSION

Al k.yldiazohydroxides

Complete t a b u la t io n  o f  the  da ta  obtained by the described methods 

as well as graphic r e p re se n ta t io n s  o f  the s t r u c tu r e s  of the  in v e s t i g a ­

ted conformers o f  the  a lkyldiazohydroxide  compounds and the 1 ,2 ,3 -  

oxadiazoline  in te rmedia te  are  presented in the  Appendix. Composite 

t a b u la t io n s  of  the  more p e r t i n e n t  a spec ts  o f  the  accumulated data  are  

incorpora ted  wi th in  the  d iscuss ion  of  r e s u l t s .

The s e le c te d  con f ig u ra t io n s  o f  e thyld iazohydroxide ,  e thy ld iazo -  

hydrcxide d e r iv a t iv e s  (2 - f lu o ro ,  2 -ch lo ro ,  and 2-hydroxy),  and 

j i -propyldiazohydroxide a re  r e p re se n ta t i v e  o f  the  p r inc ipa l  conformers 

fo r  each group o f  the  in v e s t ig a te d  compounds. The E isomers c o n s i s t  

of  the A and B conformers,  while the 1 isomers c o n s i s t  of the  C and D 

conformers. The optimized geometric parameters f o r  these  conformers 

as well as t h e i r  energies  are  given in Tables 1-A through 6-A in the 

Appendix. Concomitantly,  Figures 1-A through 6-A i l l u s t r a t e  t h e i r  

s t r u c t u r a l  c o n f ig u ra t io n s .  As seen in Table 1-A a very small d i f f e r ­

ence in energy e x i s t s  between conformers A-Ie and A-IIe due to the 

p o s i t io n  of  the  hydrogen on the oxygen atom. In subsequent c a l c u l a ­

t io n s  the  p o s i t ion  o f  the  hydrogen in the _E isomers (A and B 

conformers) i s  syn to N-l ,  while in the  1 isomers (C and D conformers) 

i t  is  a n t i  to  N-l (Figure  2-A). An examination of Tables 1-A and 

2-A shows t h a t  s i g n i f i c a n t l y  lower energ ies  are  c a lcu la ted  with the 

l a rg e r  extended bas i s  s e t  (6-31G*), but comparative energ ies  among the
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conformers a re  s t r i k i n g l y  s im i l a r .  There fore ,  f o r  pragmatic and 

economic reasons c a lc u l a t i o n s  on the  o the r  in v es t ig a ted  compounds are 

performed with the  smal le r  3-21G bas is  s e t .

Table 2 compares the energ ies  o f  the  various  a lkyldiazohydroxide 

compounds as well as the  r e l a t i v e  d i f f e r en ces  in energy among each 

group 's  conformers.  Except f o r  the  c o n s i s t e n t ly  higher r e l a t i v e  

energ ies  o f  the  1 (D-I) conformers,  the d i f f e r en c es  in the  ca lc u la te d  

energies  among the  o th e r  r e p re se n ta t i v e  conformers of  the various 

a lkyld iazohydroxides  a re  not  l a rg e .  While these  r e s u l t s  might imply 

poss ib le  e n e r g e t i c a l l y  favored in te rconvers ions  among some of  the  con­

formers ,  t h i s  i s  un l ike ly  s ince  the energy b a r r i e r  fo r  conf igura t iona l  

invers ion of  1 to  E methyldiazohydroxides i s  49.35 Kcal/mole (19).

The lack of  in te rconvers ion  i s  supported by the formation of  d i s c r e t e  

E and I  2-haloethyld iazohydroxides  from te t r a h e d r a l  in te rm edia tes  (17) .  

Preformed JE 2-chloroethyl and £  2-f luoroe thy l  d i a z o t a t e s ,  generated 

in s i t u  a t  1 mM, c r o s s - l i n k  ^-DNA, 25% within  15 min. and 24% within  

75 min. ,  r e s p e c t iv e ly .  In c o n t r a s t ,  the 1 isomers of  2-chloroethyl 

a t  40 mM give slow i n t e r s t r a n d  c r o s s - l in k in g  o f  45% in 20 hours.

These r e s u l t s  a re  a t t r i b u t e d  to the p re ferred  c y c l i z a t io n  pathway (59) 

o f  the  1 (D-I) conformer (Scheme 2 ) ,  which e f f e c t i v e l y  removes a 

s i g n i f i c a n t  f r a c t i o n  of  the  1 isomer.

Table 7-A and Figure 7-A p re sen t  the  optimize geometric parame­

t e r s ,  energy, LUMO composi t ion,  and n e t  atomic charges o f  the  proposed 

cy c l i za t io n  sp ec ie s .  Figures 3-A, 4-A, and 5-A ( the  s t r u c tu r a l  con­

f ig u r a t i o n s  of  2 - f lu o ro ,  2 -ch lo ro ,  and 2-hydroxyethyldiazohydroxides) 

g rap h ica l ly  p re sen t  the  c lo se  alignment between oxygen and the CĤ Y
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TABLE 2

Energies (au) o f  Alkyldiazohydroxide Conformers Obtained 

by SCF 3-21G Calcula t ions  

Alkyl Conformers

Group__________ /M _____________ EM_____________ M ______________ D-I

ch2ch3

E -261.3948 -261.3853 - 61.3832 -261.2251

AEa 0.00 5.96 7.28 106.49

ch2ch2f

E -359.7161 -359.7176 -359.7180 -359.5894

AE 1.19 0.25 0.00 80.70

ch2ch2ci

E -718.1160 -718.1211 -718.1199 -717.8699

AE 3.20 0.00 0.75 157.63

ch2ch2oh

E -335.8256 -335.8208 -335.8274 -335.6387

AE 1.13 4.14 0.00 118.41

ch2ch2ch3

E -300.2190 -300.2130 -300.2198 -300.0129

AE 0.50 4.27 0.00 129.83

a .  Kcal/mole
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group, in the  1 (D-I) conformers. The in te ra tom ic  d i s tan ces  between 

oxygen and carbon-6 in 2 - f lu o ro ,  2 -ch lo ro ,  and 2-hydroxy e n t i t i e s  are
o o o

1.82 A, 1.90 A, and 1.98 A, r e s p e c t i v e l y ,  which allows fo r  poss ib le  

i n t e r a c t i o n ,  so t h a t  the  displacement of  a l a b i l e  group by the  lone 

p a i r  e le c t ro n s  of  oxygen i s  f e a s i b l e .  Since the Z (C-I) conformer 

i s  l e s s  s u sc e p t ib le  to  c y c l i z a t i o n ,  both 1 and _E isomers are  con­

s idered  v iab le  a lk y la t in g  agents of  DNA.

To help c l a r i f y  the  process  o f  DNA a l k y l a t i o n ,  cons idera t ion  of 

the  e l e c t ro n ic  p ro p e r t i e s  of the  a lkyldiazohydroxide  conformers such 

as t h e i r  LUMO composition and n e t  atomic charges becomes e s s e n t i a l .  

Tables 8-A through 13-A p resen t  LUMO energ ies  and atom c o n t r ib u t io n s  

o f  e thyld iazohydroxide  and i t s  d e r i v a t i v e s .  Tables 14-A through 20-A 

p resen t  t h e i r  ne t  atomic and group atomic charges .

Hartree-Fock c a lc u l a t i o n s  with 6-31G* bas is  s e t  show t h a t  the  c a r ­

bon atom o f  the 1 isomer o f  methyldiazohydroxide co n t r ib u te s  s t rong ly  

to  the  LUMO composition (0 .387) ,  while the carbon atom of  the  E isomer 

has minimal co n t r ib u t io n  (0.075) (Table 34-A). In c o n t r a s t ,  s im i la r  

c a l c u l a t i o n s  fo r  e thyld iazohydroxide  show t h a t  the  nitrogen-bonded 

carbon of  the  _E isomer c o n t r ib u te s  s t rong ly  to the  LUMO composition 

(0 .358 ) ,  while the  comparable carbon o f  the  1 isomer c o n t r ib u te s  

0.203 (Table 8-A). Moreover, c a l c u l a t i o n s  obtained with the 3-21G 

bas i s  s e t  show t h a t  the  carbon-5 atoms of  the  _E (A-I) isomers o f  sub­

s t i t u t e d  d e r iv a t iv e s  o f  ethyld iazohydroxide a lso  p a r t i c i p a t e  s t rong ly  

in the  LUMO composit ion.  Table 3 i s  a compilat ion o f  p e r t i n e n t  data  

from Tables 9-A to  13-A t h a t  compares the co n t r ib u t io n  o f  the  n i t r o ­

gen-bonded carbon-5 atoms to the  LUMO of  r e p r e s e n ta t i v e  a lky ld iazo -
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TABLE 3

S u bs t i tuen t  Ef fec ts  on the  LUMO Energiesaand Carbon-5 Contribution*3 

o f  Al kyldiazohydroxide Conformers Obtained by SCF 3-21G Calcu la t ions

Al k.yl 

Group A-1

Conformers

B-I C-I D-I

ch2ch3

C-5

ch2ch2f

C-5

ch2ch2ci

C-5

ch2ch2oh

C-5

ch2ch2ch3

C-5

0.039

0.310

0.14548

-0.032

-0.278

0.12147

0.026

0.305

0.11956

0.031

0.307

0.13257

-0.029

-0.305

0.14360

0 .0 0 2

0.181

0.15544

0.012

0.206

0.15359

-0.003

+0.167

0.14149

- 0 . 0 0 1

+0.184

0.14055

-0.003

+0.188

0.15392

- 0 . 0 0 2

-0.296

0.16357

-0.004

-0.257

0.13677

-0.007

-0.261

0.13219

0.003

0.243

0.14353

0.001

0.238

0.15616

- 0 .0 1 0

+0.223

0.15031

+0.004

-0.233

0.13624

-0.007

+0.218

0.12765

-0.009

+0.184

0.12574

+0.013

-0.172

0.13608

a .  Atomic u n i t s ;  b. 2 Py o r b i t a l
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hydroxides.

Such f ind ings  o f  d i s p a r i t y  in the  LUMO composition between the  Z 

and E, isomers o f  methyldiazohydroxide,  and the c o n t r a s t  between the  E 

isomers o f  methyl-  and ethyldiazohydroxide  could account f o r  the  s i t u -  

s e l e c t i v i t y  of  DNA a l k y la t i o n .

The Hard-Sof t ,  Acid-Base (HSAB) approach (60) p re d ic t s  i n t e r ­

ac t io n  between hard-hard and s o f t - s o f t  species  as i l l u s t r a t e d  in 

Figure 3. The i n t e r a c t i o n  of  f r o n t i e r  o r b i t a l s ,  t h a t  i s ,  the  HOMO 

(h ighes t  occupied molecular o r b i t a l )  of  one molecule with the LUMO 

(lowest unoccupied molecular o r b i t a l )  o f  another  molecule leads  to 

the  l a r g e s t  decrease  in energy when the  i n t e r a c t in g  o r b i t a l s  a re  

c lo se  in energy (70) .  In hard-hard i n t e r a c t io n  the re  i s  a la rge  

energy d i f f e r e n c e  between the  donor HOMO and the  accepto r  LUMO. The 

bonding o r b i t a l  formed resembles t h a t  of  the  donor. The e lec t ro n  

p a i r  continues  to  r e s id e  mainly on the donor and the bond t h a t  i s  

formed has more ion ic  c h a r a c t e r .  In s o f t - s o f t  i n t e r a c t io n s  donor and 

accep to r  f r o n t i e r  o r b i t a l s  a re  c l o s e r  in energy and more i n t e r a c t io n  

occurs .  The e l ec t ro n s  a re  shared and the bonding i s  covalen t  (60,70) .

The e l e c t ro n  co n t r ib u t io n  which an atomic o r b i t a l  makes to  the  

molecular o r b i t a l  i s  q u a n t i f i e d  by i t s  c o e f f i c i e n t  va lue .  The 

squares o f  the  c o e f f i c i e n t  va lues  are  a measure o f  the  e l e c t ro n  popu­

l a t i o n  or d e n s i ty ,  thus in each o r b i t a l  the  sum of the  squares o f  a l l  

the  c o e f f i c i e n t  values  must equal one. I f  a l l  molecular o r b i t a l s  a re  

f i l l e d ,  then the  sum o f  squares of  a l l  the  c o e f f i c i e n t  values  on any 

one atom in a l l  the  molecular o r b i t a l s  must equal one. This i s
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2 2 ? 2 expressed as + .........  cn = 1  f o r  normalized func­

t io n s  (70a).

The con t r ib u t io n  of  the  r e a c t iv e  s i t e s  to the  composition of  the 

f r o n t i e r  o r b i t a l s  c l a s s i f i e s  the  degree of so f tness  or  hardness of the 

r e a c t io n .  The l a r g e r  the c o n t r ib u t io n  o f  the r e a c t iv e  s i t e  to the 

HOMO or LUMO, the  s o f t e r  i s  t h a t  s i t e  according to the concepts of  

HSAB (60) and F ron t ie r  Orbita l  Theory (FOT) (70) .  In the  presen t  

study the  carbon o f  the  1 isomer o f  methyldiazohydroxide i s  the  

s o f t e r  s i t e  s ince  i t s  LUMO c o e f f i c i e n t  (0.387) i s  l a r g e r  than the 

c o e f f i c i e n t  (0.075) o f  the  carbon in the  E isomer. The co n t r ib u t io n s  

of  the 06 and N-7 atoms o f  guanine to  i t s  HOMO are  0.362 and 0.189,
C

r e s p ec t iv e ly  (71) ,  which in d i c a t e  t h a t  the  0 pos i t ion  of  guanine is  

the  s o f t e r  s i t e .  Since s o f t - s o f t  and hard-hard i n t e r a c t io n s  a re  pre­

d ic ted  (60) ,  the  carbon o f  the  1 isomer would be expected to  r e a c t  
£

with the 0 p o s i t io n  of  guanine,  while the  carbon o f  the  _E isomer 

would a lk y l a t e  the  N-7 nuc leo p h i l i c  s i t e  in an e l e c t r o s t a t i c a l l y  

c o n t ro l l e d  r eac t io n  (70b) .  The jE isomer o f  methyldiazohydroxide i s  

the  thermodynamically more s t a b l e  isomer by 12.80 Kcal/mole,  and 

p re d ic tab ly ,  methyla tion o f  guanine occurs predominatly a t  the  N-7 

po s i t io n  (23b).  Conversely,  Table 3 in d ic a te s  t h a t  the carbons-5 of  

the  _E (A-I) isomers o f  ethyl diazohydroxide rega rd le ss  o f  alkyl 

s u b s t i t u e n t  have the  h ighes t  LUMO c o e f f i c i e n t s  which c l a s s i f y  these  

carbon-5 atoms as the  s o f t e s t  e l e c t r o p h i l e s  among the  in v e s t ig a te d  

conformers.  Consequently,  predominant a lk y la t io n  a t  the  0® p o s i t ion  

o f  guanine,  i t s  s o f t e r  n u c leoph i l ic  s i t e ,  by the  carbons-5 o f  the  _E 

isomers o f  e th y la t in g  agents would be p red ic ted ,  which supports  the
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experimental  evidence (23) .

