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Foreword

The volume on The chemistry of amidines and imidates appeared in 1975 in the series
The chemistry of functional groups. The size of the net text of that volume was 617 pages
in a period when print sizes and distances between lines were considerably larger than
in the more recent volumes of the Series. Even so, the present Volume 2 on the same
topic contains 845 pages of net text, covering fifteen years of development of the subject.
Another pleasing aspect to the editors is that while the twelve chapters of Volume 1
were written by authors in six countries, all in Europe and in the USA, in the sixteen
chapters of Volume 2 authors from ten countries participated including several from
what used to be behind the Iron Curtain (USSR, Poland) as well as from Japan, Italy,
Finland, Sweden, Germany, UK, USA and Israel. Indeed the continued international
character of the Series is a source of lasting satisfaction to the editors.

Two planned chapters failed to materialize for this volume: One on ‘Biochemistry,
pharmacology and toxicology’ and the second on ‘Isotopically substituted amidines,
their preparation and uses’.

The literature coverage in most chapters is up to the end of 1989.

We would be grateful to readers who would draw our attention to mistakes or
omissions in this volume.

Jerusalem SAUL PATAI
May 1991 Zv1 RAPPOPORT



The Chemistry of Functional Groups
Preface to the series

The series “The Chemistry of Functional Groups’ was originally planned to cover in
each volume all aspects of the chemistry of one of the important functional groups in
organic chemistry. The emphasis is laid on the preparation, properties and reactions of
the functional group treated and on the effects which it exerts both in the immediate
vicinity of the group in question and in the whole molecule.

A voluntary restriction on the treatment of the various functional groups in these
volumes is that material included in easily and generally available secondary or tertiary
sources, such as Chemical Reviews, Quarterly Reviews, Organic Reactions, various
‘Advances’ and ‘Progress’ series and in textbooks (i.e. in books which are usually found
in the chemical libraries of most universities and research institutes), should not, as a
rule, be repeated in detail, unless it is necessary for the balanced treatment of the topic.
Therefore each of the authors is asked not to give an encyclopaedic coverage of his
subject, but to concentrate on the most important recent developments and mainly on
material that has not been adequately covered by reviews or other secondary sources
by the time of writing of the chapter, and to address himself to a reader who is assumed
to be at a fairly advanced postgraduate level.

It is realized that no plan can be devised for a volume that would give a complete
coverage of the field with no overlap between chapters, while at the same time preserving
the readability of the text. The Editor set himself the goal of attaining reasonable coverage
with moderate overlap, with a minimum of cross-references between the chapters. In this
manner, sufficient freedom is given to the authors to produce readable quasi-monographic
chapters.

The general plan of each volume includes the following main sections:

(a) Anintroductory chapter deals with the general and theoretical aspects of the group.

(b) Chapters discuss the characterization and characteristics of the functional groups,
i.e. qualitative and quantitative methods of determination including chemical and
physical methods, MS, UV, IR, NMR, ESR and PES—as well as activating and directive
effects exerted by the group, and its basicity, acidity and complex-forming ability.

(c) One or more chapters deal with the formation of the functional group in question,
either from other groups already present in the molecule or by introducing the new
group directly or indirectly. This is usually followed by a description of the synthetic
uses of the group, including its reactions, transformations and rearrangements.

{d) Additional chapters deal with special topics such as electrochemistry, photochemis-
try, radiation chemistry, thermochemistry, syntheses and uses of isotopically labelled
compounds, as well as with biochemistry, pharmacology and toxicology. Whenever
applicable, unique chapters relevant only to single functional groups are also included
(e.g. ‘Polyethers’. ‘“Tetraaminoethylenes’ or ‘Siloxanes’).



Xii Preface to the series

This plan entails that the breadth, depth and thought-provoking nature of each chapter
will differ with the views and inclinations of the authors and the presentation will
necessarily be somewhat uneven. Moreover, a serious problem is caused by authors who
deliver their manuscript late or not at all. In order to overcome this problem at least
to some extent, some volumes may be published without giving consideration to the
originally planned logical order of the chapters.

Since the beginning of the Series in 1964, two main developments occurred. The first
of these is the publication of supplementary volumes which contain material relating to
several kindred functional groups (Supplements A, B, C, D, E and F). The second
ramification is the publication of a series of ‘Updates’, which contain in each volume
selected and related chapters, reprinted in the original form in which they were published,
together with an extensive updating of the subjects, if possible, by the authors of the
original chapters. A complete list of all above mentioned volumes published to date will
be found on the page opposite the inner title page of this book.

Advice or criticism regarding the plan and execution of this series will be welcomed
by the Editor.

The publication of this series would never have been started, let alone continued,
without the support of many persons in Israel and overseas, including colleagues, friends
and family. The efficient and patient co-operation of staff members of the publisher also
rendered me invaluable aid. My sincere thanks are due to all of them, especially to
Professor Zvi Rappoport who, for many years, shares the work and responsibility of
the editing of this Series.

The Hebrew University SAUL PATAI
Jerusalem, Israel
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List of abbreviations used

Ac
acac

Alk
All
An
Ar

Bz
Bu

CD

CIDNP
CNDO

DBU

acetyl (MeCO)
acetylacetone
adamantyl
alkyl

allyl

anisyl

aryl

benzoyl (CcHCO)
butyl (also t-Bu or Bu)

circular dichroism

chemical ionization

chemically induced dynamic nuclear polarization
complete neglect of differential overlap
n°-cyclopentadienyl

1,8-diazabicyclo[5.4.0] undec-7-ene
1,2-dimethoxyethane
N,N-dimethylformamide

dimethyl sulphoxide

enantiomeric excess

electron impact

electron spectroscopy for chemical analysis
electron spin resonance

ethyl

electron volt

ferrocene

field desorption
field ionization
Fourier transform
furyl(OC,H,)

hexyl(C4H, )

cyclohexyl(CgH,,)
hexamethylphosophortriamide
highest occupied molecular orbital
iso

ionization potential



xvi List of abbreviations used

IR infrared

ICR ion cyclotron resonance

LCAO linear combination of atomic orbitals
LDA lithium diisopropylamide
LUMO lowest unoccupied molecular orbital
M metal

M parent molecule

MCPBA m-chloroperbenzoic acid

Me methyl

MNDO modified neglect of diatomic overlap
MS mass spectrum

n- normal

Naph naphthyl

NBS N-bromosuccinimide

NMR nuclear magnetic resonance

Pen pentyl{CsH,,)

Pip piperidyl(CsHoN)

Ph phenyl

ppm parts per million

Pr propyl (also i-Pr and Pr)

PTC phase transfer catalysis

Pyr pyridyl (CsHsN)

R any radical

RT room temperature

s- secondary

SET single electron transfer

SOMO singly occupied molecular orbital
t- tertiary

TCNE tetracyanoethylene

THF tetrahydrofuran

Thi thienyl(SC,H3)

TMEDA tetramethylethylene diamine

Tol tolyl(MeC4H,)

Tos or Ts tosyl(p-toluenesulphonyl)

Trityl triphenylmethyl(Ph,C)

Xyl xylyl(Me,CsH3)

In addition, entries in the ‘List of Radical Names’ in [lUPAC Nomenclature of Organic
Chemistry, 1979 Edition. Pergamon Press, Oxford, 1979, p. 305-322, will also be used
in their unabbreviated forms, both in the text and in formulae instead of explicitly drawn
structures.
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I. INTRODUCTION

Amidines, the nitrogen analogues of carboxylic acids, are structural parts of numerous
compounds of biological interest and form important medical and biochemical agents'~>.
Since the publication of the monograph of this series? in 1975 these compounds have
found wide interest with respect to determinations of molecular structures, quantum
chemical calculations, physico-chemical properties and synthesis. Amidines find wide-
spread applications in organic synthesis especially for the preparations of various
heterocyclic systems. Methods of preparations and reactions of amidine systems have been
reviewed lately by Granik® with 259 references for the period of 1971 to 1981.

In this introductory chapter on general and theoretical aspects emphasis will be placed
on molecular structure and properties of amidines and related compounds calculated by
- means of ab initio SCF MO procedures. These will concentrate on experimental and
calculated molecular geometries, E,Z isomerism, rotational conformers, tautomerism, H-
bonding effects and basicities.

lIl. GENERAL OVERVIEW

Amidines of the general formula 1 are nitrogen analogues of carboxylic acids (2a), esters
(2b) or amides (3) which are each treated in separate volumes of the present series on

functional groups®~®. The chemistry of amidines has already been reviewed three times' 3.
NR3
o7 /° /°
R™C, RC RC
\NR'RZ \or’ \NRr'R2
(1) (20)R'=H (3)

(2b) R'= alkyl or aryl

These compounds are special cases of n-n conjugated heteroallylic systems which are
isoconjugated to the allyl-anion (4 X=Y =CH,) and described by the mesomeric
formulae 4a—4c. Further examples of hetero-allyl n-systems are collected in Table 1. Of

X~ X~
RC -— RC{

X
RC//
Y \Y* _ Y

N

(4q) (4b) (4¢)



4 G. Hifelinger and F. K. H. Kuske

TABLE 1. Heteroallylic n-systems 4

Class of compounds X Y References
Carboxylic acids 0] OH 4,6
Carboxylates 0] o~ . 4.6
Esters (0] OR 4,6
Acid halides. (o] F,Cl, Brorl 7
Acid anhydrides (0] OCOR
Amides: (o} NR'R? 5
Thioamides. S NR'R?
Amide oximes- NOH NR!R?
Amidines NR? NR'R? 1-3
Imidic acids NR OH 6
Imidates (imino ethers) NR OR’ 2
Thioimidates NR SR’
Imidoyl chlorides NR Cl
Amidrazones NR NHNH,
Imidines NR NR!—C=NR?

b

these imidicacids and imidates are especially related to amidines and will also be treated in
this chapter.

Amidines contain two nitrogens of different functionality: a formally single-bonded
amide-like amino nitrogen (denoted N,,,) and a formally doubly-bonded imino nitrogen
(N;.). Sometimes in the literature these two nitrogens have been (erronously) named sp?
and sp? nitrogens®~'°, a problem which will be treated later.

As a consequence of conjugation, the formal CN double bond in 4a will be slightly
elongated and the formal CN single bond wili be shortened by gaining some double-
bond character as shown in the mesomeric form 4b. This leads to an increase in the barrier
of torsional rotation around the CN single bond with the possibility of rotational
conformers.

An extension of the conjugation system leads to cross-conjugated or Y-delocalized
hetero-n-systems!!-!2 of the general type given by mesomeric formulae 5a to 5d for which
chemical examples are given in Table 2. These are isoconjugated to the trimethylene
dianion!%!3 (5: X =Y =Z =CH,).

+
z 2 z Y4
-/ 4 _
X=C +-—p X —C +-—p X—C +—s» XT—C
Ny Nyt Ny Ny
(5q) (8b) (S¢) (5d)

TABLE 2. Chemical examples of cross-conjugated n-systems §

Class of compounds X Y Z
Carbonic acid (¢} OH OH
Dialkyl carbonates (o} OR OR’
Urethanes o OR NR!R?
Ureas o NR!'R? NR3R*
Thioureas S NR!R? NR3R*
Guanidines NR3 NRI'R? NR3R*




1. General and theoretical 5

Amidines (and especially guanidines) are strong organic bases. Their protonation
occurs at the imino nitrogen'% !4 leading to the symmetrical amidinium cation 6 which is
stabilized by conjugation as shown by the mesomeric formulae 6a—6¢ that are similar to
the isoelectronic carboxylate anions 7a—7¢, leading (depending on substituents R! to R?)
to equivalent CN bond lengths in 6.

H H H
bl"— Rs l 3 [L—RB
R‘—c// R*—c v R c+/
N —r N+ —r? NN —r?
lli‘ ,L‘ ’L‘l
(6a) (6b) (6¢)
0 o~ o
R —c/ R— c/ «——» R—C*
No- N No-
(7a) (7b) (Te)

In strong acidic media double protonation leading to a dication 8 is observed!-!3-16
and 8 has a localized immonium C=N double bond.

i
N*—R3 NRZ N-RZ
4 J 4 4 e
R™C R'C «— RC
Nt —R? R h Y
H/|1
R
(8) (94) (9b)

With strong bases anionic amidinates 9 are formed!® and may be stabilized by reactions
with transition metal complexes'”!8,

lll. CLASSIFICATIONS AND NOMENCLATURE

The functional amidino group may be acyclic or part of different heterocyclic ring systems.
Depending on the number and distribution of substituents (R may be H, alkyl or aryl, but
usually not a heteroatom) acyclic amidines may be classified in six general types:

A. Acyclic Amidines

1. Unsubstituted amidines

As shown in formulae 10a and 10b these amidines occur as E,Z (syn, anti or cis, trans)
isomers with respect to the C=N double bond. Generally the E form is energetically
preferred'®.
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H

: ’
—H

N 4 = N
\N—H \N—H

I I

H H
(100) £ (10b) 2

In the chemical literature amidines are named after the carboxylic acid or the amide
which may be obtained from them by hydrolysis; thus R =H in 10 is formamidine,
R =CHj, is acetamidine and R = phenyl is benzamidine. As basic groups these three
unsubstituted amidines will be considered later explicitly.

In Chemical Abstracts (CA) specific amidines are now named as amides of the
corresponding imidic acid. Thus hexanimidamide is the name of the amidine derived from
hexanoic acid by replacing the carboxyl group by —C(=NH)NH,. The trivial name
guanidine is retained for carbonimidic diamide: H,NC(=NH)NH,. Cyclic amidines are
indexed at ring names. The locants N and N’ denote the amide and imide nitrogen atoms,
respectively.

In the following text R, the substituent on the amidino carbon, may be hydrogen or any
alkyl, aryl or heteroaryl substituent. If it is a hetero atom one deals with the Y-conjugated
n-systems of Table 2. In these cases, i.e. when R is oxygen or fluorine2®, care must be taken
with the application of the E,Z nomenclature because then the form 10a must be denoted
as Z due to the higher priority of oxygen or fluorine with respect to the amino nitrogen,
and not E as in the case of R = H or alkyl. Substituents on nitrogens (R! to R?) should
be alkyl or aryl.

2. N- or N’-Monosubstituted amidines

Monosubstituted amidines should occur as pairs of tautomers as indicated by formulae
11a and 11b as well as 11d and 11e. But numerous experimental attempts to isolate or

| |
I
N'—"R1 N—R! N—R'
g : / .
R—C = R—-C\ =——= R—C
\'il—“ \N—H T
H H
(110) 2 (11b) 2 Me) £
R R R!
'L I |
y N—H N—H
R——-c/ pom— R—c/ T R-—C/
\N—H | Tp— \\\\N
I !
H H

Md) £ (Me) Z (1t) £
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prove the existence of both tautomers in equilibrium apparently all failed?!'22, In addition
E,Z isomerism with respect to the C=N double bond in 11a versus 114, 11b versus
11c and 11e versus 11fshould be observable as well as s-cis or s-trans rotamers with respect
to the C—N single bond shown in 11b versus 11e and tlc¢ versus 11f. By computations
these six different configurations may be clearly distinguished (see Table 19).

3. N,N'-Disubstituted amidines

If the substituents R! and R? on nitrogens are different these N,N’-disubstituted
amidines show the same kinds of isomerism as those of the monosubstituted amidines;
tautomers: 12a versus 12b and 12d versus 12e; E,Z isomers: 12a versus 12d, 12b versus 12¢
and 12e versus 12f; rotamers: 12b versus 12e and 12¢ versus 12f.

i i
//N—R‘ N—-R' N—nR'
R—C ——" R—C =———= R—C
N\n—r? Nn—r? Ny
; L,
(120) 2 (128) 2 (12¢) £
I I |
T Tt Ti
N
o c// - /N—H /N—-H
— pe———— - C. = R—C
\n—g? N r? Ny
; .
R
(W2d) £ (126) 2 “2ne

4. N,N-Disubstituted amidines

In these amidines the amino functionality is fixed by substitution and no tautomerism is
possible. Only E,Z isomers 13a and 13b with corresponding rotamers 13¢ and 13d may be
differentiated if R* and R? are different.

5. NLN!',N2-Trisubstituted amidines

In these fully substituted amidines, as mentioned before, E, Z isomerism 14a versus 14b
and 14c versus 14d as well as two pairs of rotamers 14a versus 14c and 14b versus 14d are
possible if R and R? are different.

6. N,N,N'.N'-Tetrasubstituted amidinium cations

_Each type of the amidines listed before may, by protonation or alkylation at the imino
nitrogen, be converted into the symmetrical amidinium cation 15 in which the positive
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N-—H
Y
R—C/
Ny —r?
L
(13a0) 2
N—H
Y
R—C/
\N—r!
L2
(13¢) 2
N—R3
R c//
N\N—r?
L
(140) Z
N—R3
Y
R—C/
\n—-r!
L2
(14¢) 2
R4
ll* rR3
V4
R—-c G ——p
Ny —r?
b

H

H

|

x

'z —

N
\n—R?2
|

R!
(13b) £

I

|
N
R—c//

\T_R1

r2
(13d) £

N—R2

(14b) £
“ R3
|

N
R—C/
\T_Ri

R
(144d) £

2
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charge is evenly distributed in the heteroallyl z-system as indicated by the mesomeric
forms 15a to 15¢.

Protonation at the amino nitrogen leading to 16 is calculated'® in the case of
formamidine to be 37 kcal mol~! higher in energy than the symmetrical cation 15,

R3
. |
N—R N
R C// = R C//
\Nt—R2 \N*—Rz
W Ly W Ly
(160} 2 (16b) £

B. Cyclic Amidines

Various types of rings may incorporate the amidino group into heterocyclic systems:

1. Amino group part of the heterocycle

These amidines are a special case of the acyclic derivatives mentioned in Sections IT1.A.4
and ITLA.5. For two derivatives of this class of compounds, namely 2,6-cis-

NR3
V4 (a) n= 4 pyrrolidino
RC\ (b) 2= 5 piperidino
N(CH5),
7)) z

dimethylpiperidyl-N-phenylacetamidine (18) and 2,6-cis-dimethylpiperidyl-N-phenyl-
2,2-dimethylpropionamidine (19), an X-ray determination of molecular structures was
reported by Gilli and Bertolasi?®. The sterically demanding tert-butyl substituent in 19
forces the phenyl substituent in the usually not preferred Z-form out of the plane with a
twist angle of 88.4°. The di-equatorial dimethylpiperidine ring is twisted by 86° out of the
plane of the amidine group with a corresponding increase in the C—N bond lengths and
with a short C—=N double bond.

88.4
«—74.8° 1
HaC —c/ H H c—c—c//
3 3 CH
N CHCH3 l /\N 3
14.1° . 3 CHy 06®
H3C H

(18) £ (19) Z
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In 18 the phenyl substituent shows the generally preferred E orientation still with a large
twist angle of 74.6°. The di-axial dimethylpiperidine group is only slightly twisted out of
the plane of the amidine group (by 14.1°).

2. Imino group part of the heterocycle

These amidines may show tautomerism in which case the imino group may be
endocyclic (20a) or exocyclic (20b). This substitution pattern is shown in the well-known
tranquilizer chlordiazepoxide {Librium, 21).

NHCH 4
N§c
(CH/Z)\ _ (CH/Z)\ CHz
\_ S NN ¢ =N
N/ N/ NH / o~
| Ph
H
(20a) n=3 (20b) (21)
=4

3. Amidino group incorporated in one heterocycle

If the amidino group is incorporated into one ring, a series of homologous compounds
as shown in 22a to 22e is obtained. The three- and four-membered ring systems
isodiazirine (22a) and 1,3-diazetidine (22b) are not known experimentally. Ab initio
calculations?# indicate that 22a is the least stable of seven structural isomers of
diazomethane, due to its iso-electronic relation to the Hiickel anti-aromatic cyclopropenyl
anion.

The five-, six- and seven-membered ring systems (22¢ to 22e) are experimentally well
known and may be synthesized in good yields by treatment of the appropriate diamines
with HCN?? or isonitriles?®.

The chemistries of A2-imidazolines®” (22¢) and of 1,3-diazepines?® (22e) have been
reviewed separately. These cyclic amidines behave like the corresponding acyclic N,N'-
disubstituted amidines (Section IIL.A.3).

(@) n=0 isodiazirine
N (b)n =1 1,3-diazetidine
—C/ \(CHZ),, (e)n=2 Az-imidozoline
\N - (d)n =3 tetrahydro- A2 - pyrimidine
[ (e)n =4 1,3-diaozepines

R

H
(22)

4. Bicyclic amidines

The amidino group may be part of two rings leading to bicyclic amidines. Of these 1,5-
diazabicyclo[4.3.0]nonen-5 (DBN, 23) and 1,8-diazabicyclo[5.4.0Jundecen-7 (DBU, 24)
found wide applications as non-nucleophilic bases for dehydrohalogenations?®~3!, aldol
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(23) OBN (24) 0BV

condensations®? and preparations of Wittig reagents®®. The chemistry of these
compounds was reviewed recently34-35.

Another class of bicyclic amidines, a series of so-called vinamidines (25a—25c), has been
synthesized3®. The 'H-NMR spectrum of 25a shows that the tautomeric malonic acid
diamidine form 26a is not detectably present. Modification of this structure®” leads to 27,
which may act as a non-nucleophilic proton-sponge with strong delocalization of the
positive charge in the cation 28.

R
|
CH
Oy = 00
N N N N
(250) R=H (264a)
(25b) R=CH,4

(25¢) R=COCHjy

(27)

C. Cyclic Heteroaromatic Amidines

The amidino group may be incorporated fully or partly in cyclically conjugated
unsaturated ring systems. These heteroaromatic systems are mentioned here to show the
wide distribution and importance of the amidino group in organic chemistry. The
structural properties and basicities of the amidino group will be modified by cyclic
conjugation in the aromatic ring8.

1. Amidino group fully part of the ring

This structural principle occurs in odd-membered heterocycles. The most important
example is imidazole3®~*' 29a which occurs in the amino acid histidine 29b and in the
biogeinic amine histamine 29¢c. Dimethylbenzimidazole (30) is part of native vitamin
B124 .
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49 N3 H3C N
3 o

T* HaC N

" }
(29a)R=H (30)

(29b) R = CH,CH(NH,)COOH
(29¢c)R= CHchzNHa

Other examples of azoles with an amidine structural unit are the 1H- and 4H-1,2 4-
triazoles*® 31a and 31b, 1,3,4-triazole*? 32 and 1H-tetrazole** 33.

H
N4
N—p N—} N— N—N
A\ A\ \
54»:1) : sgn/N : ¢N§ 4N/ "
H ! H H
(310) (31b) C(32) (33)

Bicyclic heteroaromatic compounds containing the amidino group are biologically
active derivatives of 9H-purine** (34), which contains formally a monocyclic (7,8, 9)and a
bicyclic amidino group (3, 4, 9). Natural products are xanthine (35) and its methylation
product caffeine (36).

0 0 Cle
I3 7

W2 NN HI N\ My N
[ e L | )
A\ /
N4 Ny 0 N7 N o7 S N

3 | H | |

H H CHy
(34) (38) (36)

2. Amidino group only partly incorporated

This situation is typically observed in «-amino pyridine (37) in which the possibility of
tautomerism between an amino form (37a) and an imino form (37b) has to be taken into
account.
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NH3 NH NH,
NF | N)IN\> N)\IN
< s
o)\T NN N HaN"~ N7 SNH,
H

(38) (39) (40)

Important examples are the DNA and RNA constituents cytosine (38) and adenine (39)
as well as melamine (40).

D. Amidine Related Compounds

1. Acyclic imidates

In Table 1 above various heteroallylic n-systems which are related to amidines are
collected. Free imidic acids (41a) which are tautomers of amides (41b) are usually
not observed in equilibrium*® because the amide form is energetically much more
favoured*”. However, alkylation or arylation fixes the imino form 41a in which case the
chemical class of imidates (42, also named imino ethers, imido esters or imidic acid
esters) is obtained. Their chemistry is treated separately in this volume.

/NH /NHZ /NR
RC e Rc\ Rc\
OH \0 OR”
(410) (41b) @2)
R'=H, alkyl or aryl
R "= alkyl or aryl
R I
N—R’ NR! <I: N/R
— N—R' =
RC// RC// RC/ RS HN/
\S—R" \CI \N—N/ Ne=n
N
l, \g¢ | R
Rr2 R
43) (44) (49) (46)

Further imidic acid derivatives are thioimidates (43), imidoyl chlorides (44), amidra-
zones (45) and imidines (46, nitrogen analogues of carboxylic acid anhydrides).

2. Cyclic imidates

Of chemical importance are cyclic imidates and thioimidates either in exocyclic forms 47
and 48 or as endocyclic derivatives 49.
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/— /\O N
(CHR), r\\ (CHa)p | (CH,), \C—R
SoR “~n—r o/
47) (48) (49)

Special cases of 49 are A%-oxazolines (50a) whose chemistry was reviewed sepa-
rately*84% AZ-thiazolines2%-3° (50b) and 5,6-dihydro-4H-1,3-oxazines®! (51).

In a wide sense oxazole®? (52a) and thiazole®3 (52b) form a special group of hetero-
aromatic imidates.

i» CL 8

(80a)X=0 (82a)X=0
(50b)X=S (32b)x=S

3. Y-Conjugated systems: guanidines and guanidinium cations

Of the Y- or cross-conjugated systems shown in Table 2 above guanidine (53) is most
important and closely related to amidines. It is a very strong mono-acidic organic base,
having a pK, of 13.6, which is comparable to the basicity of the hydroxide anion. On
protonation the symmetrically Y-delocalized guanidinium cation 54 is formed. For both
forms four mesomeric structures, 53a to 53d and 54a to 54d, may be formulated. The first
three are identical in energy for the cation but the fourth one apparently describes best the
calculated charge distribution (see p. 51).

NH NH™ NH™ NH™
72 r /

NHo NHa \NH; NH2

(833a) (33b) (53¢) (534d)
NH3 NH NH NH
74 s S C 2 2

HZN—C\ > HN=C - H,N—C +—> yN—cC}
NH3 NH» \\\\NHQ NHp

(34a) (34b) (84¢) (544d)

The guanidinium cation 54 has a singular structure with the possibility of so-called Y-
conjugation'!'!? and the possibility to engage in patterns of hydrogen bonding which are
rare, if not indeed unique. These properties may well account for the evolutionary selection
of L-arginine (55) as one of the about 20 amino acids commonly found in proteins. In 55 the
guanidinium group occurs as the zwitterionic internal salt.
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NH,
I Ve
HCCHoCH,CH N
| Net
coo~ / 2
HoN
(58)

IV. EXPERIMENTAL DETERMINATIONS OF MOLECULAR STRUCTURES

The structural chemistry of amidines and related species is treated by Krygowski in a
separate chapter of this volume. Therefore here only results of highly accurate determin-
ations of CN distances in basic structures are reported which are useful for comparison
with calculated molecular geometries reported in Section V1.

A. CN Bond Distances for Comparison with Amidine Systems

Experimental CN bond lengths collected in Table 3 show a wide variety of distances as
dependent on molecular structures, i.e. primary, secondary or tertiary nitrogen, the kind of
hybridization at carbon and nitrogen, and of the state of aggregation [solid-state X-ray
(XD) or neutron diffraction (ND) of single crystals versus gas-phase electron diffraction
(ED) or microwave (MW) determinations].

Averaged gas-phase ED and MW data for C,,,—N,,; single bond lengths given in
Table 4 show a small but significant reduction with increase in alkylation from 1.470 to
1467 to 1.454 A for primary, secondary and tertiary amines. However, averaged solid-
state XD data of amides’* indicate an increase in CN single bonds from 1456 A for
secondary to 1.4714A for tertiary amides. Quaternization leads to elongated XD CN
distances of 1.499A. The unconjugated C,»=N,,: double-bond MW distance is
1.273 + 0.008 A.

Solid-state XD data for amide-type C,,.—N,,. bonds, which are formally related to the
amidino group and are, because of conjugation, intermediate between CN single and
double bonds, show by statistical analysis®>* an increase from 1.322 to 1.331 to 1.346 A for
primary, secondary and tertiary amides. The corresponding C=0 distances are slightly
reduced in the same sequence from 1.234 to 1.231 to 1.228 A.

Only for formamide and acetamide are both solid-state and gas-phase data available.
These indicate 0.045 A longer CN distances in the gas phase than in the solid state which is
well above experimental errors. This difference must reflect the effect of the hydrogen-
bonded network in the solid which is not present in the gas-phase determinations.

B. CN Distances in Neutral Amidines

For amidines and amidinium cations only solid-state X-ray determinations are reported
in the literature, although ab initio calculated molecular geometries should be compared to
gas-phase data.

Recently in the literature a large number of XD determinations of molecular structures
of neutral amidines have appeared which are collected in Table 5. This reflects the wide-
spread interest in such compounds because of their pharmaceutical use as well as their
biological importance and bonding or ligand properties.

In Scheme 1 the structural formulae for the amidines of Table 5 are shown. These are
classified according to the substitution pattern of acyclic amidines presented in



16

*2INJ3N1)S 21eIS-punoId IAno3Ye = 04 B[Naajow ) ul wonnINsqas SIdoI0SI WIOK PIALIDP UNIONAS = *4 (M A NelS

[euoneIqIA punosd oty Ul 20ueIsip 38eIoae = 4 {s1s1owered [BINIONNS IO Yiim SUOSLRAUIOD 10] INJEA POPUSLILIODD] 3Y1) IDUTISIP DIWOILIANUT UESW 31} JO ITLIIAR [BULI =
%4 faamd ANsuaiur SULIIIEDS JEINOSOW UL JUBWINSIE SOURISIP JUBISUOD = 4 I(IT | 4.9 INIEIAN] ) UI PAIUSWNIOP [[oMm 1€ sidlewered [B2INONNS M PUE (JF JO SUONIUYSC,

6L (S)ovet ®)L6€ a3 BaIN|AYPWERII]

8L 8Lzt 909¢'1 ax ealn

LL @011 Qo1 *1qa aprureldel(]

9L (1)osz'1 (1ege A€T ‘AN

SL vzt woget ax

YL (€)ozz1 (tose1 UL aprueIdy

€L (D11 (ng1¢1 ax

(/A 0IT'1 $99¢'1 4 M+ ad

U 7171 (€)39¢'1 a3

w mnzt F)L9g1 a3

1L (o2)eo1'1 (onoLer UM

0L (TnsIz1 (cnzsen T MIN aplureur1o N
69 ®)Lzl %4 AN aujwl JusAYIIN ="
89 @101 *ra3 auipiuy “EN—2D)
L9 @zsv'1 rqq sutwelAyiajhyiswiQ

99 (Q)8st'1 o ad

9 ©)15p1 L MIN sumweylowi] Areno]
9 wiov' >+ ad suizesadig

€9 (L 1 g sutpuadig

9 (8Y99%'1 %YM

19 (Ds9r'1 b qd aurwelfyeung :A1epuoosg
09 (@sov1 1q3

65 SLy1 M sutwrelAyro g “BON—*D)

(o1)60s°1

8¢ (onosv'1 ax O°H-IDHZ-durzesadig

LS (onLer1 ax 1DH -ourpuadig

9 worog ax (-*0$—"HO*HO—N*H) suune]

(99 TNe6v'1 ax IgH -autweify)g el —ctiy
MEN ] 0—) N—D Jovumered/poylopn punodwo)) puoq Jo adA ]

(sssaypuared ut Jo.usa jo suw| pajonb) swaisds aupiwe Yim uostiedwod 10j (y ul) ssoueisp ND [@uswnadyy ‘¢ I1VL



1. Genera} and theoretical 17

TABLE 4. Averaged values of CN distances (in A) from Table 3 and literature

Type of Method/
bond Compound parameter C—N Cc—0 Ref.
Cyps—N,»*  Quaternary CN* XD 1.499(10)
Copp—Ngs Primary amines MW 1.470(5)
Secondary amines ED, MW 1.467(3)
Tertiary amines ED 1.454(3)
Secondary amides XD - 1.456(14) 54
Tertiary amides XD 1.471(7) 54
C,.—N;.  Imines MW 1.273(8) 69
Ci— N, Primary amides XD 1.322(13) 1.234(11) 54
Secondary amides XD 1.331(11) 1.231(11) 54
Tertiary amides XD 1.346(10) 1.228(9) 54
Formamide XD 1.318(1) 1.247(1) 73
ED, MW 1.366(4) 1.209(4)
Acetamide XD, ND 1.337(3) 1.247(3)
ED 1.380(4) 1.220(3) 74

Section I11.A. With the exception of N-monosubstituted 37 to 59 and trisubstituted (19)
amidines the substituents at the imino nitrogens form E isomers with respect to the amino
group. The Z configuration is forced by the bulky tert-butyl substituent on carbon in 19
and in 59.In 58 the p-nitrophenyl ring is nearly perpendicularly twisted out of the plane of
the amidino group which allows full conjugation with the lone electron pair on the imino
nitrogen, but the phenyl ring on carbon is only twisted by 21.1° so that it is a sterically
demanding substituent. In 57 internal hydrogen bonding between the amino group and
the heterocyclic substituent may lead to the observed Z orientation.

Rotational isomerism with respect to the CN single bond shows s-cis rotamers for larger
substituents in 60, 61, 66 and 67 as well as s-trans rotamers in 62 and 63.

The most unusual molecular structures are shown by the N,N’-diarylformamidines 60
and 61, which form two differently hydrogen-bonded dimers as shown in Scheme 1. In 60
the hydrogen bonding is similar to that observed in dimers of carboxylic acids, but in 61
one part of the dimer is a cationic amidinium form and the other is the negative imidinate
form. Acetamidine (56) forms a hydrogen-bonding network connecting four molecules
with hydrogen donation from the NH, groups and acception at imino nitrogens. The
imino hydrogen is not involved in hydrogen bonding.