F ro n t ie r  o r b i t a l s  can be used as a c r i t e r i o n  fo r  determining the 

type of  c o n t r o l l i n g  e f f e c t  t h a t  occurs when two re a c ta n t s  approach 

each o ther  (70) .  A s im p l i f i ed  q u a n t i t a t i v e  expression f o r  the  change 

in energy when the  o r b i t a l s  of  one r e a c t a n t  overlap  with t h a t  o f  an­

o the r  i s  given by the  following equat ion:

0 n 2 ( c H 0 M 0  r LUM0 r  I2
aE = _____

Rne E(H0M0)n " E(LUM0)e

Qn and Qg are  t o t a l  charges on atoms n and e.

R is  the  d i s t a n ce  between atoms n and e .  ne
gne i s the resonance in teg ra l  (shar ing  o f  e l e c t r o n s ) .

E and E are  the  energ ies  o f  the  f r o n t i e r  o r b i t a l s  fo r  n and e.  n e
c and c are  the  c o e f f i c i e n t s  in the  f r o n t i e r  o r b i t a l s  f o r  the  atoms n e
a t  the  r eac t ion  c e n te r .

n and e a re  s u b sc r ip t s  t h a t  de f ine  nuc leophi le  and e l e c t r o p h i l e .

The f i r s t  term i s  the  Coulombic a t t r a c t i o n  or repuls ion between the  

nuc leophi le  (base) and e l e c t r o p h i l e  ( a c id ) .  I t  i s  designated the  

"charge control  term" and measures the  e f f e c t  o f  hard-hard i n t e r a c t i o n .  

The second term rep re sen ts  the  i n t e r a c t i o n  of the  f i l l e d  HOMO 

(base) with the  u n f i l l e d  LUMO (ac id)  when the  energ ies  o f  the  HOMO 

and LUMO are  not degenera te .  I t  i s  designa ted the " o rb i t a l  control  

term" and measures the  e f f e c t  o f  s o f t - s o f t  i n t e r a c t i o n  (70b) .

The numerical value o f  the  second term fo r  the  E isomers o f  both
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methyl-and ethyld iazohydroxide was c a lcu la ted  using the HOMO and

LUMO composit ions determined with the  6-31G* bas is  s e t .  These values
£

q u a n t i t a t i v e l y  compare t h e i r  a b i l i t y  to  a lk y l a t e  the 0 p o s i t ion  of 

guanine which is  i t s  s o f t e r  s i t e .  The value fo r  the  carbon-5 atom o f

£  (A-I) e thyldiazohydroxide is  0.0943^, while the  value fo r  the
2

carbon-5 atom of  £  methyldiazohydroxide i s  0.0043 .

Thus, the  e th y la t io n  o f  the  0 p o s i t io n  o f  guanine by the dominant 

_E isomer is  considered to  be " o r b i t a l l y  con t ro l led "  with the LUMO of  

the  e l e c t r o p h i l e  ( a lk y la t in g  agent)  and the HOMO of  the nucleophi le  

(0 -  guanine) overlapping to form cova len t  bonds, while the  methyla- 

t io n  of  N-7 i s  considered to be "charge con t ro l led"  (60,70) .  These 

fundamental e l e c t r o n i c  p ro p e r t i e s  determined by a b - i n i t i o  c a l c u l a ­

t io n s  are  p e r t i n e n t  to  a b e t t e r  unders tanding of the in-vivo a c t i v i t y  

o f  the  n i t r o so u re a s .

Examination of  Table 3 shows t h a t  the  LUMO energies  and carbon-5 

c o n t r ib u t io n s  o f  the  _E propyldiazohydroxide conformers a re  s im i l a r  to 

the  corresponding E_.ethyldiazohydroxide conformers. The 1 propyl 

conformers have smal le r  carbon-5 c o n t r ib u t io n s  than the corresponding 

1 ethyl conformers,  but t h e i r  LUMO energies  a re  more a c c e s s ib l e .

Table 20-A which l i s t s  the  group ne t  atomic charges o f  the  i n v e s t i ­

gated conformers shows s u b s t a n t i a l l y  equal p os i t iveness  fo r  the

CcH_H0 e n t i t y  among the  (A-I ) ,  (B - I ) ,  and (C-I)  propyl isomers.
0  /  o

These data  in d ic a te  t h a t  the  " o r b i t a l l y  con t ro l led"  a t t a c k  a t  the  

0 p o s i t ion  of  guanine i s  as f e a s i b l e  fo r  propyldiazohydroxides as 

i t  i s  fo r  e thyld iazohydroxides .  The r e s u l t s  o f  propyla t ion  of  the  N-7 

p o s i t io n  of  guanosine i n - v i t r o  by n-p ropy ln i t rosourea  or  o f  RNA



guanine in-v ivo  by d i -n -p ropy ln i t rosam ine  y i e ld s  7-n-propyl guanine 

d e r i v a t i v e s ;  however, the  p r in c ip a l  adduct o f  0 a lk y la t io n  i s  i s o ­

propyl guanine (22) .

The a lk y la t io n  of  DNA occurs by a predominantly Sn2 a t t a c k  on 

the e l e c t r o p h i l e ,  R-N=N-0H, r a t h e r  than through a f r e e  carbonium 

ion (20 ,22) .  Bimolecular reac t io n s  a re  a f fe c ted  more by the na ture  

o f  the  nuc leophi le  than the  l a b i l i t y  of  the  leaving group. As a 

nuc leophi le  approaches the reac t ion  s i t e ,  i t s  e lec t ro n  p a i r  begins to 

form a p a r t i a l  bond to  carbon,  while the e x i s t i n g  bond to  the  leaving 

group begins to break. With a good nuc leoph i le ,  the re  i s  an e a r ly  

" t ig h t "  t r a n s i t i o n  s t a t e  with both en te r ing  nucleophi le  and leaving 

group c lose  to the  a t tacked  carbon. I f  an Sn2 reac t ion  occurs with 

a poor nuc leoph i le ,  the  t r a n s i t i o n  s t a t e  i s  " lo o se r" ,  both p a r t i a l  

bonds a re  broken, and more Snl c h a r ac te r  can develop, p a r t i c u l a r l y  i f  

the formation o f  a carbonium ion i s  e n e r g e t i c a l l y  favorab le  (72).

The bonding in the t r a n s i t i o n  s t a t e  of  an Sn2 reac t ion  may vary as 

fol lows:

NU.. .C.. .X Nu C X Nu C X Nu..C X Nu C..X

t i g h t  loose symmetrical unsymmetrical

A recent t h e o re t i c a l  study (73) revea ls  the  presence of  shallow energy 

minima in Sn2 reac t ion  p r o f i l e s  of  the a lk y l a t i o n  reac t ion  of  simple 

oxygen and n i t rogen  nucleophi les  c h a r a c t e r i s t i c  of  those in nuc le ic  

acid bases.  Such reac t io n  p r o f i l e s  involve  io n - p a i r  complexes pre ­

ceding the t r a n s i t i o n  s t a t e  which a re  in d i c a t iv e  of  Snl c h a r a c te r  in
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bimolecular  r e a c t io n s .  Figure 4 i l l u s t r a t e s  the  reac t ion  p r o f i l e s  

of  the  p r inc ipa l  n u c leo p h i l i c  p rocesses .  The c a lc u l a t i o n s  r e f l e c t  

" looser"  t r a n s i t i o n  s t a t e s  f o r  nuc leophi les  whose lone e lec t ro n  pa i r  

i s  l e s s  a v a i l a b l e .
C

Since 0 -  guanine is  a weaker nuc leophi le  than N-7, the  t r a n s i ­

t ion  s t a t e  during i t s  nuc leo p h i l i c  a t t a c k  on the  e l e c t r o p h i l e ,  n-pro-  

pyld iazohydroxide,  i s  lo o s e r .  This means t h a t  the  C-N bond of  the  

leaving group i s  near ly  broken, while the  C-0 bond of  the  nuc leophi le  

i s  only s t a r t i n g  to  form. Such an occurrence co n t r ib u te s  Snl char­

a c t e r  to the  r e a c t io n  which permits rearrangement of  the n-propyl 

group as some p a r t i a l  charge develops on the  carbon (72) .  The " l a t e r  

and looser"  bond formation to  an ji-propyl conformer could e n e r g e t i ­

c a l l y  favor isomeriza t ion  to  2-propyl in the  io n -p a i r  complex.

The propyl system .has been in v e s t ig a te d  to  a s c e r t a in  the  

mechanism o f  carbon and hydrogen e q u i l i b r a t i o n  and cyclopropane 

formation in the  r e a c t io n s  o f  the  jn-propyl ca t ion  (74) .  Scheme 4 

i l l u s t r a t e s  the  e q u i l i b r a t i o n  of  co rner-p ro tona ted  and edge-protona ted 

cyclopropanes .  The labe led  1-propanol products formed in the deamina­

t ion  of  1-aminopropane- l-^C were considered to a r i s e  via  rea r range ­

ments involving 1 ,3-hydr ide  s h i f t s ,  1,2-methyl s h i f t s ,  o r  edge- and 

face-p ro tona ted  cyclopropanes (74 ,75) .  Recent a b - i n i t i o  c a lc u la -  

t i o n s  (76) with the  6-31G*/MP4(SDQ) b a s i s  s e t  show the r e l a t i v e  

energ ies  in Kcal/mole f o r  2 -p ropy l ,  1 -propyl ,  co rner-pro tona ted  

cyclopropane,  and edge-protonated cyclopropane to be 0 .0 ,  20 .0 ,  8 .2 ,  

and 10.5,  r e s p e c t iv e ly .  The 1-propyl ca t io n  does not have a local  

minimum a t  the  6-31G* level and i s  converted without a c t i v a t io n  to
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the  co rner-pro tona ted  cyclopropane upon op t im iza t ion .  The c a l c u l a ­

t ions  in d ic a te  two local  minima with an energy d i f f e r en c e  of 

8.2 Kcal/mole, the  2-propyl ca t io n  and the  co rner-pro tona ted  

cyclopropane.  This i s  in good agreement with experimental  s tu d ie s  of  

CgH^ spec ies  (77) which suggest  t h a t  the  most s t a b l e  form is  the  

2-propyl and t h a t  protonated cyclopropane e i t h e r  isomerizes to  the 

2-propyl ca t ion  o r  i s  a second isomer higher in energy by ca.

7 Kcal/mole. In gas-phase s tu d ie s  (78) the  1-propyl c a t io n s  formed 

from n-butane rearrange  within  10” ^  sec .  to  the 2-propyl c a t i o n .  The 

above s tu d ie s  concern the  f r e e  carbonium ion in the  propyl system, but 

may be used analogously to explain the favorab le  circumstances t h a t  

permit  the rearrangement o f  j i-propyldiazohydroxide to  the isopropyl 

e n t i t y  a t  the  0 p o s i t io n  o f  guanine,  as depic ted  in Scheme 5.

In summary, the  Hartree-Fock a b - i n i t i o  c a l c u la t io n s  performed on 

the  a lkyld iazohydroxides  c l a r i f y  the  e l e c t r o n i c  p ro p e r t i e s  t h a t  e f f e c t
C

the  a lk y la t io n  o f  DNA. Ethyla tion  o f  0 -  guanine i s  a s o f t - s o f t  i n ­

t e r a c t i o n  (60) which i s  " o r b i t a l l y  co n t ro l led"  (70) .  The Sn2 reac t ion  

a t  0 -  guanine proceeds through a "loose" t r a n s i t i o n  s t a t e  (72) 

imparting some Snl c h a r a c t e r ,  which allows the  rearrangement of  

ni-propyldiazohydroxide to  an isopropyl e n t i t y .
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H3C3— H2C2— H2C-i— N==N— OH

Nucleophile

"Loose"  Transition State

H3C3— H2C ,— H2C f- - - - - - - - - — N = N — OH

Ion Pair  Rearrangement

h2c ” i = s s s . -  f c c ,  a i

‘NU
Hydride S h ift: C|—*- C2 

C2— C3 Bond Breaks

H3C3 .

[ J C , — NU +  N2 +  'Q H

■ W f '

Scheme 5. Rearrangement o f  ji-Propyldiazohydroxide
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A1kyldiazotates

The process of  DNA a lk y la t io n  by the  e l e c t r o p h i l i c  a lky ld iazo -  

hydroxides i s  r a t i o n a l i z e d  by the  preceding a b - i n i t i o  molecular o rb i t a l  

s t u d i e s .  The in v e s t ig a t i o n  of  the  e f f e c t s  of a l k a l i  metal counter ions 

on the p ro p e r t i e s  o f  the  a lkyld iazohydroxides  i s  now presented .  

Calcu la t ions  were performed on the  _E and 2 isomers o f  methyl-  and 

e thy ld iazohydrox ides , t h e i r  re sp ec t iv e  anions and d i a z o t a t e  s a l t s .  

Complete t a b u la t io n  o f  the  data  obta ined by the described methods as 

well as graphic  r e p re se n ta t io n s  o f  the  considered s t r u c tu r e s  are  p re ­

sented in the Appendix.

The methyl compounds whose geometries were ca lcu la ted  with both 

the  3-21G and 6-31G* bas is  s e t s  do not e x h i b i t  any s i g n i f i c a n t  d i f f e r ­

ences r e l a t i v e  to  the  bas is  s e t  used (Tables 27-A to 29-A). The 

placement o f  oxygen-bonded hydrogen was var ied  f o r  the 1 isomer o f  

methyldiazohydroxide.  The expected more s t a b l e  conf igura t ion  has 

hydrogen an t i  to  n i t rogen -1 .  P e r t i n en t  geometric parameters obtained 

with the 6-31G* b as i s  s e t  include:

H4 -03-N2 angle  104.4°

O^-H^ bond length 0.948 A

H-4 a n t i  N-l H-4 s.yn N-l

112.5°

0.950 A

H4 N2 d i s t a n ce  1.852 A 1.933 A

Although the d i s t a n ce  and angle between hydrogen and n i t rogen-2  are  

reduced in the  a n t i  c o n f ig u ra t io n ,  the  hydrogen remains c lo se ly
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assoc ia ted  with the  oxygen. Examination of  the H-4 a n t i  N-l con­

f ig u r a t i o n  o f  1 l i th ium  m ethy ld iazo ta te  (Figure 13-A) shows t h a t  the
O

Li4— N2 d i s t a n c e  (1.899 A) i s  not too much longer  than the  Li^-Og 

bond length  (1.748 A). As depic ted  in Figures 12-A to  17-A, the  

p o s i t ion  of  the  l i th ium  ion i s  between N-l and 0-3 f o r  the _E species  

and between N-2 and 0-3 f o r  the  1 spec ies  (both c l o s e r  to the  more 

e l ec t ro n e g a t iv e  oxygen).  This bridging  p o s i t ion  exposes the l i th ium 

counter ion to  the  lone e l e c t ro n  p a i r s  on the  r e sp ec t iv e  n i t ro g en s .  