Krygowskiand coworkers®” showed that for experimental CN distances a shortening of
formal single-bond distances is linearly related to the elongation of formal C=N distances
of amidines with regression equation 1 for 8 data points and a linear regression coefficient
R =0.966.

deey =2059 — 0.567dc_y (1)

For 23 data points collected in Table 5 we obtain the corresponding equation 2 with the
plot given in Figure 1. Our R value is 0.922 and the standard deviation is 0.009 A. Only one
point for 62 is far off the regression line.

de—y = 2304 — 0.546d_ )

As a measure of conjugation in the amidino group?? the difference of CN bond distances
A =d,, —d;,as givenin Table 5 may be used. This value is zero for bond equalization due
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TABLE 5. XD experimental CN distances (in A) in neutral amidines

No. Compound C—N C=N C—X A Ref.
56a  Acctamidine 1.344(1) 1.298(1) 1.502(1) 0046 82
56b Acetamidine CoCICO;H,0 1.348(7) 1.298(8) 1.499(6) 0.050 83
57 54(1-Aminoethylidene- 1.327(5) 1.317(5) 1.493(6) 0.010 84

amino)-3-chloromethyl-
1,2,4-thiadiazole

58 N’-p-Nitrophenylbenz- 1.355(5) 1.280(5) 1.495(4) 0.075 85
amidine

59a N-Pivaloylpivalamidine 1.320(5) 1.318(5) 1.552(6) 0.002 86

59b N -Pivaloylpivalamidine 1.324(5) 1.323(5) 1.528(7) 0.001 86

60 N,N'-Diphenylformamidine 1.323(3) 1.311(3) 0.012 87
dimer 1.314(3) 1.305(3) 0.009

61  N,N'-Di-(p-bromophenyl)- 1.311(5) 1.311(5) 0.000 88
formamidine dimer 1.313(5) 1.313(5) 0.000

62  N,N'-Diphenylbenzamidine 1.369(8) 1.310(8) 1.481(8) 0.059 89

1.351(7) 1.295(6) 1.488(7) 0.056

63  5-(1-Imino-N-methylethyl- 1.395(5) 1.264(3) 1.490(3) 0.131 90
amino)-3-methyl-1,2.4-
thiadiazole

64 N,N-Dimethylbenzamidine 1.349(7) 1.303(7) 1.486(8) 0.046 9t
wolfram pentacarbonyl

65 N,N-Pentamethylene-N'- 1.334(5) 1.301(6) 0.033 92
(p-nitrophenyl)formamidine

66  N’-p-Bromophenyl-N- 1.366(8) 1.273(8) 1.522(10) 0.093 93
methyl-N-(p-tolyl)
acetamidine

18  2,6-cis-Dimethylpipe- 1.374(3) 1.278(3) 1.516(3) 0.096 23
ridyl-N-phenylacet-
amidine

19 2,6-cis-Dimethylpipe- 1.441(5) 1.263(5) 1.529(5) 0.178 23
ridyl-N-phenyl-2,2-
dimethylpropionamidine 1.424(5) 1.263(5) 1.536(6) 0.162 23

67  N-Methyl-N-phenyl-N'-(p- 1.365(5) 1.286(6) 1.490(6) 0.079 94
tolyl)-benzamidine

68 N’-(m-Chlorophenyl)-N,N- 1.365(6) 1.290(6) 1.497(T) 0.075 95
pentamethylene benzamidine

69  N'-(p-Methoxyphenyl)-N,N- 1.372(5) 1.283(5) 1.468(5) 0.089 96a
pentamethylene
benzamidine

70  Bis~(N'-p-nitrophenyl- 1.343(3) 1.294(3) 0.049 96b
N,N-diethyl) oxamidine 1.348(3) 1.294(3) 0.054

to complete conjugation (as in amidinium cations). Its maximum experimental value with
0.178 for no conjugation in a perpendicularly twisted amidino group in an amidine may be
derived from 19 because the sterically large ¢-butyl substituent at the amidino carbon
forces the substituted amidino nitrogen to be twisted by 90° from the plane of the amidino

group.

C. Experimental Molecular Structures of Amidinium Cations

In Table 6 experimental XD CN distances for 17 amidinium cations with different
substitution patterns are presented; molecular formulae are given in Scheme 2. Due to
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1. Unsubstituted amidines (see Section ITL.A.1)

H
|
N—H
H3CC
Ny
(56)

2. N-Monosubstituted amidines (see Section I11L.A.2)

NH,
HaCC N CHoCI

(37)

(59a)

21.2°

l NH2
O,
9

78.9°
(58)

(59b)

3. N,N'-Disubstituted amidines (see Section I11.A.3)

N
s9. 3° L °
30\0 3770
N
C/
|
H
(60)

@A\ oS

a t*

N
I
Br H Br

(81)

SCHEME 1 (continued on next page)



20 G. Hifelinger and F. K. H. Kuske

(62)

4. N',N'-Disubstituted amidines (see Section I11.A.4)

CH
3 N CH Hs
— T '
N—
/ N / CHy
HiC G s~ ¢
N\y—n \\~N —H
|
W(CO)g
(63) (64)
5. N'N',N2Trisubstituted amidines (see Section II1.A.5)
CHy
-~ 74.6°
o N
H C/N HLC C. " e HaC — C//_ H
3 \N 3 \ﬁ CHS
N /o' CHy
141° 4
NO» Br
(65) (66) (18) £

SCHEME 1 (continued)
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SCHEME 1. Structural formulae for XD data of neutral amidines presented in Table 5

delocalization in the protonated cations the CN distances are equal or differ only slightly.
Krygowski and coworkers®’ derived equation 3 for seven amidinium cations where the
shorter versus longer bond distances are linearly related, but, contrary to equations 1 and
2 of amidines, with a positive slope (R = 0.990).

dey = —0.367+ 1.275dc_y 3)

For 26 data from Table 6 we obtain the regression equation 4 with R =0.870 and
esd = 0.007 A, shown graphically in Figure 2.

de_y =0246 +0.807d._y @

D. Experimental XD Determinations in Amidinates

The molecular structure of amidinate anions (9) is preserved in transition metal
derivatives of N,N'-diphenyl benz- or acetamidines with examples collected in Table 7 and
molecular formulae shown in Scheme 3. The CN distances which differ not too much are
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1.30 1.35 1.40 1.45
de-n —>

FIGURE 1. Plot of equation 2. Interrelation of experimental shorter
and longer CN distances in amidines (----- shows unit slope)

127 * 130 733 * 138
den T

FIGURE 2. Plot of equation 4. Interrelation of experimental CN distances in amidinium

cations



TABLE 6. Experimental CN distances (in A) in amidinium cations

No. Compound C—N! C—N? Cc—X A Ref

71a  Formamidinium-FeClg 1.281(9)  1.281(9) 0.000 97

71b Formamidinium tris- 1.286(4)  1.286(4) 0000 98
formato-Zn(II)

72 Bis(a,o’-dithiobisform- 1.311(5)  1.308(5) 0.003 99
amidinium hexachloro-
rhenate(IV)-3H,0

73a  Acetamidinium chloride 1.310(3)  1.305(2) 1477(3) 0.005 100

73b Bisacetamidinium car- 1.315(5)  1.309(5) 1.495(5) 0.006 101l
bonate-H,0O 1.314(5)  1.307(5)  1.500(5)  0.007

73¢ Acetamidinium nitrate 1.309(4) 1.301(4) 1.489(4)  0.008 102
as above, at 116K 1.321(5) 1.309(4) 1481(5) 0012 102

73d Acetamidinium N-acet- 1.3103) 1.301(2) 1.484(4) 0009 103
imidoyldithiocarbamate -

74  Malonyldiamidinium 1.308(4)  1.297(4) 1.499(4) 0.011 104
sulphate

75a Benzamidinium chloride 1.328(7)  1.293(7) 1471(8) 0025 105
hydrate

75b Benzamidinium pyruvate 13173y  1.310(3)  1.472(3) 0.007 106

75¢ Benzamidinium 1.314(7)  1301(9) 1.488(9) 0013 107
tetracarbonyl
rhenaacetylacetonate

76 4-Amidinophenylacetic 1312(7)  1.304(7) 1473(7) 0,008 108
acid morpholide'HI

77  N-Pivaloylpivalamidi- 1.344(4) 1.281(4)  1.527(5) 0.063 86
nium pyrosulphate 1.361(4) 1.295(5) 1.509(4) 0.066

78  N,N'-Bis-(4-ethoxyphenyl) 1.3198)  1.318(8)  1.492(10) 0001 109
acetamidinium bis-p-nitro-
phenyl phosphate-H,0

79  N,N-Dimethylchloroform- 1.325(5)  1.282(6) 0.043 110
amidinium chloride-H,O prim. tert.

80 2-Chloro-2-phenoxy- 1.318(5)  1.303(5) 0015 111
malonyldimethylamide-
dimethylamidinium
hydrochloride- H,O

81  N-[2,2,2-Trifluoro-I1- 1.301(8)  1.290(8) 0011 112
(trifluoromethyl)ethyl]-
dimethylformamidinium
chloride

82  Tetrakis(dimethylamino)- 1.320(3)  1.315(3) 1.524(3) 0005 113
ethene dication 2Cl~ 1.315(3)  1.315(3) 0.000
as above, 2Br~ 1.331(3)  1.319(3) 1.512(3) 0012 113

1.312(3)  1.297(3) 0.015

83 Tetramethylformami- 1.336(3) 1.323(3) 0013 114
dinium phosphonate

84 Tetramethylformamidi- 1.333(3)  1.328(3) 0013 115
nium phosphonic anhydride

85  Tetramethylformamidi- 1.352(5)  1.335(5) 0017 116
nium phospha perchlorate

86 Tetramethylformamidi- 1.318(12) 1.312(12) 0.006 116
nium methylphospha
diiodide

87 Tetramethylformamidi- 1.335(5)  1.335(5) 0.000 117
nium phosphinate
perchlorate

88  Octamethyl-[bis-2,4-6- 1.325(5)  1.321(9) 0004 118

cycloheptatrien-1-yl]-

3,3-dicarboxamidinium-2J,~
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1. Unsubstituted amidinium cations

G. Hifelinger and F. K. H. Kuske
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4, N',N'-disubstituted amidinium 5. NL,N' N2.trisubstituted amidinium
cations cations
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5. N,N,N',N'-tetrasubstituted amidinium cations
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SCHEME 2 (continued on next page)
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CH3 CH3
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SCHEME 2. Molecular structures of amidinium cations of Table 6

TABLE 7. CN bond lengths (in A) of amidinates 9

No. Compound C—N! C—N? c—X A Refl

89a N, N'-Diphenylbenzamidinate 1.356(9) 1.331(9) 1.490(8) 0025 17
Rh cycloocta-1,5-diene

89b Bis(N,N'-diphenylbenzamidino) 1.340(7)  1.334(7) 1.493(8) 0.006 18b
P(II)

90  (N,N'-Diphenylbenzamidinate), 1.350(7)  1.346(7)  1.501(6) 0004 17
Rh; (tetrafluorobarrelene) 1.339(7)  1.317(9) 1.502(7y 0012 17

91 (N,N’-Di-p-tolylacetamidino), 1.322(4)  1.322(4) 1.512(9) 0.000 18a
Pd(1I)

92  N,N'-Diphenylacetamidino 1.320(4)  1.320(4) 1.499(5) 0000 18a

Mo(n*-CsH)CO),

longer than in the cationic amidines or in neutral amidines. The distances fall on the
regression line defined by amidinium cations (equation 4).

E. Molecular Structures of Neutral Guanidines

In Table 8 four XD determinations of molecular structures of neutral guanidines shown
in Scheme 4 are presented. With the exception of 93 the formally double CN bond is
relatively long, between 1.308 and 1.333A.

F. Molecular Structures of Guanidinium Cations

Experimental data for the unsubstituted guanidinium cation 54 are shown in Table 9
and structures in Scheme 5. This system is very often studied (17 determinations). Usually
all three bonds differ slightly but mostly they are equal within the limit of three standard
deviations (esd), unless the H-bonding situation is different. The average CN distance (of
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SCHEME 3. Molecular formulae of amidinates given in Table 7

TABLE 8. CN bond distances (in A) in neutral guanidines

No. Compound C—N! C—N? C—N3 Ref.

93  (E)-N,N'-Dicyclohexyl-4- 1.414(2) 1.381(2) 1.276(3) 119
morpholinecarboxamidine

94  2-(2,6-Dichlorophenyl)-1- 1.364(5) 1.339(4) 1.308(4) 120
methylguanidine

95a 2-Cyanoguanidine 1.3414(3) 1.3391(3) 1.3327(3) 121

95b 2-Cyanoguanidine 1.348(6) 1.331(6) 1.329(6) 122

potassium cyanamide
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N Cl
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SCHEME 4. Molecular formulae for compounds of Table 8

TABLE 9. CN bond lengths (in A) in guanidinium cations = GUAD

No. Compound C—N! C—N? C—N3  Ref
96 GUAD-CI™ 1.325(5) 1.325(5) 1.318(5) 123
97 GUAD-CIO,~ 1.327(5) 1.327(5) 1.327(5) 124
98 GUAD-HCO,"~ 1.325(3) 1.325(2) 1.322(2) 125
99 Di-GUAD:-C0O,%~ 1.358(6) 1.335(6) 1.333(6) 126
100 di-GUAD Cr0,2~ 1.330(5) 1.325(4) 1.312(5) 127
1.330(5) 1.328(5) 1.320(4)
thermal correction: 1.349(5) 1.333(4) 1.329(5)
1.341(5) 1.343(5) 1.334(5)
101 Di-GUAD-Zn(SO,%7), 1.319(4) 1.319(4) 1.316(3) 128
102 Di-GUAD-(CH;),AsMo,0O,sH- 1.338(3) 1.322(3) 1.3132) 129
H,O0 1.338(3) 1.326(2) 1.317(3)
103 Di-GUAD-B,O4(OH),-2H,0 1.340(5) 1.333(5) 1.314(5) 130
1.325(5) 1.322(5) 1.321(5)
104 GUAD-maleic acid 1.329(9) 1.325(7) 1L311(7) 131
1054 GUAD-crown-ClO,~ 1.331(5) 1.330(5) 1.316(5) 132
105b GUAD-dibenzo-27-crown-9 1.331(6) 1.324(7) 1.324(6) 132
105¢ GUAD-dibenzo-30-crown-10 1.320(6) 1.320(6) 1.312(5) .132
106 Methylguanidinium-H,PO,~ 1.326(2) 1.325(2) 1.319(2) 133
107 Bis(methylguanidinium)- 1.328(2) 1.324(3) 1.322(3) 134
HPO,*" 1.331(2) 1.327(2) 1.330(2)
108 Guanidinomethylphosphonic 1.341(3) 1.328(3) 1.323(3) 135
acid
109 Guanidinoacetic acid 1.327(2) 1.324(2) 1.330(2) 136
(glycocyamine)
110 Creatine-H,0 1.346(6) 1.334(6) 1.324(6) 137
110 Creatine 1.334(2) 1.327(1) 1.336(2) 138
111 f-Guanidinopropionic 1.333(5) 1.322(4) 1.323(4) 139
acid
85 L-Arginine:2H,0 ND: 1.331(2) 1.329(2) 1.335(2) 140
corr. 1.345 1.344 1.351 140
XD: 1.340(8) 1.322(8) 1.351(8) 141
55 L-Arginine- HCI-H,O 1.327(4) 1.326(3) 1.318(3) 142
1.329(3) 1.325(3) 1.322(3) 142
55 L-Arginine'H;PO, H,0 1.326(4) 1.324(4) 1.315(3) 143
55 L-Arginine-L-aspartate 1.334(5) 1.328(5) 1.341(5) 144

94 2-(2,6-Dichlorophenyl)-1- 1.349(6) 1.338(6) 1.312(6) 120
methylguanidinium. HCI )
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SCHEME 5. Structures for guanidinium cations collected in Table 9
TABLE 10. XD bond distances (in A) in neutral and protonated forms of imidates
No. Compound C=N C—0 CcC—C Ref.
112 Methyl-Z-acctohydroximate 1.274(5) 1.336(3) 1.480(5) 145
113 Methylbenzimidate W(CO), 1.276(8) 1.309(8) 1.496(8) 91
114 4-Chlorophenylimino(trimethyl- 1.275(2) 1.355(2) —_ 146
siloxy)methyl-phenyltrimethyl-
silylphosphan
115 N,N'-Bis-(trimethylsilyl)- 1.282(9) 1.376(8) 1.508(16) 147
oximidatebis(trimethylsilyl)-
ester
116 2-Methoxycarbonyl-1-naphthyl- 1.261(4) 1.372(3) 1.482(4) 148
N-(1-naphthyl)benzimidinate
117 trans-Bis(dimethylglyoximato)- 1.261(7) 1.333(7) LS1I(7) 149
(ethyl)(methyl 4-pyridine-
carboximidate)cobalt(I11)
118 Diiminooxalic acid diethyl- 1.252(3) 1.327(4) 1.511(7) 150
ester K[I(CN),]
119 3-Cyano-1,2,4-thiadiazol-5- 1.245(3) 1.345(3) 1.483(3) 151
carboximidic acid methyl
ester
120 N-Benzoylethyl-benzimidate 1.262(5) 1.323(4) 1.498(5) 152
thermal correction: 1.272 1.334 1.499
121 N-(ethoxyphenylmethylene)- 1.274(4) 1.332(2) 1.484(3) 153
carbamic acid phenyl ester
thermal correction: 1.282 1.347 1.488
122a Acetamide hemihydrobromide 1.307(4) 1.264(4) 1.497(5) 154
at — 160°C
122b Acetamide nitrate 1.292(5) 1.287(5) 1.488(6) 155
123 N,N-Dimethyl-(O-ethyl)phenyl- 1.315(8) 1.282(7) 1.488(9) 156

propiolamidinium BF,~
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51 values) is 1.325 A, which is definitely longer than the bond distances in amidinium
cations (see Table 6). With thermal corrections!7 this value is even increased to 1.338 A.

Some monosubstituted guanidinium cations are also included in Table 9. The CN bond
to the substituted carbon (C-—N?3) is generally shorter than the other two bonds.

G. Structural Data of Imidates and the Corresponding Cations

In Table 10 CN and CO distances of the functional group of neutral imidates 42 and of
three protonated forms are shown, and structures are given in Scheme 6. The C=N
double bond (average value of 1.267 A, increased by thermal correction to 1.277 A) is
generally very short. The average of the C—O bond distances is 1.341 A, which is very

Cl

P |

0 /N—W(CO)!, @ s
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e O
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SCHEME 6 (continued)
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SCHEME 6. Structural formulae of imidates collected in Table 10

similar to the corresponding value of 1.340(14) A derived for the carboxylic ester group'*”.
Neither of these distances indicates a large interaction due to conjugational effects which
should increase C=N and shorten C—O distances.

For three protonated imidates in Table 10 the average CN distance with 13054 is
appreciably elongated and the CO is shortened to 1.278 A, showing the effective
delocalization of the positive charge.

H. Structural Data of Neutral and Protonated Y-conjugated Systems

From cross- or Y-conjugated systems 5 of Table 2, bond distances of neutral nitrogen-
containing examples are collected in Table 11 and protonated charged systems are given
in Table 12. Structures are presented in Scheme 7.

I. Miscellaneous Compounds

1. Biguanide

Biguanide (137) is structurally related to guanidine (53). It forms a mono- and a bis-
protonation product 138 and 139, respectively (Scheme 8). The molecular structures of all
three forms have been determined in two independent studies'®*!72-!73 with results
showr\7 in structures 137a, 138a and 139a. The chemistry of biguanides was reviewed in
196874,
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TABLE 11. Bond lengths (in A) of neutral Y-conjugated systems

No. Compound CN CX cY Ref.
124 Ethyl carbamate 1.341(4) 1.342(4) 1.219(4) 158
125 N-(Diphenoxymethylene)carb- 1.264(2) 1.329(2) 1.3252) 159
amic acid phenyl ester
126 1,2-Bis(dimethylphosphinato)- 1.268(9) 1.386(7) 2.058(5) 160
Pt(1I)-N-(p-chlorophenyl)-
methoxy imidate
127 Bis(1-tert-butyl-2,3-di- 1.311(8) 1.326(8) 1.327(8) 161
methylisourea)- Pd(I1)Cl,
128 Fluorenylisothiourea 1.271(3) 1.339(3) 1.787(2) 162
129 Bis(N-methyl O-ethylthio- 1.302(7) 1.331(6) 1.700(6) 163
carbamate)- Pd(IT)(SCN),
130 Ethyl 2-imino-4-0xo0-5- 1.259(3) 1.337(3) 1.399(2) 164
phenylimidazoline-1-
carboximidate
TABLE 12. Bond lengths (in A) of charged Y-conjugated systems
No. Compound CN CX CY Ref.
131 Uronium nitrate ND: 1.315(1) 1.313(1) 1.298(2) 164
XD: 1.309(3) 1.306(3) 1.302(3) 165
132 O-Methyluronium chloride Cu*: 1.321(10) 1.294(11) 1.331(9) 166
Mo®: 1.331(11)  1.289(11)  1.332(9) 166
1.337(10)  1.312(10) 1.310(9) 167
thermally corrected: 1.352(10) 1.318(10) 1.322(9) 167
133 3-(1,3-Diphenyl-1-ox0-2-propenyl)- 1.320(3) 1.304(3) 1.343(3) 168
tetramethyluronium triflate
134 Azidoformamidinium chloride 1.314(4) 1.302(4) 1.393(4) 169
135 Thiuronium nitrate Cu*: 1.321(5) 1.293(5) 1.735(4) 170
Mo": 1.312(5) 1.300(5) 1.739(4) 170
136 Thiourea $,S-dioxide 1.2972(4)  1.2972(4) 1.8615(4) 171
“XD using copper as radiation source.
5XD using molybdenum as radiation source.
Cl
CH3
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SCHEME 7. Molecular structures of compounds collected in Tables 11 and 12

2. Bis(N'-acetimidoylacetamidine-N*,N3)nickel(ll) chloride trihydrate (140)

A methanolic solution of acetamidine and nickel(IT) chloride leads to crystals of 140 as
the result of a self-condensation reaction possibly under the influence of the metal' ’*, This

chelate is a structural example of imidine 46. The numbering is shown in Scheme 9 and
bond lengths and angles are shown in Table 13.
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SCHEME 8. Formulae and geometric parameters of biguanide (137) and its mono- and bis-
protonation products: (138) and (139)
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SCHEME 9. Atomic labels of the square-planar chelate 140

3. Psychoactive amidines

Several psychoactive drugs contain an amidino moiety. For four of these compounds
{21 and 141 to 143) the molecular structures have been determined'’®!"® with CN
distances presented in Scheme 10.

4. 6-Dimethylamino-5-azaazulene (144)

In this molecule (144) the amidino group is incorporated into the heteroconjugated
azulene ring'”® with rather long CN distances shown in the formula.
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TABLE 13. Bond distances (in A) and bond angles (in
deg) between non-hydrogen atoms of 1407

Parameter Values
Ni—N(1) 1.849(4) 1.861(4)
Ni—N(3) 1.858(4) 1.873(3)
C(1)—N(1) 1.282(6) 1.270(5)
C(1)—N(2) 1.367(5) 1.369(5)
C(1)—C(2) 1.510(6) 1.514(6)
C(3)—N(2) 1.362(5) 1.376(5)
C(3)—N(3) 1.285(6) 1.276(5)
C(3)—C(4) 1.508(5) 1.497(5)
N(1)—Ni—N(@3) 89.9(2) 89.8(2)
N(I)—Ni—N(3) 90.3(2) 90.1(2)
Ni—N()—C(1) 129.9(3) 130.6(3)
N()—C(1)—N(2) 124.4(4) 122.3(4)
N()—C(1)—C(2) 122.1(4) 123.0(4)
C(2)—C(1)—N(2) 113.5(4) 114.6(4)
C(1)—N(2)—C(3) 121.7(4) 124.9(4)
Ni—N(3)—C(3) 129.7(3) 130.4(3)
N(3)—C(3)—N(2) 124.3(4) 121.7(4)
N(3)—C(3)—C4) 121.5(4) 123.8(4)
C(4)—C(3)—N(2) 114.2(4) 114.5(4)

“Right column is for the primed atoms of Scheme 9
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SCHEME 10. Molecular structures of psychoactive drugs containing the amidine group
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V. THEORY: METHODS OF CALCULATION

The presently available quantum-mechanical procedures for calculations of molecular
properties are shown in Table 14. The semi-empirical one-electron methods may be
classified into those which neglect inter-electron repulsions, i.e. simple Hiickel (HMO) =-
electron theory'®® and Hoffmanns extended Hiicked theory (EHT) for valence
electrons'®!, and those which include inter-electron repulsions and electron spin
explicitly: the latter range from the Pariser, Pople and Parr (PPP) n-electron theory!82183
to various ‘neglect of differential overlap’ (NDO) methods for valence electrons!84:185,
The PPP and Jafi¢’s CNDO/S methods'8¢ are still useful for calculations of electronic
absorption spectra. For calculation of molecular geometries Dewar’s semi-empirical
procedures: MINDO-3'87, MNDO!'88, or AM1!8% Pullman’s PCILO method'?°, or
molecular force-field procedures (not included in Table 14) like MM2'9!-1°2 may be used.

‘Ab initio methods’ are all quantum-chemical procedures which use the appropriate
Hamiltonian and an appropriate kind of variational wave function for evaluation of all
necessary integrals, and, in contrast to semi-empirical methods, do not use experimentally
adjusted parameters. The background information about ab initio calculations is givenina
series of excellent monographs!®3~!97. The introduction of fast and large computers and
efficient computer programs distributed through the quantum chemistry program

TABLE 14. Kinds of available procedures for quantum-mechanical calculations

Kind of Electrons Electron repulsion Types of
Excluded Included theories

n-Electrons, HMO 1931 PPP 1953 Semiempi-

Only planar systems Hiickel Pariser, Parr, Pople rical methods

Valence shell EHT 1963 CNDOy2 1965

electrons, Hoffmann INDO Pople, Santry,

non-planar NDDO Segal

and planar CNDOY/S 1968 Jafté
MINDQO/3 1975-1985
MNDO Dewar

(m + o)-systems AM]

PCILO 1972 Pullman

All electrons = POLYATOM-2 Moskowitz ab

core and IBMOL-4 1968 Veillard initio
valence PHANTOM 1971 Clementi methods
electrons, HONDO 1976 King

any molecular
system

TEXAS 1979 Pulay

GAUSSIAN 70, 76; 80; 82; 86; 88 Pople
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exchange (QCPE) in Bloomington, Indiana to the scientific community went hand in
hand. A selection of available ab initio programs is indicated in Table 14.

Theoretical calculations for amidines and related systems in the original volume of this
series? have been based on Hiickel and PPP procedures, but now we present results of ab
initio Hartree~Fock MO calculations using Pople’s GAUSSIAN 82 program system!98,

A. Assumptions of ab initio Hartree—-Fock SCF MO Procedures

The considerations presented here are based on ab initio Hartree—-Fock SCF MO
calculations'®3~'°7 with full optimization of molecular structures by means of the
analytical gradient optimization of Murtagh and Sargent'®? implemented in the
GAUSSIAN 82 (G 82) program system of Pople’s group'®® on a COMPAREX 7/88
computer.

Inherent to all ab initio programs are the following assumptions:

The Born—-Oppenheimer approximation?©® is the separation of the movement of
electrons and atomic nuclei due to the large difference of masses. This leads to the
formulation of chemical molecules with definite three-dimensional molecular geometry.

The orbital approximation: Although it is not possible experimentally to differentiate
separate electrons in a molecule, each of these is treated by a one-electron wave function,
named orbital, which leads to a model of independent enumerable particles.

A single-determinantal wave function: The many-electron wave function, ie. for the
ground-state configuration, is formulated as one Slater determinant of spin orbitals which
takes care of the Pauli exclusion principle and of the change of sign of the total wave
function on interchange of the label of two electrons.

Hartree-Fock SCF procedure in Roothaans’s LCAO-MO formalism: For molecules
one-glectron molecular orbitals (MO) are obtained by linear combinations of atomic
orbitals (LCAO) as first formulated for determinantal wave functions by Roothaan2?!,
The Hartree—Fock Hamiltonian treats each electron in the effective field of the others and
contains the interaction of electrons with same and opposite spins in a different manner.
Therefore this self-consistent field (SCF) procedure is iterative. Starting from a first guess
for electron distributions, Roothaan’s equations are solved, inserting the resulting electron
distributions until the total energy does not alter with respect to a predefined limit.

Use of Gaussian-type basis functions instead of Slater-type functions.

1. Gaussian basis sets
¢nlm(r9 @, (b) = I\Jnr,I -t exp( - ér) Ylm(®9 (D) (5)
Puimlr, O, D) = N,r" " exp(— ar?)Y,,(O, ) 6)

Numerical many-electron atomic wave functions are Slater-type (STO) s, p, d or f
functions?°? of the kind shown in equation 5 which are characterized for s electrons by a
cusp at the nucleus and fall off by exp(— ¢r) as shown graphically in Figure 3, or
Gaussian-type functions (GTF) as defined in equation 6 which show an exp(—ar?)
dependence and are curved at the nucleus.

The notations used for atomic orbitals ¢ in equations 5 and 6 are defined in the
following way2°3: r, © and ® are spherical coordinates (radial coordinate r, equatorial
angle @ and azimuthal angle ®) instead of cartesian coordinates x, y and z; n,l and m are
quantum numbers used for the separation of atomic wave functions in spherical
coordinates: n = main, / = angular momentum and m = magnetic quantum numbers; N
are normalization constants and Y, are spherical harmonics indicating the angular
dependence of atomic wave functions, which are the same for Slater- and Gaussian-type
functions.

For molecules with many atoms, electron repulsion integrals between atomic orbitals at
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FIGURE 3. Comparison of a 1Is
Slater-type orbital (STO) and Is
Gaussian-type orbitals (GTF) as a
function of r. (Repoduced by permis-
sion of Elsevier Science Publishers from
Reference 193)

one, two, three and up to four centres have to be evaluated. This is difficult mathematically
for STO functions. Use of GTF functions leads to much simpler integral evaluation
because the product of two Gaussians at different centres is a new Gaussian in between,
and the resulting many-electron repulsion integrals may be solved analytically. But
Gaussian-type wave functions have no cusp and fall off too rapidly, as shown in Figure 3.

Therefore, in order to approximate each STO, at least three different Gaussians must be
used as indicated in Figure 3 and equation 7.

Bul)= ¥ dyerp(—af?r) ™

In equation 7 the number N of Gaussians is called the degree of contraction, which
ranges from 3 to 6. The linear factor d,, is called the contraction ocoefficient, «; is the
exponent and fis a scale factor, both ; and f being characteristic for each atom. In Pople’s
GAUSSIAN program systems the exponents and scale factors for atomic 2s and 2p sub-
shells are set equal (Pople constraint), which greatly simplifies calculations, but only
contraction coefficients and angular dependence differentiate between 2s and 2p orbitals.

2. Notations for Gaussian basis sets

If one Slater-type orbital is approximated by a fixed number of Gaussians, one speaks of
a minimal Gaussian basis set, termed STO-3G up to STO-6G2%4. Split-valence basis sets,
named 3-21G2%%, 4-31G2%6, 6-31G2°7 or 6-311G2%, are constructed by one block of 3, 4
or 6 Gaussians for core electrons (first number) and by two (indicated by 21 or 31) or three
(311) blocks for valence electrons which are varied linearly and independently.
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Although split-valence basis functions show larger flexibility, this may be further
increased by the addition of so-called polarization functions which are three 2p orbitals for
hydrogen, or five or six 3d orbitals for elements of the second row of the periodic system.
The latter case is marked by the addition of one asterisk, i.c. STO-3G*2%%,3-21 G**!% or 6-
31G*2!!, Two asterisks, i.e. 6-31 G¥*2'! or 6-311 G**298:212_jndjcate the additional
presence of polarization 2p orbitals on hydrogen.

Especially for negatively charged systems, diffuse s- or p-type functions of high quantum
numbers may be necessary. These are marked by + signs, i.e. 3-21 + G or 6-31 + G**.

Optimizations of molecular geometries may be performed with a simpler basis set
followed by a single-point HF calculation with a larger basis set for this geometry. This is
indicated by double bars, i.e. 6-31 G/STO-3G.

B. Gradient Optimizations of Molecular Structures

Until the end of the 1970s the optimization of molecular structures by means of ab initio
calculations was a very tedious and time-consuming procedure and usually calculations
had been performed for selected standard geometries or experimental values. But since the
pioneering work of Pulay?!3 efficient computer programs (GAUSSIAN 80, 82, 86 and 88
as well as other ab initio programs listed in Table 14) have been developed which use
analytical gradients of the total energy with respect to internal coordinates to optimize
molecular geometries. In our calculations we used the Murtagh—Sargent procedure'®®,
implemented in the G 82 program system'%%.

C. Methods of Population Analysis

Methods of population analysis, the first of which was proposed by Mulliken2'4, are
designed to relate molecular electronic structures to intuitive concepts of chemistry. For
this purpose one extracts from the wave function a set of quantities, such as bond orders or
overlap populations and atomic charges, for a shorthand description of the electronic
structure. But this procedure is ambiguous because these derived parameters are not
observable and cannot be defined in a unique way. Two fundamentally different
approaches are used for this purpose. The partitioning of the molecular electron density to
define atomic charges is done either in the real three-dimensional Cartesian space (a), or in
the Hilbert space spanned by the atomic orbital-like basis set (b).

1. Integrated Bader populations and integrated projected populations

The first kind (a) is used by Bader?'? and Streitwieser?1672!8_In Bader’s analysis there is
a set of partitioning surfaces which start at a saddle point in the electron distribution
between a pair of atoms and follow paths of steepest descent through the electron
distribution. These ‘zero-flux surfaces’ are mathematically well defined and lead to natural
definitions of atoms in molecules. The electron populations that are obtained by
integrations over the volumes defined by these surfaces are termed ‘Integrated Bader
Populations’ or IBPs. Bader’s method has the advantages that it partitions the molecule
according to a real physical property, the charge distribution, and that it is independent of
the quantum-mechanical model used. The disadvantage is that locating the zero-flux
surface is not simple and the computation of IBP values is relatively slow and computer
intensive. Streitwieser?!® introduced with ‘Integrated Projected Populations’, or IPPs, an
approximation to Bader’s method: the three-dimensional electron distribution is first
integrated in a direction perpendicular to the plane of the molecule to give a two-
dimensional projected electron density, which is partitioned by zero-flux lines. For
gaussian basis sets this integration is analytic and rapid. A disadvantage is that relative
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1PP values frequently differ from IBPs and the determination of IPPs for hydrogen is
particularly difficult®!®,

2. Basis set population methods

The basis set population methods (b) are used by Mulliken?'4, Ahlrichs?!®~22! and
Weinhold?22:223_ Ahlrichs and coworkers, following Davidson??* and Roby?2%, construct
from the ab initio molecular density operator a minimal set of modified atomic orbitals
which are used to compute atomic occupation numbers (N) and shared electron numbers
(SEN) for description of the molecular electron density distribution. In the Natural
Population Analysis (NPA) of Weinhold’s group.222+223 the density matrix is transformed
into a set of orthonormal but arbitrary atomic one-centre orbitals which are localized on
the individual atoms. The occupancy of these natural orbitals gives the NPA values. An
advantage of NPA over Mulliken population analysis (MPA) is the relative independence
on basis sets.

3. Mulliken population analysis

For analysis of molecular wave functions obtained by full optimization of molecular
geometries we had access only to Mulliken’s population analysis?'4, which is defined in the
following way: for a MO y, given in equation 8 as a linear combination of atomic orbitals
¢, on atoms k of a molecule (LCAO-MO), the projected electron density g, at the
nucleus k is named gross atomic population and is defined by equation 9, where b; is the
occupation number of MO y; (equals 2, 1 or0), ¢,, ;and ¢, ; are linear expansion coefficients

. . ; i s < - . .
of equation 8 and S, , is the overlap integral between atomic orbitals at different atomic
centres k and [.

St

.pj = z cn‘j ¢rk (8)
i
Gross atomic population on atom k:
G = Z z b.i<cr2kj + Z crkjcs,jsrk.v') (9)
ir 1#k
N ~— " -~ ——
q 3Pu
net atomic population % overlap population

1
a \ b
2¢q¢s

FIGURE 4. Origin of overlap population in molecular hydrogen.
(From Reference 226)
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In equation 9 the first sum is called the net atomic population g," and the second sum is
one-half of the so-called overlap population p,,, which takes into account the electron
distribution in the bonding region between atoms as indicated in Figure 4 and which is
added equally to both atoms. This equal partitioning of the overlap population between
bonded atoms is a weak point of the Mulliken population analysis, especially if these
bonds are between atoms which differ in electronegativities. As shown by Flizar227 it may
be replaced by an experimental partitioning of overlap populations defined by an
empirical scaling of atomic charges.

D. Post-Hartree—-Fock Calculations

The Hartree—Fock limit in energy and geometry is the best possible solution obtainable
with a single-determinantal wave function (Slater determinant) for a hypothetical basis of
infinite members.

Improvements below the Hartree—Fock limit are possible by the use of configuration
interaction!®#297 (CI). In this case excited-state structures are derived in which one or
more electrons are shifted from occupied molecular orbitals (MO) into virtual antibonding
MOs. Each of these numeral electron configurations is described by one Slater
determinant and their contributions are determined by the quantum-mechanical variation
principle. Depending on the type of excitation, this procedure is named CI-SDQ for
single, double or quadruple excitations. As this CI method is only slowly converging, many
configurations must be taken into account needing large computers and much computing
time.

Another estimation of CI energies that result from imbalance in the treatment of
electrons with like and unlike spin in the Hartree-Fock equation is possible by use of
pertubation theory, which was suggested by Méller and Plesset2?® and may be applied to
second, third or fourth order, named MP2, MP3 or MP4. Both CI or MP procedures are
incorporated in Pople’s GAUSSIAN programs but have not been applied by us for
calculations related to amidines.

VI. RESULTS OF AB INITIO CALCULATIONS FOR AMIDINES

A. 3-21G Calculations for Formamidines

An extensive ab initio study with full optimization of molecular geometries and
conformational preferences of neutral, protonated and deprotonated forms of for-
mamidine as shown in Scheme 11 was reported by Zielinski and coworkers'?, using the 3-
21G split valence basis set.

The species studied can be divided into four groups: anionic, neutral, cationic imino and
amino protonated formamidines. The ten structures presented in Scheme 11 correspond to
minima.of the potential energy hypersurface. Relative stabilities are calculated as follows
(see Table 15):

(1) 148 E > 149 Z: In neutral planar formamidine the E isomer is favoured over the Z
isomer by only 2.5kJ mol~!.

(2) 150 > 151 > 152 > 153 > 154: The planar symmetrical formamidinium cation 150 is
the most stable molecule of Scheme 11.

The amino protonated formamidines 151 to 154 are higher in energy by at least 155kJ
mol ™! than 150. As in the neutral molecule E isomers are more stable than Z isomers.

(3) 147 > 146 > 145; Among anionic formamidinates the symmetrical E form 147 is the
most stable.

Transition state structures, which may be obtained by rotations around CN bonds or by
inversion at the imino NH bond, are shown in Scheme 12.
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SCHEME 11. Minimum conformations of the potential energy surface {or anionic deprotonated,
neutral and cationic imino and amino protonated formamidines

Numerical values of 3-21G calculated bond lengths and angles are presented in Figures
§ and 6 for the compounds shown in Schemes 11 and 12.

Calculated total energies for minimum structures of molecules 145 to 154 and transition
structures 155 to 164 are collected in Table 15. The entry order presents the number of
negative eigenvalues of the Hessian matrix (these are second derivatives of the energy):
structures of minima are zero-order critical points, saddle points have at least one negative
eigenvalue and a chemical transition state may have only one negative eigenvalue.

1. E,Z Formamidines

The planar E isomer 148 of neutral formamidine is calculated to be 2.5kJ mol ™! more
stable than the Z isomer 149. The E,Z isomerization by in-plane inversion at the imino
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TABLE 15. 3-21G ab initio total energies for formamidinium cations, formamidine and formamidi-

nate anions'? (I hartree = 627.51 kcalmol ™! = 262.5kJ mol ™ !)
AE
Compound Formula Order E (hartree) kcal mol ™! kJ mol~!
Imino protonated 150 0 — 148.643507 0.0 0.0
HC(NH,), * 155 1 — 148.597781 28.7 120.0
156 2 — 148.486938 98.2 410.9
Neutral 148 E 0 —148.237764 0.0 0.0
HC(=NH)NH, 149272 0 — 148.236833 0.6 25
157 1 —148.221461 10.2 42.7
158 1 — 148.219078 1.7 49.0
159 1 — 148.200857 23.2 97.1
160 3 — 148.174995 394 164.8
Anionic 147 0 —147.591675 0.0 0.0
HC(NH), - 146 0 — 147.585742 3.7 15.5
145 0 — 147.572178 12.2 510
161 1 — 147.555046 230 96.3
162 1 — 147.542646 30.8 1289
163 2 — 147.490760 63.3 264.8
164 2 — 147.482760 68.3 285.8
Amino protonated 151 0 — 148.584362 00 0.0
HC(=NH)NH,* 154 1 —148.581463 1.8 7.5
153 0 —148.570176 89 372
152 ! — 148.569122 9.6 40.2
Imino protonated: T H
H
“\N/E\N/H \N/E\ Ve
I N - N
H “H H *H
(155) (156)
Neutral:
| I | |
H H H
\N /C%N \N /C%N _H H\N /C\N \N PN
‘0" ,/ \H Vi N \H
H | H | H’
H H
(137) (158) (159) (160)
Anionic:
| | [ |
N/C\N H\N/C\N N/C\N. N/C\N
' ‘H \H H( ““H H( N~ H
H
(161) (162) (163> (164)

SCHEME 12. Molecular structures for transition state structures of protonated, neutral and anionic
formamidines
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FIGURE 5. 3-21G optimized molecular geometries for minima of total energies of form-
amidine systems.(From Reference 19)

NH group through structure 159 was computed to be 97.1 kF mol ™. 160 corresponds to a
maximum in the potential surface of order 3, since inversion at both N atoms as well as
rotation around the CN bond correspond to negative eigenvalues of the Hessian matrix.

Barriers to rotation around the formal CN single bond are calculated to be 49.0 (148 —
158 — 148) and 40.2kJ mol ™! (149 — 157 — 149) for 148 and 149. These values are lower
than 75-105kJmol~?! calculated for the CN rotational barrier in formamide using
various geometries and basis sets*” with an experimental range of values of 71-87.9kJ
mol ~ 1. This trend parallels the 3-21G calculated CN distances: 1.3534 & for formamide?28
is shorter than 1.3645 or 1.3730 A in 148 and 149, indicating a higher degree of double-



46

H
‘1 o120 H. 10160
1.3659 1.2508
y 8.23'
119.78'(® —xc‘\'m 59° 128. aoﬁc 123.9 fC\"
10799 1.0773
1.3833, \07“ HIZO Zy“‘;;e H / \
‘N uz.76° H"N )"‘ 70"
100661\, 1ooaa"&_ ,
W H H
T WN'CN=t107.77° 7 HNCN=:77.98° THN'CN=* 14.16"
(156) (155) (157)
H
10129 Io 9739 |0.9776 H 10252
“Nfva.e6 179607 N: az.u’(N:
12520 nase 12216 Ht.zzvz roa.0¢ Ll 1.2908
122. 70} \‘23 g:sz 126. 48(' \123 909909 128. 47{ '\‘2| 72897 c\:ﬂ’::ml
H\113:1 3"\ osss\":t \ 14367 \ HlugAS‘NH
N NJi21.30° NJ12034° 10249 N1y
1.0064 9962f%
0.9981 WH - ) .
H HNCN = 5.24
THCNN'= 174.12
T WN'CN=:63.07" T H'NCN=296.41" THN'CN= -91.60°
(158) (159) (160) (161)
H H
10238 M £0.9999 '.9979
. a2 .
"N110.29° N33 @:N:
1.2046 1.3128 1.3067
D 65.96"
128,86} 14 .o 132. ‘6(‘ ® ¢ 3487
\296 e 1395 a0 H
9 ,/!496 H 12701, /rs 92* o
o “hessr
b 0216/ 112.45° H/ H/‘j .
THNCN' = 186.94° #NCN = 13191
THCNN' = 174.43° THNCN= $97.43
TH'N'CN= -94.16" TuNCN=-87.57" THCDN= 90.0 Ifixed!
(162)

(163)

formamidine systems. (From Reference 19)

. Hifelinger and F. K. H. Kuske

(164)

FIGURE 6. 3-21G optimized molecular geometries for first- and second-order critical points of the
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bond character in the CN bond of formamide than in formamidine. In terms of mesomeric

forms, due to the more electronegative oxygen, the zwitterionic form Ib contributes more
to formamide than ITb to formamidine.

H H
i 7 N i
C —p C + C +—> C
HT ShHg ™ H”" NNH, ™
(1a) (Ib) (Ia) (1Ib)

The gas-phase proton affinity of 148 at the imino nitrogen is calculated to be
—254.6kcalmol™" (1065kJmol~!), comparable to the 4-31G value?’* of
— 249 kcal mol ~ ! (1042 kJ mol ~ *). The proton affinity at the amino nitrogen, calculated as
—217.5kcalmol ~! (910 kJ mol~?'), is much lower.

2. Formamidinium cations

The most stable cationic structure is the planar symmetric minimum (150) of order zero
obtained by protonation at the imino nitrogen. The twisted structures 155 and 156
represent transition structures for the single and simultaneous double rotations around
the CN bonds with computed rotational barriers of 28.7 and 98.2 kcal mol ™!, respectively.
The first value is in close agreement with 28.2 kcal mol~! calculated by Kollman and
coworkers?”3° using the 4-31G basis set but with only partial optimization of molecular
geometry.

The 3-21G calculated CN distances with 1.302 A are longer than the experimental
value®® of 1.286(4) A. The angle of 125.28° at the planar central carbon is in close
agreement with the experimental value of 125.6° but deviates strongly from the
hypothetical value of 120.0°.

Protonation at the amino group leads to 151 as the most stable form of the series 151 to
154 which is 155 kJ mol ™! higher in energy than 150. Barriers for C—NH, * rotation are
very low: 2.9kJ mol ™! for the Z (153 — 154 - 153) and 7.5 kJ mol ! for the E conformers
(151 — 152 - 151). These E, Z isomers have significantly different molecular geometries as
may be seen by comparison of 151 with 153 and 152 with 154 in Figure 7.

3. Anionic formamidinates

The minimum energy conformation for anionic formamidinate is 147 with isomers 146
and 145 15.5 and 15.0kJ mol ™! higher in energy. The barrier to rotation of 147 to 146 E via
161 is 96.3 kJ mol ~ ! and of 146 to 145 via 162 is 113.0 kJ mol . A conversion from 146 to
145 through simultaneous double rotation via the conformational maxima 163 or 164,
representing disrotatory or conrotatory movement of the hydrogens, is not likely to occur
due to the high barriers, around 250kJ mol ™!, for this process.

The proton affinity of 147 is computed to be —405.4 kcal mol ™! (1696 kJ mol —!). Thus
anionic formamidinate is very unstable compared to the neutral and cationic forms. In
agreement with experimental observations (Table 7), calculated CN bond lengths of
Figure 7 are longer than in cationic species.

B. Basis Set Dependence of Calculated Molecular Structures

Single determinantal wave functions with increase of basis sets approach asymptotically
the Hartree-Fock (HF) limit of total energy from one side as a consequence of the
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FIGURE 7. Optimized geometries for the amino-protonated forms of the formamidinium
cation. (From Reference 19)

quantum-mechanical variation principle'®3~'°7, Gradient optimizations of molecular
structures are dependent on the kind of applied basis sets' 2 and calculated bond distances
may be longer or shorter than the theoretical r, distances or the scarcely known
experimental r, distances. We had shown??*® that out of eight tested basis sets for
unstrained CC distances the 6-31G basis set gives statistically the best agreement with
experimental gas-phase ED r, bond lengths, although it was not the best with respect to
total energies.

For our ab initio calculations on amidine systems with Pople’s GAUSSIAN 82 (G82)'98
we applied only three basis sets: STO-3G2%* as the economically cheapest one, 3-21G
because of comparison with extensive calculations of Zielinski'?-2307232 and 6-31G
because of expected accuracy. Some 6-31G* values from the literature?2® have also been
used.
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1. Comparison of calculated CN distances with experimental values

In Table 16 for ten small CN systems which cover the range from single over double to
triple bonds, STO-3G, 3-21G and 6-31G* basis set calculations taken from Reference 228
have been correlated by linear least squares to experimental gas-phase data. The
regression equations 10 to 12 for 13 data points (CH;NH, * was discarded because it is a
solid-state XD value and it was trimethylamine because its 6-31G* value is missing) show
high statistical relevance with the linear correlation coefficient R increasing from 0.9967
over 0.9994 to 0.9998 and standard deviations esd decreasing from 0.011 over 0.005 to
0.003 A for STO-3G, 3-21G and 6-31G* basis sets. These equations may be used to predict
experimental gas-phase distances from calculated CN bond lengths.

raP=0914,0-36 1. 0.101 (R =0.9967; esd = 0.011) (10)
rae =0943r332'¢ 40087 (R =10.9994; esd = 0.005) (1
rEp =0980757315 40046 (R =0.9998; esd = 0.003) (12)

Equation 11 is shown graphically in Figure 8. Of interest is the isodistance point
¥ = af(1 — m), which gives from slope m and intercept a of the regression the value of the
intersection of the regression line with that of slope 1.0. If the slope of the derived
regression equation is smaller than 1.0, all calculated distances larger than r are decreased
by application of the regression, and distances smaller than r' are increased. The STO-3G
r' value with 1.185A is close to the range of CN triple bonds, i.c. most calculated CN
distances are decreased. The 3-21G value with 1.511 A is in the range of bonds to
quaternary nitrogen, i.e. most calculated CN distances are increased by application of the
regression. The 6-31G* value with 2.352 A is far outside the range of accessible CN bonds,
therefore all distances are increased.

2. Formamidines, acetamidines, benzamidines and corresponding cations

In Table 17 the basis set dependence of our calculated CN bond lengths for E, Z isomers
of formamidine, acetamidine and benzamidine and the corresponding cations protonated

TABLE 16. Basis set dependence of calculated CN distances (in A)in comparison to experimental
ED and MW data (collected in Table 3)

Compound STO-3G 3-21G 6-31G* Experimental Method Ref.
Me—NH, * 1.5288 1.5473 1.5075 1.499(10) XD 55
Me—NH, 1.4855 1.4716 1.4532 1.474(5) MW 59
14652) ED 60
(Me),NH 1.4844 1.4656 1.4470 1.466(8) MW 61
14652) ED 62
(Me),N 1.486 1.464 — 14513) MW 65
14582)  ED 66
H,C=NH 1.2729 1.2564 1.2614 1.273(8) MW 69
H,C=NOH 1.2814 1.2553 1.2494 1.276(5) MW 233a
HCO-NH, 1.4028 1.3534 1.3489 1.367(4) ED 72
13683) ED 7
1.3665 ED + MW 72
HC=N 1.1530 1.1372 1.1325 1.1568(2) MW 233b
1.1158(3) ED 234
MeC=N 1.1543 1.1390 1.1348 1.159(2) ED 234

CEItIH 1.1703 1.1596 1.1542 1.1726(2) MW 233b
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FIGURE 8. Plot of equation 11. Experimental versus 3-21G calculated CN distances

at the imino nitrogen is shown. (Angles are given in Table 18 and total energies in Table
19.)

The STO-3G minimum basis set predicts for E and Z formamidine a non-planar tetra-
hedral amino group, as was found also by CNDQO/223% and MNDO calculations?*. The
calculated difference A = R,,, — R, with 0.16 A is close to the maximum value (0.18 A)
for a non-conjugated amidine system obtained from 3-21G data by Zielinski'® for the
twisted amino group and also close to the experimental value of 0.178 A. Assumed
planarity as a constraint leads to A =0.12 &, a value close to the range of 0.09 to 0.11A
found for other basis sets and is characteristic for normal amidine conjugation. Split-
valence basis sets leads to coplanar geometry of the amidino group with all hydrogen
substituent atoms in the plane. In the case of fluorine substitution on amino nitrogen the 3-
21G calculation leads to non-planar tetrahedral geometry of the amino group2°.

Formamidine may be compared to formamide in which difficulties exist in the precise
determination of the experimental geometry’®~72-75 as well as in ab initio calculations of
the molecular structure’>-2377241 the results of which vary with the applied basis set
whether or not the lowest-energy geometry is planar. Recent M P2 calculations®#! favour a
single, slightly non-planar minimum energy geometry although the HF potential energy
surface for formamide exhibits a very flat region near its global minimum. It should be
remembered that the experimental geometry of aniline shows also a non-planar
tetrahedral geometry of the amino group®s.

Numerical data in Table 17 show that increase of the basis set reduces the formal CN
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single bond, R,,,, in the sequence STO-3G to 6-31G*. However, for the formal CN double
bond, R, 6-31G values are longer than 3-21G and 6-31G* data. For Z-formamidine the
R, values are slightly longer than in the more stable E isomer and R,,, values arc very
similar for both series. For the formamidinium cation both equal CN bond lengths vary in
the series STO-3G > 6-31G > 3-21G and the data are close to the average of the
corresponding CN single and double bonds in neutral formamidine. Experimental
distances (Table 6) are 0.02 A longer than calculated values.

NH bond distances are about 1.00 A with the bond of the hydrogen syn (Z) to the imino
nitrogen being longer than that of the anti (E) hydrogen in the neutral amidines and
cations. This may be related to a study of Perrin and coworkers24? of the kinetics of base-
catalysed proton exchange in amidinium cations: H, exchanges 25 to 1009, faster than H
which was explained as ‘the most acidic proton exchanges fastest’. We may conclude: the
weaker-bound hydrogen (longer NH bond) exchanges faster. It should be noted that in
acid-catalysed proton exchange?*3, in 80% H,SO,, H; exchanges faster than H, but this
reaction proceeds via the dication [RC(—NH, *)=NH, *]. Surprisingly, the imino NH
bond is about 0.01 A longer than the amino NH bond.

In acetamidine, both CN distances are longer than in the corresponding formamidine
isomers and the CC distance is between 1.53 and 1.50 A. Experimental XD distances for
acetamidinium cations in Table 6 show very good agreement with 3-21G and 6-31G data.
The agreement for acetamidine (Table 5) is less satisfactory and may be due to the
hydrogen-bonding effects in the crystal, neglected in the calculation.

In benzamidine, the phenyl ring and the amidine group are twisted by 42° (STO-3G) or
46° (3-21G) for the minimum-energy E conformation and by 30° (STO-3G),21° (3-21G) or
26° (6-31G) for the Z isomer. Both E,Z isomers have the same 3-21G energy. In the Z
isomer, less sterical strain between the imino NH and ortho hydrogens of the phenyl group
leads to a smaller torsional angle. The torsional angle in E-benzamidine is very similar to
that calculated and determined for gaseous biphenyl?#4* (STO-3G: 38.6°%; 6-31G:44.7°, ED
ry:44.4°) indicating similar sterical requirements. As in the case of biphenyl, the molecular
geometry may be optimized for the constraint of coplanarity or for a fixed twist angle of
90° with results presented in Table 17. CN bond lengths vary only slightly as dependent on
the torsional angle.

STO-3G optimization for benzamidinium cation leads to a torsional angte of 32.3° for
STO-3G and to 44.4° for 3-21G basis sets, in agreement with a CNDOQ/2 calculation?33
which yields a twist angle of 35.7° compared to the experimental angle of 36.6° (Table 6).
Due to conjugative interactions the CN bonds are 0.007 A longer in the coplanar form
than in the perpendicularly twisted molecule.

3. Guanidine and guanidinium cation

Ab initio SCF optimizations of molecular structures of several Y-conjugated hetero-n-
systems using STO-3G and 3-21G basis sets have been reported by Williams and
Gready?**®, The results for guanidine and its cation are shown in Figure 9.

In the free base guanidine (53) the two bonds to amino groups differ by 0.004 A (STO-
3G) or 0.009 A (3-21G), the longer bond being cis to the imino NH group. Protonation at
the imino nitrogen leads to the highly symmetrical planar guanidinium cation (54) in
which all three CN bonds are equal at 1.355 (STO-3G) or 1.324 A (3-21G). The second
value is very close to the experimental average of 1.325 A, Calculated CN distances are
related linearly to Mulliken n-bond orders?44®,

4. Basis set dependence of calculated angles

In Table 18 our calculated angles of E,Z isomers of formamidine, acetamidine,
benzamidine and corresponding cations are shown for STO-3G, 3-21G, 6-31G and
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STO-3G:

3-21G:

FIGURE9. STO-3G and 3-21G optimized bond lengths and angles for
guanidine (53) and guanidinium cation (54). (From Reference 244b)

6-31G* basis sets (data for formamidines are from References 19 and 228, except 6-31G
values). Numerical values show relatively small basis set dependent variations between
angles for heavy atoms of at most 1.5°. The angle NICN2 (8 in the notation of 181a)
differs very much for E, Z isomers. For all E isomers this angle is smaller than in the cation
and the Z isomer. 6-31G values, which are usually intermediate between STO-3G and 3-
21G angles, are in the formamidine series 122.2° for E, 124.8° for the cation and 128.8° for
Z. The angle XCN2 («) behaves in just the opposite manner: 124.3° for E and 117.7° for
the Z isomer and the cation. The angle XCN1(y) remains small: 113.6° and 113.7° in the
E, Z isomers and 117.5° in the cation. These trends reflect stereochemical requirements: in
E-formamidine H*-H? interactions open angle « and in Z-formamidine H*-H?
interactions open angle f. In symmetrical formamidinium cations the H3~H? interaction
opens angle B. Substitution at functional carbon either with methyl or with phenyl leads to
the same pattern of angular variation at the amidine group.

Angles to hydrogen atoms show larger dependences on basis sets, thus especially the
CN2H4 angle at the imino nitrogen varies up to 8°. The angle HIN1H2 of the amino
group lies between 116° and 119°.

(1810)

Notation for molecules of Tables 17 to 19
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C. E,Z lsomerism of Amidines

1. Experimental results

Acyclic amidines may show Z, E (syn, anti or cis,trans) isomerism with respect to the
formal C=N double bond. Whereas the E isomer is mostly energetically more favoured
than the Z form!®, the actual geometry depends on the kind and number of substituents at
the amidine fragment. The adopted geometry depends mainly on the steric requirements of
the substituents and the XD data on amidines in Table 5 and cations in Table 6 show the
occurrence of both kinds of isomers.

Hegarty and Chandler®*® described the stereospecific preparation of thermodynami-
cally unstable Z-amidines by 1,1-addition of secondary amines to isonitriles in the
presence of AgCl below 0°C (equation 13) or by solvolysis?*® of N-phenylformo-
hydrazonyl chloride in water in the presence of morpholine (equation 14).

TRZ TRZ
+ - A 60 °C /C\
Ar—N==C" + HNR, — Ar—N H =2 °, ril H
Ar
z £ (13
H H H
holl .
GNP RO == N'——Ph] ——» c=n"
¢ (—N \Ph
[/
2 (14

By acid catalysis or by reflux in chloroform (6h) the Z form may be converted into the £
form. The stereochemistry was deduced from the 'H NMR spectrum of the N—CH,
signals of the morpholino group which, owing to the effect of the adjacent aryl group in Z,
are shielded by 0.65 ppm in CDCl, relative to E. In addition this signal shows a smaller
solvent-induced shift for the Z isomer when measured in benzene relative to chloroform
(0.15 ppm for Z and 0.33 ppm for E) due to the fact that the intramolecular N-aryl group
already ‘solvates’ the morpholino group.

The temperature dependence of 'H NMR spectra?4” of the E isomer shows that the
signals of the NMe, groups are equivalent at 34 °C but, on cooling to — 30°C, separate
signals of equal intensity are obtained with a coalescence temperature of —5°C. This
temperature, and thus the energy barrier for CN bond rotation, is raised when Ar contains
an electron-withdrawing group which increases by conjugation the bond order of the
formal CN single bond.

The Z isomer presents quite a different situation, since the signal for the NMe, group
remains as a singlet over the temperature range from — 80 to 34 °C. This is explained by
the possibility that the Z isomer is frozen even at 34 °C in a twisted conformation (165a) in
which the perpendicular methyl groups are in equivalent positions. When the aryl group
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contains an ortho substituent, the two Me groups become non-equivalent, a fact clearly
pointing to a fixed conformation around the CN single bond and the N-aryl bond.

X

/“_©

H—C
N2t

“CH3
(1650)

The Z — E isomerization of 165 is pH-independent from pH 0 to 8 and then decreases.
Thus the protonated form 166 is undergoing the isomerization as shown in Scheme 13. No
evidence was found for isomerization of the free base by direct nitrogen inversion?48,

tl\r Ar
|
N—Ar N N~
Y
H—— c/ H— C/ +—» H— C/
\N—Me \N—-Me \NL Me
I |
(163) 2 Me (165) £ Me Me
H’l H T -H’T Ii\r
|
/N’—Af /N_Ar /N‘—H
H—C\ <+ H—C —.H—-C\*
T—Me \?——Me \T—Me
(166) Me Me Me

SCHEME 13. Mechanism of proton-catalysed-Z — E isomerization2*®

A direct proof of the presence of the E isomer of N',N!,NZ-trimethyl-p-
nitrobenzamidine (167) in CDCI, solution was given by Exner and coworkers?*°. They
observed in the 'H NMR a nuclear Overhauser effect as an intensity enhancement of the
signals of protons H? and H® of the phenyl ring on selective irradiation of the =N—CH,
signal. The intensities of other signals remain unaffected.

Me

|2

N
\T—Me Me—=N

e
Me l!de Me

(167) (168)
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For N2-(2-hydroxyphenyl)-N', N'-dimethylformamidine (168) in CDClI, solution the
occurrence of both E, Z isomers but with 80%, predominance of E was shown?5% in the 'H
NMR spectrum at room temperature.

'H NMR and IR studies of neat N,N’-dimethylformamidine have shown?5! that of
structures 169a to 169d the E isomer 169a is present exclusively. It undergoes tautomerism
which is proposed to occur through a hydrogen-bonded cyclic dimer 170. At 25°C
kpw=820s"1 and E, =415+ 1.5kImol ™1,

P
N N—CH —_
H C/N H C// H // ’ C//N s
\T-—H \N—CH3 \lil—H \N—CH3
I |
CH3 H CH3 H
(169 a) (169b) (169¢) (1694d)
CHgy CHy
| | RSO, H RSO, H
//N"'---H—N \N=C/ \N=C/
H—C C—H N—R' N—'R"
NN —H? | |
| | R" RI
CH3 CHz
(170) (171a) (1710)

For N2-sulphonyl formamidines (171), using ' H and '>C NMR and IR spectroscopy the
occurrence of the E isomer and of two rotamers 171a and 171b was shown?52233, [n
phosphorylated amidines 172 the presence of both E,Z isomers in solution in different
ratios was found?%4 by 'H, '3C and 3'P NMR spectroscopy.

CHs <|:H3 il
(RO}P—N_ N HyC— CH==CH—C
" \C/ \N——-R'
o | I
CHCI, R”
172)z (173) 2

However, for several propenyl amidines (173) the predominance of the Z isomer by
about 60% was indicated?> by '3C NMR spectroscopy. The free energy of activation for
rotation around the formal single CN bond was determined?3% from the temperature
dependence of the !3C NMR signals as 49.4 k) mol ™! for the E isomer and 36.4 kJ mol ™!
for the Z isomer.

2. Calculated energy differences between E,Z isomers

Numerical values of total energies of several amidines in various basis sets are given in
Table 19 (see also Scheme 14). The basis set dependence of the differences between E and Z
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5 6
H H
N2 o ;
|
N N N—H
H>—C H—C ' JH H—C J.H
N\N'—n? \N—c7 Ny— &
| | |
H' H H
(174)F (175) ¢ (176) 2z
*l‘ H
— N—H
C/N H C/N c‘\“HH H C/
W _ —
NN—H \T——H \T—H
|
c H Com-—H
H':/ Ny W’ \H
H
(177) £ (178) 2 (179) 2
H\ 9y
T " I c/
|
N—C-. N—H
~<H
H—‘C"’/ \H H——C*/
N—H N—H
| |
H H
(180) Z (181) £

SCHEME 14. Geometrical isomers of N-methylformamidines

energies for formamidine is given in Table 20. Neglecting the extreme values of non-planar
and planar STO-3G energies, the Hartree—~Fock results for split-valence basis sets yield
energy differences between 2.4 and 7.8kJmol~!'. The 4-31G value is taken from
Reference 236.

TABLE 20. Differences between total energies for E and Z isomers of formamidine as dependent on
the applied basis sets

AE STO-3G STO-3G
E-Z tetr. planar 321G 431G 631G 6-31G* MP22°"" MP3¥57™
hartree 0.00569 0.00057 000093 0.00249 0.00296 0.00236 0.00355 0.00341

kJ mol~! 1494 1.50 2.4 6.54 778 6.20 9.32 895
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Moeller-Plesset post-Hartree—Fock calculations by Wiberg and coworkers?>”® using
the extremely large 6-311 + + G** basis set (with diffuse functions and polarization
functions on all atoms) at 6-31 G* optimized geometries give slightly increased energy
differences of 9.3 kJ mol~! for MP2 and 9.0 kJ mol™' for MP3. The energy differences
between E and Z isomers are relatively small but the 3-21G calculated barrier of activation
for inversion'® with a linear =N—H bond (159) is rather high (96.9 kJ mol~").

For all six stereochemical isomers of N-methyl formamidine, 174 to 179, 3-21G
optimized bond lengths are shown in Table 17, angles in Table 18 and energies in Table 19.
The structures in Scheme 14 show four pairs of Z, E isomers: the methyl group E, Z isomers
174 and 178 show a difference of 9.18 kJ mol ™! in 3-21G energies, and in the cations, 180
versus 181, a value of 5.46 kJ mol ™ !. For the s-cis isomeric pair 175 and 176 the difference
of 18.03 kJ mol ~ ! is rather high, due to steric interaction. In the s-trans isomers 177 and
179 the energy difference is only 2.26 kJ mol ™',

For acetamidine, the STO-3G basis favours the Z isomer over E by 1.97 kJ mol~!
(Table 19) but 3-21G and 6-31G show calculated stabilities of E versus Z higher by 0.18
and 3.31kIJmol ™.

For benzamidine, STO-3G and 3-21G predict higher stability for the Z isomer by — 2.1
and —0.02 kJ mol~! but in the 6-31G basis the E form is more stable by 3.18 kJ mol~!.

We reported?® 3-21G optimizations of seven fluorine-substituted formamidines
(Scheme 15) with up to three fluorine atoms at the positions at imino nitrogen, amino
nitrogen and functional carbon, all in E configuration 182, since we assumed from steric
reasons that these isomers are the most stable. To our surprise, the Z isomers 183a and
183c were calculated to be energetically more stable by 14.6 and 21.1 kJ mol ™ !. This may
be explained by the same factors which determine the greater stability of cis-1,2-
dichloroethylene over the trans form?257®, This result shows that the predominance of E or
Z isomers is not determined only by steric effects but also by electronic effects.

x3 x3 x3

x3_ /cl:\ _H ¢l\ _H 44\ X2
N N N N N N
A S
(182) (183) (184)

FHH (a)X*=F;X’=X*=H
HFH () X*=F;X*=X2=H
HHF (O X*=F;X*=X*=H
FFH @) X*=X’=F;X*=H
FHF (e X*=X?=F;X*=H
HFF () X*=X?=F;X*=H
FFF (g X2=X?=X*=F

SCHEME 15. Geometrical isomers of fluorine-substituted formamidines

D. Hindered Rotation Around the Formal CN Single Bond

1. Experimental facts

Substituents on the amino nitrogen of amidines are magnetically non-equivalent as in
the case of dimethylformamide?®®, Therefore the temperature dependence of NMR



64 G. Hifelinger and F. K. H. Kuske

spectra allows the determination of coalescence temperatures and activation energy
parameters for rotation around the formally single CN bond. A collection of experimental
data up to 1971 was presented in the first volume on this subject®>® (Table 27 and 28,
pp. 68 and 70) and need not be repeated here.