There a re  no s i g n i f i c a n t  d i f f e r e n c e s  between methyl and ethyl 

s u b s t i t u t e d  compounds as f a r  as the  pos i t io n in g  o f  the  l i th ium  counter 

ion is  concerned, nor do the  chloroethyl compounds e x h ib i t  geometric 

d i f f e r e n c e s .  The o u t -o f -p la n e  p o s i t io n  o f  the  l i th ium  counter ion 

inc reases  the  energy o f  the  d i a z o t a t e .

When the  diazohydroxides  a re  compared to the  l i th ium  d ia z o t a t e s  

(Tables 27-A to  32-A and Figures 12-A to  17-A), the  Li-O-N angle c lo se s  

to  almost 90 degrees in the  _E isomer and to about 73 degrees in the  1 

isomer r e l a t i v e  to  the  H-O-N angle  o f  ca.  106 degrees .  This is  a t t r i ­

butab le  to  the  l a r g e r  p o s i t iv e  charge on the  l i th ium  which i s  a t t r a c t e d  

to  the  lone e l ec t ro n  p a i r s  o f  the  n i t ro g en s .  These r e s u l t s  are  con­

s i s t e n t  with those determined in previous s tu d ie s  (54) fo r  Ĥ NOH in 

which the  Li-O-N angle  f o r  the  1 hydroxyl amine s t r u c t u r e  was 76.0 de­

grees with the  l i th iu m  ion c lo se  to  a br idging p o s i t i o n .  A leng then­

ing of  the  N^-N2 bond concomitant with a shor ten ing  of  the N2~0g 

bond i s  a l so  observed. This is  due to  the  ionic  na tu re  o f  l i th ium  

d ia z o t a t e  which imparts to the d i a z o ta te  moiety a s t ronge r  anionic  

c h a r a c t e r .  Therefore ,  the  geometry resembles t h a t  of  the  anion which
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fe a tu re s  almost equal N^-N2 and N2-0 3 bond lengths (Tables 27-A 

and 28-A). X-Ray s tu d ie s  (79) of 1 potassium methyld iazotate  i n d i ­

ca te  t h a t  the  negative  charge o f  the  anion is  de loca l ized ,  and both 

the N^-N2 and N2>03 l inkages are  in te rmedia te  between s in g le  and 

double bonds. When s a l t s  of  the  d ia zo ta te s  are  viewed by NMR methods, 

the spec t ra  in d ic a te  t h a t  f o r  the  1 d ia zo ta te  the potassium counter 

ion i s  located  on average between the n i trogen and oxygen atoms. The 

NMR r e s u l t s  fo r  the  _E d ia zo ta te  in d ica te  two d i s c r e t e  spec ie s .  The 

s u f f i c i e n t l y  slow in te rconvers ion  r a t e  permits the  potassium ion to 

move in pos i t ion  across  the  N-rrvrNrvwO system so th a t  two d i s c r e t e  

s ig n a l s  are  observed (19).

Changes in e lec t ron  den s i ty  a lso  a t t e s t  to the s t ru c tu r e s  o f  the  

d i a z o t a t e s .  Table 4 l i s t s  the  ne t  atomic charges on some of  the  atoms 

as well as the group atomic charges fo r  methyl and halomethyl groups. 

Complete Mulliken population r e s u l t s  are  given in Tables 39-A to 43-A.

The N-l and N-2 atoms in the £  isomer of methyldiazohydroxide 

have ne t  atomic charges o f  -0.314 and +0.114, re sp ec t iv e ly .  The com­

parable  l i th ium d ia z o ta te  shows a g re a t e r  charge separa tion  between 

N-l and N-2 of  -0.474 f o r  N-l and +0.173 fo r  the  N-2 atom. The 

e lec t ron  dens i ty  of  0-3 i s  increased , but the  change i s  l e s s  than th a t  

o f  N-l .  N-l becomes decidedly more negative  from -0.314 to -0.474 

s ince  the charge on the  anion i s  d e lo ca l ized .  This allows the  l i th ium 

to assume bridging pos i t io n s  as depicted in the following s t r u c tu r e s :
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Schema 6. Bridging Positions o f £  Lithium A1kyldiazotate

Bridging o f hydrogen between oxygen and the respec tive  nitrogens in 

the methyl- and ethyldiazohydroxides does not occur. In the 1 isomer 

of the d iaz o ta te ,  the lith ium  counter ion bridges the N-2 and 0-3 

atoms so the changes in e lec tron  density  are  g re a te s t  fo r  N-2. I t s  

net atomic charge in methyldiazohydroxide is  +0.149, while in the 

d iazo ta te  i t  is  -0.031. Sim ilar changes in e lec tron  density  also 

occur fo r  the JE and 1 isomers o f e th y l-  and 2 -ch lo roe thy ld iazo ta tes .

In Table 4, the ne t  atomic charges fo r  lith ium  in J: methyl- and 

£  e thy ld iazo ta te  are  +0.570 and +0.568, re sp ec t iv e ly .  The ca lcu la ­

tions  ind ica te  subs tan tia l  t r a n s fe r  o f  charge from the lithium  to the 

d iazo ta te  moiety, approximately 0.430 fo r  the ji  isomer and 0.385 fo r  

th e  1 isomer. The charge t r a n s fe r  decreases fo r  the sodium and 

ammonium s a l t s  to  an average o f  0.330 and 0.215, resp ec tiv e ly , fo r  

the E and 1 isomers. The binding energies of both proton and counter
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TABLE 4

Net Atomic Charges3 and Group Atomic Charges3 of  the H+, Li+, Na+, and NH^-Diazotates

E-Ethyl_______________  '___________ Z-Ethyl

\tom(s) H+ Li + Na+ NH4* H+ Li + Na+ NH4+

N1 -0.311 -0.471 -0.426 -0.465 -0.250 -0.284 -0.321 -0.334

n2 +0.144 +0.168 +0 .122 +0.092 +0.093 -0.029 +0.004 -0.030

°3 -0.514 -0.562 -0.578 -0.603 -0.566 -0.567 -0.607 -0.633

ch2 +0.266 +0.257 +0.229 +0.204 +0.266 +0.252 +0.229 +0.211

ch3 +0.050 +0.041 +0.017 +0.004 +0.050 +0.015 - 0.011 -0.013

x b +0.393 +0.568 +0.637 +0.769 +0.409 +0.613 +0.704 +0.801

a = e lec tron  un i ts  obtained by SCF 3-21G 

b = H+, Li+, Na+, NH4+



T a b le  4 Continued

Methyl

E Z

Atoms(s) H+ Li + H+

N1 -0.314 -0.474 -0.268

n2 +0.114 +0.173 +0.149

°3 -0.513 -0.562 -0.548

ch3 +0.319 +0.294 +0.269

ch2 ----- ----- -----

CH2C1

xb +0.394 +0.570 +0.397

b = H+, Li+, Na+, NH4+

2-Chloroethyl

E Z

Li + H+ Li+ H+ Li +

-0.284 -0.299 -0.461 -0.251 -0.284

-0.031 +0.108 +0.155 +0.105 -0.023

-0.569 -0.504 -0.551 -0.562 -0.562

+0.268 ----- ----- ----- -----

----- +0.343 +0.336 +0.337 +0.320

-0.048 -0.066 -0.044 -0.079

+0.615 +0.400 +0.587 +0.416 +0.628



ions ,  as shown in Tables 23-A to 26-A, decrease  from the _E to the 

1 species  and do not e x h i b i t  s i g n i f i c a n t  s u b s t i t u e n t  e f f e c t s .  The 

c a l c u la t io n s  in d ic a te  t h a t  the  d i a z o t a t e s  have st rong ca t ion  

a f f i n i t i e s .

Complete t a b u la t io n  of  the  LUMO composit ion,  ene rg ie s ,  and atom 

co n t r ib u t io n s  are  given in Tables 34-A to 38-A. The c a l c u l a t i o n s  show 

t h a t  the  LUMO re s id es  on the  counter ions .  The LUMO co n t r ib u t io n  of 

carbon-5,  s t rong ly  p resen t  f o r  e thyld iazohydrox ides ,  i s  minimal fo r  

both the E and Z isomers.  The same r e s u l t s  a re  determined f o r  the 

methyl and chloroethyl s u b s t i t u e n t s .

In summary, Hartree-Fock a b - i n i t i o  c a lc u la t io n s  performed on the 

a lk y ld ia z o ta te s  e s t a b l i sh e d  t h a t  the  a lky ld iazo  anions have a 

s i g n i f i c a n t  a f f i n i t y  f o r  a lk a l i  metal counter  ions .  The d ia z o t a te  

s a l t s  incur  s u b s ta n t i a l  charge t r a n s f e r  which per tu rbs  the  e lec t ro n  

den s i ty  and modif ies  the  geometric parameters .  The LUMO of  the 

d i a z o t a t e  s a l t s  r e s id es  on the  counter  ion ,  thus s o f t  " o r b i t a l l y  

con t ro l led"  a lk y la t io n  i s  not f e a s ib l e  by the d ia z o ta te  un t i l  

s o lu b i l i z e d  to  the  diazohydroxide (69) .
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Nitrosoureas

The Influence of ca tions on the e lec tron  density  and geometric 

parameters o f  the d iazo ta te  moiety i s  markedly evident. The e f fe c t  

o f  such cations on the process o f  decomposition o f  the n itrosoureas 

was a lso  determined by a b - in i t io  ca lcu la tio n s  and is  now presented.

Previous th eo re tic a l  c a lcu la tion s  o f  methyl n itrosoureas (67) 

determined th a t  the syn Isomer 1s more s ta b le  by 3.82 Kcal/mole; how­

ever, the presence o f a pos it ive  charge attached to  the n itro so  group 

(-N=0) reverses the s t a b i l i t y .  This i s  understandable since the addi­

t iona l p o s i t iv e  charge w ill be repulsed by the  p o s i t iv e ly  charged 

hydrogens from the amino group (Nh^). Figure 5 shows both isomers of 

methyldi azohydroxide.

H

hi

%LJL

Syn Anti

Figure 5. Isomers o f Methyldiazohydroxide
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The p os i t ion  of  the l i th ium  ca t io n  on the  n i t r o so  oxygen and the  

carbonyl oxygen was va r ied .  In-plane  placement of  l i th iu m ,  both l i n e a r  

and angu la r ,  i s  more s t a b l e  than ou t -o f -p lan e  p o s i t ion ing  as determined 

with the ST0-6G bas is  s e t .  The l i n e a r  (180 degree) alignment of the 

Li-O-N angle i s  s l i g h t l y  more s t a b l e  (ca .  4 Kcal/mole) than the one 

obta ined with an Li-O-N angle of about 110 degrees .  The bes t  geometry 

obta ined fo r  the  l i t h i a t e d  carbonyl group (-C=0 ) i s  in -p lane  and l i n e a r  

which corresponds to  previous s tu d ie s  (54) o f  l i t h i a t e d  HgCK). Table 

21—A presen ts  the binding energ ies  of  l i th ium  pos i t ioned  a t  the 

nuc leo p h i l i c  s i t e s  o f  methyl n i t r o so u re a .  The g r e a t e r  l i th ium  a f f i n i t y  

obta ined f o r  the  carbonyl group r e l a t i v e  to t h a t  fo r  the n i t r o so  group 

is  c o n s i s t e n t  with r e s u l t s  determined in p r i o r  s tu d ie s  (54) for  

l i t h i a t e d  ^ 0 = 0  and HN=0. The r e l a t i v e  a f f i n i t i e s  are  exp la inab le  by 

the  much higher negative  charge p resen t  on the  carbonyl oxygen (-0.303) 

than t h a t  on the n i t r o s o  oxygen (-0.149) (67) .  The l i th ium  and proton 

a f f i n i t i e s  o f  the  n i t r o s o  group a re  l a r g e r  f o r  a n t i  methyl n i t ro sou rea  

which i s  c o n s i s t e n t  with the above mentioned reversed s t a b i l i t y  in the 

presence o f  a p o s i t iv e  charge (67) .

The values of  the l i th ium  a f f i n i t i e s  are  higher than the  values 

obta ined with the  6-31G* bas is  s e t  fo r  l i t h i a t e d  and HN=0 (54) ,

which i s  a t t r i b u t a b l e  to the  superpos i t ion  e r r o r  ( 6 8 ) .  Since the 

superpos i t ion  e r r o r  i s  i n t r i n s i c  to  the  ST0-6G bas is  s e t ,  continued 

c a l c u l a t i o n s  o f  the  binding energy o f  l i th ium  and o th e r  c a t ions  to the 

n i t r o so  group of  syn N-nitrosourea were performed with the  3-21G basis  

s e t .  The values o f  the  l i th ium  a f f i n i t i e s ,  shown in Table 22-A, a l ­

though expectedly  smal le r  than those of  proton a f f i n i t y ,  a re
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considered to be s i g n i f i c a n t .  The r e s u l t s  of the c a l c u la t io n s  

e s t a b l i s h  the  ex is tence  of  cation  a f f i n i t y  fo r  the  n i t r o so  group of 

n i t ro so u re a .