For unsubstituted formamidinium chloride?¢° the barrier to rotation about one of the
CN bonds was found to decrease with an increase in the dielectric constant of the solvent:
E, =124 kJ mol~! in chloroform, 105 kJ mol ! in acetone and 77 kJ mol~! in DMSO.

For the N*!, N2-dimethyl{trideuteroacet)amidinium cation2' in DMSO-d; E, is 89 + 1
kJ mol ™1,

N',N2-dimethylbenzamidine2¢2 in CDCl, shows a value for E, of 76.1 kJ mol !, which
may be affected by a hydrogen bond of about 12.6 kJ mol~!.

In N',N'-dimethyl-N2-t-butylformamidine?®? in pyridine-d; E, is as low as 46 + 3kJ
mol ™! with a coalescence temperature of —48°C.

The free enthalpy of activation (AG¥) is in the range of 46 to 63 kJ mol ™! for variously
substituted ~ N',N'-dimethylamidines?°6-263-266  while for amidinium ca-
tions?60-261:266.267 the values are higher, in the range of 70 to 92 kJ mol ™ !. These different
energy values may be taken as an indication of stronger bond orders in the amidinium
cations due to mesomeric bond-length equalization.

Recently?%® barriers to rotation in N',N'-dimethyl-N2-substituted phenylacetami-
dines with 12 different substituents on the phenyl ring have been determined from line
shape analysis of dynamic 'H and !*C NMR spectra. The values of AG* are 51.2-58.7 kJ
mol~!. Their correlation with Hammett o-values indicate an important contribution of
substituents to the barrier height. Correspondingly substituted formamidines?°%-26® show
a higher barrier of 63kJ mol ™!, This decrease of about 10 kJ mol~! in the parent
compounds is probably due to steric interaction of the methyl group with the aromatic
ring that leads to non-planarity and a decrease in conjugation of this phenyl ring with the
amidine group. However, this may be compensated by conjugation to the lone pair on
imino nitrogen.

Similar differences were observed?7%27! for N2 heteroaryl substituted N',N'-dimethyl
formamidines (73-84 kJ mol™!) and acetamidines (39-59 kJ mol™!).

The influence of aryl substitution at N? and of alkyl substitution at the functional
carbon (R3) on '3C NMR was studied at low temperature by Wawer2%? for ten N',N'-
dimethylformamidines, five acetamidines and five isobutyramidines. With an increase in
the steric demand of substituent R 3 the enthalpy of activation decreases from 63.3 to about
30kJ mol™! as shown in Table 21.

The rotational barriers of eleven N2-phosphorylated N',N'-dimethylamidines have
reported”? AG* values between 45.6 and 90kJ mol ™",

For N,N,N',N'-tetramethyl-formamidinium and -acetamidinium cation?’® AG* was
determined as 64.4 and 44.2 kJ mol~!. Thus in the cation the methyl substituent at the

TABLE 21. Influence of substituents (R?) at the functional carbon on chemical shifts, Cg, and the
barrier to rotation around C—N! in N!,N'!.dimethyl-N2-phenylamidines

5C AGH
R3 Isomer (ppm) (kJ mol~1) Solvent Ref.
H E 153.5 63.3 acetone-dg 269
CH, E 157.0 53.8 acetone-dg 268
C,H, E 160.5 459 cpCl, 256
n-C,H, E 160.0 459 CDCl, 256
i-C,H, E 162.5 300) acetone-dg 269
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functional carbon has a larger influence on the rotational barrier than in the neutral base.
In N,N-dimethyl-N’,N’-diethylformamidine?’3* the rotational barrier of the dimethy-
lamino group is 66.8 kJ mol™! and of the diethylamino group, 63.9 kJ mol~'.

2. Calculations of rotational barriers

MNDO and ab initio STO-3G, 4-31G and pseudo-potential calculations with
determinations of rotational barriers have been reported3¢ for formamidine, acetami-
dine, N!,N'-dimethylformamidine and N?-cyanoformamidine. Calculated barriers are
given in Table 22. The MNDO values are lower by a factor of 2 to 3 than ab initio pseudo-
potential calculations. Contrary to experimental results the rotational barrier is lower in
formamidine than in acetamidine with the exception of the H4 basis set. For N,N-
dimethylformamidine the calculated barrier to rotation is considerably lowered in all
cases. An electron-withdrawing cyano substituent at the imino nitrogen raises by
conjugative influence the barrier of rotation around CN!. This effect is similar to N?
phenyl-substituted formamidines?®® where the p-nitrophenyl substituent at the imino
nitrogen (N2) increases and a p-anisyl group decreases the rotational barrier with respect
to the unsubstituted compound.

Zielinski’s'® 3-21G calculations yield rotational barriers of 49.1 kImol~! for the E
isomer and 40.4kJmol ™! for the Z isomer. The first value is very close to the pseudo-
potential H31* calculation?6.

A calculation by a MNDO effective charge model?”3® which introduces the solvent
effect into MO calculations yielded, for the barrier to rotation of the formamidinium
cation, 68.4, 64.9 and 54.2kJ mol ! for dielectric constants of 1, 2 and 10, respectively.

The N-methyl substituted formamidines and 174 to 181 from Scheme 14 contain three
pairs of rotamers which yield, from 3-21G optimizations (Table 19), the following ground-
state energy differences: the E isomers 175 and 177 differ by 7.73 kJ mol ™, the Z isomers 176

TABLE 22. Calculated rotational barriers in formamidines (in kJ mol = )36

Pseudo-potentials

ab initio'®
Compound MNDO H4 H31 H31* HF 3-21G
Formamidine 27.2 77.0 66.5 48.5 49.1(E); 40.4(Z)
Acetamidine 28.0 69.5 68.6 50.6
N',N'-Dimethyl-
formamidine 79 49.0 51.9 67.8
N2.Gyanoformamidine 36.8 92,0 89.1 67.8

TABLE 23. Calculated rotational barriers?”3 of amino-substituted carbenium carbon (kJ mol™?)

NH, Me
I |
H,C*—NH, H,N—CH*—NH, H,N—C*—NH, H,N—C*—NH,
(185) (186) (187) (188)
STO-3G 341 144 84

4-31G 295 118 59 112
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and 179 differ by 4.33 kJ mol ! and the cations 180 and 181 which are E,Z isomers as well
as rotamers yield 5.46kJ mol~! energy difference with Z being more stable than E.

Immonium (185), formamidinium (186) and guanidinium (187) cations may be
considered as carbenium cations, which are very effectively stabilized by amino
substituents as indicated in the given structures. Rotational barriers collected in Table 23
have been calculated by partial optimization of molecular geometry by use of STO-3G and
4-31G basis sets27%¢, The bond lengths increase and rotational barriers decrease in the
sequence from left to right.

E. Tautomerism

N-mono- and N,N'-disubstituted amidines may occur in two different tautomeric
forms. This problem was studied experimentally mainly by the use of IR and '*N NMR
spectroscopy.

1. Experimental IR determinations

For N-monosubstituted amidines the preference in the tautomeric equilibrium in

equation 15 depends on the electronic type of the substitutent R on nitrogen?74-281,
NH NH
7 O Ak
R'—C = RrR'—¢ (15)

\N—-H \N
| I
R R

imino form amino form

For R =alkyl the equilibrium prefers the imino form due to the +1 effect of the
substituent?”3, although in chloroform solution both forms are present.

For R = aryl the amino form is dominant?7%:277:278 due to the — 1 and — M effect of the
substituent, which may conjugate in a planar geometry with the amidine system, and even
in the twisted orientation it can still conjugate with the lone pair on imino nitrogen.

NH NHa NH NHg
dNH _ @N EéNH P—— D:K\/N

(189) (190)
NH NH, NH NH,
NH S—— \N dNH == dN
(191) (192)

Sieveking and Liittke?®' studied the tautomerism of cyclic amidines 189 to 192 by
application of IR spectroscopy. In these the electronic influence of substituents is
combined with steric factors, which include the preference of endo- or exocyclic C=N
double bonds in five- or six-membered rings27.
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TABLE 24. Expectation values and assignment of characteristic IR vibrations of monomeric cyclic
amidines?®! (in cm™?)

Amino form Imino form
assignment region assignment region
v, NH, 3540-3490 v sec NH 3460-3420
v, NH, 3420-3390 v=NH 3370-3250
v C=N (amidine I) 1680-1600 v C=N (amidine I} 1680-1600
6, NH, (amidine II) 1610-1580 & scc NH (amidine II) 1410-940?
v C—N (amidine ITI) 1450-1350 v C—N (amidine II) 1310-1200
Yas NH, (twisting) 1250? 0=NH 1450-1050
J,, NH, (rocking) 1100 y =NH 900850
y, NH, (wagging) 650 y sec NH (amidine 1V) 780-420

The expected values for characteristic IR vibrations of the CyCllC amino and imino forms
are shown in Table 24.

All four cyclic amidines studied exist completely in the amino rather than the imino
form. The characteristic group frequencies depend strongly on the state of aggregation, the
solvent and the concentration, that is on the state of association. They have been studied
specifically by means of partial and full deuterium exchange. Mono-deuteration of the
amino group of 189 leads to four bands in the region of NH(D) valence vibrations: 3475,
3450, 2565 and 2535cm ™. These bands have been interpreted by the presence of two
rotamers, 189a and 189b, as shown in Scheme 16. The absorptions at higher frequencies in
each pair are assigned to the NH or ND group which is s-trans to the C=N bond.

D
Vgsi 3513 3475° 3450° 2628
Vs:3410 2535° 2565° 2489

9=UNH or UND(rrans). 5= UNH or VUND (cis)
(1894a) (189b)

SCHEME 16. NH and ND valence vibrations2®! of 189

Deuteration of the acyclic N-benzyl benzamidine (193), which occurs mainly in the
imino form (193a), shows a different picture. Besides the bands at 3450 (v sec NH) and

@_\/ ‘@ @_/NHZCH_@

(193a) (193b)
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3320cm ™! (v=NH) only two further deuteration bands at 2251 (vsec ND) and 2455cm ~!
(v=ND) are observed.

In addition, the presence of the amino form of 190 is inferred from the 100 MHz 'H
NMR spectrum: the proton H, shows a double triplet at é = 3.43 ppm with coupling
constants J,, = 13.5Hzand J,. = J,4 = 1.5 Hz. Due to the spatial arrangement of protons
H, and H_ a ‘homoallylic coupling’ is to be assumed which may occur only through the
endocyclic double bond of the amino form?%',

4 ¢ NH2

2. 'SN NMR study

Natural abundance '>N NMR spectroscopy282-283 is a useful tool for the study of
tautomeric equilibria in nitrogen-containing heterocycles. This method was applied by
Clement and Kémpchen?8* for the study of tautomerism in N-monosubstituted amidines.
Due to fast proton exchange, signal averaging occurs and no NH coupling could be
observed. Experimental >N chemical shifts for tautomeric equilibria 194 and 195 as well
as structurally fixed non-tautomeric amidines 196 to 199 are given in Scheme 17.

In the case of the N-methyl substituted benzamidine (195) both N signals are rather
similar at 141.6 and 145.1 ppm, which indicates the presence of both exchanging tautomers
in about equal amounts. However, in N-phenylbenzamidine (194) there is a difference of
145 ppm between the two nitrogen signals. The reference signals of the non-tautomeric
amidines 196 to 199 allow the estimation of the presence of the less stable tautomer 194a as
11% in the equilibrium mixture. In agreement with Prevorsek’s??® IR determinations for N-
phenyl substituted amidines the amino form 194b is dominant whereas for N-alkyl
substituted amidines (195) both forms seem to be present in about equal amounts.

3. Experimental determinations of pK;

Oszczapowicz and Raczynska?2-28%286 proposed the prediction of pKy values of
tautomeric equilibria of amidines based on Hammett ¢° substituent constants and
measured macroscopic pK, values of methylated derivatives. For N-phenyl formamidine
pK was calculated as 1.8, showing the predominance of the amino form by 98.5%,. For N-
phenylacetamidine this value is 2.7, yielding a practically 100%, presence of the amino
tautomer.

Katritzky and coworkers?®7-288 employed UV spectroscopy to determine the tauto-
meric equilibrium constant of N-acyl and N-sulphonyl substituted amidines. Values for
K are about 30 for the acyl and 107 for the sulphonyl compounds, favouring the amino
(H,N—CR—NY) tautomer as in the case of phenyl substituents. For N-
phenylacetamidine?®® pK is 2.4, in agreement with the above-mentioned value of 2.7.

4. Calcuiated energy differences of tautomeric amidines

The 3-21G calculations on N-methylformamidines of Scheme 14 show two kinds of
tautomeric relations. The lowest-energy isomer 174 is the amino form with the methyl
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group onimino-N E or anti to NH,, but the tautomer 175 with the methyl substituent s-cis
to the E-imino NH is only 0.82kJmol~"! higher in energy. This negligible difference
explains why N-alkyl substituted amidines occur usually as tautomeric mixtures. Energy
differences of 174 compared to other tautomeric isomers 176, 177 and 179 are with 6.5, 8.5
and 10.8 kJ mol ~! higher, but still relatively small. Starting from the other amino form 178
with the methyl substituent in Z arrangement, the smallest difference in energy of
0.64kJ mol~? is towards the more stable isomer 177.

STO-3G calculations for twisted N-phenyl substituted formamidines lead to
5.6 kJ mol ~! stabilization for the amino tautomer with a torsional angle of 69.5° between
the phenyl substituent and the amidino group.

In the case of fluorine as a substituent in formamidines we found?® much larger energy
differences for two pairs of tautomers appearing in equations 16 and 17. The energy
difference for the tautomers in equation 16 is 84.6 and for equation 17, 53.0kJ mol ™!, both
in favour of the isomer with the fluorine on the imino nitrogen. A second fluorine
substituent on the functional carbon decreases the energy difference. These data are in
accord with an earlier conclusion®®® that the less basic tautomer predominates in the
equilibrium mixture of tautomers and with the more basic amidines the difference between
the energy of the two tautomeric forms is larger.

FN=CH—NH, — FNH—CH=NH (16)
FN=CF—NH, =— FNH—CF=NH Itk

F. Molecular Association

Amidines with at least one hydrogen on nitrogen may show intermolecular hydrogen
bonding leading to dimers or polymers in the crystal, the melt or in unpolar solvents. In
polar solutions, hydrogen bonding from solvent protons to the basic imino nitrogen or of
the NH protons to basic centres of the solvent may also occur. Experimentally, these
problems may be studied by IR and Raman or 'H NMR spectroscopy.

1. Experimental IR results

Intermolecular associates of amidines leading to dimers have been detected in cyclic
amidines®®!, N!,N!'-diethylacetamidine?®°, N,N’-diphenylformamidine (both in the
crystal®” and in benzene solution?®') and in N,N’-diphenylacetamidine®2. In the case of
N,N’'-diphenylbenzamidine no association was observed?°?; this was explained as a result
of sterical shielding by the bulky pheny! groups allowing no hydrogen bonding.

The solid-state IR spectrum of 3-amino-1H-isoindole (191) in CsI shows an interesting

N
H H N N N N
Ho N N
\/ NV WA
\ N N N N
N H— | l | l
(191) sharp: Vy . & 3451 3445 2567 2539
broad: Vgagsec.: 3050 2280 3050 2280

SCHEME 18. IR NH and ND valence vibrations (in cm™!) of partially deuterated 3-amino-1H-
isoindole28! (191)
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feature8!. In the region of NH valence vibrations a sharp and intense absorption band at
3451 cm™! and a broad band about 3050cm ™! is observed, which on partial deuteration
leads to four bands with values shown in Scheme 18.

These bands prove the presence of the amino form and a partial association of — NH, as
shown in structure 191. The NH which is s-trans to the C=N bond is sterically shielded by
the annelated phenyl ring so that only the s-cis proton may be engaged in hydrogen
bonding, which may be dimeric or polymeric.

In chloroform, a specific hydrogen bonding to the imino nitrogen is observed from shifts
of IR frequencies?8" (200).

2. 'H NMR studies of molecular association

N,N’-Diphenylformamidine (201) in THF forms a hydrogen-bonded s-trans conformer
(201a) and a s-cis conformer (201b), which interconvert slowly on the NMR time scale293.
According to recent 'H NMR results24 201 is subject to the complex reaction scheme
shown in Scheme 19. Both rotamers form hydrogen bonds to the solvent, but only the s-

A ]
N N
4 V4
H—C\ Bis, [B1¢] H—c\
f\ll—Ph lil—Ph
H
(201p) "} L
S kaqaq|[®ay8y
Ph [ e ]
N N
V] V4
H—C\ A1,,[A"] H-—C
'il__H ..... S \[r—-H
Ph Ph
(2010) )
Ph  Ph Kaz Ph P
|
— NeH—N
e Nc H A i A5, H c// \c H
H— — 2¢ 2¢ - -
L ] - \ ./
C\\N ...H_N lN_.H ...'il/
IIPh l!’h ’H' Ph Ph
Ap

SCHEME 19. Rotation, association, and proton transfer of diphenylformamidine (201) in tetrahy-
drofuran?®*. S =solvent, A,, =solvated s-trans monomer (201a), B,, = solvated s-cis monomer
(201b), k = rate constants, K = equilibrium constant, *denotes proton transfer, A, = cyclic dimer,
A,; and B, = free monomers, A, = higher associates. A, and B, are intermediates present only in
small concentrations. (Reproduced by permission of VCH Verlagsgesellschaft mbH from Ref. 194)
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trans conformer (201a) is capable of forming a cyclic dimer and of double proton exchange
in the latter. The energy of activation for this exchange is about 17 kJ mol~! and a kinetic
HH/HD isotope effect of 5 to 6 was found at 298 K. Higher associates were not observed.

3. 3-21G calculation of water-mediated tautomerism of formamidine

Zielinski and coworkers?3° performed 3-21G optimizations for the water-mediated

tautomerism between formamide and formamidic acid (equation 18) and for formamidine
(equation 19).

O---H O----H 0—H
H—C// \p—H = cl' [Yp—— c/ o—H
kY ‘\ s \\
lil—H N----H T ----- H
H H H
TS (18)
| | |
1271 NH 1.307/,'\1-"-“\\ /N—H-\
o — ST —
H—c\122.7 O—H S=— H—C(C120.3° 0 —H H—c\ /O—H
1.350 T_H.' }r____H.' \N _____ i
H H H
TS (19)

Optimized geometries for the water-bounded systems and corresponding energies are
reported in the paper?*®. Two possible orientations of the water molecule have been
considered: first, water being coplanar, bifurcating the water oxygen lone pairs by the NH
proton. The second type with non-planar water was obtained by rotation of the water
plane relative to the carbonyl hydrogen bond plane, bringing one of the water lone pairs
into the formamide plane. The latter case is energetically favoured.

The bonds involved in hydrogen bonding were slightly extended and hydrogen bonds
are bent by about 140°.

The minimum-energy formamide-water complex is 74.6 kJ mol ~ ! more stable than the
isolated monomers, leading to 37.3kJmol~! per hydrogen bond. For the formamidine—
water complex these values are 78.5kI mol ™!, yielding 39.3 kJ mol ™! per hydrogen bond.

The activation energy for proton transfer is 101.9kJmol~! from the formamide—
water side to the transition state and 41.3 kJ mol ! from the formamidic acid-water side.
The corresponding energy difference of 60.6 kI mol~! is 13kJ mol~! smaller for hydrated
molecules than for isolated molecules.

The activation energy for the bifunctional water-mediated proton transfer in
formamidine-water is 71.6 kJ mol ™! in the 3-21G basis. Use of the 6-31G basis at 3-21G
optimized geometries lowers all dimerization energies and increases the activation barriers
of the proposed tautomerization mechanism.

4. 3-21G calculations of the hydrogen-bonded dimer of formamidine

Amidines were shown experimentally to form hydrogen-bonded dimers in the crystal or
in non-aquous solutions.
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Ab initio 3-21G optimizations for hydrogen-bonded dimers of formamide, formamidic
acid and formamidine have been performed by Zielinski?3!. STO-3G data for the
formamidine dimer were reported by Ahlberg and coworkers?®®, The 3-21G interaction
energy for formamide dimer is — 97.3 kJmol ™!, for formamidic acid dimer 124.7 kJ mol ~!
and —83.4kJmol~! for formamidine dimer leading to energies of —48.7, — 62.4 and
—41.7kJmol ™! per hydrogen bond.

The formamidine dimer and the symmetrical transition state have the calculated
geometry shown in Scheme 20. The shorter CN distance is elongated relative to free
formamidine and the longer bond is shortened as a result of hydrogen bonding. The
hydrogen bond deviates with 175.5° slightly from linearity. In the transition state structure
both CN distances are equal at 1.306 A, which is very close to the average value of 1.308 A
for both CN distances in the dimer. The hydrogen bond remains bent with 176°. The
activation energy for symmetrical hydrogen transfer is 66.9 kJ mol~, slightly lower than
in the water-mediated reaction.

H H
l 1
N PN
H—N N—-H H—NZ"" N—H
| {1.9085 i
H H _— 5123.6‘,,:‘1.290
: °|1.ozo {ee 5oy 1-239)
H——NJ23.8 'N—H H— N2ee 2 N —
. ./
1.272°C7 343 1,306
| [0.327)
H H
TS

SCHEME 20. 3-21G optimized geometries?*! of hydrogen-bonded dimer of formamidine and
transition state of symmetrical hydrogen transfer (values in parentheses are from STO-3G
calculations?®%)

5. 3-21G calculation of the 1,3-hydrogen shift in formamidine

Zielinski and coworkers?32 studied the 1,3-hydrogen shift in formamidine using 3-21G
and 6-31G** basis sets. By application of the Woodward—Hoffmann rules?® the shift is
antarafacially symmetry allowed as a thermal process.

6-31G** optimized geometrical parameters for formamidine and for the symmetrical
transition state for the 1,3-hydrogen shift are include in equation 20. (Values in
parentheses are 3-21G data.) The 6-31G** distances are shorter than the corresponding 3-
21G values.

H H H
1.365) | (1.260) (1.313) |
1.356 1.257 .
Hn e N NNl o He NP NN
|122.49) 108.7 ¥ |
H (1?4.? ) H
»
TS (20)

For the transition state, the most noticeable change besides the equalization of the CN
distances is the narrowing of the NCN angle by 17° on the path from the minimum to the
transition state.

For derivation of highly reliable energies, 3-21G and 6-31G** geometries have been
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used for single-point calculations with the 6-31G basis set using configuration interac-
tion??” (Cl) for single and double excitations (CISD) and up to quadruple excitations
(CISD-DQ). The calculated activation energy for equation 20 is 247.6kJmol ™! (3-
21G/3-21G) or 2549 kI mol~! (6-31 G**//6-31 G**) at the Hartree—Fock level. Applic-
ation of CI reduces this value to 220.1 kJ mol ™! for (6-31G/CISD-DQ). But the activation
energy for the 1,3-hydrogen shift is much higher than in the case of water-mediated or
dimeric hydrogen transfer.

Vil. EXPERIMENTS AND CALCULATIONS OF PHYSICO-CHEMICAL PROPERTIES
A. Dipole Moments of Amidines

1. Experimental determinations of mesomeric dipole moments

Experimental dipole moments of alkyl- and aryl-substituted amidines collected in
Table 25 span the range of 2.2 to 3.4 debyes. In the case of N!,N'-dimethyi-N2-phenyl
formamidines24? p-Br and p-NO, substitution at the N2-phenyl ring increase this value
to 4.56 and 7.70 debyes.

Lumbroso?9° 39! calculated a mesomeric moment, which is the vector difference
between the actual dipole moment and that calculated for a classical structural formula,
of 1.9 + 0.2 D for the Me,N—C=NH group of N,N-dimethylbenzamidines. Exner and
collaborators2#? derived for this group in E-N',N',N2-trimethylbenzamidine a lower
value of 0.88D. Comparison to mesomeric dipole moments in N,N-dimethyl-
benzamide3°? (1.4D), N,N-dimethylthiobenzamide3°® (2.55D) and methyl ben-
zoate3%* (0.24 D) shows a low value for amidines, indicating a small contribution of the
mesomeric formula 202b. Since, in 202b, complete electron transfer is estimated to result in
a dipole moment of 11 D, the actual contribution of this form is estimated at about 8%,

TABLE 25. Experimental dipole moments of amidines (debye)

Compound Structure Solvent u Ref.
N,N'-Diphenylformamidine 60 dioxane 220 305
2-Ethyl-A*-imidazoline | R=Et benzene 3.42 299
N
2-Phenyl-A%-imidazoline [ />3—— R R =phenyl benzene 3.08 299
N
N',N'.Dimethylbenzamidine benzene 283 300,301
SNH
Pr—c{ .
NMs dioxane 3.00 300, 301
DBN (23) benzene 329 299
DBU (24) benzene 341 299
NYLN' N2 Trimethyl- X=H benzene 2.48 249
benzamidines (202) X =Me 2.62

X=Br 1.98

X=NO, 3.19
N!;N'-Dimethyl- X=H benzene 321 249
N2-phenylformamidines X =Me 2.99

(203) X=Br 4.56
X=NO, 1.70
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THs CH3
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The mesomeric dipole moment in N',N!-dimethyl-N2-phenyl formamidine?*°® (203a) is
1.81 D, which is an indication of extended conjugation as shown in the mesomeric formula
203b.
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2. Basis set dependence of ab initio calculated dipole moments

Calculated dipole moments as dependent on basis sets are presented in Table 26.
Numerical values increase with increase in basis sets and are similar to experimental values
in the range of 2.2 to 3.9 debyes. With the exception of benzamidine the dipole moments of
the Z-forms are larger than those of the E-forms. The difference of dipole moments between
Z and E isomers is most pronounced for formamidine, yielding 0.70 D for STO-3G, 0.88 D
for 3-21G and 0.87 D for 6-31G basis sets. For acetamidine this difference is smaller: 0.39 D
(STO-3G), 0.49 D (3-21G) and 0.39 D (6-31G); and for benzamidine in the two split-basis
sets the Z form has a smaller dipole moment: 0.033 D (STO-3G), — 0.064 D (3-21G) and
—0.252D (6-31G).

In the series of six N-methylformamidines 174 to 179 the Z isomer always has the larger
value with differences from 0.8 to 1.9 D. The fluoro-substituted formamidines 182 and 183
show no regular pattern for dipole moments of E and Z isomers, but numerical values may
be as large as 5.1 D.

B. Basicity (Proton Affinities)

1. Experimental results

The basicity of amidines is measured in solution by their pK, values defined by
equation 21 as the acidity of the corresponding protonated base. (The higher the number,
the stronger is the basicity.) The parentheses in equation 21 denote molecular activities.

(H*)-(base)
(base* — H)
Some characteristic pK, values of nitrogen bases are collected in Table 27 (see

Scheme 21). These values are solvent- and temperature-dependent. Oszczapowicz and
collaborators3°%:3%7 introduced the use of azeotropic ethanol (95.6% aqueous ethanol) as

pK,= —log 1)
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TABLE 26. Basis set dependence of calculated dipole moments (debye)

STO-3G 321G 6-31G
Compound I AZ - Ey 1 AZ - E) I A(Z - Ep
E-Formamidine 2416 0.699 2.829 0.877 3.073 0.866
NH, tetrahedral 2.245
Z-Formamidine 3.245 3.706 3.939
NH, tetrahedral 2.634
E-Acetamidine 2.639 0.386 3.051 0.487 3.355 0.394
Z-Acetamidine 3.025 3.538 3.749
E-Benzamidine, twist. 2,747 0.033 3.218 —0.064 3.571 —0.252
Z-Benzamidine, twist. 2.780 3.154 3.319
Z-Benzamidine, planar 2,658
E-Benzamidine, perp. 2.704
N!'-Phenylformamidine 2.644 3442
NZ2-Phenylformamidine 2297 3.138
N-Methylformamidines:
(174) E 2.382 0.790 178 — 174
(175) E 2.720 1.139 176 — 175
(176) Z 3.859
(A7) E 2.863 1.897 179 — 177
(178) Z 3.172
a1 z 3.829
Fluoro-substituted formamidines:
E-FHH (182a) 5.061 —0.145
Z-FHH (183a) 4916
Z-FFH" (182b) 1.954 2.762
E-HFH? (183b) 4716
E-HHF (182¢) 4474 —1.797
Z-HHF (183c) 2677
Z-FFH? (182d) 4955 —0.357
E-FFH® (183d) 4.598
E-FHF (182¢) 4.622 0.408
Z-FHF (183¢) 5.030
Z-HFF® (182f) 2,623 —0.184
E-HFF® (183f) 2439
Z-FFF (182g) 3.742 —0.024
E-FFF (183g) 3.718

“Difference of calculated dipole moments between Z and E isomers.
*Change of stereochemical E,Z-notation due to higher priority of fluorine with respect to nitrogen.

an experimentally well-defined solvent with good solution properties for the measurement
of pK, values of amidines and nitrogen bases.

The basicity of amidines depends on the extent and type of substitution at three sites: at
both the amino and imino nitrogens, and at the functional carbon atom. The protonation
occurs at the imino nitrogen (im) atom. Therefore, substitution at this site exerts the
strongest influence on the pK, values of amidines, followed by substitution at the
functional carbon.

In the review of Sevéik and Grambal®°® the following order of increasing basicity is
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TABLE 27. pK, values of nitrogen bases in solution at 25°C
Compound Structure pK, Solvent® Ref.
Ammonia NH, 9.245  water 324
Methylamine CH;NH, 10.657  water 325
Dimethylamine (CH,),NH 10.732  water 325
9.56(4) az. EtOH 311
Trimethylamine (CH,;;N 9.752  water 325
n-Propylamine CH,CH,CH,NH, 11.03 98.5% aq. EtOH 309
Piperidine { N—H 9.59(2) az. EtOH 311
Pyridine { O N 5.23(5) 326
Aniline ©—an 4.65 water 327
N-Methylaniline @_NHM. 349(5) az. EtOH m
Formamidines:
RN=CH—NHR R = n-propyl 12.22 98.5%, EtOH 309
R = phenyl 7.17 98.5% EtOH 328
RN=CH-—NMe, R =u#n-propyl 10.84(5) az. EtOH 306
R = phenyl 7.45(5) az EtOH 306
PEN==CH—N ) 8.69 98.5% EtOH 316
PhN=CH-—NMePh 5.29(5) az. EtOH 319
Acetamidines:
Unsubstituted acetamidine 12.40 water 329
N,N'-Diphenylacctamidine 8.30 water 329
8.35(5) 98.5% EtOH 328
RN=CMe—NMe, R = n-propyl 1246(7) az. EtOH 310
R = phenyl 8.32(7) az EtOH 310
PhN=CMe—NMePh 6.96(1) az. EtOH 319
Benzamidines:
Unsubstituted benzamidine 11.6 water 330
11.23 50% aqg. EtOH 331
1.1 75% aq. EtOH 332
HN=CPh—N(n-Bu), 11.27 50% aq. MeOH 333
PhN=CPh—N(Me), 7.59(4) az. EtOH 312
PhN=CPh—N(Me)Ph 5.75(7) az EtOH 320
7.56(5) 50% aq. EtOH 308
_ 7.45(5) 99.8% EtOH 307
PhN=CPh—N_ ) 6.89(14) az. E1OH 307
6.67(3) 50% aq. EtOH 307
PhN=CPh—NH, 7.7109) 50% aq. EtOH 308
PhN=CPh—NHMe 6.66(9) 50% aq. EtOH 308
PhN=CPh—NHPh 6.92(9) 50% aq. EtOH 308
743(5) 98.5% EtOH 328

(continued)
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TABLE 27. (continued)

Compound Structure pK, Solvent® Ref.
Guanidines:

Guanidine 13.6 water 334
Tetramethylguanidine 13.6 water 335
Pentamethylguanidine 15.6 water 336
n-Butyltetramethylguanidine 14.83(10) az. EtOH 315
Phenyl tetramethylguanidine 11.52(7) az. EtOH 315
(205a) R=H 13.46 CH,CN? 337
(205b) R =CH, 12.93 CH,CN? 337
(206) 12.05 CH,CN® 338
Heptamethylbiguanid (207) 17.1 water 336
Bicyclic amidines®>’:

DBN (23) 11.29 CH,CN® 338
DBU (24) 11.82 CH,CN? 338
(25b) 14.46 CH,CN?® 36
@n 1746  CH,CN? 37
(208) 11.50 CH,CN?® 337

“Percentages refer to aqueous ethanol (EtOH); az. EtOH is azeotropic cthanol (95.6% aqueous EtOH).
bExperimental absolute pK, values determined in acetonitrile3? have been converted by subtraction of 12.5 units to
relative values, based on pK, of 9-phenylfluorene = 18.49.

MeoN< Ny, _NMe,
solies s R aloe
P NN
N¢‘\T N T Me/ Me, N/ =
R CHy
(208a)R =H (206) (207) (208)

(205b) R = CHy

SCHEME 21. Structures of compounds in Table 27

indicated if no strongly polar substituents are present:
N,N,N'-trisubstituted amidines < N,N’-disubstituted amidines
< N-monosubstituted amidines < N,N-disubstituted amidines < unsubstituted amidines

Oszczapowicz and coworkers3°6-392~315 showed for amino- and imino-substituted
amidines linear relations of pK, values of amidines with pK, values of corresponding
primary or secondary amines. For example, for N!,N'-disubstituted-N2-
phenylformamidines (204) the regression equation 22 shown in Figure 10 was ob-
tained®!!. This figure shows an interesting and important feature of the basicity of
amidines: the bisection of the axes (dotted line) is crossing the regression line between the
experimental points. This means that only amidines derived from secondary amines whose
pK, value is below this intersection are stronger bases than the corresponding amines,
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(204)

otherwise the amidines are weaker bases than secondary amines.
pK.(amidine) = (0.35 + 0.04)pK ,(sec. amine) + 3.97 (22)
R=0991; esd=0.018

For aryl ring substituted amidines pK, values obey Hammett-type correlations with ¢~
substituent constants; this was shown by Oszczapowicz and coworkers in numerous
papers306:307:310.312-320 Rrom the slope of regressions, the sensitivity to substituent
effects is largest for substitution at the imino nitrogen3!3:3'6, which is at the centre of
protonation. Substitution at the amino nitrogen is of less influence than at the functional
carbon. The extent of mutual interaction of substituents at these three sites was modelled
by ab initio 3-21G calculations of fluorine-substituted formamidines with one to three
fluorine substituents2®, with the same result as experimental conclusions.