Several l i t h i a t e d  N-nit rosourea  conformers are  poss ib le  (Figure  

6 ) .  The l i th ium  ca t ion  can be pos i t ioned  on the  oxygen of  e i t h e r  the 

n i t r o s o  or carbonyl group as well as on both groups. Figure 6-F 

shows the  in -p lane  p o s i t ion ing  of  the  l i th ium  cat ion  in the  proximity 

o f  both the  n i t r o so  and carbonyl groups.  The d i s t r i b u t i o n  o f  the 

various  l i t h i a t e d  conformers can be approximated by the d i f f e r en c e  

in  t h e i r  ground s t a t e  energ ies  and by the  energy of  r o t a t i o n  around 

the C^-N^ bond. The ro ta t i o n a l  b a r r i e r  i s  the  energy d i f f e r en c e  

between the  more s t a b l e  conformer and the  conformer in which the 

N^-Ng bond is  perpendicu la r  to  the  plane of the  molecule.  P e r t i ­

nent energ ies  obtained fo r  the  various  conformers are  as follows:

Conformer Energy(GS) Rot. E. AE(Kcal) K

A - syn NU 350.6240 350.5950 18.2 2 .2 x 1013

B - dual NU 350.6048 350.5950 8.5 1 .8 x 106

C - _syn LION 357.8853 357.8668 11.6 3.3

COor
—
1

X

D - an t i  LION 357.8913 357.8712 12 .6 1 .8 x 109

E - l i n e a r  LIOC 357.9102 357.8809 18.4 1.9 x 1013

F - dual Li 357.9135 357.8712 26.5 2.9 x 1019

G - d i l i th iu m 365.0724 365.0464 16.3 9.2 x 1011

The equi l ibr ium c o n s ta n t ,  K, was ca lc u la te d  using the  formula:

In K = -AE/RT. Examination o f  the  above c a lc u la t io n s  in d ica te s  t h a t
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Figure 6. L ith ia ted  Conformers o f N-Nitrosourea



the  l i t h i a t e d  conformer i l l u s t r a t e d  in Figure 6-F has the  lowest 

ground s t a t e  energy. The pos i t ion  o f  the  l i th ium ca t ion  on the  

carbonyl oxygen of  syn N-nit rosourea  (Figure  6-E) r e s u l t s  in a 

s l i g h t l y  higher energy o f  2.07 Kcal/mole. However, the d i f f e r en ce  

in energy between s i m i l a r ,  but n o n l i t h i a t e d  conformers (F igure  6-A 

and 6 -B),  in d ic a te s  t h a t  syn N-nit rosourea  (Figure 6-A) i s  more s t a b l e  

by ca.  9.7 Kcal/mole and the  ro ta t i o n a l  b a r r i e r  equals  18.2 Kcal/mole.

Similar  conformations o f  N-ni t rosourea ,  l i t h i a t e d  and protonated 

n i t ro sou rea  a re  chosen to  obtain  a more va l id  comparison o f  the 

process o f  decomposit ion and the  a c t i v a t io n  energy a ssoc ia ted  with 

the bond breaking.

Completely optimized geometries were obtained f o r  syn N -n i t ro -  

sourea as well as f o r  the  l i t h i a t e d  and protonated syn N-ni t rosoureas .  

The presence o f  the  proton or  l i th ium  ca t io n  pos i t ioned  on the 

n i t ro so  group during the  process o f  decomposition has a s u b s ta n t ia l  

e f f e c t .  The ca t io n s  on the  n i t r o so  group per tu rb  the  e l e c t r o n i c  d i s ­

t r i b u t i o n  in such a manner t h a t  even the ground s t a t e  geometry o f  the  

n i t ro sou rea  begins to change s i g n i f i c a n t l y .  The carbonyl bond
O

length of  1.213 A in the  ground s t a t e  o f  syn N-nitrosourea decreases
o

to  1.179 A in the  ground s t a t e  o f  protona ted n i t r o so u re a .  S im i la r ly ,

the Cj-N^ bond length  o f  the  amino group sho r tens ,  but the  C^-N^ bond
0

of  the n i t r o s a t e d  n i t rogen  lengthens considerably  from 1.420 A in syn
o

N-ni trosourea to 1.617 A in pro tona ted n i t ro so u re a .  As the course of 

the  C^-N^ bond breaking continues  by incremental lengthening of  the 

C^-N^ d i s t a n c e ,  the  geometrical  changes elsewhere in the  molecule
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resemble the parameters o f  the  decomposit ion products ,  R-N=N-0H and 

R-N=C=0. Table 5 p resen ts  a comparison o f  the  geometries in the  

ground s t a t e ,  t r a n s i t i o n  s t a t e ,  and near product s t a t e  which shows 

the marked e f f e c t  of  the  ca t io n s  on the  bond lengths  and angles of  

syn N-nit rosourea .

Of p a r t i c u l a r  i n t e r e s t :  (a) the  carbonyl bond shor tens  as

the bond between the  carbonyl group and the  amino group assumes more 

double bond c h a r a c te r ;  (b) concomitantly ,  the  angle between the  c a r ­

bonyl and amino groups becomes more l i n e a r ;  (c) the N^-Ng s in g le  bond

a t t a i n s  more double bond c h a r a c t e r ,  while the  n i t r o so  bond NC=0C0 0

lengthens;  (d) the  d i s tan ce  between the  n i t r o s o  oxygen and the amino 

hydrogen c loses  to  with in  bonding range. Changes in the l i t h i a t e d  

n i t ro so u rea  from the  ground s t a t e  to the  near product s t a t e  i l l u s t r a t e
O

the  above g e n e r a l i z a t io n s :  (a) the  C^-N^ bond length of 1.325 A
O

decreases  to  1.256 A, as more tt bonding develops ;  (b) the

angle  of 130.5 degrees inc reases  to  172.1 degrees as the  l i n e a r i t y  o f

the isocyana te  i s  almost achieved;  (c)  the  N^-Ng s in g le  bond length  of
o o

1.277 A decreases to 1.225 A as more n bonding develops ;  (d) the  Ng=0g
O O

bond length  o f  1.285 A inc reases  to  1.385 A as the  ir bonding l e s s e n s .  

S im ila r  changes are  ev iden t  f o r  syn N-nit rosourea  and the protonated 

n i t r o so u re a .

Table 6 p resen ts  a comparison of  the  ne t  atomic charges of  the  

atoms in the ground s t a t e ,  t r a n s i t i o n  s t a t e ,  and near  product s t a t e  of 

syn N -n i t rosourea ,  to g e th e r  with the  l i t h i a t e d  and protonated n i t r o s o ­

ureas .

Of p a r t i c u l a r  i n t e r e s t :  (a) as the  bond between the  carbonyl
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TABLE 5

SCF 3-21G Optimized Geometric Parameters fo r  syn N-nitrosourea,  Li th ia ted and Protonated Nitrosourea

Parameters Ground Sta te  Transit ion  Sta te  Product State

A°; Li+ H+ Li+ H+ Li + H+

O
 

1—‘
II o ro 1.213 1.916 1.179 1.177 1.126 1.150 1.142 1.130 1.128

c r w3 1.337 1.325 1.308 1.317 1.261 1.285 1.249 1.256 1.251

c i-n4 1.420 1.487 1.617 2.548 2.512 1.904 2.900 2.900 2.900

N4"N5 1.361 1.277 1.229 1.335 1.240 1.222 1.260 1.225 1.213

V°6 1.225 1.285 1.370 1.232 1.355 1.403 1.328 1.385 1.452

n5- h 0.998 1.008 1.017 1.005 1.011 1.017 1.009 1.012 1.016

n3- h

o6-x

0.996 0.996

1.757

1.001

0.978

1.001 1.025

1.729

1.008

0.974

1.080 1.038

1.704

1.033

0.970

C1N4N5 132.3 134.8 136.6 127.5 124.4 137.2 118.9 123.1 121.0

N4N5°6 117.0 118.0 112.6 116.6 114.0 110.4 114.0 109.3 107.7

C,N,H 1 0 115.0 112.1 109.4 115.6 117,2 110.2 132.3 124.6 129.1

°2C1H3 126.5 130.5 136.6 149.5 158.5 149.9 169.2 172.1 179.3

X = Li + , H+

117.9 114.6 110.5 124.3 117.8 106.2 118.2 109.3 95.9



T a b le  5 Continued

Parameters Ground Sta te
o .+A ;_______  ____________ U__________ H

02N3H 117.7 117.4 117.7

HN3H 120.9 122.4 123.1

N5°6X --------  130,6  107,4

Og Hg 1.930 2.028 1.977

X = Li+, H+-
(J1cn

Trans it ion  Sta te Product Sta te

Li + H+ Li + H+

117.5 117.6 118.9 117.9 119.2 120.7

120.2 116.7 120.7 124.9 122.7 119.6

126.9 107.0 121.5 107.5

1.392 1.513 1.867 1.454 1.594 1.580



TABLE 6

Net Atomic Charges (au) fo r  syn N-ni trosourea,  Li th ia ted  and Protonated Nitrosourea Obtained by SCF 3-21G

syn-■N-nitrosourea Li th ia ted Protonated

Atom G.S. T.S. P.S. G.S. T.S. P.S. G.S. T.S. P.S.

C-l +1.194 +1.088 +1.151 +1.174 +1.150 +1.200 +1.180 +1.174 +1.203

0-2 -0.638 -0.450 -0.450 -0.567 -0.390 -0.370 -0.516 -0.462 -0.363

N-3 -0.970 -0.929 -0.940 -0.980 -0.972 -0.942 -0.950 -0.944 -0.947

N-4 -0.726 -0.618 -0.554 -0.604 -0.464 -0.436 -0.470 -0.407 -0.349

N-5 +0.347 +0.219 +0.314 +0.411 +0.198 +0.146 +0.340 +0.261 +0.150

0-6 -0.407 -0.584 -0.594 -0.599 -0.647 -0.636 -0.482 -0.513 -0.558

H-7 +0.417 +0.317 +0.300 +0.482 +0.387 +0.359 +0.499 +0.460 +0.402

H-8 +0.376 +0.406 +0.430 +0.395 +0.442 +0.470 +0.439 +0.453 +0.482

H-9 +0.407 +0.550 +0.524 +0.471 +0.550 +0.512 +0.446 +0.481 +0.515

N3H8H9 -0.187 +0.027 +0.014 -0.114 +0.020 +0.040 -0.065 - 0.010 +0.050

H+ --- -- - . ----- ----- ----- +0.516 +0.498 +0.465

Li+       +0.816 +0.739 +0.698

G. S. = Ground S ta te ;  T. S. = Transit ion  S ta te ;  P. S. = Product S ta te .



group C^=02 and the amino group N̂ HgHg assumes more double bond 

c h a r ac te r ,  the  e lec t ro n s  on nitrogen-3 are  de loca l ized  toward carbon-1.  

In the ground s t a t e  the  ne t  atomic charge on the amino group in syn 

N-nitrosourea is  -0,187,  while in the t r a n s i t i o n  s t a t e  i t  i s  +0.027;

(b) concomitantly,  the e lec t rons  of  the  carbonyl oxygen are a lso  de­

loca l ized  as evidence by the change in ne t  atomic charge from -0.638 

in the ground s t a t e  to -0.450 in the t r a n s i t i o n  s t a t e ;  (c) as the 

N4-N5 s in g le  bond a t t a i n s  more double bond c h a r ac te r ,  the e lec t rons  of 

N-4 are  de loca l ized  toward N-5. In the ground s t a t e  the ne t  atomic 

charges for  N-4 and N-5 are  -0.726 and +0.347, r e s p ec t iv e ly ,  while in 

the  t r a n s i t i o n  s t a t e  they are -0.618 and +0.219, r e spec t ive ly ;

(d) concomitant ly ,  the n i t ro so  bond Ng=0g lengthens and the e lec t rons  

on the n i t ro so  oxygen become more loca l ized .  In the ground s t a t e  the 

atomic charge on 0-6 is  -0.407,  while in the  t r a n s i t i o n  s t a t e  i t  i s  

-0.584. S im ilar changes in e lec t ron  densi ty  occur fo r  the l i t h i a t e d  

and protonated n i t ro sou rea s .

Figures 8-A to  10-A show the geometries o f  the ground s t a t e  and 

t r a n s i t i o n  s t a t e  of  the n i t rosoureas  and the re spec t ive  energies in 

h a r t r e e s .  The energy d i f f e rence  from the ground s t a t e  to the t r a n s i ­

t ion  s t a t e  fo r  syn N-nitrosourea in the absence o f  ca t ions  i s  c a lc u ­

la te d  to be 82.08 Kcal/mole. In the presence of  the l i th ium c a t io n ,  

the energy d i f f e ren ce  is  reduced to 27.42 Kcal/mole and with a proton 

the  energy p r o f i l e  ind ica tes  spontane ity .  Figure 11-A graph ica l ly  

presents  the energy in Kcal/mole assoc ia ted  with the various  bond

lengths  fo r  n i t rosourea  toge ther  with l i t h i a t e d  and protonated n i t r o ­

soureas .  The reac t ion  p r o f i l e s  i l l u s t r a t e  the Hammond Pos tu la te  (80),
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which s t a t e s  t h a t  in an endothemiic reac t ion  the t r a n s i t i o n  s t a t e  r e ­

sembles the product,  whereas in an exothermic reac t ion  the t r a n s i t i o n  

s t a t e  resembles the r e a c ta n t .  Table 5 shows t h a t  fo r  protonated 

n i t r o so u re a ,  which has an a c t i v a t i o n  energy of  only 1.13 Kcal/mole, 

the  geometric parameters in the  t r a n s i t i o n  s t a t e  are  more l i k e  those 

o f  the  ground s t a t e  than those of the product s t a t e .  Conversely,  for  

l i t h i a t e d  n i t ro sou rea  the geometric parameters in the  t r a n s i t i o n  s t a t e  

are  more l i k e  those o f  the  product s t a t e .  In support  o f  the noted 

geometric changes,  the ne t  atomic charges (Table 6 ) show le s s  change 

f o r  protonated n i t ro so u rea  from the ground s t a t e  to  the  t r a n s i t i o n  

s t a t e  than from the t r a n s i t i o n  s t a t e  to  the  product s t a t e .  In con­

t r a s t ,  the changes in ne t  atomic charges fo r  syn N-nitrosourea and 

l i t h i a t e d  n i t ro so u rea  a re  g re a t e r  from the ground s t a t e  to the 

t r a n s i t i o n  s t a t e  than a re  the  changes t h a t  occur from the t r a n s i t i o n  

s t a t e  to the product s t a t e .