In cyclic amidines the pK, values depend significantly on the ring size3?! =323, The
basicity decreases in the sequence Cg > C,; > Cq = C; for systems 209.

2. Calculations of protonation energies

In Table 28 calculated protonation energies, AE,, as the difference of total energies
between protonatéd amidines (AmH ™) and corresponding neutral amidines (Am) are

pl / 10
K"FPh e o

1
6

! !
8 9 pKOSA

N
o=
~N -

FIGURE 10. Plot of equation 22. Correlation of pK, values of
N',N'-disubstituted N2-phenylformamidines (FPh) with pK, of
corresponding secondary amines (SA). (Reproduced with
permission from Reference 311)
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Ar2
l
N (@) n=2; five-membered ring32!
1 (b} n=3; six-membered ring3??
Ar'—c¢ (CH,) X €
AN ) 2'7 (¢) n=4; seven-membered ring>2?
N (d) n=5; eight-membered ring3?3
(209)

given for three basis sets: STO-3G, 3-21G and 6-31G, derived from values of Table 19.
With increase in basis sets AE,, decreases. Quantity AE_ estimates protonation energies in
the gas phase at 0K without consideration of the zero-point energy which was
calculated®®*® as 10.2kcalmol™! for formamidine. Del Bene®*® calculated for E-
formamidine a 6-31G**/6-31 G* Hartree—Fock value for AE, = —246.7kcalmol ™!
which is slightly lower than our 6-31G energy of — 250.6 kcal mol~!* Post-Hartree~Fock
calculations33° by Méller—Plesset perturbation methods, MP2 and MP3, lead to a further
reduction to —242.4 and —244.7kcalmol ™' for MP2 and MP3, respectively. The
enthalpy of protonation of E-formamidine in the gas phase was calculated as AH?°8 =
—236.0kcal mol ™!,

Substituted amidines are mostly more basic than methylamine and the 3-21G values of
protonation energies in Table 28 show the following calculated sequence of decreasing
basicity:

E- and Z-benzamidine > Z-acetamidine > E-acetamidine methylformamidines: 178 >
176 > 179 > 177 > 175 > 174 > Z-formamidine > E-formamidine > fluoro-substituted
formamidines: 182c¢ > 183b > 184c > 183c > 182b > methylamine > ammonia > 182a >
183a > water.

TABLE 28. Basis set dependence of ab initio calculated protonation energies (AE, =E, .+ — E,,)
from data of Table 19

Compounds STO-3G 321G 6-31G
Water228 hartree: —0.36249 —0.30527 —0.27581°
kcal mol ™" — 22747 —191.56 —173.08
kJmol ™ —-951.7 —801.5 —1724.1
Ammonia??® hartree: —0.41343 —0.36166 —0.34641°
kcal mol ™ 1 —259.44 — 22695 —-217.38
kJmol ™% — 1085.5 —949.5 —909.5
Methylamine?®2® hartree; —-042777 —0.37768 -0.36366°
kcalmol ™ —268.43 —237.00 —228.20
kJmol " —1123.1 —991.6 —954.8
E-Formamidine?28 hartree: —0.45625 —0.40574 —0.39927
kcalmol ™% —286.31 —254.61 —250.55
kJmol ™ - 11979 —1065.3 —-1048.2
Z-Formamidine?28 hartree: —0.45684 —0.40667 —0.40224
kcal mol ™% — 286.68 —255.19 —25241
kJ mol ™ ! -1123.1 —991.6 —954.8
E-Acetamidine hartree; —0.47478 —0.41566 - 0.40976
kcalmol ™ *: —297.93 —260.83 —-257.13
kJmol~*: —1246.5 —1091.3 - 1075.8
Z-Acetamidine hartree: —0.47403 —-0.41573 041102
kcalmol ~ ; —297.46 —260.88 -251.92
kJmol ™% —1244.6 —1091.5 —1079.1

(continued)
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Compounds STO-3G 321G 6-31G
E-Benzamidine hartree: —0.48449 —0.42016 - 0.41559
twisted kcalmol ™ ; —304.03 —263.66 —260.79
kImol™t: — 12720 —1103.1 —1091.1
Z-Benzamidine hartree: —0.48370 —0.42016 —0.41680
twisted kcalmol~!: —303.53 —263.66 —261.55
kJmol™1; —1267.0 —1103.1 - 1094.3
N'-Phenylformamidine hartree: —0.46146
planar kcalmol ™ !; —289.57
kImol™1: - 12116
N-Methylformamidines:
AE(181 — 174)° hartree: —0.40981
kcalmol ™ —257.16
kJmol~": —1076.0
AE(180 — 175)° hartree: -0.41220
kcalmol ™% —258.66
kImol™!: —1082.2
AE(180 — 176)° hartree: —0.41436
kcalmol ™ —260.02
kImol ™% — 10879
AE(181 177 hartree: —0.41307
kcalmol ™1 —259.21
kJmol ™" —1084.5
AE(180 — 178) hartree: —0.41539
kcalmol ™% —260.67
kImol™ % —1090.6
AE(181 — 179) hartree: —041393
kcalmol~*: —259.75
kImol™%: —1086.8
Fluoro-substituted formamidines:
(182a) hartree: —0.34941
kcal mol ™ —-219.26
kJmol™ % —-9174
(183a) hartree: —0.34385
kcalmol ™" -215.77
kJmol ™" —-902.8
(182b) hartree: -0.37814
kcalmol™; —-237.29
kJmol™1; —-992.8
(183b) hartree: —0.38516
kcalmol ™1 —-241.70
kJmol~ ! —1011.2
(182¢) hartree: —0.38750
kcalmol ™ 1: —243.16
kImol~%: —1017.4
(183c) hartree: —0.37948
kcalmol ™1 —238.13
kimol™: —996.3
(184¢c) hartree: —0.38305
kcalmol ™1 —240.37
kImol ™1 —1005.7

“6-31G* values from Reference 228.

Energy differences between the protonated and unprotonated amidincs.
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The calculated gas-phase basicity of benzamidine is higher than that of acetamidine,
in contrast to the experimental pK, values of Table 27 which are 12.4 for acetamidine
and 11.6 for benzamidine in water solution.

C. Mass Spectra

Mass spectra are mainly reported for various N-substituted formamidines3#°~34# but
18 symmetrical amidines [R'—N=—=C(R)—NHR'] including formamidines, acetamid-
ines, benzamidines and tert-butylamidines have been studied recently by Kilner and
coworkers34%. The fragmentation of all the molecular ions is characterized by skeletal

mr 93
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FIGURE 11. Mass spectrum of N,N’-diphenylformamidine, C;H;N=CH—NHC.H;,
mol. wt. = 196. (Reproduced with permission from Reference 343)
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SCHEME 22. Fragmentation pattern of N,N'-diphenylformamidine3**
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carbon-nitrogen bond cleavage to form [R'—N==CR]* and [R"—NH]" fragments,
both of which are observed. For formamidines (R = H), the positive charge remains with
the [R'—NH]* fragment which leads, for R’ = phenyl, to the base peak at m/z 93
corresponding to [C4H;—NH,]*". In contrast, for acetamidines and benzamidines the
charge prefers to remain on the [R’—N=CR]* fragment which gives the base peaks for

1

00 18

80} 7
2 60F
[12]
c
S
&
o LOF
2
2 210
@ 20F 51 209

J %
O J du 1 4 ...J — n | " L a yE.
100 200
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FIGURE 12, Mass spectrum of N,N’-diphenylacetamidine, C;HsN
=C(CH;)—NHCgH;, mol. wt. =210. (From Reference 345)
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SCHEME 23. Fragmentation pattern of N,N’-diphenylacetamidine®*’
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the compounds corresponding to [C¢Hs—N=CR]* with m/z 118 and 180 for R = CH,
and C¢H , respectively.

The fragmentation pattern of N,N’-diphenyl derivatives of formamidine, acetamidine
and benzamidine are summarized in Schemes 22 to 24 with the corresponding mass
spectra shown in Figures 11 to 13. In all three cases the M ™ as well as the [M —1]*
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FIGURE 13. Mass spectrum of N,N'-diphenylbenzamidine, C¢H;N=C(C¢H;)—NHCgH;, mol.
wt. = 272. (From Reference 345)
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SCHEME 24. Fragmentation pattern of N,N'-diphenylbenzamidine34?
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molecular ions were observed with different intensities. Many of the fragmentation routes
shown in Schemes 22 to 24 are supported by the presence of metastable ion peaks as
indicated.

The spectra of unsubstituted amidines [HN—=C(R)NH ] are characterized by cleavage
of the substituent at carbon from the NCN skeleton, [HN=CNH,]* (m/z 43) being
produced in all cases.

The fragmentation of N',N!'-dimethyl-N2-phenylformamidine occurs through the
[M —1]" peak which is due to loss of hydrogen at the ortho position leading to
benzimidazolium cations**?-3*! as discussed explicitly in the first volume on this subject in
this series?3°.

D. Electronic Spectra

Ultraviolet absorption spectra of para-substituted derivatives of benzamidine are
reported by Nelson and coworkers3*®. The shift of absorption maxima due to p-
substituents correlates linearly with those of the corresponding benzoic acids.

The dication of 4',6-diamidino-2-phenylindole (210) binds specifically to double-
stranded DNA with a concomitant increase in fluorescence quantum yield. The electronic
properties in the UV-vis spectrum of 210 have been studied by means of linear dichroism,
fluorescence polarization anisotropy, circular dichroism and magnetic circular dichroism
measurements347,

(210)

VHI. MO THEORETICAL DESCRIPTIONS

This section will be based only on calculations for E- and Z-formamidine and for the
corresponding formamidinium cation.

A. Basis Set Dependence of MO Diagrams

In Table 29 MO orbital energies are given for STO-3G, 3-21G and 6-31G basis sets.
Numerical values increase with increase in basis sets. As usual for MO functions the MOs
are delocalized, containing contributions from all AOs of appropriate symmetry. Leading
AO contributions (atomic orbitals coefficients > 0.3) are indicated in Table 29 and 6-31G
values for valence orbitals are plotted in Figure 14.

The three lowest MOs 1 to 3 refer to s core AOs on heavy atoms in the sequence NH,
> NH > C. MOs 4 to 6 are mainly 2s AO contributions of nitrogen and carbon (MO 6).
The MOs 7 to 9 show leading 2p, and 2p., AOs contributions at nitrogen
and carbon in combination with hydrogen 1s AOs. MOs 8 and 9 are mostly affected
by the change in molecular geometry: in the E form they are very close together
with only 0013 hartree 6-31G difference, but in the Z form the sepa-
ration is 0.115 hartree (6-31G). MOs 10, 12 and 13 are of pure n-symmetry (2p,) with
the frontier orbitals, 12 being the HOMO and 13 the LUMO. The corresponding
HOMO-LUMO gap, which may be related to molecular stability, is 0.559 for E-
formamidine, 0.570 for Z-formamidine and 0.578 for formamidinium cation (6-31G
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TABLE 29. Basis set dependence of molecular orbitals (MO ¢;) of E- and Z-formamidines and
formamidinium cation with leading atomic orbital contributions

Compound g Type STO-3G 321G 6-31G
E-Formamidine 1 1s NH, —15.3431 —15.4768 —15.5654
(148) 2 IsNH —15.3094 — 154312 —15.5245
3 IsC —11.1166 —11.2502 —11.3206
4 25NC —1.1892 —1.2484 —1.2626
S 25N - 1.0816 —1.1368 —1.1476
6 2sCN —0.7578 -~ 08171 —0.8328
7  2p,2p, H —0.6615 —0.7379 —0.7494
8 2p,2p,H —0.5556 —0.6268 —0.6401
9 2p,2p.,H —0.5425 —0.6159 - 06271
10 2p;m, —0.4538 —0.5202 —0.5254
11 NZn —0.3560 —0.3899 —0.3980
12 2p;m, —0.3038 —0.3440 —-0.3518
13 2pym, 0.3100 0.2320 0.2074
HOMO-LUMO gap: 0.6138 0.5760 0.5592
Z-Formamidine 1 1s NH, - 15.3430 —15.4899 —15.5790
(149) 2 IsNH —15.2863 —15.4360 — 15.5289
3 isC —11.1196 —11.2510 —11.3216
4 2sN,C —1.1845 —1.2532 —1.2678
5 2s N —1.0721 —1.1410 —~1.1516
6 2sCN —0.7748 —0.8312 —0.8464
7 2p,2p..H —0.6504 —0.7168 —0.7302
8 2p.2p,H —06123 —0.6882 —0.7007
9 2p,2p.,H —05115 —0.5746 —0.5859
10 2p;m, —0.4666 —0.5251 —0.5307
11 N —0.3455 —03946  —04017
12 2pgm, —0.2843 —0.3527 —0.3604
13 2p;m, 0.3320 0.2332 0.2091
HOMO-LUMO gap: 0.6138 0.5760 0.5695
Formamidinium cation 1 Is N — 15.6806 — 15,7603 —15.8362
(150) 2 IsN — 15.6805 — 15.7602 —15.8361
3 Is C — 11.4881 — 11,5496 — 116122
4 2sN,C —1.5032 — 1.5495 — 1.5496
5 2sN —1.3901 —1.4363 — 14417
6 2CN — 1.0889 —1.1222 —1.1325
7 2P, 2p,H —09816 —1.0234 - 1.0269
8 2p,2p., H —0.9369 —0.9851 —0.9891
9 2p,2p.,H —0.8595 —0.8990 —0.9051
10 2p,2p, H — 08072 —0.8340 —0.8407
1 2p; = —0.7788 —0.8072 —0.8049
12 2pym, —0.6072 —0.6454 —0.6466
13 2p;m, —0.0019 —0.0543 —0.0688
HOMO-LUMO gap: 0.6053 0.5911 0.5778

values). MO 11 may be considered as a mainly lone pair MO on imino nitrogen with 2s,
2p,. and 2p, AO contributions. This MO is mostly shifted (by 0.503 hartree in the 6-31G
basis) in the change to the MOs of the protonated formamidinium cation. All other valence
MOs in the cation are lowered by a nearly constant difference of —0.286 hartree with
respect to Z-formamidine.
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FIGURE 15. 6-31G MO orbital energies of formamidines and the allyl anion placed for comparison
at the same HOMO energy

The similarity of the MO diagrams of formamidines with the iso-electronic allyl anion is
seen clearly in Figure 15, where the HOMOs of both molecules are placed for comparison
at the same energy.

B. Basis Set Dependence of Mulliken Charge Densities

1. Total charges

In Table 30 Mulliken total charge densities (Ag'™ = Z-¢* with Z = atomic nuclear
charge) for three basis sets are collected for formamidines in comparison to formimine,
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TABLE 30. Basis set dependence of Mulliken total charge densities (Ag'™' = Z — g

Compound Atom STO-3G 3-21G 6-31G
W e C —0.0091 —0.1104 —0.0919
c=N N —02762 —0.5802 —0.5312
W’ H' 0.0734 0.2163 0.1752
F ormimine H? 0.0606 0.1826 0.1471
: H3 0.1514 02918 0.3009
WM C 0.2005 0.1003 0.1330
A N —0.2826 —0.7495 —0.7061
W/ \nt H!=H? 0.2066 0.3617 0.3123
Formiminium cation H3=H* 0.3345 0.4629 0.4743
" C 0.1803 0.4409 0.3507
N! —03514 —0.9050 —0.9022
RN N2 —04264 —~0.7150 —0.6572
H'—N 'l“—“ H! 0.1952 0.3421 0.3652
He H2 0.2065 0.4390 0.3837
£ -Farmamidine H3 0.0611 0.2033 01701
H* 0.1346 0.2759 0.2897
W C 0.1786 0.4281 0.3598
| N! —0.4321 —09137 —09217
AN N2 —0.3406 —0.6991 —0.6442
) | H! 0.1997 0.3484 0.3682
We  wW? H? 0.1935 0.3402 03717
Z~-Formamidine H3 0.0764 0.2366 01923
H* 0.1245 0.2595 0.2739
T’ C 03414 0.6628 0.5874
A, N!=N?2 —0.3551 —0.8762 —0.8528
=2+ Sl H' =H* 0.3008 0.4366 0.4528
L le H? = H* 0.2885 0.4228 0.4435
Formamidinium cation H3 0‘l90| 0.3706 0‘325 6
e c? —0.0506 —0.1488 0.0005
- Cc'=C? —0.3440 —0.6202 —0.5747
W ne H'=H* —0.0621 0.0664 0.0205
LE.. H2=H3 ~0.0554 00767 00323
Ally! aion H? —0.0265 0.1031 0.0435

formiminium cation and allyl anion. Numerical values of the 6-31G basis set are mostly
between those of the STO-3G and 3-21G basis sets, but closer to the latter.

In formimine, a large negative total charge is accumulated on nitrogen which is about
half-compensated by the positive charge on N—H hydrogens. On protonation at the imino
nitrogen this atom carries a negative charge of — 0.706, which is in contrast to the usual
chemical notation in formula 185a, so that this system is better described by the mesomeric
formula 185b. However, the positive charge is most effectively distributed onto the
hydrogen atoms.

N e e M

C=—=N —p C—N
H \H H \H

(185 a) (185b)
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In E- and Z-formamidine, negative total charges are calculated for both nitrogen atoms,
with a larger value at the amino nitrogen N'. Positive charges are found at carbon and in
similar magnitude at hydrogens decreasing in the sequence: H2 > H'! > H* > H3. (For
numbering, see Table 30). Differences of charges between E- and Z-formamidine are
relatively small ( < 0.02 hartree) and not characteristic. Again, on protonation, negative
charge accumulates on both nitrogens and positive charge on carbon as indicated by the
mesomeric structure 186¢ but most of the positive charge is transferred to the hydrogen
atoms, as was observed for charged hydrocarbons?48,

| | |
NN — ”\N/c\,;/“ — "
| | | | | I
H H H H H H
(186 0) (186 b) (186¢)

2. m-Electron charges

In Table 31 Mulliken n-electron charges (Ag®=Z" —gq" with Z" =number of -
electrons) are given for our three basis sets. The numerical values increase with increase in
basis sets. The sum of n-electron charges add in all cases to zero, indicating that in the 27-
electron systems (formimine and its cation) and in the 4zn-electron systems (E- and Z-
formamidine, their cation and the allyl anion) there is no resultant n-electron charge but
only n-electron polarization.

In the formamidinium cation and allyl anion we have an ambiguity in the description of
the n-electron charge distribution, which may be referred either to structure 186c¢, leading
to Ag; = —0.6728 and Aq; =0.3364, or to the superposition of 186a and 186b, which
places 1.5 n-electrons on the equivalent nitrogens and one n-electron on carbon with
resultant values as given in Table 31.

The n-electron charges in E- and Z-formamidine are rather similar. As described with
resonance structures 211a and 211b the imino nitrogen N2 carries a partial negative n-

TABLE 31. Basis set dependence of Mulliken n-electron charge densities (Ag™ = Z* — ¢")

Compound Atom STO-3G 321G 6-31G
Formimine C 0.0446 0.0751 0.1190
N —0.0446 —0.0751 —0.1190
Formiminium cation C 0.4247 0.4475 0.4849
N —0.4247 —0.4475 —0.4849
E-Formamidine C 0.0704 0.1218 0.1695
N? 0.1415 0.1651 0.1525
N2 —0.2119 —0.2869 —0.3220
Z-Formamidine C 0.0728 0.1264 0.1777
N! 0.1358 0.1566 0.1402
N2 —0.2086 —0.2830 —0.3180
Formamidinium cation C 0.2960 0.3273 0.3739
N!=N?2 —0.1480 —0.1636 —-0.1869
Allyl anion c? 0.0678 0.1071 0.1225

c'=C —0.0339 —0.0536 —0.0612
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electron charge of — 0.20 to — 0.32 and the amino nitrogen N' shows a positive charge
between 0.14 and 0.16 with about the same positive charge at carbon.

H H
) !
H—NZ NN—H «—s A= \ttll——i-l
) !
(2110) (211b)

TABLE 32. Basis set dependence of Mulliken total and n-electron overlap populations (p** and p®)

Compound Bond STO-3G 321G 6-31G
W2 W3 C=N 1.0410 1.0252 1.0430
Neen” C—H! 0.7776 0.7510 0.7638
W C—H? 0.7702 0.7258 0.7684
Formimine N—H?3 0.6224 0.6416 0.6466
p~ C=N 0.3722 0.4806 0.4884
W C=N 1.0196 0.6784 0.6820
S, C—H?; C—H? 0.7636 0.7238 0.7648
H N\H N—H3 N—H* 06836 0.6326 0.6262
Formiminium cation p“l =N 03200 03968 03854
. C—N! 0.7792 0.7074 0.2538
T C=N? 1.0152 1.0266 1.2056
S NI—H! 0.7242 0.6818 0.6668
n'—n? nlen’ NI—H2 0.7170 0.6552 0.6334
,Lz N2—H* 0.6322 0.6552 0.6678
£ -Formamidine C—H? 0.7672 0.7356 0.8072
p™ C—N! 0.0746 0.0674 0.0322
p® C=N?2 0.3420 0.4444 0.4616
C—N! 0.7630 0.3748 0.2560
W3 C=N? 1.0195 1.1652 1.2398
); N!—H! 0.7213 0.6684 0.6516
N g R N!'—H? 0.7276 0.6710 0.6474
.I‘. 1. NZ—H* 0.6192 0.6498 0.6600
g C—H? 0.7778 0.7668 0.8016
£~ Formamidine p~ C—N! 0.0720 0.0644 0.0282
, p" C—N? 0.3442 0.4454 0.4616
H
| C—N 0.9342 0.7014 0.7124
PRI SNV N!'—H! 0.7074 0.6528 0.6436
Iy . N!—H? 0.7014 0.6524 0.6456
A H C—H?3 0.9408 0.7364 0.7718
Formomidinium cation p~ C—N 0.2108 0.2564 0.2470
3
1, Cl=c? 10602 0.9952 1.1023
PR N C!—H! 0.7874 0.8002 0.7674
o C!'—H? 0.7824 0.8048 0.7840
H 2 C:—H? 0.7540 0.7758 0.7538

Ally! anion puCcl—C? 0.2390 0.3052 0.3044
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C. Basis Set Dependence of Mulliken Overlap Populations

In Table 32 Mulliken total and n-electron overlap populations are shown for STO-3G,
3-21G and 6-31G basis sets. (The values given in Table 32 are two times the printout
values, because in the program only half of the overlap populations are calculated.)
Numerical values show no regular basis set dependent trends, therefore the discussion will
be based on 6-31G values.

The total overlap population of the unconjugated C=N bond in formimine is 1.043,
which is lowered to 0.682 in the corresponding cation. Surprisingly, in E- and Z-
formamidine this value is increased to 1.206 and 1.240. Protonation again reduces this
parameter to 0.712. The C—N single bond shows a total overlap population of 0.254 and
0.256 for E- and Z-formamidine. Bonds between carbon and hydrogen have overlap
populations between 0.76 and 0.80. Those between nitrogen and hydrogen are in the range
of 0.63 and 0.66 with the largest value for the imino N2—H* bond.

The n-electron overlap populations are closer to chemical intuition: the value of 0.4884
for the unconjugated C=N bond in formimine reduces to 0.385 on protonation and to
0.462 in the conjugated n-system of the E- and Z-formamidine which, in turn, is reduced to
0.247 on protonation. With 0.032 and 0.028 the n-electron overlap for the C—N! single
bond is rather small.

Linear least-squares correlations for 6-31G calculated distances with either p* or p* for
7 values of Table 32 lead to results shown in equation 23 and 24. Statistically the regression
with p” is highly significant and satisfactory.

tot

dey = — 0.102-p" + 1.379 (23)
R =0.909; sd = 0.021
dey = —0227-p" + 1.369 (24)

R =0.991; sd =0.007
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I. INTRODUCTION

The structure of a molecule may be interpreted either as the electron structure or as the
geometrical structure of the chemical species in question. These two meanings of the
molecular structure are interrelated by the quantum chemical approach which gives both
of them as a final result. In this chapter we take into account only the geometrical meaning
of the molecular structure. The main sources of structural data are the X-ray diffraction
technique and, to a much lesser degree, the neutron- and electron-diffraction techniques,
and finally the microwave measurements. In the case of complex organic systems X-ray
techniques are used to obtain most, perhaps 95%; or more, of the geometrical information.
Hence, the experimental geometries presented in this chapter originate from such
measurements and they were retrieved from the Cambridge Structural Database! (CSD)
by July 1989.

The geometry of a molecule is usually defined by means of bond lengths, bond or valence
angles, torsional angles and dihedral angles. Only in some exceptional situations are other
terms used. Often, some of the already-mentioned concepts are used in a complex way,
such as in linear combinations or the like. The above-mentioned geometrical (or
structural) parameters differ by their resistance to forces which tend to deform the
molecules. It is usually accepted®* that the force needed for deformation of bonds by
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stretching is one order of magnitude larger than that required for (in-plane) deformation of
the bond angle. Torsion deformation is again one order of magnitude less costly
energetically than the latter. A similar situation occurs in the case of out-of-plane bending
deformations. Hence it is often decided® to discuss changes in the molecular geometry
separately for the case of bond lengths and bond angles, which are called hard structural
parameters, and for torsional angles and dihedral angles, which are referred to as soft
structural parameters. Hydrogen bonds and interatomic distances in EDA complexes
belong also to the soft structural parameters. The hard parameters may often be used as
indicators of intramolecular interactions between various parts of molecules, whereas the
soft parameters have been mainly used to study the flexibility of molecular conformations.
Hard parameters are supposed* to be hardly deformed by intermolecular interactions,
particularly in rigid molecular systems (aromatic rings and polycyclic aromatics), but
recently this point of view has often been criticized?'5. Nevertheless, in the case of
structural parameters which are averaged values over sets of many molecular systems the
concepts of Kitajgorodzki# are still valid. Individual structural parameters may be studied
as dependent on intermolecular interactions due to the crystal lattice forces.

The amidine moiety 1 may be either included in cyclic systems, as e.g. 2, or may exist in
acyclic molecules of the general form 3.

R3
O e
—N=C R =C
\ N f N
N — N —R
| L
(1) (2) (3)
~- TE 1+ RZ
4 2 l
R T C\ RP—N=C
5 I_ 2
R T R OR‘
I R' J
(3) (4)
R? R*
| |
C C
R'—-N/ \N/ \N—Rs
i
(8)

SCHEME 1
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Since systems like 2 are mostly treated as amines, they are not taken into account here.
In this chapter only derivatives of 3, their cationic forms (amidinium salts) 3’ and
additionally imidates 4 and imidines 5 are taken into consideration. Guanidines in which
R3is NR'R”, and their salts are treated within groups 3 and 3’ (although for some purposes
these two subgroups are treated separately).

Table 1 gives the numbers of crystal and molecular structures which belong to these
three (four) groups solved by X-ray diffraction and neutron diffraction techniques
retrieved from CSD'. The data in CSD are divided, into groups according to their
precision described by the AS designation. For AS = 1 the mean value of the estimated
standard deviation, hereafter abbreviated as esd or o, for all bond lengths between non-
hydrogen atoms is in the range 0.001-0.005 A. The group indicated as AS > 2 corresponds
to all less precise geometries, whereas those with unknown precision are denoted as AS = 0.

Some 15 years ago Hifelinger® reviewed the general and theoretical aspects of amidines.
That review dealt with the quantum chemical approach and with the structural chemistry
obtained mostly from X-ray diffraction studies, as well as with various physicochemical
properties considered from the structural point of view. Since that time, in all those
directions significant developments occurred and hence these fields of research are
updated in the present chapter, without repeating what has already been written in the
previous review®, presenting here an extension and continuation of the former work. In the
last two decades an enormous volume of structural information has been published chiefly
due to the development of computer techniques and of the theoretical basis for solving
crystal and molecular structures by X-ray diffraction. Since so much information is
available, statistical methods must be used to draw reasonable conclusions from these
data, lest the review be transformed into something like a telephone directory. We use the
statistical approach to describe the most important structural patterns of the amidine and
imidate moieties in the compounds in question. Moreover, in order to obtain more precise
and reliably averaged information on structural parameters, further partitioning into
smaller, more homogeneous groups has been carried out in this chapter. Although we try
to supplement our elaboration with short notes about statistical techniques applied, for
those who are either ignorant of statistics or who wish to understand deeper the statistical
tools used, two references may be recommended” 8.

The material considered in this chapter, as mentioned above, consists of three main
groups: amidine derivatives and their salts assigned as 3 and 3, respectively; imidate
derivatives referred to as 4, and imidine derivatives named 5. All these groups are shown in
Scheme 1, with possible substituents attached to all allowed sites. The first atoms of the

TABLE 1. Number of compounds retrieved
from the Cambridge Structural Database by
July 1989 and presented in Scheme 1

Group of Number of
compounds compounds
3 342
3 234
4 79
5 13
3 with X =N 197
3 with X=N* 146

9X is the first atom of the R? group, i.e. the one linked
directly to the functional carbon atom.
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/

X {first atom of the group R®)
CN(s}

7 NIl
\Ccl NI

NZ\;,/N
I

R

FIGURE 1. Scheme of labelling for amidine
derivatives (group 3). In the case of amid-
inium cation derivatives (group 3) the fifth
substituent R is attached at nitrogen atom
Nz

1

substituents R'-R® are assigned as X'-X?>, respectively. The three main groups of
compounds, 3 + 3,4 and 5, are first treated as three independent samples and then divided
into smaller subsamples. Within each of these three samples, and then within the many
subsamples, statistical analyses of structural parameters are carried out, including the
lengths of those bonds which, in Scheme 1, are drawn in bold lines, and all bond angles
between those bonds. Additionally, the planarity of the main skeleton is analyzed. For the
structural parameters, which for amidine derivatives are presented in detail and assigned
in Figure 1, the tables give the number of data points in the subsample, n, the mean value
for the structural parameter, its variance (var) and estimated standard deviation (esd), as
well as both the minimal and maximal values of the parameter within a given sample or
subsample.

"Apart from the presentation of the data, an analysis of the relationship between various
structural parameters is also carried out. The results of these analyses are described in this
chapter if they are chemically informative. Since this analysis is often not conclusive in a
chemically reasonable way, it is usually not discussed in detail. This procedure is applied to
all main groups (3+3’, 4 and §) and also to those subgroups which are chemically
important and sufficiently numerous. The division of the subgroups is as follows. As a
principle of this division we select one of the bonds between the skeleton of the functional
group of (3+3'), 4 or 5 and one of the possible substituents R! through R* for 3, R! through
R3 (for 4) and R! through R® (for 3' and 5). We can distinguish between various bonds
according to the nature of X!, i.e. the atom linking the substituent to the functional group.
Then we can select subsamples according to the nature of X, say X = C,N,H,0,S, etc., until
we explore all reasonable possibilities. This procedure may only be used for cases where
the subsamples are sufficiently numerous, since otherwise the statistical conclusions would
not be reliable enough.

To illustrate the method let us consider subsample 3, i.e. amidine derivatives. We select
compounds in which X3 = const, e.g. X3 = H. Thus we obtain the X3 subsample which
contains formamidine derivatives:
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In thissubsample R!, RZ and R* are unrestricted and may be any substituent. If we choose
next X = C, we obtain another X subsample whose structure may be represented by the
general formula:

N~
|

C
P
R—NZ \N—R2

R1

In this subsample there are included acetamidines, benzamidines and all derivatives of
amidines in which the first atom of R3, i.e. X3, is a carbon atom, X3 = C, independently of
what is attached further to this carbon and what substituents are represented by R!, R?
and R*. Next we can put X3 = N,$,0, etc., obtaining subsets in which the differentiating
feature is the difference in the C—X?3 bond. Within these subsets with C—X3 equal to CH,
CC, CN.... statistical analysis is carried out. The same can be done for X', X? and X*
giving for amidine subsample 3 four possible ways of division. In addition, more complex
substitutions may be taken into account as well.

These problems will be dealt within more detail during the analysis of particular
subsamples.

While considering the main skeleton in 3, 3, 4 and 5 some common problems arise.

First of all, from the formal point of view the functional carbon atom should be sp?-
hybridized due to the double bond between the C and N2 atoms and hence the NC(X)N
skeleton should be planar. This means that both nitrogen atoms N! and N2, the carbon
atom and the X atom linked to the latter should lie in the plane at least in nonionic
derivatives of 3,4 and 5. Figure 1 illustrates the labelling used for amidine derivatives and
designates the structural parameters considered in the chapter. Similar schematic
structures are then given for other main groups (3, 4 and 5). Throughout this chapter,
unless stated otherwise, X is always the first atom of group R3. Opposite to the C—X bond
is situated always the bond angle f. The shorter of the two CN bonds is labelled CN(s), and
the longer one CN(1). The bond angle opposite to CN(s) is always designated y and that
opposite to CN(l) is always designated o.

Other problems while considering variously substituted amidines 3 and their salts 3’ are
to what extent the structural parameters of the amidine skeleton depend upon one another
and how they are influenced by substituent effects. Both these problems will be treated
before any more detailed analysis. Similar problems arise for compounds of groups 4 and
5, but since these groups are much less numerous (cf. Table 1) statistical conclusions which
may be drawn for them are much less significant. Nevertheless, when justified, these data
will also be taken into consideration. It must be remembered that throughout the chapter
most often the mean geometry parameters are considered and the data for classes or
subclasses are averaged values, except in cases when individual compounds are shown as
examples for important structural patterns.

Il. ANALYSIS OF AMIDINE AND AMIDINIUM CATION DERIVATIVES (3 + 3' GROUP)

Before presenting a more detailed analysis of structural parameters of the subgroups
included in groups (3 + 3') we give the results of the analysis for the whole group (3 + 3)
and make some methodological remarks. We should be aware of the fact that the really
fixed part of the NC (X)N skeleton is only the amidine moiety NCN. The CX bond varies



2. Structural chemistry of amidines and related systems 107

more, but due to its key importance for the NCN group it is regarded as an important
part of the skeleton under study.