In summary, the  e f f e c t  o f  c a t ions  on the geometric parameters,  

ne t  atomic charges ,  and a c t i v a t i o n  energy of  n i t ro so u rea s  is  markedly 

ev iden t .  The presence o f  c a t ions  quickens the t ransformat ion  of  the 

parent  n i t ro so u rea  to the  products o f  decomposit ion,  the isocyanates  

and the a lkyld iazohydroxides .
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TABLE 1-A

O p tim ize d  G eo m etr ic  P aram eters  and E n e rg ie s  f o r  E th y ld ia z o h y d r o x id e

Conformers Obtained by SCF 6-31G* C alcula tions

Parameters Conformers

A° A-Ie A -lie B-Ie C-Ie

N-N 1.199 1.199 1.199 1.210

N-0 1.359 1.359 1.359 1.359

0-H 0.948 0.948 0.948 0.948

C-N 1.466 1.466 1.466 1.466

C-C 1.535 1.535 1.525 1.525

C-H 1.081 1.082 1.081 1.081

NNO 110.2 110.1 110.2 112.0

NOH 104.3 104.3 104.3 104.3

NNC 112.9 112.9 112.9 112.0

NCC 109.5 110.5 109.5 109.5

NCH 109.5 109.1 109.5 109.5

CCH 111.3 111.3 111.3 111.3

HCH 109.1 109.1 109.1 109.1

C
M

toC
M1 -262. -262. -262.

Energy (au) 8906 8887 8809 8780

AE (Kcal) 0 .00 1.19 6.09 7.91
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TABLE 2 -f l

O p t im iz e d  G eo m etr ic  Param eters  and E n e rg ie s  f o r  E th y ld ia z o h y d r o x id e

Conformers Obtained by SCF 3-216 C alcula tions

Parameters

A0 A-Ie

Conformers 

B-Ie C-Ie D-Ie

N-N 1.199 1.199 1.2903 1.203

N-0 1.359 1.359 1.356 1.356

0-H 0.948 0.948 0.957 0.957

C-N 1.466 1.466 1.469 1.469

C-C 1.525 1.525 1.523 1.523

C-H 1.081 1.081 1.084 1.084

NNO 110.2 110.2 116.3 116.3

NOH 104.3 104.3 106.8 106.8

NNC 112.9 112.9 114.3 120.0

NCC 109.5 109.5 107.4 107.4

NCH 109.5 109.5 106.3 106.3

CCH 111.3 111.3 106.3 106.3

HCH 109.1 109.1 105.6 105.6

-261. -261. -261. -261. 

Energy (au) 3948 3853 3832 3851

AE (Kcal) 0.00 5.96 7.68 106.49
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TABLE 3-A

O p tim ize d  G eo m e tr ic  Param eters  and E n e rg ie s  f o r  2 - F l u o r o e t h y l d i -

azoh.ydroxide Conformers Obtained b.y SCF 3-21G C alcula tions

Parameters 

A0 A-If

Conformers 

B -If C-If D-If

N-N 1.218 1.217 1.215 1.199

N-0 1.434 1.425 1.443 1.359

0-H 0.975 0.977 0.966 0.948

C-N 1.487 1.486 1.486 1.466

C-C 1.079 1.079 1.079 1.081

C-H - 1.399 1.404 1.406 1.397

NNO 111.5 110.7 113.3 110.2

NOH 106.4 105.8 105.5 104.3

NNC 114.2 115.9 119.6 120.0

NCC 110.7 105.8 108.3 109.5

NCH 107.8 105.8 108.9 109.5

CCH 109.5 110.2 109.98 111.3

HCH 107.7 108.96 107.3 109.1

CCF 110 .8 108.96 108.4 99.5

FCH 107.7 108.96 107.3 109.1
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T a b le  3-A Continued

Conformers 

A-If B -If C -If D—If

-359. -359. -359. •LT>COi

Energy (au) 7161 7176 7180 5894

AE (K cal) 1.19 0.25 0 .00 80.70
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TABLE 4-A

O p t im iz e d  G eom etr ic  P aram eters  and E n e rg ie s  f o r

2-Chloroethyldiazohydroxide Conformers Obtained by 

SCF 3-21G C alcu la tions

Parameters Conformers

A° A-Ic B-Ic C-Ic D-Ic

NN 1.217 1.216 1.215 1.215

NO 1.429 1.423 1.425 1.425

OH 0.976 0.977 0.966 0.966

CN 1.488 1.489 1.486 1.486

CC 1.533 1.519 1.525 1.525

CH 1.077 1.077 1.079 1.079

CC1 1.880 1.879 1.850 1.850

NNO 110.0 111 .6 113.3 115.0

NOH 106.2 106.0 105.8 105.8

NNC 114.1 116.1 119.6 119.6

NCC 109.7 115.5 108.3 108.3

NCH 108.9 105.3 108.9 108.9

CCH 111.1 111.4 110.0 110.2

HCH 106.4 105.6 106.5 105.0

CCC1 111.7 109.9 114.0 100 .0  •

Cl CH 106.4 105.6 106.5 105.0
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T a b le  4 -A  C o ntin ued

Conform ers

A-Ic B-Ic C-Ic

-718. -718. -718.

Energy (au) 1160 1211 1199

AE (K cal) 3.20 0.00 0.75

D-Ic

-717.

8699

157.63

71



TABLE 5 -A

Optimized Geometric Parameters and Energies fo r  2-Hydrox.y- 

e thyld iazohydroxide  Conformers Obtained by SCF 3-21G C alcu la tions

Parameters Conformers

A0 A-Ih B-Ih C-Ih D-Ih

NN 1.215 1.215 1.215 1.215

NO 1.425 1.425 1.425 1.425

OH 0.965 0.965 0.965 0.965

NC 1.485 1.485 1.485 1.485

CC 1.530 1.530 1.530 1.530

CH 1.080 1.080 1.080 1.080

CO 1.450 1.450 1.450 1.450

NNO 111 .0 111 .0 111.0 116.0

NOH 106.0 106.0 106.0 106.0

NNC 114.0 114.0 116.0 120.0

NCC 110.0 112.0 110.0 110.0

NCH 109.0 109.0 109.0 109.0

CCO 111.5 111.5 111.5 111.5

CCH 110.5 110.5 110.5 110.5

COH 110.5 110.5 110.5 110.5

OCH 110.5 110.5 110.5 110.5



T a b le  5 -A  C on tinued

Conformers 

A-Ih B-Ih C-Ih D-Ih

Energy (au) -335. -335. -335. -335.

8256 8208 8274 6387

AE (K cal) 1.13 4.14 0 .00 118.41
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TABLE 6-A

Optimized Geometric Parameters and Energies fo r  

n-Propyl diazoh.ydroxide Conformers Obtained by SCF 3-21G C alcula tions 

Parameters Conformers

A°  B-Ip C-Ip D-Ip

NN 1.205 1.205 1.205 1.205

NO 1.425 1.425 . 1.425 1.425

OH 0.965 0.965 0.965 0.965

CN 1.485 1.485 1.485 1.485

CC 1.540 1.540 1.540 1.540

CH 1.080 1.080 1.080 1.080

NNO 110.5 112.0 112.0 116.0

NOH 105.5 105.5 105.5 105.5

NNC 112.0 115.0 115.0 120.0

NCC 109.5 109.5 109.5 109.5

NCH 107.5 ’ 107.5 107.5 107.5

CCH 110.0 110.0 110.0 110.0

HCH 108.5 108.5 108.5 108.5

CCC 110.5 110.5 110.5 110.5
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T a b le  6 -A  C o n tin u e d

Conform ers

A-Ip B-Ip C-Ip D- Ip

Energy (au) -300. -300. -300. -300.

2190 2130 2198 0129

AE (K cal) 0.50 4.27 0 .0 0 129.83

75



TABLE 7-A

SCF 3-21G Completely Optimized C alcu la tions  fo r

1 ,2 ,3 -O xadiazo line  In term edia te

LUMP Energy (au) and 

Atom C ontributions

E (au) + 0. 14254

N1 +0.907 2 Py

N2 -0.993 II

°3 +0.258 II

C4 +0.100 II

C5 +0.215 II

H6 -0.145 1 s

H7 +0.145 II

H8 -0.379 II

H9 +0.379 II

Net Atomic Charges (eu) 

Atom and Group

N1 -0.236

n2 +0.139

°3 -0.483

C4 -0.141

C5 -0.323

H6
+0.245

H7 +0.245

H8 +0.277

H9 +0.277

C4H6H7 +0.349

C5H8H9 +0.231
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TABLE 8 - A

LUMP Energies and Atom C ontribu tions  For Ethyl- 

diazohydroxide Conformers Obtained by SCF 6-31G* C alcu la tions

Atom a

A-Ie

Conformers 

A-IIe B-Ie C-Ie

N1 -0.370 0.376 -0.404 -0.389

-0.525 0.520 -0.588 -0.551

n2 0.438 -0.424 0.447 0.438

0.591 -0.583 0.619 0.593

°3 -0.153 0.153- -0.157 -0.181

- 0.200 0.195 - 0.202 - 0.221

C5 -0.052 0.059 - 0 .0 1 2 -0.016

-0.306 0.333 -0.146 -0.187

0.062 -0.064 -0.075 -0.079

0.438 -0.456 -0.287 -0.351

H8 -0.065 0.067 0.072 0.079

-0.434 0.455 0.301 0.350

C6 -0.023 x 0.025 x - 0 .0 0 1  s -0.017

-0.157 x 0.166 x -0.137 s -0.143

H9 - 0 .001 -0 .014

+0.145 -0.165

H10 -0.013 0.013 0.014

-0.145 0.155 0.152

H11 - 0.002 +0.001

+0.139 -0.137

a .  O r b i t a l :  Is  f o r  H; 2Py f o r  o t h e r  atoms u n le s s  o th e r w is e  i n d i c a t e d .
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T a b le  8 -A  C ontinued
C o nform ers

______________ A ^ Ie____________ A - I I e __________ B - Ie ___________ C - Ie

E (a u )  0 .1 4 3 4 2  0 .1 4 9 4 5  0 .1 6 3 9 9  0 .1 5 4 7 1
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TABLE 9 -A

LUMP E n e rg ie s  and Atom C o n t r ib u t io n s  For E t h y l -

diazohydroxide Conformers Obtained b.y SCF 3-21G C alcu la tions

Atom a Conformers

A-Ie B-Ie C-Ie D-Ie

Ni 0.314 0.338 -0.336 0.353

0.530 0.582 -0.560 0.592

n2 -0.367 -0.386 0.373 -0.375

-0.599 -0.630 0.610 -0.611

°3 0.133 0.136 -0.149 0.116

0.202 0.208 -0.216 0.158

C5 0.039 0 .0 0 2 - 0 .0 0 2 - 0 .0 1 0

0.310 0.181 -0.296 +0.223

H7 -0.068 0.072 -0.069 -0.069

-0.422 0.275 -0.347 -0.283

H8 0.068 -0.072 0.072 0.073

0.422 -0.273 0.351 0.291

C6 0.016 +0.019 -0.014 x -0.019

0.111 -0.085 -0.134 x -0.146

h9

H10 -0.016

-0.142

H11 0.016 -0.003 -0.023

0.142 -0.174 -0.217

a .  O r b i t a l :  I s  f o r  H; 2Py f o r  o t h e r  atoms u n le s s  o th e r w is e  i n d i c a t e d .

79



T a b le  9 -A  C o n tin u e d
Conform ers

_______________ A - I e ___________ B - I e  C - I e ________  D - Ie

E (a u )  0 .1 4 5 4 8  0 .1 5 5 4 4  0 .1 6 3 5 7  0 .1 5 0 3 1
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TABLE 10 -A

LUMP E n e rg ie s  and Atom C o n t r ib u t io n s  f o r  2 - F lu o r o e t h .y l -

diazohydroxide Conformers Obtained by SCF 3-21G C alcu la tions

Atom a Conformers

A-If B -If C -If D -If

Ni -0 .318 0.330 -0.335 -0.346

-0.524 0.565 -0.553 -0.579

n2 0.370 -0.393 0.367 0.377

0.590 -0.630 0.588 0.610

°3 -0 .123 0.139 -0.131 -0.119

-0.178 0.210 -0.182 -0.172

C5 -0.032 0.012 -0 .004 +0.004

-0.278 0.206 -0.257 -0.233

H7 0.076 0.070 -0.082 0.076

0.402 0.308 -0.342 0.300

H8 -0 .074 -0.072 0.081 -0.076

-0.432 -0.589 0.375 -0.300

C6 -0 .014 - 0 .002  s -0.023 0.041

-0.056 -0.090 s -0.086 0.200

F9 0 .012  x 0.004 s - 0 .0 1 2 - 0 .0 2 2

0 .022  x 0.044 s - 0.021 -0.040

H10 - 0 .0 1 2 0 .010 - 0 .001

-0.185 0.140 +0.130

H11 +0 .001

-0.130

a .  O r b i t a l :  I s  f o r  H; 2Py f o r  o t h e r  atoms u n le s s  o t h e r w is e  i n d i c a t e d .
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T a b le  10 -A  C o n tin ue d

Conform ers

______________ A^If____________ IMf__________ C^If___________ D-If

E(au) 0.12147 0.15359 0.13677 0.13624
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TABLE 11-A

LUMP E n e rg ie s  and Atom C o n t r ib u t io n s  f o r  2 - C h l o r o e t h y l -

diazohydroxide Conformers Obtained b,y SCF 3-21G C alcu la tions

Atom a

A-Ic

Conformers 

■ B-Ic C-Ic D-Ic

N1 0.303 0.340 -0.322 0.344

0.499 0.575 -0.531 0.564

n2 -0.345 -0.390 0.356 -0.371

-0.553 -0.619 0.571 -0.592

°3 0.114 0.126 -0.132 0.115

0.165 0.183 -0.184 0.157

C5 0.026 -0.003 -0.007 -0.007

0.305 +0.167 -0.261 +0.218

H7 -0.082 0.066 -0.089 -0.064

-0.435 0.261 -0.377 -0.277

H8 0.074 -0.068 0.085 0.068

0.416 -0.239 0.377 0.241

C6 0.086 -0.007 s -0.063 -0.068

0.258 -0.092 s -0.208 -0.295

C19 -0.042 +0 .0 1 1 +0.030 0 .012

0.091 -0.025 -0.064 - 0.022

0.209 -0.060 -0.156 - 0 .1 2 0

H10 0.012 0.010 0.010

0 .1 10 0.118 0.137

a .  O r b i t a l :  Is  f o r  H; 2Py f o r  o t h e r  atoms u n le s s  o t h e r w is e  i n d i c a t e d .
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T a b le  11-A  C o n tin ue d

Conformers

____________A-Ic_____________ B-Ic____________C-Ic______________ D-Ic

E(au) 0.11956 0.14149 0.13219 0.12765
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TABLE 12-A  .