A. Planarity of the NC(X)N Skeleton in Amidine Derlvatives and their Salts

For a long time the NC(X)N skeleton has been regarded as being planar®. In order to
check this hypothesis we have retrieved from the Cambridge Structural Database the
whole sample consisting of 576 compounds included in the general structures 3 and 3’ with
subsamples in which R* was NRR’ (343 compounds), CR'R”R" (146 compounds), SR
(53 species), PR'R"R"™ (8 compounds) and OR (11 compounds). These subsamples are labell-
ed throughout this chapter 3(CN), 3(CC), 3(CS), 3(CP) and 3(CO), indicating in parentheses
the kind of bond between the carbon atom of the amidine group and the X atom of group
R3 (Scheme 1 and Figure 2); the numeral 3 represents the numeral which defines the
substituent in question, R3 in this case. If salts are considered, these labels are marked by
primes; e.g. 3(CN) means a guanidinium salt [N(R!'R?)C(R*)N(R“R%)]* Anion".

The three atoms N!, N2 and X define a plane as shown in Figure 2. In the special case
when the NC(X)N is planar, the deviation A of the central C atom from the plane N*N2X is
equal to zero (A = 0) and the sum of all valence angles, SA, at the central C atom is equal to
360° (SA = a + f + y = 360°). Thus, for the whole group we have estimated mean values of
A and SA and found them equal to: A =0.019 A with the sample variance 7.9 x 1074 A2

and SA =359.83° with the sample variance 1.17°2, In order to check the hypothesis
regarding the planarity of the N'N2XC skeleton we have to test two null hypotheses:

Hy: A'=0, against Hy: A'>0,
and
Hy: SA'=360°, against H;: SA'< 360°.

H; stands for the alternative hypothesis which we accept after rejecting the null hypothesis
at a given significance level. The superscript t stands for the true value of a parameter, i.e.
either A or SA for the whole population. We cannot study the whole population of all
possible amidine and amidinium cation derivatives (3 and 3) but only those for which the
molecular structure has been determined, i.e. our groups with 576 entries. Even so, we try
to draw conclusions about the whole population of amidine and amidinium cation
derivatives by studying only this available sample group. That is why we have to apply
tests for checking the above-mentioned hypotheses instead of directly by comparing A or
SA values with 0 A and 360°, respectively. (For details of applying statistics in structural
studies cf. Reference 8.) Applying Student’s ¢ test at the significance level a = 0.05, both
hypotheses must be rejected. This means that, with the probability of error in 5% of the
cases, we can accept an alternative hypothesis that the NC(X)N skeleton in 3 and 3’ is not
planar. To show how frequently those nonplanar skeletons occur in comparison with
those which are planar, Figures 3 and 4 show histograms of A and SA distributions for all
structural data. Tt is worth mentioning that when applying statistical methods to obtain
reliable scientific conclusions, there is a need to use as many data of the highest precision as
possible®. If, however, we wish to recognize the nature of the distribution, it is better to use
all possible data excluding only those which are methodologically incorrect. In Figures 3

/{L . y X
NeZ_ * :
S 8 N FIGURE 2. Definition of the N!'XN? plane with the functional

carbon atom deviating from the plane by the distance A
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FIGURE 3. Frequency histogram of A for the
(3 + 3) group (i.e. amidine and amidinium cation
derivatives) for all data irrespective of precision
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FIGURE 4. Frequency histogram of SA for the
(3 +3') group; cf. Figure 3

and 4 we can observe distributions which are similar to the normal one (Gauss-type
distribution). This may be easily checked by using proper statistical tests.

We can summarize that nonplanarity of the NC(X)N skeleton in amidine and
amidinium salt derivatives is very slight, but statistically significant, and at least in some
particular cases it should be taken into account while analyzing chemical or physicochem-
ical (spectral 1) properties of these systems. From the histograms (Figures 3 and 4) it is
apparent that A is a more sensitive parameter in describing nonplanarity than SA and in
the following analyses only A will be taken into consideration. When we consider the
dependence of the planarity of the NC(X)N group on the nature of R® we find that for all
but one (X = Cl) subsamples mentioned at the beginning of this section, the hypothesis of
planarity can be rejected at o = 0.05. This means that accepting the alternative hypothesis
H, that the NC(X)N skeleton is not planar, we are in error in 59 or less cases. However,
when we compare A, values of subsamples i with the mean nonplanarity parameter of the
general sample, A, we can see that only one of the A, values is significantly greater than A of
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TABLE 2. Mean values of nonplanarity parameters A and SA and their significances at a = 0.05 for
various groups of amidine and amidinium cation derivatives®

A Significance SA Significance
A A) of deformation (deg) of deformation
Total 0.019 + 359.83 +
CN 0.019 + 359.78 +
cc 0.018 + 359.84 -
cO 0.014 + 359.94 -
Ccp 0.047 + 359.63 +
CCi 0.011 - 359.95 -
Cs 0.016 + 360.06 -
3 0.023 + 359.77 +
¥ 0.014 + 359.94 -
4 0.016 + 359.92 -
5 0.013 + 359.95 -

“The + sign indicates a significant deformation from planarity.

the general sample. This takes place particularly for X = P. With R? representing in this
case PR'R”R/A. It is seen more clearly by looking at the data of Table 2, where apart from
the mean values of A and SA there are given also the results of testing the null hypotheses
Hg: A;=0 or SA;=0 (i enumerates the group or subgroups) at the significance level
o = 0.05. When the + sign appears in the “significance” column, we can reject H, and accept
H,, ie. the nonplanarity of the NC(X)N skeleton. As we can see A is more sensitive than
SA.

A significantly larger value of A, for the subsample with R* = PR'R"R” and a still larger
value of A, for SR’ may be interpreted in a very simple way. In both these cases X (i.e. P or S)
belong to the third period of the Periodic Table and their covalent radii are greater than
those of atoms of the second period, i.e. C, N and O. The values are 1.04 A and 1.10A for
sulfur and phosphorus, respectively, while for oxygen, carbon and nitrogen they vary from
0.66 A to 0.77 A. The elongation of the CX bond for the derivatives of S and P gives the
effect on A, as presented in Figure 5.

For a very strong deformation from planarity it may be expected that rather strong
intermolecular interactions must occur. Let us consider as an example the crystal and
molecular structure of guanidinium tricarbonatotrifluorothorate(IV)® for which A
=0.274A. All five guanidinium units of this system are involved in strong interactions
with negatively charged oxygen atoms (of the carbonate anions), or fluoride anions. We
should be aware that all of them are N—H ... A~ %-type interactions with the shortest
contacts N—H ---O % ranging from 2.79 A and N—H ---F % ranging from 2,70 A. So
short contacts may imply rather strong N—H .- A "¢ interactions which in turn may affect

FIGURE 5. Comparison of NCN planes for mean geometries of

(3 + 3) groups for the case of X from the second, and X' from the

| third row of the Periodic Table (e.g. X and X’ may be considered as
X C and P atoms, respectively)




110 T. M. Krygowski and K. Wozniak

the planarity of the NC(X)N system. No deeper analysis on the energy of interactions
may be given here since in the structure determinations of guanidinium
tricarbonatrotrifluorothorate(IV)® the final results were given with very low precision and
without giving the positions of the hydrogen atoms. Comparison of the above-mentioned
N-——H-..-A~?% contacts with standard H-bonding systems with the same constituents
suggests relatively strong H-bond interactions.

It should be mentioned that the out-of-plane deformations of the NC(X)N skeleton
cannot be observed in cases when the deformation forces give a resultant force close to
zero. Nevertheless, it should be stressed that if in any individual case A > 30 for a given
sample or subsample (the values of a( = esd) are given in the tables of this chapter), one
should consider the possibility of relatively strong interactions in the crystal lattice. Very
low force constants®® for out-of-plane deformations should also be taken into
consideration.

In general, it can be concluded that for individual cases or for smaller subsamples as well
as for subsamples 3 or 3’ we should always be aware of the fact that the amidine skeleton
may be slightly but significantly deformed from planarity.

B. Substituent Effects on Structural Parameters of the Amidine Skeleton

When six structural parameters of the amidine group, CN(s), CN(l), CX (if, in the
assignment CX, there is no superscript it means that we deal with CX?) and o, f8, 7, are
exposed to substituent effects which can come from various substituents, R!, R? R3, R*
and even R®, one may expect a very complex picture. And indeed it is so, since not only
various electronic substituent effects may act, but also direct steric effects of bulky
substituents in too close a neighborhood may affect the geometry of the amidine skeleton.
In order to simplify the situation we apply first the principal component analysis to the set
of six structural parameters of the sample built up of 576 species retrieved from the CSD.

C. Principal Component Analysis Applied to CN(s), CN(l), CX*, a, fand y

When many factors operating in a quantitatively unknown way affect the experimental
data, it is convenient to use the principal component analysis'®. This method relies on a
simple mathematical procedure which reduces the multidimensional space built up upon
not necessarily independent vectors, into the lowest number of linearly independent
orthogonal vectors which reproduce the initial data set with the required precision. For
details of this technique and for its particular application in chemistry, see reference 10.
When this technique was applied to the full data matrix with structural parameters CN(s),
CN(1), CX, &, B and y retrieved for 576 amidines of the groups 3 and 3, the results shown
in Table 3 were obtained. This table contains a number of factors (or components) with
their weights, i.e. percent of explanation of the total variance of the structural parameters
analyzed.

In order to understand better the information obtained by using principal component
analysis let us recall what variance means. Each set of numerical data x,, x,,...,x, may be
characterized by the mean value:

n
X =(1/n)( > Xi)

i=1

The dispersion of x; around X, however, may be differentiated. A numerical description of
this dispersion is given by the variance:

n 1/2
var(x) = [Z (x —x)*/(n— 1)]
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TABLE 3. Factors needed to reproduce the total variance of the initial set of structural data CN(l),
CN(s), CX, a, f and y for amidines and amidinium cations in their derivatives (3 and 3’ groups)

Percent of explanation of the total variance by factors in subgroups of 3+ ¥

Factor

number® Total CN CC Cs CP CO
1 29.4 37.6 32.5 45.6 64.5 71.4
2 272 215 276 29.1 276 14.6
3 18.3 210 173 10.7 5.1 9.6
4 14.2 8.5 16.7 10.0 24 26
5 10.5 50 5.7 45 04 1.8
6 04 0.5 0.2 0.1 00 0.0

“Factors are ordered according to their decreasing magnitudes.

Thus the variation of a given property among n elemental sets of systems is described by
variance. If we assume that this property depends on many various causes (‘factors’), then
each of them may describe only some part of the total variance. The first factor may
describe, say, 30% of the total variance. Then, the next one may describe another part, say
20%; of that part which was not explained by the first factor. Principal component analysis
gives the numerical forms of factors which if all of them are used, reproduce exactly the
initial set of data, i.e. describe the whole variance for these data. However, each factor
represents another weight in reproducing the initial data set, or each factor explains
another percentage of the total variance.

What is the chemical content of these data? First of all, the sixth factor has always been
close to zero, never greater than 1%, This is an obvious consequence of the constraint that
o+ B+ y = 360°. Even if the NC(X)N system is not fully planar, deviations from planarity
are rather small (the mean value of a+ f+y is 359.83). Thus, only five structural
parameters may be treated as fully geometrically independent. Indeed, when the whole
sample (3 + 3') is taken into consideration five factors are necessary to explain more than
95% (99.6% in this case) of the total variance (as shown in the second column of Table 3). A
very similar situation is observed for subsamples CN, CC and CS. However, quite
different situation is found for the CP and CO subsamples for which only three factors are
necessary to explain > 959 of the total variance (97.2% and 95.6%, respectively). This is a
distinct difference, but may be the result of the set of data being too small in these two
groups, n =38 and 11, respectively. In such cases conclusions should be drawn only with
great care. Another possible reason for the above-described situation may be that these
two groups constitute, perhaps by chance, a more homogeneous set of data. Chemically
this can be understood, since intramolecular interactions present in molecules belonging
to these two group are more concerted, i.e. more strongly correlated one to another. In
general, however, the result that so many factors must be applied to reproduce the six
structural parameters exposed to the nonhomogeneous substituent effect means that the
mutual interactions between the structural parameters of the amidine skeleton are rather
weakly intercorrelated. In other words, the amidine skeleton does not follow readily
concerted structural changes as a result of variations in interactions in the structure
comprising the NCN(X) skeleton.

D. Analysis of the Mean Values of the Structural Parameters in the Amidine
Skeleton Affected by Substituent Effects

It results from the former section that structural parameters describing variations of
geometry in the amidine skeleton affected by substituent effects are rather weakly
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interrelated. However, in subsamples which exhibit some structural similarity they cannot
be excluded. For limited and rather homogeneous samples it was found, for example, that
there exists quite a good linear dependence between CN(s) and CN()!'. In both cases the
slope observed was negative and it could be interpreted!! as a compensation in bond-
length changes due to n-electron delocalization.

Before we try to analyze the interrelation between structural parameters generally called
P namely CN(s), CN(l), CX, o, 8 and y (cf. labelling in Figure 1), we will first consider mean
values of these parameters in groups of compounds containing different substituents at the
functional carbon. Table 4 presents the mean values of structural parameters P, their
variances var(P) and estimated standard deviations, esd(P). Then the minimal P(min) and
the maximal P(max) values of the parameters are also shown. Under the label of the
sample (or subsample) in the parentheses the number of compounds included in this
calculation is given. Additionally, in the last cotumn on the right the values of the planarity
parameters A are given.

Since the amidine skeleton of compounds 3 + 3’ contains two fixed bonds, CN(l) and
CN(s), while CX is being varied, the analysis of this group must be carried out according to
a division dependent on the type of the link C—X3. Table 4 shows these subgroups by
indicating in the first column the type of the C—X? bond.

Data are presented first for the total sample of 3 + 3' structures and then in three
versions each for X = N (guanidine derivatives)and X = Cin order to check the hypothesis
regarding the dependence of the mean structural and statistical parameters on the quality
of data. In these two cases (CN and CC) data are given first for the whole subsample. Then
for two sets of differing precision: (a) for the subsample in which the precision of the data is
the highest, in which the reliability factor R <£0.035; and (b) for the subsample with
R £0.05. For less numerous samples with X = S, Cl and P no such divisions are made, and
only the whole group was analyzed.

Table 5 presents the results of the statistical analysis of the significance or insignificance
in the differences between the two parameters in question. This information is chemically
important—we may decide in which cases the parameters differ as a result of almost
random action of the substituent effect on them.

TABLE 4. Structural and statistical data for amidine and amidinium cation derivatives. Differenti-
ation of the sample is at C—X3 bond. All other substituents R', R%, R* and R (if present) are
unrestricted. Formamidine derivatives are included in the total sample, but are considered separately
in Table 9

Type of

subsample

(number of

entires) Parameter CN(s) CN()) CX ® B ¥ A

Total P 1.306 1.341 1.436 120.21 121.03 118.60 0.019

(576) var (P) 0.0010 0.0007 0.0229 17.5 18.0 17.1 0.0008
esd(P) 0033 0031 0.151 42 42 41 0028
P(min) 1.103 1.158 0938 89.19 103.37 97.14  0.000
P(max) 1.476 1.48t 1.938 140.19 136.50 13781 0.274

CN* P 1.307 1.333 1.355 120.06 121.34 118.38 0.019

(343) var(P) 0.0012 0.0006 0.0011 10.7 13.0 132 0.0009
esd(P) 0.035 0.025 0.033 33 3.6 36 0.030
P(min) 1.103 1.158 1.252 106.85 110.78 105.23  0.000

P(max) 1423 1.442 1.499 135.84 136.50 12812 0274
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TABLE 4. (continued)

Type of
subsample
{number of
entries) Parameter CN(s) CN(@) CX o B Y A
CN* P 1.316 1.331 1.349 119.76 121.52 118.65 0011
(119) var(P) 00002 0.0002 0.0007 84 12.7 10.7  0.0001
esd(P) 0015 0015 0.027 29 36 33 0010
R <0.05 P(min) 1.263 1.295 1.308 112,43 113.33 11033 0.000
P(max) 1.381 1.381 1.484 130.37 136.50 12594 0.037
CN* P 1.314 1.329 1.343 120.21 120.70 119.06 0010
41 var(P) 0.0003 0.0002 0.0006 5.7 5.2 9.9  0.0001
esd(P) 0016 0014  0.024 24 23 31 0.010
R <0.035 P(min) 1.263 1.302 1.314 115.89 117.12 110.33  0.000
P(max) 1.336 1.381 1.416 128.54 128.23 12593 0.035
cce P 1.302 1.353 1.492 119.88 121.03 11893 0.018
(146) var(P) 00009 0.0014 0.0016 27.6 19.8 172 0.0007
esd(P) 0030 0037 0040 5.3 45 4.1 0.027
P(min) 1.252 1.266 1.354 89.19 103.37 103.35 0.000
P(max) 1.476 1.481 1.734 133.19 131.90 137.81 0274
cce P 1.298 1.350 1.486 119.41 122.23 11833 0.014
(81) var(P) 0.0003 0.0008 0.0005 18.7 12.5 13.1 0.0002
esd(P) 0.018 0.029  0.023 43 3.5 36 0013
R <0.05 P(min) 1.252 1.306 1.394 108.68 108.67 103.35  0.000
P(max) 1.352 1.447 1.551 133.19 131.90 128.63  0.059
cc P 1.301 1.336 1.492 119.70 121.61 118.53 0015
(13) var(P) 0.0004 0.0004 0.0001 5.1 15.3 6.3 0.0003
esd(P) 0019 0020 0.009 2.3 39 2.5 0.016
R <0.035 P(min) 1.274 1.306 1.482 115.77 109.58 116.46 0.000
P(max) 1.352 1.364 1.514 124.40 124.98 126.01  0.059
Cs P 1.302 1.355 1.765 121.38 120.65 11803 0016
(53) var(P) 0.0005 0.0013 00016 27.6 26.1 332 0.0012
esd(P) 0.021 0036 0039 53 5.1 5.8 0.011
P(min) 1.235 1.297 1.659 110.23 108.64 97.14  0.000
P(max) 1.349 1472 1.862 140.89 132.39 12592 0.051
cO P 1.321 1.348 1.291 123.25 120.27 11642 0014
(11) var(P) 0.0008 0.0015 0.0032 164 282 8.8  0.0002
esd(P) 0029 0039 0.056 4.1 5.3 30 0013
P(min) 1.285 1.300 1.213 114.80 110.58 112,70  0.000
P(max) 1.378 1.430 1.383 131.77 126.51 122.34 0037
cp P 1.324 1.337 1.858 119.21 119.70 120.71  0.047
®) var(P) 0.000: 00002 0.0017 8.3 2.7 17.5  0.0005
esd(P) 0.011 0014  0.041 29 1.7 42 0022
P(min) 1.303 1.308 1.791 115.79 117.07 11273 0016
P(max) 1.337 1.354 1.890 124.57 122.15 12638  0.092
CCl P 1.300 1.330 1.724 119.97 120.85 119.12 0.1
(8) var(P) 00002 0.0002 0.0002 58 39 104 0.0002
esd(P) 0015 0032 0015 24 20 32 0014
P(min) 1.282 1.313 1.703 117.06 119.07 11525 0.002

P(max) 1317 1.355  1.744 123.60 125.02 122.72 0:043

°For the differences between the three different CN and three different CC subsamples, see text.
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TABLE 5. Statistical analysis of differences between the mean values of structural parameters P,
[CN(1), CN(s), CX, a, # and y]. The sample includes both 3 (amidines) and 3’ (amidinium cations). Full
subsamples are taken into account (irrespective of precision). Assignments of subgroups are as in
Table 4. The significant differences are assigned the sign of inequality and insignificant differences by
the sign of approximate equality =

CN(s) CCi = CS >~ CC = CN < CO =~ CP
CN() CcCi = CN ~ CP =~ CO ~ CS =~ CC
CX CO < CN < CC < Cd < CS < CP
o CP = CC ~ CC =~ CN < CS > CO
B CP ~ CO ~ CS x Cd =~ CC ~ CN
¥y co =~ CS ~ CN x CC x CCl =~ CP

The mean values of a given structural parameter, say P, [e.g. in Table 5 in the first row P;
=CN(s)] are ordered in a sequence according to increasing magnitudes. Then, the
analysis carried out is based on the application of Student’s ¢ test to verify the null
hypothesis H,, when two parameters P; and P, are equal, ie. Hy: P,= P, against the
alternative hypothesis H,:P; # P,. It is carried out in the following way. The ¢ statistics is
defined as:

t=(P;— P)[(1/N;—1/N)(N ;53 + NsH/(N; + N, — 2)]"/? 1)

where P; and P; denote the mean values for a given structural parameter in subsamples j
and i, while s? and s? denote the subsample variances; N; and N, are the numbers of data
points in these subsamples. This test works even when the assumption, that variances of
both subsamples are different, is true. For each pair of P; and P;, of which we want to know
if the difference (P; — P;) is significantly different from zero, we compare the value of ¢ for
our pair with the value ¢, , taken from the statistical tables'? at a given significance level
{called o) and for a given degree of freedom f. Usually, we accept « = 0.05 and this means
that when we reject the null hypothesis at @ = 0.05 we may be in error in 5 out of 100 cases.
In such an event we may accept the alternative hypothesis, i.c. that P, P; at this
probability is in error.

Both Tables 4 and 5 contain a great deal of chemical information. Anybody interested in
the differences between structural parameters P, in variously substituted NC(X)N systems
(containing both 3and 3'), may find in Table 4 the relevant number for the mean value of a
given subsample and compare it with the value for another subsample. The differences
between the mean values of parameters within a given subsample may also be found from
Table 4, which makes it possible to test the hypothesis about the equality of two bond
lengths or two bond angles in question. Let us consider an example to illustrate how to
utilize the contents of Table 4. Two CN bonds in groups (3, 3') differ from one another. The
shorter CN(s) has mean length 1.307 A, whereas the longer CN(l) has mean length 1.333 A.
The difference is evident and amounts to 0.026 A. Is it statistically significant? To answer
this question we assume the null hypothesis, that for this case these bonds are of equal
length, Hy: RECN(s)] = R[CN(l)] and calculate the Student’s ¢ value following equation 1.
Taking the values of variances for these two bonds from Table 4, 1.23 x 10~3 and 0.61

x 1072 A2, we obtain |¢| = 10.830. Comparison with thet, [ = t, 5324 = 1.967 value from

the statistical table at the significance level « = 0.05 for 326 — 2 = 324 degrees of freedom
allows us to conclude that we have to reject this null hypothesis. However, accepting the
alternative hypothesis, namely, that the lengths of bonds CN(s) and CN(]) are significantly
different, we are in error only in 5 out of 100 cases. The same can be done for any two
parameters, P; and P, which we wish to compare.
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Another, alternative way of estimating the significance of the difference between two
structural parameters (or their mean values) in question is applying the so-called 3¢ rule.
This rule, very popular among crystallographers, states (and this results from the statistical
properties of a normal distribution”) that if the difference between two structural
parameters P; and P; is greater than the threefold value of the estimated standard
deviation of these two parameters, then the difference is statistically significant at «
= 0.0027 (0.27%), and we are in error in 0.27% of cases. How to use this rule? Let us
consider once again the example with the bond lengths CN(l) and CN(s). The difference is
(1.333—1.307)A =0.026 A. The value of the estimated standard deviation for the
difference is

{[o*CN(1)]? + [¢(CN())]2} /2 = {var[CN(l)] + var[CN(s)]} 2 = 0.043.

However, in the case when we do not compare two individual data but two mean values,
the formula for the estimated standard deviation of the mean values has to be divided by
n'/2, Thus, we have to divide 0.043 by (326)!/? and obtain 0.0023. Dividing 0.026 by 0.0023
we end up with 10.92 > 3. So we can reject the hypothesis (at & = 0.0027) that the lengths of
CN(s) and CN(l) are equal. The conclusion is in line with the former one. It should be
stressed strongly here that when we apply statistical tests to verify hypotheses, we should
always apply the same level of significance, a. Otherwise, we may assign various weights
to conclusions drawn from various experiments or sets of experiments.

We must return to the problem of drawing conclusions from the sets of data. By
increasing the precision, the data become less numerous and the distribution becomes
more difficult to correctly characterize. However, the mean values of structural parameters
do not change much when coming from larger sets of less precise data or from smaller sets
of more precise data. This is well illustrated (Table 4) by the data for subsamples CN(3, 3')
and CC(3,3) each considered in three versions: as the whole subsample, as precise data
(R <£0.05) and as very precise data (R < 0.035). This conclusion is worth remembering and
can be applied in all cases except in those when data strongly deviating from the standard
precision are present in the data set. _

Table 5 presents the mean values P; of the structural parameters, where P; stands for

CN(s), CN(l), CX, «, B and y. For each subsample NC(X)N with X=C, N, S,C,H, P,O
these parameters are arranged in the order of increasing value of the parameter. If two
adjacent parameters in a row, P, and P, differ one from another in a significant way, which
was checked by the use of Student’s ¢ test at the significance level « =0.05, then we put
between these two parameters the sign of inequality, P; < P;. When the above-mentioned
difference is insignificant, then we indicate this situation as P; 2 P, which may either mean
that P; = P, exactly or P; is less than P; but in a statistically insignificant way. Thus, the
structural parameters on the left side of this relationship are almost always smaller than
those on the right side, but only sometimes are they smaller in a significant way. Let us
consider as an example the first row of Table 5, showing the relative magnitudes of the
bond lengths for CN(s) in the six subsamples. The CN(s) bond length is insignificantly
shorter for subsample NC(CI)N than for NC(S)N, and the latter is insignificantly smaller
for NC(S)N than for NC(C)N and so on. The only sharp inequality is between CN and CO,
the latter being significantly larger. Finally, it may be monitoned that the CN(s) bond is the
longest for the NC(P)N group, but this is only insignificantly longer than the CN(s) bond in
the NC(O)N subsample. The total difference between the shortest CN(s) and the longest
oneis 0.026 A. Interestingly for the CN{(}) bond lengths the sequence is reversed (except for
the CCl subgroup). In the third row of Table 5, the covalent radii of X; equal to O, N, C, Cl,
S and P increase very distinctly in the sequence, and hence in this row all differences are
statistically significant.
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Considering the variations of the a, B and 7 values (Table 4) we observe that 7 is the
smallest (118.60°) in comparison to f = 121.03° and & = 120.21°. The variances for all three
angles are comparable?, between 17.1°2 and 18.0°2, and the values of esd are rather large,
about 4.2°. Hence, no significant conclusion can be drawn from these differences.
Moreover the sequences of increase for &, f and 7 are also not conclusive in these series, and
except for the CN < CS case, the inequalities are not sharp and not significant statistically.
The opposite directions in the sequence of the @ and 7 angles may also be mentioned.

E. Analysis of Interrelations Between Structural Parameters in Amidine
Derivatives with Varying X

In the previous section we presented mean geometries and a simple statistical analysis of
structural parameters compared between subsamples (Tables 4 and 5). This, however, does
not help one to understand the dependences between them while varying substituents R!
through R* (R for the 3’ group). In this section we will try to relate structural parameters
within subsamples which are selected, as formerly, by dividing the material according to
the C—X?3 link, as in the structure below:

O—x

RA—NZ N—R?

R1

R!, R? and R* are unrestricted.

1. Group with X3 = N (guanidine derivatives)

The mean geometry of the amidine moiety for this group is given in Figure 6. The main
feature distinguishing the geometry of this subgroup from the others is the relatively small
differentiation between CN(s), CN(l) and CX, even though the differences between them
are significant. An interesting fact is that an increase in a bond length opposite a bond
angle implies an increase in this angle. For the series of CN bond lengths 1.307 &, 1.333 A
and 1.355 A the opposite bond angles increase to the values 118.38°, 120.06° and 121.30°,
respectively.

N
1355
1201 C118.L
o 1307 12131333 .
R—N N-—R

2
R
FIGURE 6. Mean geometry of the

amidine moiety of guanidine and
guanidinium cation derivatives
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Table 4 shows that the data for all three groups: the whole sample (343 entries), the
sample with R <0.035 (41 entries) and the sample with R < 0.05 (114 entries), all give
equivalent results. The mean values of the structural parameters are similar and, even if
they differ from each other in the three precision-dependent subsamples, the differences are
small and statistically insignificant (at o = 0.05). Hence the analysis of interrelations
between structural parameters was carried out for the whole set of 343 entries. It must be
said that no chemically important and conclusive interrelations of the type have been
found for P; and P, being either bond lengths or bond angles. The same was found for
analysis of mixed structural parameters, when either P; or P; was bond length while the
other was bond angle. The following problem may arise: if the substituents R!, R? (R%), R*
and RS vary in a random way, why should the structural parameters follow any regularity?
This is even further corroborated by the fact that factor analysis gives in this case the
following weights of subsequent, fully independent factors: 29.4, 27.2, 18.3, 14.2, 10.5, 0.4.
In order to avoid the complexity of mutual interactions affecting variations in structural
parameters, we have undertaken another kind of analysis, looking for dependences
between differences in structural parameters J;;=P;— P; plotted against another
parameter P, or one of the constituents of J,;:

P;=aP;+b ()]
(5,-j=a'Pk+b’ (3)

Thus we have found a few weak relationships, such as d;; = CN(l) — CN(s) plotted against
CN(l). In this case the correlation coefficient was equal to 0.76, and for é;; = CN(l) — CX
and 6;;=CX —CN(s) vs CX the correlation coefficients r were —0.73 and 0.74,
respectively. It seems that in these cases the variability of the constituents of §;; affects the
&,;; value sufficiently to find a relationship between these two parameters.

Thus in differences 6;; might dominate the contributions resulting from the variations in
CN(l) and CX, and hence the §;; values were found to depend on the CN(l) and CX values.
This effect may be regarded as chiefly geometrical in nature.

Much higher dependences are found for §;; for bond angles. Quantity §;; is found to
depend on P; or P, in all cases if either P; or P; is present in the difference defined, for
example, a — f vs a or B, B-y vs f or y, etc. For all these cases |r| is always greater than 0.8.
Once again these relationships seem to illustrate geometrical constraints rather than
electronic effects of substituents. Additionally, we should be aware of the constraint that
o+ f+7yx360°

2. Groups with X3=C

The mean geometry of the NC(C)N skeleton is given in Figure 7. The main difference
between this subsample and the previous one is that CN(s) is significantly shorter than
CN(l) (at & = 0.05). The difference is equal to 0.051 A. This means that substitution of the
amidine carbon by a substituent bound to the latter by a C atom causes stronger
localization of the double bond in the amidine moiety. Again, opposite CN(s) is an angle
with a smaller value (118.93°) than that opposite CN(l) (119.88).

Similarly, as in the case of guanidine derivatives, no strong regularities of the form of
equation 2 could be observed for this group. In the analysis we have considered the data for
the full sample (146 entries) even though it was found that the mean values of the structural
parameters for this sample are not fully equivalent to those with more precisely measured
subsamples. The picture observed is very similar to that for guanidine derivatives, for both
equations 2 and 3. For equation 2 no dependence was found, with the correlation
coefficient |r| > 0.40. However, better dependences are observed for equation 3, when the
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C
I 1492

1199 C 189

1302~ 12101353
R*—N N—R'

2
R
FIGURE 7. Mean geometry of the
amidine skeleton of the (3 + 3') group

with R!, R? and R? unrestricted and
X}=C

structural parameters are bond angles. This effect may be due to the constraint a + § + y
= 360° (or close to 360° when the NC(X)N atoms do not form an exact plane). Stronger
linear dependences were found for equation 3. Correlation coefficients for plotting 6,; vs P,
or P; in the case of bond lengths attained the values — 0.85, — 0.80 and 0.86. For bond
angles these coefficients were even better: 0.90, — 0.84 and 0.85. Once again, geometrical
effects should be taken as the main reason for these regularities. They may also be due to
greater variability of the structural parameters for this group, compared to dertvatives of
guanidine. Simple comparison of variances for P, values (cf. Table 4) shows that in almost
all cases var; for this group is greater than var, for guanidines.

3. Group with X*=0

The mean geometry of the amidine skeleton for this group is given in Figure 8. The
difference between CN(s) and CN(l) is significant and in the same range as for the
derivatives of guanidine, whereas the C—O bond is surprisingly short. Angles o, f and y
differ from one another considerably. In this group « is much larger than y
(o0 = 123.25° and y = 116.42°) in spite of the fact that CN(s) and CN(l) differ only slightly
from one another (1.321 A and 1.348 A, respectively).

Only 11 entries belong to this group and hence no significant statistical study may be
carried out. Nevertheless, it is interesting that for this small sample equation 2 is observed
quite well. The lowest correlation coefficient [r] observed for interrelations between bond

0
1291

1233 c 1"6.4
. BN,
—N N—R
R'
FIGURE 8. Mean geometry of the
amidine skeleton of the (3 + 3} group

with R?, R? and R® unrestricted and
X3=0
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lengths was equal to 0.721, but those for bond angles were even worse. The angles NCN(f)
plotted against the CN(l) bond lengths gave some weak regularity with a correlation
coefficient r = —0.867, and similar plots against CN(s) and CO gave r=0.721 and
— 0.805, respectively. The picture for the regression (equation 3) is better and similar to the
previous case. It must be remembered, however, that interrelations in these groups, even if
statistically significant, have very low predictive power. They may only indicate some
trends in cooperative effects in the electron structure due to multiple and varied
substitution in the amidine (or amidinium) moiety.

4. Group with X3=8

The mean geometry of this group is given in Figure 9. The most striking feature is the
relatively great difference between CN(s) and CN(1): 0.053 A. Again the relation « < y exists,
but to a lesser degree than for derivatives with X* = O, in spite of the large difference
between Cn(s) and Cn(l).