LUMP Energies and Atom C ontribu tions  fo r  2-Hydrox.yethyl- 

diazoh.ydroxide Conformers Obtained by SCF-312G C alcu la tions

Atom a

A-Ih

Conformers 

B-Ih C-Ih D-Ih

N1 0.322 0.343 0.338 0.358

0.533 0.576 0.559 0.591

n2 -0.367 -0.384 -0.367 -0.374

-0.589 -0.615 -0.590 -0.591

°3 0 .122 0.124 0.136 0.107

0.177 0.181 0.191 0.155

C5 0.031 - 0 .0 01 0.003 -0.009

0.307 +0.184 0.243 +0.184

H7 -0.069 0.070 0.080 -0.081

-0.403 0.256 0.338 -0.283

H8 0.069 -0.072 -0.080 0.081

0.423 -0.269 -0.357 0.301

C6 0.019 +0.009 0.016 +0 .1 0 0

0.089 -0.096 0.071 0.028

H10 0.012 -0.008

0.130 -0.109

°9 - 0 .0 0 0  s - 0 .0 0 0  s - 0 .0 1 2  x - 0 .0 1 1  z

-0.045 s -0.081 s -0.025 x - 0 .0 10  z

E(au) 0.13257 0.14055 0.14353 0.12574

a .  O r b i t a l :  I s  f o r  H; 2Py f o r  o t h e r  atoms u n le s s  o th e r w is e  i n d i c a t e d .
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TABLE 13 -A

LUMP Energies and Atom C ontribu tions  fo r  n-P ropyl- 

diazoh.ydroxide Conformers Obtained by SCF 3-21G C alcu la tions

Atom a

A-Ip

Conformers 

B-Ip C-Ip D-Ip

N1 -0.325 0.345 0.340 -0.360

-0.544 0.587 0.569 -0.603

n2 0.366 -0.382 -0.366 0.372

0.594 -0.619 -0.595 0.596

°3 - 0 .1 2 0 0.123 0.135 -0.105

-0.176 0.180 0.191 -0.152

C5 -0.029 -0.003 0 .001 +0.013

-0.305 +0.188 0.238 -0.172

H7 0.065 0.070 0.077 0.078

0.389 0.264 0.324 0.265

H8 -0.065 -0.070 -0.078 -0.079

-0.411 -0.266 -0.345 -0.285

C6 - 0 .0 11 +0.016 0 .011 -0.007

-0.108 -0.092 0.099 -0.041

H10 - 0 .0 1 2 -0.007

-0.138 - 0.122

C9 -0 .004 s - 0 .0 0 2  s -0 .005 s +0 .0 11  z

+0.104 s -0.161 s +0.082 s -0.047 z

E(au) 0.14360 0.15392 0.15616 0.13608

a .  O r b i t a l :  I s  f o r  H; 2Py f o r  o t h e r  atoms u n le s s  o th e r w is e  i n d i c a t e d .
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TABLE 1 4 -A

Net A tom ic Charges ( e u )  f o r  E t h y ld ia z o h y d r o x id e  Conform ers

Obtained b.y SCF 6-31G* C alcu la tions

Atom Conformers

A-Ie A-He B-Ie C-Ie

N1 -0.307 -0.224 -0.195 -0.252

n2 +0.173 +0.084 +0.056 +0.143

°3 -0.573 -0.567 -0.565 -0.619

H4 0.443 +0.458 +0.456 +0.470

C5 -0.154 -0.152 -0.157 -0.177

H7 +0.195 +0.186 +0.195 +0.208

H8 +0.194 +0.185 +0.193 +0.209

C6 -0.501 -0.492 -0.525 -0.506

H9 +0.176 +0.169 +0.207 +0.167

H10 +0.171 +0.153 +0.171 +0.165

H11 +0.184 +0.189 +0.163 +0.192

C5

H7H8
+0.235 +0.219 +0.231 +0.240

C6H9

H10H11

+0.030 +0.029 +0.016 +0.018
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TABLE 15 -f l

Net Atomic Charges (eu) f o r  Ethyldiazohydroxide Conformers 

Obtained by SCF 3-21G* C alcu la tions

Atom Conformers

A-Ie B-Ie C-Ie D-Ie

N1 -0 .333 -0.314 -0.266 -0.231

n2 +0.145 +0.133 +0 .120 +0.115

°3 -0.525 -0.523 -0.565 -0.608

h4 +0.397 +0.400 +0.428 +0.435

C5 -0.236 -0.244 -0.276 -0.284

H7 +0.252 +0.252 +0.258 +0.262

H8 +0.252 +0.253 +0.257 +0.262

C6 -0.615 -0.671 -0.601 -0.683

H9 +0.234 +0.209 +0.207 +0.184

H10 +0.214 +0.210 +0.205 +0.147

H11 +0.214 +0.295 +0.234 +0.398

C5

h7h8
+0.268 +0.261 +0.239 +0.240

C6H9

H10H11

+0.047 +0.043 +0.045 +0.046
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TABLE 16-A

Net Atom ic Charges (e u )  f o r  2 -F 1 u o r o e th y 1 d ia z o h y d r o x id e

Conformers Obtained by SCF 3-21G C alcu la tions

Atom Conformers

A-If B -If C-If D-If

N1 -0 .318 -0.324 -0.263 -0.236

n2 +0.129 +0.161 +0.109 +0.127

°3 -0.507 -0.520 -0.561 -0.619

h4 +0.398 +0.400 +0.419 +0.443

C5 -0.316 -0.281 -0.321 -0.317

H7 +0.293 +0.252 +0.302 +0.278

H8 +0.271 +0.270 +0.268 +0.278

C6 -0.008 +0.007 +0.011 +0.026

F9 -0.392 -0.398 -0.414 -0.460

H10 +0.216 +0.228 +0.209 +0.239

H11 +0.232 +0.206 +0.242 +0.239

C5

H7H8
+0.248 +0.241 +0.249 +0.239

C6F9 +0.048 +0.043 +0.048 +0.044

H10H11
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TABLE 17-A  -

Net Atom ic Charges (e u )  f o r  2 - C h lo r o e t h y ld ia z o h y d r o x id e

Conformers Obtained by SCF 3-21G C alcu la tions

Atom Conformers

A-Ic B-Ic C-Ic D-Ic

N1 -0.319 -0.310 -0.255 - 0 .2 21

n2 +0.124 +0.135 +0.114 +0.127

°3 -0.504 -0.504 -0.562 -0.621

h 4 +0.398 +0.397 +0.423 +0.436

C5 -0.231 - 0 .2 21 -0.255 -0.250

H7 +0.299 +0.273 +0.1300 +0.270

H8 +0.273 +0.277 +0.279 +0.295

C6 -0.561 -0.598 -0.579 -0.596

C19 -0.068 - 0 .0 22 -0.052 -0.058

H10 +0.284 +0.293 +0.277 +0.367

H11 +0.306 +0.279 +0.309 +0.251

C5

H7H8
+0.341 +0.329 +0.324 +0.315

C6C19

H10H11

-0.039 -0 .048 -0.045 -0.036
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TABLE 18-A

Net Atom ic Charges (e u )  f o r  2 - H y d r o x y e t h y ld ia z o h y d r o x id e

Conformers Obtained by SCF 3-21G C alcu la tions

Atom Conformers

A-Ih B-Ih C-Ih D-Ih

M1
-0 .318 -0.299 -0.251 -0.216

n2 +0.123 +0.109 +0.107 +0.134

°3 -0.513 -0.508 -0.565 -0.631

h4 +0.397 +0.400 +0.419 +0.428

C5 -0.275 -0.280 -0.299 -0.316

H7 +0.269 +0.270 +0.278 +0.276

H8 +0.253 +0.255 +0.262 +0.262

C6 -0.099 -0.145 - 0.102 -0.370

H10 +0 .2 0 0 +0.197 +0.194 +0.146

H11 +0.259 +0.301 +0.258 +0.623

°9 -0.670 -0.669 -0.673 -0.680

H12 +0.374 +0.370 +0.371 +0.346

C5

H7H8
+0.247 +0.245 +0.241 +0 .2 2 2

W l l

°9h12
+0.064 +0.054 +0.048 +0.065
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TABLE 19-A

Net Atomic Charges (eu) f o r  n-Propyldiazohydroxide 

Conformers Obtained b.y SCF 3-21G C alcu la tions  

Atom Conformers

A-Ip____________B-Ip____________C-Ip____________D-Ip

-0.315 -0.302 -0 .253  -0.2161

2̂ +0.119 +0.108 +0.101 +0.130

03 -0.519 -0.513 -0 .565 -0.629

H4 +0.393 +0.395 +0.416 +0.418

C5 -0.231 -0.233 -0 .252 -0.267

H7 +0.256 +0.257 +0.264 +0.262

Hg +0.256 +0.257 +0.264 +0.265

Cg -0.449 -0.500 -0.450 -0.734

H1q +0.219 +0.244 +0.213 +0.169

Hn  +0.244 +0.296 +0.244 +0.636

Cg -0.592 -0.586 -0.591 -0.563

H12 +0.207 +0.203 +0.205 +0.168

H13 +0.202 +0.196 +0.184 +0.178

H14 +0.210 +0.210 +0.206 +0.183

C5H7H8 +0.281 +0.281 +0.276 +0.260

CcHin H,. +0.014 +0.040 +0.007 +0.071o 1U 11
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T a b le  19

C9H12

H13H14

»A C o n t in u e d

Conform ers

A-Ip_____________ B-Ip__________ C-Ip____________ D-Ip

+0.027 +0.023 +0.004 -0 .034
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TABLE 20-A

Group Net Atomic Chargesa o f  A1kyldiazohydroxide Conformers Obtained

by SCF 3-21G C alcu la tions  

______ Ethyl_______  Propyl___________

C5H7H8 C6H9b C5H7H8 C6H10H11 C9H12

H10H11 H13H14
Conformers

A-Ie 0.268 0.047

B-Ie 0.261 0.043

C-Ie 0.239 0.045

D-Ie 0.240 0.046

A-If 0.248 0.048

B- If 0.241 0.043

C-If 0.249 0.048

D- If 0.239 0.044

A-Ic 0.341 -0.039

B-Ic 0.329 -0.048

C-Ic 0.324 -0.045

D-IC 0.315 -0.036

A-Ih 0.247 0.064

B-Ih 0.245 0.054

C-Ih 0.241 0.048

D-Ih 0.222 0.065
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T a b le  20 -A  C on tinued

Ethyl_______  Propyl

Conformers

C5H7H8 C6H9 

H10H11

C5H7H8 C6H10H11 C9H12

H13H14

A-Ip 0.281 0.014 0.027

B- Ip 0.281 0.040 0.027

C-Ip 0.276 0.007 0.004

D- Ip 0.260 0.071 -0.034

a . atomic u n i ts

b. Fg in 2- f lu o ro e th y l  

Clg in 2-chloroethy l 

0gH12 in 2-hydroxyethyl
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TABLE 21-A

Proton and Lithium A f f in i t ie s  of Methyl n itrosourea

Lithium Cation Proton

C1 = °2 N5 = °6 N5 = °6  N5 = °6

l in e a r  l in e a r  angular angular

a
Energy (au)_______ s^m_________ s^n__________ an ti________ syn__________ an ti  s.yn_______an ti

Complex -397. -397. -397. -397 -397. -390. -390.

6406 6054 6257 6122 6204 6812 6891

AEb -0.1338 -0.0986 -0.1189 -0.1054 -0.1136 -0.3957 -0.4036

Kcal/molec -83.96 -61.87 -74.61 -66.14 -71.28 -248.30 -253.26

0-Xd 1.701 1.701 1.639 1.702 1.701 0.997 0.998

C-0-Xd 180.0 ---------- ---------- ---------  ---------- ---------- ----------

N-0-Xd   180.0 180.0 110.1 111.4 105.0 105.1

a . Syn/Anti denotes pos ition  o f  Nitroso group r e l a t iv e  to the Carbonyl group in MNU

b ‘ '  Ecom plex  -  (EMNU + Eca t io r ,>  c '  0bta1ne<l ST° - 6G;
MNU = m ethylnitrosourea = -390.2855 d. X = Li+ ; H+;

Cation : Lithium = -7.2213; Proton = zero



TABLE 22-A

Proton and Lithium A f f i n i t i e s  o f  the  Nitroso Group

(-N=0) of N-Nitrosourea 

Lithium Cation Proton

syn a n t i  syn an ti

Complex9 -357.8853 -357.8914 -350.9329 -350.9367

AEb -0.0742 -0.0803 -0.3089 -0.3127

Kcal/mole -46.56 -50.39 -193.83 -196.22

0-XC 1.757 1.759 0.978 0.979

N-0-Xc 130.6 133.6 107.4 108.5

a . Energy (au) obtained by SCF 3-21G

b* ^complex " ^NU + Ecation^
NU = N -n itrosourea  = -350.6240

Cation: Lithium = -7.1871; Proton = zero

c . X -  Li+ ; H+

d . Syn/Anti denotes p o s i t io n  o f  the  N itroso group r e l a t i v e  to  the 

Carbonyl group.
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TABLE 23-A

Binding Energies (au) o f  the  E and Z Complexes o f  

Lithium M ethyldiazotate  

_________________________Complexes______________

6-31G* 3-21G

Energy (au) E Z E Z

Complex -230.7873 -230.7710 -229.4864 -229.4732

Anion E -223.2573 -221.9630

Anion Z -223.2630 -221.9776

Counter Ion -7.2355 -7.2355 -7.1871 -7.1871

AEa -0.2945 -0.2725 -0.3363 -0.3085

Kcal/mole -184.80 -170.99 -211.03 -193.58

AE 0 .00 13.81 0 .00 17.45

a * ^complex ” ^Eanion + ^counter ion^

98



TABLE 24-A

Binding Energies (au) o f  the B and C Complexes o f  

Lithium E thyl- and Lithium 2-C hlo roe thy ld iazo ta te  

_________ Ethyl___________  2-Chloroethyl

Energy3 (au)

B C B C

Gauche Planar Planar Planar Planar

Complex -268.3064 -268.3009 -268.2911 -725.0162 -725.0073

Anion B -260.7831 -260.7782 -717.5168

Anion C -260.7971 -717.5283

Counter Ion -7.1871 -7.1871 -7.1871 -7.1871 -7.1871

4 Eb -0.3362 0.3356 -0.3069 -0.3123 -0.2919

Kcal/mole -210.96 -210.59 -192.58 -195.97 -183.17

AE 0.00 0.37 18.38 0.00 12.80

a. Obtained by SCF 3-21G

k* ^  ^complex " ^ a n io n  + ^counter ion^



TABLE 25-A

Binding Energies3 (au) o f  the  B and C Complexes o f  E th y ld iazo ta te

Counter Ions-Lithium, Sodium and Ammonium

Counter Ions

Lithium Sodium Ammonium

E n t i t i e s B C B C B C

Complex -268.3064 -268.2911 -421.7291 -421.7153 -317.2523 -317.2514

Anion B -260.7831 -260.7782 -260.7782

Anion C -260.7971 -260.7971 -260.7971

Counter Ion -7.1871 -7.1871 -160.6737 -160.6737 -56.2338 -56.2338

iE b -0.3362 -0.3069 -0.2772 -0.2445 -0.2403 -0.2205

Kcal/mole -210.96 -192.58 -173.94 -153.42 -150.79 -138.36

AE 0.00 18.38 0.00 20.52 0 .00 12.43

a. Obtained by SCF 3-21G

b. AE = E n -  (E . + E . - )complex '  anion coun ter  ion '
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TABLE 26 -A
3  4* 4* 4* 4*Binding Energies o f  H , Li , Na , and NĤ  to the 

D iazo ta tes  (Kcal/mole)

Counter Ions

Anions H+ Li+

E-Methyl 389.86 211.03

Z-Methyl 370.79 193.58

E-Ethyl 392.12 210.96

Z-Ethyl 382.46 192.58

E-Cl-Ethyl 379.51 195.97

Z-Cl-Ethyl 371.92 183.17

Na

173.94

153.42

nh4+

150.79

138.36

a. Obtained by SCF 3-21G
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TABLE 2 7 -A

SCF 6-31G  C o m p le te ly  O p t im iz e d  G eom etr ic  P aram eters  and

E n e rg ie s  ( a u )  f o r  E and Z Conform ers o f

M e th y ld ia z o h y d r o x id e

ConformersParameters

A° E Anion Z Anion

N-N 1.203 1.261 1.204 1.256

N-0 1.342 1.247 1.359 1.257

0-Xa 0.957 1.000 0.950 1.000

N-C 1.454 1.444 1.459 1.453

C-H 1.083 1.094 1.084 1.090

NNO 112.9 116.6 119.9 119.3

N0Xa 107.2 120.0 112.5 120.0

NNC 113.2 110.1 121.9 114.4

NCH 109.5 111 .8 110.2 111.1

HCH 110 .1 107.7 108.2 108.5

-223. -223. -223. -223.

Energy (au) 8596 2573 8392 2630

AE (Kcal) 0 .00 3.58 12.80 0 .0 0

H in methyl; -  in anion
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TABLE 28 -A

SCF 3-21G  C o m p le te ly  O p t im iz e d  G eo m e tr ic  P aram eters  and

Energies (au) fo r  E and Z Conformers o f  

Methyldi azohydroxide 

Parameters   Conformers

A° E Anion Z Anion

N-N 1.218 1.291 1.215 1.276

N-0 1.427 1.314 1.451 1.330

0-Xa 0.977 1.000 0.969 1.000

N-C 1.490 1.477 1.486 1.487

C-H 1.079 1.091 1.081 1.086

NNO 111.0 115.6 118.8 117.7

N0Xa 105.8 120.0 112.9 120.0

NNC 113.9 109.2 123.1 112 .8

NCH 109.1 111.2 109.5 110.3

HCH 110.0 108.2 109.0 109.9

- 222 . - 221 . - 2 2 2 . - 221 .

Energy (au) 5843 9630 5685 9776

AE (Kcal) 0.00 9.16 9.91 0 .00

a H in methyl; -  in  anion
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TABLE 29-A

Completely Optimized Geometric Parameters and

Energies (au) f o r  the  E and Z Compl exes of

Lithium M ethyld iazotate

Parameters Complexes

6-31G* 3- 21G

A° E Z E Z

N-N 1.240 1.215 1.256 1.225

N-0 1.279 1.310 1.371 1.408

Q-Li 1.813 1.748 1.772 1.712

N-C 1.447 1.457 1.472 1.490

C-H 1.085 1.083 1.082 1.079

NNO 113.8 121.2 111.7 119.8

NO Li 92.33 75.26 90.22 72.84

NNC 114.2 116.2 115.0 116.2

NCH 110 .2 109.9 109.6 109.1

HCH 109.2 109.7 109.7 110.8

-230. -230. -229. -229.

Energy (au) 7873 7710 4864 4732

AE (Kcal) 0 .0 0 10.23 0 .0 0 8.28
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TABLE 30-A

SCF 3-21G C o m p le te ly  O ptim ized  Geom etric  Param eters  and Energ ies  (a u )  f o r  th e  B

and C Conformers o f  Ethyl- and 2-Chloroethyldiazohydroxide 

P a r a m e t e r s _______________________  Conformers^__________

Ethyl________________   2-Chloroeth.yl

A° B An i on C Anion B Anion C Anion

N-N 1.217 1.284 1.208 1.274 1.217 1.284 1.208 1.274

N-0 1.429 1.320 1.469 1.331 1.429 1.320 1.469 1.331

0-Xa 0.976 1.000 0.967 1.000 0.976 1.000 0.967 1.000

C-N 1.487 1.487 1.493 1.488 1.487 1.487 1.493 1.488

C-C 1.532 1.544 1.538 1.549 1.532 1.544 1.538 1.549

C-H 1.082 1.086 1.081 1.085 1.082 1.086 1.081 1.085

C-Cl 1.85 1.85 1.85 1.85



T a b le  30 -A  Continued

NNO 110.0 115.6 112.0 117.4 110.0 115.6 112.0 117.4

NOXa 105.8 120.0 103.8 120.0 105.8 120.0 103.8 120.0

NNC 116.0 111.3 121.3 113.4 116.0 111.3 121.3 113.4

NCC 115.8 116.7 109.6 108.8 115.8 116.7 109.6 108.8

NCH 105.7 107.6 108.3 110.3 105.7 107.6 108.3 110.3

CCH 110.6 109.5 111.3 111.0 110.6 109.5 111.3 111.0

HCH 108.6 110.2 107.6 107.8 108.6 110.2 107.6 107.8

CCC1 ------- 110.5 110.5 110.5 110.5

-261. -260. -261. -260.

00i -717. -718. -717.
Energy (au)

4080 7831 4066 7971 1216 5168 1210 5283

AE (Kcal) 0.00 8.78 0.88 0.00 0.00 7.22 0.38 0.00

a . H in ethyl and 2 -ch lo ro e th y l; - in anion

b. B is  gauche; C is  planar



TABLE 31-A

SCF 3-21G Completely Optimized Geometric Parameters and Energies (au) 

fo r  B and C Conformers o f  Eth.yldiazohydroxide 

Parameters Conformers

B C

A° Gauche Anion PIanar Anion PIanar An i on

N-N 1.217 1.284 1.214 1.278 1.208 1.274

N-0 1.429 1.320 1.430 1.323 1.469 1.331

0-Xa 0.976 1.000 0.976 1.000 0.967 1.000

C-N 1.487 1.487 1.492 1.497 1.493 1.488

C-C 1.532 1.544 1.547 1.559 1.538 1.549

C-H 1.082 1.086 1.081 1.086 1.081 1.085

NNO 110 .0 115.6 111.1 115.8 112 .0 117.4

N0Xa 105.8 120.0 105.8 120.0 103.8 120.0

NNC 116.0 111.3 117.3 112 .8 121.3 113.4

NCC 115.8 116.7 117.2 117.9 109.6 108.8

NCH 105.7 107.6 104.8 106.8 108.3 110.3

CCH 110.6 109.5 110.9 109.7 111.3 111.0

HCH 108.6 110.2 108.0 109.1 107.6 107.8

Energy (au) -261. -260. -261. -260. -261. -260.

4080 7831 4030 7782 4066 7971

AE (Kcal) 0.00 8.78 3.14 11.86 0 .88 0 .00

a .  H in e th y l ;  -  in anion
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TABLE 3 2 -A

SCF 3—2 1G C o m p le te ly  O p t im iz e d  G e o m e tr ic  P a ra m e te rs  and E n e rg ie s  (a u )

For th e  B and C Complexes o f  L i th iu m  E t h y l -  and

Li th iu m  2 - C h l o r o e t h y l d i a z o t a t e

P a r a m e t e r s _______________________ Complexes________________________

___________Ethyl________________  2-Chloroeth.yl_

_______ B_____________C  B_____________C

A° Gauche P lanar P lanar Gauche P lanar P lanar

N-N 1.252 1.248 1.224 1.252 1.248 1.224

N-0 1.377 1.380 1.410 1.377 1.380 1.410

0 -Li 1.769 1.765 1.711 1.769 1.765 1.711

C-N 1.481 1.487 1.494 1.481 1.487 1.494

C-C 1.535 1.550 1.540 1.535 1.550 1.540

C-H 1.083 1.082 1.082 1.083 1.082 1.082

C-Cl -------- -------------- --------------  1.85 1.85 1.85

NNO 111.6 111.7 119.7 111.6 111.7 119.7

NOLi 90.23 90.21 72.86 90.23 90.21 72.86

NNC 116.9 118.2 116.7 116.9 118.2 116.7

NCC 114.8 116.3 109.5 114.8 116.3 109.5

NCH 106.8 105.9 108.7 106.8 105.9 108.7

CCH 110.3 110.6 111.2 110.3 110.6 111.2

HCH 108.4 108.3 107.6 108.4 108.3 107.6

CCC1        110.5 110.5 110.5
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T a b le  3 2 -A  C o n t in u e d

JE th£

Energy (au) 

AE (Kcal)

2 - C h lo r o e t h y l

B C B C

Gauche Planar Planar Gauche PIanar Planar

-268. -268. -268. -725. -725. -725.

3064 3009 2911 0161 0162 0073

0 .00 3.45 9.60 0.06 0.00 5.58
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SCF 3 - 2 1G O p t im iz e d  G eo m e tr ic  P aram eters  and E n e rg ie s  ( a u )

f o r  th e  B and C Complexes o f  Sodium and Ammonium E t h y l d i a z o t a t e

TABLE 33 -A

_______ Sodium______   Ammonium

A°_________________ B____________C______________B____________C _

N-N 1.248 1.224 1.248 1.224

N-0 1.380 1.410 1.380 1.410

0-Xa 2.250 2.250 1.500 1.500

C-N 1.487 1.494 1.487 . 1.494

C-C 1.550 1.540 1.550 1.540

C-H 1.082 1.082 1.082 1.082

N-H     1.028 1.028

NNO 111.7 119.7 111.7 119.7

N0Xa 100.0 85.0 100.0 85.0

NNC 118.2 116.7 118.2 116.7

NCC 116.3 109.5 116.3 109.5

NCH 105.9 108.7 105.9 108.7

CCH 110.6 111.2 110.6 111.2

HCH 108.3 . 107.6 108.3 107.6

HNH     108.5 108.5

a .  Na in sodium; H in ammonium
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T a b le  3 3 -A  C o n tin u e d

Sodium Ammonium

B C B C

Energy (au) -421. -421. -317. -317.

7291 7153 2523 2514

AE (Kcal) 0 .0 0 8 .6 6 0 .0 0 0.56

111



TABLE 34 -A

LUMP E n e rg ie s  and Atom C o n t r ib u t io n s  f o r  th e  C o m p le te ly  O p t im ize d

E and Z Conformers o f  Methyldiazohydroxide

Conformers

6-31G* 3-21G

Atom3 E Z E Z

N1 0.397 0.379 -0.330 -0.331

0.602 0.509 -0.542 -0.531

n2 -0.468 -0.448 0.372 0.376

-0.638 -0.582 0.595 0.587

°3 0.166 0.180 - 0 .122 -0.133

0.220 0.212 -0.178 -0.181

C5 0.015 0.043 -0.024 - 0 .0 2 2

0.060 0.344 -0.305 -0.331

H6

H7 -0.064 0.082 0.066 0.078

- 0 .2 2 2 0.470 0.393 0.412

H8 0.064 -0.082 -0.066 -0.078

0.222 -0.470 -0.392 -0.412

Energy (au) 0.15851 0.14908 0.13937 0.13749

a .  O rb i ta l :  Is  fo r  H; 2Py fo r  o th e r  atoms un less  o therw ise  ind ica ted
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TABLE 35 -A

LUMP E n e rg ie s  and Atom C o n t r ib u t io n s  f o r  th e  C o m p le te ly  O p tim ized

E and Z Complexes o f  Lithium M ethyld iazota te  

_____________________ Complexes____________

6-31G* 3-21G

Atom3 E Z E Z

N1 -0 .042 x - 0 .011  x 0.037 x - 0 .0 1 2  x

-0.108 x -0.072 x 0.048 x - 0 .020  x

N2 0 .0 0 0  s -0.045 z -0.030 x 0.040 x

-0.084 s -0.123 z -0.040 x 0.060 x

°3 0.007 s - 0 .0 1 0  s 0.028 x -0.023 z

0.089 s -0.058 s 0.032 x -0.026 z

C5 -0.006 s -0.003 s -0.016 z - 0 .0 0 2  s

0.062 s -0.041 s -0.028 z -0.034 s

H6 0.002 0.002

0.019 0.029

H7 0 .0 0 0 - 0 .001 - 0 .0 0 2

- 0.020 •0.039 0.037

H8 0 .0 0 0 - 0 .0 01 - 0 .0 02

- 0 .020 0.039 0.037

Li4 0.449 s -0.337 s -0.147 s -0.094 s

-1.035 s 1.000  s 0.875 s 0.861 s

Energy (au) 0.01878 0.00777 0.01777 0.00941

a . O rb i ta l :  Is fo r  H; 2Py fo r  o th e r  atoms unless  o therw ise  in d ic a te d .
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TABLE 3 6 -A

LUMP E n e rg ie s  and Atom C o n t r ib u t io n s  f o r  th e  C o m p le te ly  O p t im ize d  B

and C C onform ers  o f  E t h y l -  and 2 -C h lo r o e th y ld ia z o h .y d r o x id e

Comformers

Ethyl 2-Chloroethyl

B C B C

Gauche P lanar PIanar Planar P lanar

N1 -0.344 0.346 -0.339 0.345 0.323

-0.585 0.591 -0.564 -0.586 0.536

n2 0.386 -0.386 0.364 -0.387 -0.353

0.618 -0.619 0.587 -0.618 -0.566

°3 0.124 0.123 -0.124 0.125 0.123

0.180 0.179 -0.171 0.181 0.168

C5 0.004 -0.008 -0.007 -0.008 0.007

-0.155 0.145 -0.252 0.138 0.257

H7 -0.070 0.070 -0.079 0.070 0.090

-0 .248 0.244 -0.355 0.232 0.377

H8 0.072 -0.070 0.080 -0.072 -0.086

0.264 -0.244 0.358 -0.250 -0.375

C6 - 0.021 0.016 -0.015 0.022 0.065

0.017 -0.050 -0.087 -0 .008 0 .2 1 0

H9 -0.009 2s -0.004 -0.032

-0.112 Clg 3s 0 .0 1 0 0.068

3s 0.002 0.170
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T a b le  3 6 -A  C o n tin ue d

Atom0

10

Gauche Planar P lanar

0.009

0 .110

Energy (au) 0.15272 0.15409 0.15118

Planar Planar

-0.009

-0.104

0.13204 0.13218

a .  O rb i ta l :  Is  fo r  H; 2Py fo r  o th e r  atoms unless  o therw ise  in d ica ted .  