S
1765

1214 c 1207
1

13021804355
RN e

R

FIGURE 9. Mean geometry of the
amidine skeleton of the (3 + 3') group
with R1, R? and R? unrestricted and
X3=8

1

5. Groups with X>=Cl and P

These two groups are not numerous, each having only 8 entries. For Cl and particularly
for P derivatives, there are rather small differences in the CN(s) and CN(}) bond lengths, as
well as between a, f and y. Moreover, the regularity « > 7 is not observed for P derivatives.
Due to small numbers of data in these three sets, these observations cannot be regarded as
conclusive. Figure 10 presents the mean geometry of these two classes of compounds.

o P
1724 1858
1200 C 191 192 C 1207
1300~ 298N\ 330 1326, 197\ 1337
R“—N/ N — R? R*—N N — R®
R' R'

FIGURE 10. Mean geometry of the amidine skeleton of the (3 + 3') group with R!, R?
and R? unrestricted and X* =Cl and P
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F. Analysis of Other Subsamples Selected from the (3 + 3') Group

1. Analysis of amidine derivatives with R', R? and R® unrestricted

This sample contains 54 fragments and may be represented by the mean structure
presented in Figure 11. Even a cursory examination of the group reveals interesting
patterns: CN(s) « CN(l), « >y and B < 120°. These results are rather surprising. Table 6
contains all the structural and statistical data for the main group as well as for subgroups
which may be drawn from the main group.

Table 7 presents the sequences of structural parameters ordered according to increasing
value. In all cases the amidine skeleton NC(X)N is significantly deformed from planarity.

There are many possible selections of subsamples which may be derived from amidine
and amidinium salt derivatives. We have selected a few of them in order to get more
homogenous groups, and then within these groups we proceeded as previously. We use the
same scheme of labelling as in Scheme 1 and Figure 1.

2. Analysis of systems with X' = X2=X*=H
The general structure for this group of amidine derivatives is shown below:

I

ZN

3

H—N Iil—-H
H

The total number of entries of this kind is 35, but in 30 of the cases X? = N. Figure 12
presents the mean geometry for these 30 guanidine derivatives. The most striking feature
for this group is the quite small difference in the CN bond lengths. Table 8 contains all the
structural data. An interesting finding is that, in the factor analysis of this subgroup, only
three factors are necessary to reproduce 94.3% of the total variance (the explaining powers
of factors being: for the first factor 619, for the second one 20.2%, and for the third one
13.1%). This must mean that within this group strong cooperative interactions operate. In
other words, substitution at the functional carbon with no other substituents (R' = R?
= R3=H) produces more concerted changes in the structural parameters than was

1461

1258 C 161

1302~ 180"\ 1373

R

FIGURE 11. Mean geometry of
the amidine skeleton of the (3 + 3')
group with R? and R? unrestricted

2

R

1
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TABLE 6. Structural and statistical data for unrestricted amidine and amidinium cation derivatives

Type of
subsample
(number of
entries) Parameter CN(s) CN(I (9).4 o y A
Total P 1.302 1.373 1.461 12582 11804 116.06 0.014
{54) var{P) 0.0008 00031 0.029 28.1 17.6 18.7 0.0003
esd(P) 0.028 0.055 0.170 53 42 43 0017
P(min) 1235 1.273 1.037 11625 11093 91.74  0.000
P(max) 1.355 1.484 1.827 140.19 12807 121.18 0.101
X}=C P 1.288 1.370 1.501 12474 11814 117.07 0014
(24) var(P) 0.0004 00022 0.0005 8.1 54 25 0.0001
esd(P) 0.020 0.047 0.022 29 23 1.6 0010
P(min) 1.252 1.295 1473 11948 11131 91.74  0.000
P(max) 1.329 1.481 1.559 13201 12231 12036 0038
X}*=N P 1.322 1.414 1.331 129.17 11497 11584 0.009
(17 var(P) 0.0005 0.0025 0.0004 352 239 9.4 0.0001
esd(P) 0.023 0.050 0.021 59 4.9 3.1 0.008
P(min) 1.272 1.337 1.305 11625 11093 11033  0.000
P(max) 1.350 1.484 1.379 136.50 12507 119.12 0.023
Xt=C P 1.291 1.369 1.435 12515 11979 11489 0.018
(22) var(P) 0.0007 00022 0.041 312 159 37.4 0.0006
esd(P) 0.026 0.047 0.203 5.6 40 6.1 0.025
P(min) 1.235 1.273 1.037 11625  113.02 91.74  0.000
P(max) 1.339 1.460 1.827 140.19 12807 12118 0.101
X3=N P 1.318 1.392 1.427 12838 11541 11618 0011
(16) var(P) 0.0006 00046 0216 357 20.7 847  0.0001
esd(P) 0.025 0.068 0.147 6.0 4.5 29 0.008
P(min) 1.270 1.295 1.305 120.32 11093 11094 0.002
P{max) 1.350 1.484 1.734 136.50 122.31 12008  0.027
X'=C P 1.303 1.355 1.487 12458 11902 11627 0015
43) var(P) 0.0007 00017 0.029 19.2 14.8 210 0.0003
esd(P) 0.028 0.042 0.170 44 38 4.6 0.019
P(min) 1.235 1.273 1.037 11625 113.02 91.74  0.000
P(max) 1.355 1.416 1.827 140.19 12807 121.18 0.101

TABLE 7. Statistical analysis of differences between the mean values of structural parameters
P;[CN(l), CN(s), CX, a, B and y]. Analysis is carried out in sequence of a given j. The subsample
consists of both 3 and 3’ species, i.e. both amidine and amidinium cation derivatives are taken into
consideration. Full subsamples are taken into account (irrespectively of precision). The sequence for
given parameters with significant differences is assigned by the sign of inequality <, and for
insignificant differences by the sign of approximate equality =

CN(s) X*=0)
CN() (X!'=0C)
CX X3=N)
o X'=0)
B X*=N)
y X*=0

R e A R

(X¢=0)
(X¢=C)
(X*=N)
xX*=0Q
(X¢=N)
X*=N)

Total

Total
Total

B e e e e

X*=0)
(Xt=
(X*=0

0

1112 e e ne e

X'=0)
Total
Total
Total
xX*=0
X¢=N)

12 11 MR e e

(X4 =N)
(X*=N)
X'=C)
X*=N)
X'=0)
X'=0)

(13 113 PP 2

(X2 =N)
(X2 =N)
*x=0)
*x*=N)
x*=0)
**=0)
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N
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H—N N—H

H

FIGURE 12. Mean geometry of
the amidine skeleton of the (3 + 3)
group with R'=R2=R*=H and
X3=N

TABLE 8. Structural and statistical data for amidine and amidinium cation derivatives with
X! = X2 = X* = H. The only variation is in the C—X?3 bond and this is taken as a base for differentia-
tion of the sample

Type of

subsample

(number of

entries) Parameter CN(s) CN(O) CX a B y A

Total P 1.319 1.330 1.387 121.29 12080 117.87 0.013

(35) var(P) 0.0004 00005 0.018 11.1 42 124 0.0001
esd(P) 0.021 0.022 0.13 33 2.1 35 0.010
P(min) 1.268 1.279 1.309 11700 117.72 10946 0.002
P(max) 1.342 1.389 1.794 130.37 12533 121.78 0.028

X3*=N P 1.324 1.328 1.340 120.71 12056 11869 0014

(30) var(P) 00002 00005 0.0016 7.9 3.7 6.8 0.0001
esd(P) 0015 0.023 0.040 28 1.9 2.6 0.010
P(min) 1.288 1.279 1.309 11700 11672 11113 0.002
P(max) 1.342 1.897 1.524 130.37 12509 121.78 0.028

observed for less homogeneous samples. The bond lengths CN(I) vs CN(s) exhibit a weak
but statistically significant correlation (with r = — 0.610). We should also note the very
small differences between CN(I} and CN(s), which result from dimer formation in the
crystal lattice. This is usually the case when, at the amine nitrogen, at least one of the
substituents is H. This situation is presented in Figure 13. Due to dimer formation the
n-electron delocalization in the amidine skeleton is enhanced in most cases in which, at one
of the two nitrogen atoms, a hydrogen atom may serve as an H-donor. Some other
interrelations have also been found to be statistically significant, but they are all without
any predictive power and chemical value.

3. Analysis of systems with X = H (formamidine derivatives)

This group of structures is not numerous (17 entries), but it seems to be important.
Table 9 contains structural data for this group. It is apparent that the differences between
CN(l) and CN(s) are large and significant. Also, one of the bond angles is § = 122.56°, i.e.
significantly greater than 120°. The full geometry is given in Figure 14.
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FIGURE 13. Scheme of n-electron
delocalization in the NCN moiety for
amidine derivatives forming dimers via
H-bonds

TABLE 9. Structural and statistical data for formamidine and formamidinium cation derivatives
vith R!, R? and R* unrestricted

Type of
subsample
number of
:ntries) Parameter CNGs) CONO X a B Y A
Formamidines P 1289 1340 0977 11785 12256 11931 0015
17) var(P) 0.0006 0.0016 0.0058 320 120 271 0.0008
esd(P) 0024 0040 0.076 57 35 52 0028
P(min) 1216 1.283 0819 10558 11353 10492 00
P(max) 1315 1420 1092 13293 12804 13094 0.101
H
098
194 ~A 179
o 128 71226°\1340 .
R—N N—R
|
R

FIGURE 14. Mean geometry of the
amidine skeleton for formamidine
and formamidinium derivatives. X3
=H, R!, R? and R* unrestricted
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The value of the variance for the ff angle is the lowest among the three bond angles. This
may be due to the fixed substituent X* = H. However, the fact is that > 120 cannot be
explained on the basis of the Walsh rule'3-3 since the electronegativity of H (x = 2.1) is not
much different from that for NR, (2.4 for NMe,)'*. The only reasonable explanation may
be based on the repulsion between two rather bulky groups (=NR and NR,).

The relationship between CN(I) and CN(s) is weak but significant. Factor analysis shows
that, to explain about 95% of the total variance, four factors must be used (their weights
are: st 40.6%, 2nd 26.7%, 3rd 15.7%, and 4th 13.7%).

4. Analysis of systems with X* # H and X! or X*=H

The general structure for these systems is given below:

O—X

RNZ ny—R?2

’

R
R! or RZ=H, R*#H.

Within this group one can select subsamples e.g, by taking X?=C(n=3l),
X3=C(n=12), X>*=N(n=16) and X*=C(n=21). Table 10 contains structural and
statistical data for these subsamples as well as for the whole group. For all cases there
are only small differences between the CN(l) and CN(s) bond lengths. Even more,
differences between equivalent bonds for various subsamples are usually small as
presented in Table 11. In spite of small differences between CN(s) and CN(l), the
differences between a and y are sometimes very considerable (for X>=C and X*=N
these differences are 4.65° and 1.75°, respectively. The only sharp inequalities in this table
are for CX bonds, which are easy to understand, due to the variation of X. The reason
for the strong equalization of the CN(s) and CN(l) bond lengths lies in the possibility
of dimer formation and in enhanced =n-electron delocalization in the NCN fragment,
as shown in Fig. 13.

The results of factor analysis show that in all these groups strong cooperative
interactions exist, since the number of factors necessary to explain 95% of the variance is
either four or, in two cases, only three. Table 12 contains the relevant data. This decrease of
the number of independent factors necessary to explain the total variance of all six
structural parameters may be associated with the finding that CN(1) = CN(s). This, in turn,
results from the fact that structures of this group exist in the crystal lattice mostly as
dimers.

5. Analysis of amidine and amidinium derivatives substituted at imine nitrogen and
functional carbon

This subsample was extracted from the (3 + 3) set of Scheme 1 for getting less complex
interactions in the NC(X)N skeleton as a result of substitution. The substituents are
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TABLE 10. Structural and statistical data for amidine and amidinium cation derivatives with R! or

RZ=H and R*#H

Type of
subsample
(number
of entries) Parameter CN(is) CN() CX o B y A
Total P 1.330 1.324 1.465 11861 12322 11809 0018
(32) var(P) 00014 00012 00210 226 174 16.7 0.0002
esd(P) 0.037 0.034 0.145 4.8 4.2 41 0.014
P(min) 1.273 1.272 1.302 11033 11483 109.35 00
P(max) 1.400 1.381 1.839 128.63 13239 12664 0.059
X3=C P 1.327 1.328 1.488 12093 12264 11628 0.028
(12) var(p) 0.0026 0.0011 0.0008 223 6.9 1045 0.0003
esd(P) 0.051 0.034 0.027 4.7 2.6 3.2 0.016
P(min) 1.273 1.272 1.436 11500 117.89 109.35 0.0
P(max) 1.400 1.368 1.527 12863 127.70 12030  0.059
X3=N P 1.329 1.331 1.365 11790 12241 119.65 0011
(16) var(P) 0.0009 0.0011 0.0017 20.0 217 21.1 0.0001
esd(P) 0.030 0033 0.041 45 4.7 4.6 0.010
P(min) 1.275 1.272 1.328 110.33 11483 11228 00
P(max) 1.382 1.381 1.460 128.18 13093 126.64 0.035
X*=C P 1.327 1.322 1.455 11801 123.18 11876 0.017
(21) var(P) 0.0009 0.0095 0.0260 219 21.8 19.9 0.0001
esd(P) 0.030 0.031 0.162 4.7 4.5 0.012 0012
P(min) 1.275 1.272 1.328 11033 11695 11228 00
P(max) 1.382 1.381 1.839 12673 13239 12664 0.042
X2=C P 1.322 1.331 1.468 11857 12321 11814 0016
(31) var(P) 00014 00011 00214 234 18.8 17.1 0.0001
esd(P) 0.037 0.033 0.146 4.8 42 4.1 0.012
P(min) 1.273 1.272 1.328 11033 11483 109.35 0.0
P(max) 1.400 1.381 1.839 12863 13239 126.64 0.059

TABLE 11. Statistical analysis of the differences between the mean values
of structural parameters P; S[CN(), CN(s), CX, a, B and y] for amidine

and amidinium cation derlvauves with R! or R? =

H and R?® # H. The

sequence for a given parameter with significant differences is assigned by
the sign of inequality <, whereas for insignificant differences by the sign
of approximate equality =~
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TABLE 12. Results of factor analysis for amidine and amid-
inium cation derivatives

Factor
number Total X3=C X3=N X*=C X2’=C

1 448 39.8 52.2 50.0 447
2 288 36.0 38.7 357 28.9
3 16.3 16.4 4.6 9.8 16.2
4 8.5 1.5 33 30 85
5 1.6 0.2 1.2 1.6 1.6
6 0.0 0.0 0.0 0.0 0.0

attached in this subsample only at the functional carbon and at the imine nitrogen, as
shown below:

>|<3
4 /C\ 2
X —N N—R

R‘l

This subsample is quite numerous (n = 53) and its mean geometry {together with other
statistical data) is given in Table 13. The table also includes data for five smaller
subsamples in which X3 is either N (34 entries) or C (13 entries) and those where X* is
C (22 entries), N (14 entries) or O (12 entries).

The analysis of planarity gives the same results for the sample and for all smaller
subsamples: H,: A =0 has to be rejected at o =0.05. Since in this group and all its
subgroups an N—H bond exists, all these compounds form dimers in crystals. As a result,
CN(l) and CN(s) have very similar lengths, with small variances for both. The only
exceptions are two subsamples: that with X? = C and the other with X* = O, in which both
CN(s) and CN(l) differ significantly. In these two groups the amidine group may be a part
of alarger group and may be involved in strong interactions as with a complexation agent.
Scheme 2 shows the structure of bis(oxamide oximato)copper(I1)-oxamide oxime'5. In this

H—O0 N,

VS e

N
/ \CU\N

HZN—C\ / \0
N
HZN/

0——H

SCHEME 2
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TABLE 13. Structural and statistical data for amidine and amidinium cation derivatives substituted
at imine nitrogen and functional carbon. Thus R! = R2 = H, X3 and X* are unrestricted

Type of
subsamples Parameter CN(s) CN() cX o g Y A
Total P 1317 1339 1418 119.64 121.08 119.21 0014
(53) var(P) 00013 00015 0.020 25.6 26.4 77  0.0002
esd(P) 0.036  0.039 0.14 5.1 5.1 28 0014
P(min) 1.184  1.150  1.252 111.11 110.78 11532 0.0
P(max) 1398 1407  1.832 130.50 129.13 130.72  0.076
X}=N P 1329 1329  1.339 120.64 119.81 119.50 0013
(34) var(P) 0.0012 0.0019 0.0006 32,6 29.5 10.7  0.0002
esd(P) 0035 0043 0025 57 54 33 0015
P(min) 1.184 1150  1.305 111.13 110.78 11532 00
P(max) 1.398 1407 1408 130.50 129.13 130.72 0076
X3=C P 1.283 1362 1493 116.33 123.73 119.10 0.018
(13) var(P) 0.0003  0.0005 0.0002 1.68 12.8 43 0.0004
esd(P) 0016 0022 0014 1.3 36 2.1 002t
P(min) 1269 1322 1463 113.10 118.10 116.67 00
P(max) 1.330  1.391 1.515 118.18 12842 12388 0.076
X*=C P 1333 1334 1345 119.76 121.10 119.05 0.016
(22) var(P) 0.0005 0.0004 0.0019 21.0 14.1 53 0.0003
esd(P) 0024 0021 0044 4.6 38 23 0017
P(min) 1.285 1295 1282 111.13 11340 11613 0.0
P(max) 1383 1371 1.495 127.04 125.69 123.88 0.076
X*=N P 1.317 1329 1494 122.34 116.64 12098 0.013
(14) var(P) 00024 0005 0054 384 329 148 0.0002
esd(P) 0050 0065 0233 6.2 5.7 39 0031
P(min) 1.184 1.150 1.305 111.92 110.78 11781 00
P(max) 1.398 1407  1.382 133.50 129.13 130.72  0.051
X¢=0 P 1283 1365 1493 116.18 125.47 11829 0017
12 var(P) 00003 0.0004 0.0002 1.5 1.7 1.3 0.0001
esd(P) 0017 0021 0014 1.2 1.3 1.1 0011
P(min) 1269 1322 1463 113.10 122.64 116.66  0.002
P(max) 1.330 1391 1.515 117.91 128.42 12119 0032

compound, as is clear from the scheme, the amidine skeleton (in bold lines) is involved in
strong interactions with Cu(II) and contains links as mentioned previously. These strong
interactions may be responsible for localizing the double bonds and hence causing a
significant difference between CN(s) and CN(J).

The application of factor analysis to the data of the main sample and smaller subgroups
mentioned above shows that, except in the subsample with X* = O, usually four or even five
factors must be applied to explain 95%; of the total variance for the three bonds and three
bond angles taken into account. Thus, it seems that in this subsample the intercorrelations
between structural parameters describing the NC(X)N skeleton are rather weak. And
indeed, while correlating structural parameters according to equation 2, only in one case is
|r| > 0.84, namely for the plot of bond angles NCR3 vs NCN. This is not particularly
strange considering the obvious constraint that the three bond angles sum up to almost
360° or slightly less.
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6. Analysis of amidine and amidinium derivatives substituted at amine nitrogen

Another subsample which can be selected from the (3 + 3’) sample is the group of
compounds in which substitution is at the amine nitrogen atom, as shown in Figure 15.
One of the substituents at the amine nitrogen atom R! or R2 is H. There are 42 entries of
this group, from which two smaller subsamples with X2=C (n=33)and X?=N{n=7)
may be selected. An important feature of this group is that both CN bonds are of almost
equal length and, again, this results from the possibility of dimer formation in the crystal
lattice. The differences in the CN bond lengths in the subgroup with X2 = N may result
from the fact that the molecules of this group may form more complex H-bonding
networks in which there is no reason for the equalization of the CN bonds.

Table 14 contains structural and statistical data for the group and both subgroups.
Table 15 presents the sequence of increasing structural parameters for the amidine

3
R
| 1339
19! 1 1204
o /120 S
R— N —R?
1
R
FIGURE 15. Mean geometry of the
amidine skeleton of the (3 + 3') group

for derivatives with R!, R? and R*
unrestricted, but R! or R2 must be H

TABLE 14. Structural and statistical data for amidine and amidinium cation derivatives with R' or
R2 = H; other substituents unrestricted. If R2# H then two subsamples may be extracted

Type of
subsample Parameter CN(s) CN() CX a B Y A
Total P 1.330 1.335 1.339 119.07 120.43 12043  0.018
42) var(P) 0.0003 0.0003 0.0006 6.7 9.8 128  0.0001
esd(P) 0017 0017 0023 26 3.1 36 00t
P(min) 1.303 1.288 1.279 115.15 114.13 11203 00
P(max) 1.386  1.371 1.418 126.63 125.79 12602  0.049
X:=C P 1.332 1.332 1.342 118.54 120.78 12062 0018
33) var(P) 0.0003 0.0003 0.0005 6.3 8.8 12.1 0.0001
esd(P) 0016 0017 0021 2.5 3.0 35 001
P(min) 1.305 1.288 1.320 115.15 117.02 11203 0.003
P(max) 1.386 1.351 1.418 126.63 125.79 12593 0.035
X?=N P 1.322 1.350 1.323 121.86 118.71 11935 0.017
W) var(P) 0.0003 0.0002 0.0007 14 79 123 0.0003
esd(P) 0018 0012 0026 1.2 28 35 002
P(min) 1.303 1.332 1.279 119.92 114.13 11497 00

P(max) 1.356 1.371 1.358 123.80 122.89 12407 0.049




2. Structural chemistry of amidines and related systems 129

TABLE 15. Statistical analysis of differences between the mean values
of structural parameters P; [CN(l), CN(s), CX, a, B and y] for amidine
and amidinium cation derivatives with R! or R? = H; other substituents
unrestricted. The sequence for a giveri parameter with significant
differences is assigned by the sign of inequality <, and for insignificant
differences by the sign of approximate equality =

CNGs) X2=N)=X=(X2=C)
CN() X2=C)=X<(X2=N)
cx (X2=N)=X=x=(X2=C)
; X2=N)=X=(X2=0)
Y (X*=N)=X=(X*=C)

skeleton. The application of factor analysis leads to the conclusion that the subgroup with
X2 = C needs five factors to describe 95%; of the total variance, whereas the other subgroup
with X2 = N needs only three factors for the same purpose. This may be interpreted as
follows: X2 =N is a structural component which facilitates mutual interactions, since in
this case all three atoms linked to the functional carbon of the amidine moiety are nitrogen
atoms and have very similar electronegativities. This may decrease the number of
independent factors affecting the geometry of the NC(X)N skeleton.

§il. ANALYSIS OF AMIDINIUM SALT DERIVATIVES (3' GROUP)

The general scheme for this group and the labelling of the structural parameters is in
principle the same as for the 3 group (Figure 1) provided there are attached two
substituents R* and R at the N2 atom. Since in this group very often both CN bonds are of
the same length, CN(s) and CN(l) are chosen randomly. If, however, one of them is shorter
than the other, it is labelled as CN(s). All other assignments are as in the scheme for
amidine derivatives (group 3). The mean geometry for the amidine skeleton is presented in
Figure 16. The equalization of CN(s) and CN(l) observed in this group is due to the almost
identical chemical state of both nitrogen atoms: both are trivalent and differences may be
due only to the nature of the substituents, or even to the nature of interactions between
NR!R? and NR*R?% with the environment. This is a particularly important factor if
R!'=R2=R*=R*=H. Table 16 contains the structural and statistical data for the
large group (234 entries) which was divided into four subsamples, differing in the nature

3
R
1422

19.6 o 196

1323 12071323
R'—N 2 N — R’

5 1
R R
FIGURE 16. Mean geometry of the

amidine skeleton of group 3’ (amid-
inium cation derivatives)
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TABLE 16. Structural and statistical data for amidinium cation derivatives (3' group)

Type of
subsample Parameter CN(s) CN() CX o B y A
Total P 1323 1323 1422 119.60 120.73 119.60 0014
(234) var(P) 0.0005 0.0005 0.0236 9.3 59 93  0.0002
esd(P) 0022 0022 0.154 3.0 24 31 00t
P(min) 1266 1266 0967 103.35 107.92 10335 00
P(max) 1447 1447 1890 133.19 126.51 133.19  0.107
X3=C P 1323 1323 1473 11895 122.06 119.16 0016
(54) var(P) 00010 0.0010 00025 12.7 4. 127 0.0036
esd(P) 0032 0032 0050 36 20 36 0.020
P(min) 1274 1274 1324 103.35 116.08 103.35 00
P(max) 1.447 1447 1.551 133.19 125.11 133.19 0.107
X3=N P 1.324 1324 1353 119.78 120.35 119.78 0.012
(146) var(P) 0.0002 0.0002 0.0060 6.3 33 6.3  0.0001
esd(P) 0015 0015 0078 25 1.8 25 001
P(min) 1266 1266 1.308 111.23 107.92 10335 0.0
P(max) 1416 1416 1.431 129.83 126.51 129.83  0.039
X*=N P 1322 1322 1350 119.87 120.16 119.87 0012
R!=R2?=R*
=R%=H var(P) 0.0002 0.0002 0.0063 6.1 3.1 6.1  0.000t
(102) esd(P) 0013 0013 0079 25 1.8 25 0010
P(min) 1266 1266 1.308 111.23 115.86 11123 00
P(max) 1.380 1.380 1.388 128.54 126.28 128.54 0039
X3=C P 1313 1313 1476 119.36 121.39 119.36  0.007
R'=R2?=R*
=R%=H var(P) 0.0002 0.0002 0.0015 19.7 20 19.7  0.0001
(13) esd(P) 0015 0015 0038 44 14 44 0007

P(min) 1297 1297 1.3%4 103.95 118.95 10335 00
P(max) 1375 1375 1.529 133.19 123.46 133.19  0.026

of the C—X3 link with unrestricted R!, R2, R* and R? substituents. The other two sub-
groups are similar but with R! =R?2=R*=R°=H.

The typical pattern of the geometry of the NC(X)N skeleton shows very little
differentiation between CN(1) and CN(s), with very small variances for both. The same is
observed for the bond angles « and y. This corroborates the recognized fact that both
nitrogen atoms as well as both CN bonds are chemically very similar. Table 16 contains
structural and statistical data for the amidine skeleton for the whole group as well as for
the four subgroups, which will be discussed separately.

Table 17 presents the sequences of increasing structural parameters. For both CN{s)
and CN(l) the inequalities are mostly weak ones, and the same is true for the o, § and y
angles. The only significant difference is for CX bonds and results from the variation in the
chemical nature of X. Factor analysis gives a surprising result, namely that except in one
subgroup (two unsubstituted NH, groups with X3 =C), always all five factors are
necessary to reproduce the total variance for the main group as well as for the remaining
three subgroups.
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TABLE 17. Statistical analysis of differences between the mean values of structural parameters F,
[CN(l), CN(s), CX, &, f and y] for amidinium cation derivatives. The sequence {or a given parameter
with significant differences is assigned by the sign of inequality <, and for insignificant differences by
the sign of approximate equality =

CNs) (X*=C)=(X*=C,R! =H)x Total (X* =N,R! = H) = (X* =N)
CN() (X*=C,R!=H)<(X?=N,R! = H)=(X* = N) = Total = (X* = C)
cX (X*=N, R! = H) = (X® = N) < Total < CX?* = C) = (X* =C,R' = H)
« (X*=0C)=Total =(X*=N)=(X*=N, R =H)= (X*=C, R! = H)
B (X*=N,R!=H)=(X*=N) < Total = (X*=C,R' = H) 2 (X*> =C)
y (X*=C,R! = H) = (X? = C) = Total = (X? =N) 2 (X* = N,R' = H)

A. Analysis of the Subgroup with R', R?, R* and R® Unrestricted but X*=C

This group is quite numerous (n = 54). While looking at its geometry it is important to
say that both CN bonds are of the same length, whereas angles o and y differ only slightly.
This reflects the similarity of the chemical nature of both nitrogen atoms and might suggest
a relatively concerted substituent effect on the n-electron system of NCN(X)N which
results in equalization in bond lengths and bond angles, although the latter is to a much
lesser extent.

B. Analysis of the Subgroup with R', R?, R* and R® Unrestricted but X*=N

This numerous group (1 = 146) consists of guanidinium cation derivatives. Compared
to the former group (X* = C), variances for all structural parameters are smaller. Even the
deviations from the planarity of this group are less exhibited than in the former one. This
may result from the easier delocalization of the n-electrons due to equal (or almost equal)
electronegativities of all three nitrogen atoms involved in the skeleton.

C. Analysis of the Subgroups withR' = R? = R*=R®=Hand either X>=CorX*=N

These two groups differ rather slightly from each other. The CN bond lengths for the
X3 =N group are somewhat longer than for the X* =C group. A greater difference is found
for the S angle which, for the X* = N group, is 1.23° smaller than for the X* = C group.
The greater equalization of &, § and y values in the X® = N group may result from possible
interactions of NH fragments with anions in the environment, involving all three nitrogen
atoms in question. The application of the factor analysis to the structural parameters of
this group and its subgroups shows that all five factors are necessary to reproduce the total
variance (the fifth smallest factor is still larger than 9.0%). This seems to suggest low
cooperative effects due to variations of the substituents in the NCN group in amidinium
cation derivatives.

IV. ANALYSIS OF SUBGROUPS OF AMIDINE DERIVATIVES

This group consists of 346 entries and may be described by the mean geometry as
presented in Figure 17. Full geometrical and statistical data for this group and all its
subgroups are given in Table 18. The most important characteristics of this group are: a
significant difference between CN(s) and CN(1) equal to 0.041 A, and & > v, by 1.76°. This
picture for bond lengths becomes even more distinct while coming to subgroups with
X3 = C with CN(l) — CN(s) = 0.056 and for X = S with CN(l) — CN(s) = 0.069 A, respec-
tively. For the latter case & — y = 4.35°. The difference in CN bond lengths is the smallest
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FIGURE 17. Mean geometry of the
amidine skeleton of group 3 (amidine
derivatives)
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for the X3=N group. Undoubtedly, the three nitrogen atoms bound to the same
functional carbon atom behave similarly and hence delocalization of the n-electrons in the
NCN fragment is easy, with CN(I)—CN(s)=0.035A. The sequentlal relatlonshlps
between the structural parameters of this group and all its subgroups are given in Table 19.
The whole group as well as all subgroups exibit deformations from planarity. The mean
geometries for the subgroups are presented in Figures 18, 19 and 20. Regressional analysis
carried out within group 3 and its subgroups has not given any chemically important
results. The results of the factor analysis are given in Table 20. In all cases (except X* = S)

TABLE 18. Structural and statistical data for amidine derivatives. Differentiation of the sample is by
the C—X?3 bond. All other substituents R!, RZ, R* and R (if present) are unrestricted

Type of
subsample Parameter CN(s) CN()) CX ] B y A
Total P 1.303 1.346 1.441 120.48 121.05 11824 0023
(342) var(P) 00015 00012 00215 229 233 214 00011
esd(P) 0.038 0.035 0.147 48 48 4.6 0.034
P(min) 1.103 1158 0938 89.19 103.37 97.14  0.000
P(max) 1476 1481 1.938 140.19 136.40 137.81 0274
CN(3) P 1.301 1.336  1.363 120.17 121.84 117.64  0.025
(197) var(P) 0.0018 0.0009 0.0014 14.7 18.0 163  0.0001
esd(P) 0.043 0030 0037 38 42 40 0037
P(min) 1.103 1.158  1.252 106.85 110.78 10523  0.000
P(max) 1.423 1.442 1.499 135.84 136.50 128.12 0274
CC(3) P 1303 1359 1488 120.21 120.27 119.29 0022
%4) var(P) 0.0013 0.00t15 0.0011 343 273 21.1 0.0010
esd(P) 0036 0039 0032 59 52 46 0032
P(min) 1.252 1.266 1.354 89.19 103.37 11025 0.000
P(max) 1476 1481 1.607 132.19 131.90 137.81 0.274
CS(3) P 1299 1368  1.767 122.06 120.33 117711 0016
35) var(P) 0.0005 0.0010 0.0010 343 355 42,5 0.0001
esdP) . 0022 0032 0032 59 6.0 65 0010
P(min) 1.235 1.327 1719 110.23 108.64 97.14  0.003

P(max) 1.338 1472 1.839 140.89 132.39 12592  0.051
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TABLE 19. Statistical analysis of differences between the mean values
of structural parameters P; [CN(1), CN(s), CX, o, f and y] for amidine
derivatives. Differentiation of the sample is by the C—X? bond. All other
substituents R!, R%, R* and R® (if present) are unrestricted. The sequence
for a given parameter with significant differences is assigned by the sign
of inequality <, and for insignificant differences by the sign of
approximate equality =

CN(s) CS~CN = Total = CC
CN(®) CN < Total <CC = CS
CcX CN < Total <CC < CS
o CN = CCzTotal =CS
B CC <CSxTotal <CN
¥y CS < CCx=Total <CN
N
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4
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FIGURE 18. Mean geometry of the
amidine skeleton of group 3 with
X3=N. R!, R? and R* are
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C
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FIGURE 19. Mean geometry of the
amidine skeleton of group 3 with
X3=C. R!, R? and R?* are
unrestricted

five factors are necessary to reproduce more than 95% of the total variance, In the case of
the X3 =S group, four factors are needed to give a 96.3% explanation.
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TABLE 20. Results of factor analysis for amidine derivatives. Differentiation of the sample is by the
C—X? bond

Percent of explanation of the total variance by
factors in subgroups of 3

Factor

number Total CN CC CS
1 29.9 370 349 46.1
2 27.6 28.7 246 29.3
3 18.2 20.8° 17.3 114
4 14.6 7.8 14.3 10.6
5 9.3 5.0 5.5 3.6
6 04 0.6 34 0.1

A. Structural Comparison of the Mean Geometries of NC(X)N Skeletons in
Amldine and Amidinium Salt Derivatives

Both groups of compounds, 3 and 3, i.e. amidine and amidinium salt derivatives, are of
comparable amounts, containing 346 and 234 entries, respectively. The amidine deriva-
tives 3 exhibit the greater mean value of deviation from planarity A =0.023A in
comparison to 0.014 for the 3’ group. The analysis of the shape of the distribution of A
values for the 3 and 3’ groups supports the conclusion that the NC(X)N skeleton in the
amidinium salt derivatives is often less deformed from planarity.