B. Obtained by SCF 3-21G
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TABLE 37 -A

LUMP E n e rg ie s  and Atom C o n t r ib u t io n s  f o r  th e  C o m p le te ly  O p t im iz e d  B and

C Complexes o f  the  Lithium Ethyl- and Lithium 2 -C h lo roe thy ld iazo ta te  

_________________________Complexes_________________________

Ethyl_____________  2 -Chi oroethyl

B C B C

Atoma Gauche Planar Planar Planar Planar

Ni -0.034 x -0.034 x 0.011  x -0.033 x - 0 .010  x

-0.043 x -0 .044 x 0 .0 2 0  x -0 .043 x -0.018 x

N2 0.028 x 0.028 x -0.040 x 0.027 x 0.040 x

0.041 x 0.042 x -0.060 x 0.042 x 0.060 x

°3 -0.026 x -0.026 x 0.023 z -0.025 x - 0.022  z

-0 .030 x -0.029 x 0.026 z -0 .028 x -0.025 z

C5 0.015 z 0.016 z 0.002  s 0.017 z - 0.002  s

0.030 z 0.031 z 0.036 s 0.033 z -0.038 s

H7 0.002 - 0.002

H8

-0 .038

0.002

-0.038

0.036
- 0 .002

0.036

C6 0.003 0.004 z - 0.002  z 0.005 z 0.002  z

-0.009 s 0 .0 12  z -0 .018 z 0.015 z 0.017 z

H9
Or- - 0.001  s 0.001  y

Cl g 3s 

3s

- 0 .0 0 1  s 

0 .012  s

-0.003 y 

-0.004 y

H
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Table 37-A Continued 

Atom3 Gauche Planar Planar Planar P lanar

H11

Li4

- 0.000  

- 0 .022  

0.094 s 

-0.861 s

0.000  

0 .0 22  

-0.083 s 

0.859 s

-0.149 s 

0.857 s

-0.150 s 

0.877 s

-0.139 s 

0.877 s

Energy*3 (au) 0.01826 0.01811 0.00948 0.01198 0.00392

a .  O rb i ta ls

b. Obtained

: Is  fo r  H; 

by SCF 3-21G

o th e r  atoms as in d ic a ted .
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TABLE 38 -A

LUMP E n e rg ie s  and Atom C o n t r ib u t io n s  f o r  th e  C o m p le te ly  O p t im ize d  B

and C Complexes o f  Sodium and Ammonium E th y ld iazo ta te

_________ Sodium

Atom3 B C

N1
-0.032 x - 0 .0 1 2

-0.035 X - 0 .020

N2 0.025 X 0.028

0.034 X 0.041

°3 -0.030 X -0.034

-0.032 X -0.039

C5 0.013 z -0.003

0.026 z -0.032

H7 - 0 .0 0 2

0.022

H8 - 0 .0 0 2

0.022

C6 0.005 z 0.003

0.013 z 0.017

Na4 -0.147 s -0.156
-0.146 s -0.049

0.933 s 0.882

Complexes

 _______ Ammonium______

B______________C

x 0.020 s -0.003 s

x 0.116 s -0.040 s

x -0 .014 x -0.027 x

x -0.031 x -0.028 x

z -0.028 z 0.032 z

z -0.032 z 0.028 z

s -0.024 z 0.004 s

s -0.070 z 0.054 s

- 0.001  --------------------------

-0.082

- 0.001  -----------------

-0.082

z -0.008 z -0.005 z

z -0.021 z -0.027 z

s 2 s ----------  ----------
s 3s

s 3s

— 0.051 s 0.055 s

1.459 s 1.474 s
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T a b le  38 -A  C on tin ue d

Atom9 B C B C

H13 -0.039 -0.049

-0.861 -0.836

H14 -0.056 -0.051

-0.737 -0.749

H15 -0.056 -0.051

-0.737 -0.749

Energy13 (au) -0.00271 -0.01409 0.19522 0.17488

a . O rb ita l : Is fo r  hydrogen; o th e r  atoms as in d ic a ted .

b. Obtained by SCF 3-21G
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TABLE 39 -A

Net Atom ic C harges9 f o r  th e  C o m p le te ly  O p t im iz e d  E and Z

Conformers of Meth.yldiazohydroxide 

Conformers

6-31G* 3-21G

Atom E Z E Z

Ni -0.279 -0.234 -0.314 -0.268

N2 +0.157 +0.184 +0.114 +0.149

°3 -0.569 -0.609 -0.513 -0.548

H4 +0.444 +0.458 +0.394 +0.397

C5 -0.324 -0.409 -0.414 -0.482

H6 +0.190 +0.226 +0.241 +0.274

H7 +0.190 +0.192 +0.246 +0.239

H8

C5H6

+0.190 +0.192 +0.246 +0.238

H7H8
+0.246 +0 .201 +0.319 +0.269

a .  e le c tro n  u n i t s .



TABLE 40 -A

Net A tom ic C harges5 f o r  th e  C o m p le te ly  O p t im iz e d  E and Z

Complexes of Lithium M ethyld iazota te  

_____________________ Complexes _____

6-31G* 3 -2 1G

Atom E Z E Z

N1 -0.467 -0.323 -0.474 -0.284

n2 +0.273 +0.126 +0.173 -0.031

°3 -0.671 -0.683 -0.562 -0.569

Li4 +0.654 +0.671 +0.570 +0.615

C5 -0.298 -0.322 -0.375 -0.425

H6 +0.183 +0.164 +0.231 +0.209

H7 +0.163 +0.183 +0.219 +0.242

H8 +0.163 +0.183 +0.219 +0.242

C5H6 +0 .2 1 1 +0.208 +0.294 +0.268
H7H8

a .  e le c tro n  u n i ts
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TABLE 41-A

SCF 3-21G Net Atomic Charges (eu) fo r  the Completely Optimized B and C Conformers

of Ethyl- and 2-Chi oroethyl diazoh.ydroxide 

      Conformers8 ___________________

Ethyl________   2-Chl oroethyl

Atom B Anion C Anion B Anion C Anion

N1 -0.311 -0.431 -0.250 -0.459 -0.299 1 O • M -0.251 -0.458

n2 +0.144 +0.034 +0.093 +0.053 +0.108 +0.026 +0.105 +0.069

°3 -0.514 -0.637 -0.566 -0.646 -0.504 -0.616 -0.562 -0.633

H4 +0.393 +0.409 +0.400 +0.416

C5 -0.238 -0.182 -0.264 - 0.200 -0.216 -0.172 -0.249 - 0.200

H7 +0.252 +0.147 +0.265 +0.179 +0.279 +0.183 +0.305 +0.230

H8 +0.252 +0.147 +0.265 +0.179 +0.280 +0.183 +0.281 +0.199

-0.619 -0.595 -0.616 -0.604 -0.597 -0.567 -0.580 -0.556

Hg +0.209 +0.124 +0.211 +0.147

H10 +0.230 +0.196 +0.212 +0.148 +0.294 +0.269 +0.279 +0.227

H11 +0.230 +0.197 +0.243 +0 .202 +0.294 +0.269 +0.308 +0.274

Cln -0.039 -0.163 -0.051 -0.152



Table 41-, 

Atom

H7H8
c6h9(ci

H10H11

Continued

________________ Ethyl_________________

  __B________ Anion________ C________ Anion

+0.266 +0.112 +0.266 +0.158

)
+0.050 -0.078 +0.050 -0.107

___________ 2-Chloroethyl____________

B Anion C Anion

+0.343 +0.194 +0.337 +0.229

-0.048 -0.192 -0.044 -0.207

a . B is  gauche; C is  planar



TABLE 4 2 -A

SCF 3-21G  Net A tom ic Charges ( e u )  f o r  th e  C o m p le te ly  O p t im ize d  B

and C Complexes o f  Lithium E thy l- and Lithium 2 -C h io ro e th y ld iazo ta te  

__________________________Complexes__________________________

Ethyl__________   2-Chl oroethyl

B C B C

Atom Gauche PI anar PI anar Gauche PIanar P lanar

N1 -0.471 -0.466 -0.284 -0.474 -0.461 -0.284

n2 +0.168 +0.159 -0.029 +0.183 +0.155 -0 .023

°3 -0.562 -0.561 -0.567 -0.553 -0.551 -0.562

Li4 +0.568 +0.572 +0.613 +0.583 +0.587 +0.628

C5 - 0.201 -0.204 -0.256 -0.182 -0.190 -0.245

H7 +0.229 +0.233 +0.254 +0.257 +0.276 +0.293

H8 +0.229 +0.233 +0.254 +0.247 +0.250 +0.272

C6 -0 .612 -0.651 -0.618 -0.586 -0.613 -0.583

H9 +0.228 +0.207 +0 .2 00

H10 +0.196 +0.207 +0 .2 00 +0.267 +0.275 +0.269

H11 +0.229 +0.272 +0.233 +0.292 +0.332 +0.298

C19 -0.033 -0.060 -0.063

C5

HyHg
+0.257 +0.262 +0.252 +0.322 +0.336 +0.320

C6H9( C19) 

H10H11

+0.041 +0.035 +0.015 -0.060 -0.066 -0.079
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TABLE 43 -A

SCF 3-21G  Net Atom ic Charges5 f o r  th e  O p t im ize d  B

and C Complexes o f  Sodium and Ammonium Eth.yldiazotate

Complexes

Sodium Ammonium

Atom B C B C

N1 -0.426 -0.321 -0.465 -0.334

N2 +0.122 +0.004 +0.092 -0.030

°3 -0.578 -0.607 -0.603 -0.633

Na4 +0.637 +0.704

H4 +0.497 +0.520

C5 -0.209 -0.245 -0.206 -0.243

H7 +0.219 +0.237 +0.205 +0.227

H8 +0.219 +0.237 +0.205 +0.227

C6 -0.648 -0.614 -0.647 -0.613

H9 +0.198 +0.190 +0.193 +0.188

H10 +0.199 +0.190 +0.194 +0.188

H11 +0.268 +0.223 +0.264 +0.224

N12 -0.901 -0.926

H13 +0.371 +0.393

H14 +0.401 +0.407

H15 +0.401 +0.407

C5

H7H8
+0.229 +0.229 +0.204 +0 .211
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T a b le  4 3 -A  C o n tin ue d

Atom B C B C

C H
6 9 +0.017 -0.011 +0.004 -0.013

H10H11

12 4     +0.769 +0.801
H13—15

a. e le c tro n  u n i ts
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FIGURE 1-A

S tructura l Configurations o f  Ethyldlazohydroxfde Conformers Obtained

by SCF 6-31G* Calculations
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FIGURE 2-A

Struc tu ra l Configurations o f  Ethyldiazohydroxlde Conformers Obtained

bv SCF 3-21G Calculations
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FIGURE 3-A

S truc tu ra l Configurations o f  2-Fluoroethyldiazohydrox1de Conformers 

Obtained by SCF 3-21G Calculations



FIGURE 4-A

Struc tu ra l Configurations o f  2-Ch1oroethyld1azohydrox1de Conformers

Obtained by SCF 3-21G Calculations
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FIGURE 5-A

Structura l Configurations o f  2-Hydroxyethyldlazohydroxide Conformers

Obtained by SCF 3-21G Calculations

*

Ih

Ih

131



FIGURE 6-A
C

Struc tu ra l Configurations o f  n-Propyldiazohydroxide Conformers Obtained

by SCF 3-21G Calculations
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FIGURE 7-A

Struc tu ra l Configuration and Optimized Geometric Parameters for 

1 ,2.3-OxadlazoHne Intermediate Obtained by SCF 3-21G Calculations
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FIGURE 8-A

Ground S ta te  and Transition S tate  S tructures  o f  syn N-N1trosourea 

Obtained by SCF 3-21G Calculations

H 117.?7
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I t  7 . 0

G.S. Energy (au) = -350.6240

T.S. Energy (au) = -350.4932
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FIGURE 9-A

Ground S ta te  and Transition S tate  S tructures  o f  L ith ia ted  N-Nitrosourea

Obtained by SCF 3-21G Calculations

H.7

II 7 .f

G.S. Energy (au) = -357.8853

I
>o

T.S. Energy (au) = -357.8416
Is
*  t - ’ »

135



FIGURE 10-A

Ground S ta te  and Transition  S ta te  S tructures  o f  Protonated N-Nitrosourea

Obtained by SCF 3-21G Calculations
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FIGURE 11-A 

ENERGY ASSOCIATED WITH C-,-1^ BOND BREAKING
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FIGURE 12—A

S truc tu ra l  Configurations o f  E-Methyldlazohydroxide and I t s  Lithium

Dlazotate Obtained by SCF 6-31G* Calculations

Energy (au) = -223.8596

Energy (au) = -230.7873
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FIGURE 13-A

S truc tu ra l Configurations o f  Z-Methyldlazohydroxide and I ts  Lithium

Diazotate Obtained by SCF 6-31G* Calculations
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FIGURE 14-A

Struc tu ra l Configurations o f  E-MethyTdlazohydroxide and I t s  Lithium

Dlazotate Obtained by SCF 3-21G Calculations
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FIGURE 15-A

Struc tura l Configurations of Z-Methy1diazoh.vdrox1de and I t s  Lithium

Dlazotate  Obtained by SCF 3-21G Calculations
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Energy (au) = -222.5685

H* Energy (au) = -229.4732
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FIGURE 16- A

S truc tu ra l Configurations o f  E-Ethyldlazohydroxide and I ts  Lithium

Dlazotate Obtained by SCF 3-21G Calculations

Energy (au)  = -261.4030
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Hy Energy (au) = -268.3009
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FIGURE 17-A

S tructura l Configurations o f  Z-Ethvldiazohydroxlde and I t s  Lithium

Dfazotate Obtained by SCF 3-21G Calculations
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FIGURE 18-A

Structura l Configurations o f  the Sodium Pia2otates o f  E and Z-Ethyl-

dlazohydroxlde Obtained by SCF 3-21G Calculations
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FIGURE 19-A

Struc tura l Configurations o f  the Ammonium Diazotates o f  E and Z-Ethyl' 

dlazohydroxide Obtained by SCF 3-21G Calculations
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