An obvious difference is in the CN bond lengths, the mean values of which for group 3’
are equal to each other and have a very small value of variance 0.0005 A, whereas for group
3 these bonds are significantly (at a = 0.05) differentiated in length with much larger values
of variances, 0.0015 and 0.0012 for CN(s) and CN(l), respectively. Undoubtedly, in group 3’
the equalization of the CN bond lengths as well as the more planar shape of the NC(X)N
skeleton results from the delocalization of the positive charge via the n-electron effect. This
effect is weaker in group 3, except in cases of dimers formed in the crystal lattice by amidine
derivatives with R* or RZ2=H.

The differences in bond angles in the NC(X)N fragment of the 3 and 3’ groups fit our
previous conclusions. In the amidinium salt derivatives the mean value of « is equal to the
mean value of y with f = 120.73. In the case of amidine derivatives = 121.05, and itis only
slightly larger than in the 3’ group, but & > 3, with the difference being quite large, 2.24°.
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V. STRUCTURAL ANALYSIS OF IMIDATE DERIVATIVES

Imidates and their derivatives belong to class 4 of Scheme 1 and retrieval from CSD gave
79 imidate entries. The labelling of bonds and bond angles is given in Figure 21. Imidates
may be again classified according to the nature of the C—X?3 link, and four subgroups
have been selected from the total sample. The mean geometry of the imidate skeleton is
given in Figure 22

The most striking fact observed in the mean geometries of all subsamples is the large
value of «. Since this angle is opposite the C—O bond, it may be interpreted within the
frame of the Walsh rule'®3. The electronegativity of the oxygen atom (y = 3.5) may
cause the increase in the value of a. The structural and statistical data for imidates and
some subsamples are gathered in Table 21.

We can analyze the planarity of the N=CX3O skeleton in a way similar to that
employed before, applying as a measure of deviation from planarity the value of A defined
previously (Figure 1). The mean value of A for the total sample (0.016 A) is significantly
different from zero at the significance level « = 0.05. This observation is in line with that for
amidines (groups 3 and 3’ in Scheme 1). Table 22 presents the results of the statistical
analysis of the sequence for the changes of structural parameters for the total group of
imidate derivatives and for all its subgroups as well.

The application ‘of principal component analysis to the data of the whole sample of
imidate derivatives as well as to the above-mentioned subsamples leads to the results
collected in Table 23. The main conclusion is that, except for the X? = C subsample, for all
subsamples five or four factors are enough to reproduce from 90 to 959 of the total
variance (in the case of X3 = O, even three factors). This could support the conclusion that,
in the imidate derivatives, the substituents affect the skeleton in a way giving more
concerted changes in the structural parameters.

A. Analysis of Subsamples with either R' and R? or R® and R? Unrestricted

The sample containing 79 entries is not a group of homogeneous systems. The
substituents (R!, R® R*) may differ by the first atom linked directly to the atoms of the

R3
|cx
o ¥
c
P
R"—N/ra\o——R‘

FIGURE 21. Assignment of bonds
and angles for imidate derivatives
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——  FIGURE 22. Mean geometry of the imidate skeleton
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TABLE 21. Structural and statistical data for imidate derivatives with R' and R? unrestricted

Type of
subsample Parameter CN(s) CO CX o B y A
Total P 1.289 1328 1493 12455 11951 11586 0016
(79) var(P) 0.0010 0.0010 0.0415 10.8 18.0 19.3 0.0002
esd(P) 0.032 0.032 0.229 33 42 44 0.015
P(min) 1.205 1.224 1.170  115.10 10806 10721 00
P(max) 1.387 1.418 2.099 133.17 126.75 12426 0.058
X2=$ P 1.276 1.332 1.744 12421 117.68 118.03 0.024
8) var(P) 0.0011 00010 0.0016 5.1 264 39.0 0.0002
esd(P) 0.033 0.031 0.040 23 5.1 6.2 0.014
P(min) 1.205 1.304 1.17 121.02  113.21 107.21  0.004
P(max) 1.302 1.398 1.804 12741 12497 12426 0.052
X*=N P 1.302 1.324 1.319 123.48 12049 11598 0.012
(14) var(P) 0.0001 0.0006 0.0002 2048 129 8.6 0.0001
esd(P) 0.008 0.024 0.014 14 36 29 0.015
P(min) 1.285 1.299 1.298 121.75 11480 11269 0.0
P(max) 1.311 1.383 1.336 12651 12351 121.56 0.037
X?2=0 P 1311 1.334 1285 12561  117.75 11649 0.021
n var(P) 0.0020 0.0006 0.0083 9.7 537 24.2 0.0004
esd(P) 0.044 0.025 0.091 3.1 73 49 0.021
P(min) 1.264 1.291 1.173 120.54 10806 11192 00
P(max) 1.387 1.366 1.484 12972 12501 12380 0.058
X?=C P 1.284 1.323 1.492 124.15 11923 11556 0014
(C3)) var(P) 0.0009 0.0012 0.0041 12.7 9.8 113.7 0.0002
esd(P) 0.030 0.035 0.064 36 31 44 0.014
P(min) 1.231 1.224 1415 11510 11501 109.17 0.0
P(max) 1.346 1.418 1.850 130.94 126.75 12192 0.048

TABLE 22. Statistical analysis of differences between the mean values of structural parameters P-
[CN(l), CN(s), CX, a, f and y] for imidate derivatives with R* and R? unrestricted. The sequence for a
given parameter with significant differences is assigned by the sign of the inequality <, and for
insignificant differences by the sign of approximate equality =

CN(s)
CN()
CX

o

B
¥

(X* =)= (X® = C) = Total = (X* = N) = (X3 = 0)
(X3 =C)=(X*=N)x Total =(X> = §) = (X* = 0)
(X? = 0) = (X? = N) < (X* = C) = Total < (X* = )
(X3 = N)x(X? = C) = (X, = S) = Total = (X* = 0)
(X?=8)=(X*=0)x Total = (X*=C)=(X*=N)
(X3 =C)=Total <(X*=N)=(X*=0)=(X*=5)

TABLE 23. Results of factor analysis for imidate deriva-
tives with R! and R? unrestricted

Factor
number Total X3=0 X’=N X3=C

1 44.6 81.7 442 50.1
2 279 11.8 24.7 19.5
3 15.5 40 202 15.2
4 73 23 9.7 8.1
5 4.7 0.2 1.2 7.1
6 00 0.0 0.0 0.0
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TABLE 24. Structural and statistical data for two groups of imidate derivatives, the first with R! and
R? unrestricted (X = C, X* = H and X® = N), and the other with R? and R3 unrestricted (X! = C and
X!=H)

Type of
subsample Parameter CN(s) CO CcX o B y A
Xi=C P 1.288 1.332 1.565 12551 11870 11568 0.022
(39) var(P) 00012 00009 0.0665 9.7 19.5 203 0.0003
esd(P) 0034 0030 0258 31 44 45 0017
P(min) 1.205 1.282 1.173 119.79 108.06 107.21 0.0
P(max) 1.387 1.398 2.099 133.17 12501 12426 0058
X3=H P 1.284 1317 1413 12425 12038 11536 0010
(19) var(P) 0.0008 00002 0.0081 39 114 18.7  0.0001
esd(P) 0030 0015  0.090 20 34 43 0010
P(min) 1.231 1.299 1.298 12144 11537 109.17 00
P(max) 1.312 1.344 1.527 12735 12416 121.56 0.041
X3=N P 1.293 1.326 1.429 121.60 12224 11614 0014
(8) var(P) 0.0005 00045 0.0078 249 8.4 109  0.0002
esd(P) 0022 0067 0088 5.0 29 33 0.015
P(min) 1.266 1.224 1.318 11510  188.5 11190 00
P(max) 1.325 1.418 1.521 129.61 12675 12120 0.041
Xt=C P 1.287 1.331 1.495 12494 11927 11570 0.017
(70) var(P) 0.0010  0.0008  0.0468 9.2 17.8 19.1 0.0002
esd(P) 0032 0028 0216 3.0 4.2 44 0016
P(min) 1.205 1.282 1173 11823 10806 10721 00
P(max) 1.387 1418 2,099 13317  126.75 12426 0.058
X!'=H P 1.309 1.289 1.402 121.81 11892 11926 0.008
10 var(P) 0.0001 0.0010 0.0086 1.7 10.3 55  0.0001
esd(P) 0010 0032  0.093 34 32 23 0008
P(min) 1.298 1.224 1.298 11510 11537 11536 0.004
P(max) 1.325 1.314 1.521 12483 12370 12156 0017

imidate skeleton (X!, X* and X*, respectively) and may produce quite different structural
changes of the skeleton. Figure 22 presents the labelling of the structural parameters,
whereas Table 24 contains the structural and statistical parameters for subsamples
extracted from imidate derivatives (group 4) by fixing X>*=C, X3=H and X>*=N,

The most numerous subsample, n =41, is the one with X2 = C and X' and X? being
varied.

First of all, testing the hypothesis on the planarity of the NX2CO skeleton leads to the
same conclusion as for the whole sample, that is, A = 0.014 A is significantly different from
zero at o = 0.05. The other structural parameters, two of them being chemically fixed, i.e.
C—N?and C—O bonds, vary very strongly and in a way which makes it difficult to carry
out any analysis. These two types of bonds, however, in spite of the possibility of being
involved in the n-electron conjugation, in general, do not interact in an expected way. If
this conjugation occurred, one would expect a mutual dependence between the lengths of
the CN and CO bonds with a negative slope. In this kind of plot the correlation coefficient
r= —0.51 was obtained, and it is significantly different from r =0 at the « = 0.05 level.
This kind of dependence, however, gives no perspectives for any quantitative interpret-
ation. Of many other plots, only two seem to be interesting and significant: « vs CN and
o vs CO bond lengths give r = 0.64 and —0.58, respectively, and they support the conclusion
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that the electronic effects of the substituents at various sites affect these three parameters in
a relatively concerted way, as already shown above for the CN vs CO bond lengths.

The application of principal component analysis shows that three main factors explain
50.1, 19.5 and 15.2%; of the total variance, i.e. altogether 84.8%. The next two explain 8.0
and 7.1%, being distinctly lower in significance. The last factor is close to zero, which
results from the almost complete planarity of the skeleton and from the restriction that the
three angles must add up to 360°.

Apart from subsamples whose structural parameters are given in Table 21, one can
consider another partitioning in which the principle of division involves atoms linked to
the nitrogen (N—X group) and oxygen (O—X group) atoms. Table 24 also contains
structural and statistical parameters for these subsamples. The most interesting features
are relatively short CN bond lengths, the longest being for the OX! subgroup (1.309 A) for
which the CO bond is the shortest (1.289 A).

VI. ANALYSIS OF IMIDINE DERIVATIVES

From this group of compounds (5 in Scheme 1) only 13 fragments could be retrieved from
CSD. The mean geometry of this group is presented in Figure 23, whereas the full
geometrical and statistical characteristics are presented in Table 25.

An important feature of the mean geometry of the NCN skeleton is that CM(]) is
considerably longer than CN(s), 1.384 lf and 1.314 A, respectively. The largest of all bond
angles is the central CNC angle equal to 122.33° with a relatively large variance 11.8°2,
which is significantly greater than 120° at o = 0.05. The large value of this angle seems to
result from the repulsion of substituents at both functional carbon atoms. Factor analysis
applied to NC(X)N fragments shows that to reach more than 95% of the explanation of the
total variance, five factors have to be used.

X' X
I 1431
C 1‘!9.LC121.7
. 7 N\J223 e\ 13% o
R*—N N 7384 N —R
|
FIGURE 23. Mean geometry of the imidine skeleton of

group §

TABLE 25. Structural and statistical data for imidine derivatives (5). All substituents R*, R%, R* and
RS (if present) are unrestricted

Type of

subsample Parameter CN(s) CN() CX a B y A

Total P 1.314 1.384 1431 121.74 11885 11936 0.013

(13) var(P) 00009 00010 0.0316 240 218 13.7  0.0002
esd(P) 0030 0031 0.178 49 47 3.7 0013
P(min) 1.264 1.307 1.213 109.35 11033 11229 0.600

P(max) 1.381 1.460 1.762 13177 12770 128.63 0.048
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VIl. GENERAL REMARKS AND FINAL CONCLUSIONS

A. Planarity of the NC(X)N and NC(X)O Skeletons

While considering the NC(X)N skeleton in amidines, amidinium cations and imidine
derivatives and the NC(X)O skeleton in imidate derivatives and looking through all tables
one can conclude that for all groups and subgroups the NC(X)N and NC(X)O fragments
treated as averaged structures should not be taken as planar. The largest value of A =0.274 A
observed for guanidinium tricarbonatotrifluorothorate(IV)® is quite large, but this is
rather an exception and the mean values of A are in the range 0.009A-0.050 A. Chemical
implications due to this nonplanarity seem not to be important even if the mean values of A
are always different from zero in a statistically significant way at the significance level
o = 0.05. How to interpret this finding? It is well known that the force constants for out-of-
plane deformations in rigid systems such as in aromatic ones, are one order of magnitude
smaller than for the deformation of the bond angles?-3. The packing forces, which operate
in the crystal lattice are strong enough to cause deformations from planarity, which
indeed are observed. Only in a small fraction of the systems (4.8% of the cases) do we
observe planarity (i.e. A; = 0). In these cases the forces operating may be either very weak
and hence little deforming, or quite strong but operating in opposite directions and
cancelling each other in the skeleton in question. Table 26 presents the frequency
distribution of A values calculated for the whole sample of amidine and amidinium salt
derivatives.

TABLE 26. Frequency of deviation of
the carbon atom from the N'XN? plane
for the whole sample

Range of A % of NC(X)N
A) entries
0.000 48
0.000-0.005 226
0.005-0.010 17.7
0.010-0.015 14.2
0.015-0.020 109
0.020-0.025 73
0.025-0.030 15
0.030-0.035 45
0.035-0.040 20
0.040-0.050 2.5
0.050-0.100 37
> 0.100 23

B. Equalization of NC Bond Lengths in the NCN Fragment

Another general feature of the amidine skeleton is the relation between the shorter and
longer CN bond lengths, i.e. CN(s) and CN(l), respectively. In many cases these two bonds
are of similar length. In general, this is observed for two situations: (a) when amidines can
form dimers in the crystal lattice and (b) in the case of amidinium salt derivatives.
Additionally, it may occur in the case of amidine derivatives with substituents acting by a
push—pull effect. Let us illustrate all three cases.
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(a) Equalization of CN bond length due to dimer formation in the crystal lattice. In the
case of amidine derivatives with at least one N—H bond at one of the nitrogen atoms in
the NCN skeleton, dimerization may be observed in the crystal lattice (see Figure 13).

As an illustration let us consider the crystal and molecular structure of N,N’-
diphenylformamidine!" presented in Figures 24 and 25. Figure 24 shows the arrangement
of the dimers of N,N’-diphenylformamidine in the crystal lattice. The NCN planes as
shown in Figure 25 are not coplanar in both parts of the dimer; the dihedral angle between
them is equal to 180-40.4 = 139.6°. This makes the situation even more complex, but this
noncoplanarity results from the very low value of the force constant of N—H... N bond

bending.

FIGURE 24. Projection of the cell content along the Z-axis. Only

half of the cell is presented

HN22

FIGURE 25. Scheme of the spatial arrangement

for NCN skeletons
diphenylformamidine!*

in dimers of N,N'-
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FIGURE 26. Canonical structures for (NCNH) in dimers

To understand the nature of the interactions we apply the approximate estimation of the
N—H... N interaction energy given recently!$!” by equation 4:

E(N...H)= EN—H)exp {a[ R(N—H) — R(N...H)1]} )

where E(N—H) and R(N—H) stand for the energy and bond length of the N—H bond in
ammonia, respectively, whereas E(N... Hyand R(N... H) stand for theenergy of the N... H
bond (interaction) with the interatomic distance R(N... H), respectively. Quanitity a is an
empirical constant estimated for the case when R(N...H) and E(N...H) are known (for
H*...N~ interaction a = 4.015). The application of this formula to N—H...N interac-
tions in the above-mentioned dimer yields E = 29.2kJ mol~!. This relatively strong
interaction causes the two canonical structures of the NCN skeleton to be taken into
account while analyzing its geometry in the dimer. This is shown in Figure 26. It seems that

both canonical structures participate with almost equal weights, resulting in equalization
of CN bond lengths.

(b) Equalization of CN bond lengths in the case of amidinium cation derivatives. It is
usually accepted that in the case of amidinium cation derivatives the values of the two CN
bond lengths are CN(s) = CN{l). This is well supported by the mean values of CN bond
lengths for this class of compounds (Table 16). However, in many individual cases the
intramolecular structure of the compound would suggest the equality of CN bond lengths,
whereas the observed values are not equal to each other. This is particularly well observed
for cases with R! =R2=R*®=R*=R%=H. Let us consider a typical example: the
molecular structure of guanidinium carbonate'® for which Figure 27 presents the
geometry and the closest contacts. When equation 4 is applied to NH. .. O interactions one
can obtain E(N'H...0~%) =13.0kJmol "', whereas for the N*H...O % and N®°H...O~?
interactions the energies are considerable larger, 23.6 and 33.7kJmol ™!, respectively. In
these calculations o (the empirical constant in equation 4) is estimated to be equal to
4338617 Tt is immediately apparent that the C—N bond with the NH, group must
weakly interacting with the oxygen atoms of the carbonate anion is the longest (1.358 A).
This may be understood, since in the two other NH, groups much stronger H-bond
interactions cause the appearance of a negative charge at the nitrogen atom which may be
partly delocalized along the CN bond. Hence, these two CN bonds are considerably
shorter.
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FIGURE 27. Geometry and H-bonding net for the guanidinium cation in its
carbonate salt'2. The numbers at the H atoms are the N---O interatomic
distances
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FIGURE 28. Canonical structures for amidine derivatives with an
electron-accepting substituent attached at imine nitrogen atom

(c) Equalization of CN bond lengths as a result of substituent effects via push—pull
interactions. In the case of an electron-accepting group attached to the imine nitrogen
atom, one can expect an increase in the weight of the canonical structure IT with a localized
negative charge at the accepting group A (Figure 28). This intramolecular charge transfer
should be reflected in the equalization of the CN bond lengths. Let us consider as an
illustration the molecular geometry of N,N-dimethyl-N-sulfonylamidine'® in which the
CN bond lengths are equal to 1.307(5) A and 1.314(4) A. The application of the HOSE
model?? (ie., the model which allows to obtain the weights of canonical structures
directly from the geometry of the n-electron molecule or a fragment of it), gives weights for
the first and second canonical structures equal to 53 and 47%,, respectively. In the case of a
weaker accepting substituent?!, ie. p-nitrophenyl, these values are 67 and 33%,
respectively. It should be noted here that the delocalization of the n-electrons in the NCN
skeleton depends not only on the accepting properties of the R* substituent at the
functional carbon, and in the case of R? = tert-butyl?! these weights are 85.2 and 14.8%,
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respectively. Undoubtedly, conformational conditions may affect in these cases the n-
electron delocalization'®. These two effects, namely the push~pull one from the R*
substituent (if it is electron accepting) and the steric one from R3, make the general
situation very complex.

C. Sequence of the Variation of Structural Parameters Analyzed along Main Groups

The data in Table 27 show the results of the sequence analysis of the structural
parameters for all main groups including the structures 3, 3, 4, § and (3 + 3'). The most

TABLE 27. Sequence of parameters in all main groups of amidine and
amidinium cation derivatives

CN(s) 4<32(3+3)=5=3
CN() I=4C—0)<(3+3)<3<5
cxX ¥>52(3+3)23<4
o I<(3+3)=3=5<4
B 524<¥=(3+3)=3
y 4<3x=(3+3)x=5=2%
A 523 =4<(3+3)<3

planar NC(X)N skeletons [or NC(X)O skeletons] are in the systems belonging to groups §,
3 and 4. The NC(X)N skeleton in group (3 -+ 3') is significantly more deformed than the
former ones. Most deformed are the NC(X)N skeletons in structures of group 3.

With a few exceptions the sequences of  and y angles are generally opposite in direction,
and this is true also for the CN(s) and CN(l) bond lengths.

These observations are very approximate and true only for averaged structures.
In individual cases they may often not be maintained.

D. Variation of the Angle # and the Probiem of the Configuration
of Amidine Derivatives

The amidine derivatives (group 3) may be considered in terms of geometrical isomerism
around the CN(s) double bond. Formally, one can select four possible isomers as shown in
Figure 29 for the case when R—one of the substituents at N'—is a hydrogen atom. The
spatial relations between the substituents at N, N2 and the functional carbon atom follow
the rules given by Cahn, Ingold and Prelog (Figure 29).

An interesting observation that the angle f depends on the size of R® and on the
configuration at N2 has been made by Ciszak?2. She has found that for formamidines,
benzamidines and acetamidines, all in configuration N%(E), the angle f# is 122.9, 119.0 and
118.5°, respectively. For those amidines which are in configuration N(Z), the angle B is as
large as 125.9°. These results, although observed on a relatively small sample, are very
important. First, the sample was chosen from not very complex systems and with well-
solved geometry. Second, it shows a relation between the configuration at N2 and the
NCN angle, which is of great interest in the field of amidine derivatives. She has also found
that for B < 124° mostly the N%(Z) configuration occurs. Moreover, the fact that in the
series of formamidines, benzamidines and acetamidines the § value decreases for the N*(E)
configuration may simply mean that the f value depends on spatial requirements of R3.
Considering the values of f for the (3 + 3') group (Tables 4 and 9) it can be seen that f for
formamidines has indeed the largest value, supporting broadly the former conclusion.
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FIGURE 29. Assignment of the spatial arrangements for
the amidine skeleton according to Cahn, Ingold and
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i. INTRODUCTION

A. Scope

This chapter is a review of recent developments in the stereochemical aspects of
amidines, imidates and related compounds. It is an updating of parts of two chapters from
the 1975 volume on amidines and imidates: ‘General and Theoretical Aspects of Amidines
and Imidic Acid Derivatives’, by Hifelinger!, and ‘Constitution, Configurational and
Conformational Aspects, and Chiroptical Properties of Imidic Acid Derivatives’, by
Fodor and Phillips2. The literature has been surveyed from 1974 to early 1990, and little
effort was devoted to coverage of any pre-1974 publications that may have been omitted
from the earlier volume. One other review on amidines, emphasizing their synthesis and
reactions, has been published by Granik3.

The structures under consideration all have the functional group N—C=N or O—
C=N, as in amidines RC(NR,)=NR" or imidates RC(OR’)=NR". Consideration is
extended to thioimidates RC(SR)=NR", as well as to conjugate bases and conjugate
acids, including alkylated species. Further extensions are to amidines and imidates
substituted with an oxygen or nitrogen heteroatom at nitrogen, as in amidoximes
RC(NR%)=NOH or hydrazidates RC(OR')==NNR}, or substituted with a heteroatom at
carbon, as in guanidines R,NC(NR3)=NR" or iminocarbonates ROC(OR')=NR". We
omit doubly heterosubstituted amidines and imidates, such as hydroxyamidoximes
RC(INHOH)=NOH or aminoguanidines R,NC(NR’)=NNR}. Also we omit heterocy-
cles that incorporate the N—C=N or O—C=N grouping, except where these exemplify
the behavior of amidines or imidates independently of their presence in a heterocyclic ring.
If there is a proton on the singly bonded nitrogen (or oxygen), there is the further
complication of tautomerism, and this is discussed in another chapter of this supplement®.

The emphasis is on configurations and conformations of amidines and imidates. The
principal topic is the characterization of the stereochemistry of the C—N double or
partial-double bond and of the C—N or C—O single bond. A further aspect is the
interconversion of those configurations and conformations, by such mechanisms as
nitrogen inversion and rotation about double, partial-double and single bonds. Most of
the results presented will be NMR results, since NMR is such a powerful technique for
answering such questions, far more direct than the older IR methods that rely on
correlations of bands with structural features. However, little attention will be paid to the
assignment of NMR signals, since chemical-shift correlations are now complemented by
measurement of n-bond coupling constants "J and nuclear Overhauser enhancements
(NOE:s), which are more secure.

Further aspects of stereochemistry concern reactivity. Diastereotopic groups in an
amidine or imidate molecule can react at different rates. Also diastereoisomeric
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(diastereomeric) amidines or imidates can have different reactivity, and they may be
formed at different rates, so that the product that is obtained synthetically is not
necessarily the equilibrium material. Also, the stereochemistry of an amidine or imidate
may induce configurational or conformational features in intermediates along the reaction
pathway, and these may determine the course of the chemical reaction, or its regiochemis-
try or stereochemistry. In particular, there are often stereochemical aspects of amidines
(and imidates) that arise from chiral (stereogenic) centers, either in the amidine or imidate
itself or in reaction intermediates or products derived therefrom.

This review is organized according to the stereochemical questions that are considered.
First the structural aspects are surveyed: What are the configurations of amidines and
imidates—the stereochemistry about the C—N double bond? What are the con-
formations of amidines and imidates—the stereochemistry about the C—N or C—O
single bond? Then the interconversions of these stereoisomers are surveyed —rates of E-Z
stereoisomerization and rates of rotation about the single bond. Finally the consequences
of stereochemistry for reactivity are surveyed: Which stereoisomers are obtained from a
chemical reaction? What are the relative reactivities of the different diastereoisomers
(diastereomers) or of diastereotopic groups in the same molecule?

Within each category of stereochemical questions the various functional groups are
considered in turn. The order is approximately an order of increasing molecular
complexity: amidines, imidic acids and esters, thioimidates, ionic conjugate acids and
bases (amidinium ions, amidinate anions, imidatonium ions, imidate anions, plus metal
complexes), amidines and imidates with sp?-C substituents (N-alkylidene amidines, N-
acylamidines, imidines, N-acylimidates), N-heterosubstituted amidines and imidates
(N-aminoamidines, amidrazones, amidoximes, hydrazidates, hydroximates), C-
heterosubstituted amidines and imidates (guanidines, isoureas, isothioureas, haloforma-
midines, haloformimidic acids and their conjugate acids). There are frequent gaps in the
record, where some stereochemical question has not been addressed for some functional
group, and it is hoped that this review will encourage researchers to answer these
questions.

We neglect the extensive investigations into chiroptical properties—optical activity,
optical rotatory dispersion and circular dichroism—that were included in the original
volume?, Although these are influenced by the amidine chromophore, the amidine itself
does not carry the chirality, since it is planar. Instead we focus on those stereochemical
aspects that are consequences of the chemistry of the amidine functional group.

B. Nomenclature

Amidines are characterized by the RC(NR%)=NR" fragment, with the singly bonded
nitrogen formally sp® hybridized and the doubly bonded nitrogen sp? hybridized. Imidate
esters are characterized by the RC{OR’)=NR" fragment, and imidic acids are RC(OH)=
NR’, although this is the unstable tautomer of an amide RCONHR' and cannot readily be
studied directly.

The conjugate acids (amidinium ions and imidatonium ions) are obtained by
protonating or alkylating these species on sp? nitrogen, to create a resonance-stabilized
cation. It should be noticed that an imidatonium ion is RC(OR’)—NR"*, and the
conjugate acid of an imidate ester is RC(OR')—-NHR"+ both of which are qulte similar to
the conjugate acid of an amide RC(OH)=NR/*, except that the latter is protonated on
oxygen rather than alkylated. However, the conjugate acids of amides are discussed in
another volume of this series. The conjugate bases of interest here (amidinate anions and
imidate anions) are obtained by deprotonating from singly bonded nitrogen or from
oxygen, respectively. The imidate anion RC(—O ~)=NR'is also the conjugate base of an
amide RCONHR’, and these are discussed here. Also, amidines and imidate esters can
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form metal complexes RC(NR’,)=NR” > M or RC(OR’)=NR” - M, where a metal is
bound to the sp? nitrogen. Since the metal is a Lewts acid akin to a proton, these complexes
are analogous to amidinium or imidatonium ions.

Thioimidates are characterized by the RC(SR’)=NR" fragment. These are synthetically
more accessible than ordinary imidates, but the stereochemical aspects are quite similar.

N-Alkylidene and N-acyl derivatives are characterized by an sp? carbon (or phosphoryl
phosphorus or sulfonyl sulfur) attached to a nitrogen, as in N-alkylidene amidines
RC(N=CR%)=NR", N-acylamidines RC(NR3)=NCOR” or RC(=NR')—
N(R”)COR" (or phosphorylated or sulfonated amidines), imidines (the tri-nitrogen
equivalent of a carboxylic anhydride) RC(=NR’)—N(R")CR"”(=NR"’) or RC(NR})=
NC(R")==NR", and N-acylimidates RC(OR")—=NCOR".

N-Heterosubstituted amidines and imidates have the grouping N—C=NX or O—
C=NX, where X is a nitrogen or oxygen substituent. These include N-aminoamidines
RC(NR3)=NNR}, amidrazones RC(NR3)—NN=—CR}, amidoximes RC(NRj)=
NOR?”, hydrazidates RC(OR')=NNR’ and hydroximates RC(OR’)=NOR". These are
often configurationally more stable to inversion of the sp® nitrogen than ordinary
amidines and imidates, so that their stereochemistry has been more extensively studied.

The C-heterosubstituted amidines and imidates include guanidines (R,N),C=NR’,
isoureas ROC(NR,)=NR", isothioureas RSC(NR,)=NR”, haloformamidines
XC(NR,)=NR’ and haloformimidates XC(OR)=NR’, as well as their conjugate acids,
such as guanidinium tons (R ,N};C* and isouronium ions ROC(NR}), *. These often show
quantitatively different stereochemical features because the additional heteroatom is
conjugated with the amidine or imidate group and reduces the conjugation of the lone pair
on the singly bonded nitrogen or oxygen.

The stereochemical designations of amidines and imidates are indicated by the
structures 1Z-syn, 1Z-anti, 1 E-syn and 1E-anti in Figure 1. These use the Cahn-Ingold-
Prelog sequence rules of the IUPAC nomenclature system of organic chemistry. In
Figure 1 it is assumed that the group R on carbon ranks lower than the group Y (O or NH)
and that the group R’ on Y ranks lower than N. (This is true in the usual case that R or R’ is
a carbon substituent.) The C—N double or partial-double bond is designated as Z or E,
according to whether the higher ranking groups are on the same side or opposite sides of
the bond. The C—N or C—O single bond is designated as syn or anti, also according to
whether the higher ranking groups are on the same side or opposite sides of the bond.
Notice that the designation syn or anti does not depend simply on the relationship of the
singly bonded substituents on that single bond, but it considers the doubly bonded
nitrogen as a group. This is opposite to the convention in the original 1975 volume of this
series, and it is not always the way the stereochemistry was designated in the original
publications summarized here, but for consistency we choose the same system not only for
double bonds but also for single bonds that have double-bond character. For N,N’'-
disubstituted amidinium ions with different substituents there are ZZ (2ZZ), EE (2EE), ZE
(2ZE) and EZ (2EZ) forms, as shown in Figure 2. The latter two are distinguished by

/R /R'
Y R” R—Y R" Y R—Y
\C= N/ \C=N/ \C=N \b=N

/ / 0\, / \.
R R R R R
(1Z2-syn) (1Z-aont?) (1E&-3yn) (1E-antl)

FIGURE 1. Stereochemical designations of amidines (Y = NH) and imidates (Y = O)
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H R R H
\ \ \ \
N-—R f)I—H N—H N—R
H—<+ H (\; H——<+ H——<
N—R’ /‘ —H N—R’ N—H
H/ R’ H R’
(222) (2£€F) (22E) (2E2Z)

FIGURE 2. Stereoisomers of N,N’-dialkylformamidinium ions

specifying that the first descriptor refers to the nitrogen whose alkyl substituent ranks
higher according to the sequence rules.

The transition state for E-Z interconversion by rotation about the double bond is
shown as 3. The transition state for E-Z interconversion by nitrogen inversion is shown as
4. NMR methods for measuring activation energies are designated with the nucleus (*H or
13C or other) and with the technique for extracting rates from spectra [time dependence of
signal intensities NMR(¢), coalescence temperature T, line shape analysis LSA or satura-
tion transfer ST]. All rate constants have been expressed in terms of the free energy of
activation AG*. For uniformity in tables any activation energies reported in kI mol ~ ! have
been converted to kcal mol =, with 1 kcal = 4.184 kJ. Entries in tables are listed in order of
increasing complexity of each successive substituent group.

(3) (4)

Il. CONFIGURATION ABOUT C—N DOUBLE BONDS
A. Configurations of Amidines and Imidates

1. Configurations of amidines

We begin with the question of whether amidines RC(NR,)=NR" are of Z or E
configuration. Much progress has been made in determining the stereochemistry of
amidines since the previous volume, when only formamidoxime, azobis(N-chloro-
formamidine) and N,N-dimethylbenzamidine could be assigned as E, and none was found
as a mixture of two forms.

Usually the stable form of an N,N,N'-trisubstituted amidine is E5. Indeed, chemical
shifts for 65 different N-arylamidines and guanidines could be correlated using additivity
parameters, so that all must be of the same E configuration®. In a survey of the Cambridge
Crystallographic Database nine N,N,N'-trisubstituted amidines were found’ to be of E
stereochemistry. One disubstituted amidine was also found to be E. Two monosubstituted
amidines, as well as the unsubstituted MeC(NH,)=NH, were found to be Z. In solution
N,N,N’-trimethyl-p-nitrobenzamidine could be confirmed as E by NOE data. Moreover,
the resonance contribution to the dipole moment is only 0.88D in this compound, lower
than the 1.81D in HC(NMe,)=NAr, where the small hydrogen permits coplanarity and
thus delocalization of the nitrogen lone pair into the C—N double bond. Despite this general
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preference for a single stereoisomer, some cases show two forms, as listed in Tables 1 and 2.
For the adamantylidene derivatives, the Z and E forms were assigned® by comparison of
NMR chemical shifts with those of other aziridinimines, and the E structure could be
confirmed by X-ray analysis. Another case where two forms are observed is when
hydrogen bonding provides stabilization to the Z form, as in HC(=NAr)—NMe, with
Ar = o-hydroxyphenyl'4, and the hydrogen bond could be confirmed by IR spectroscopy.
For phenyliminopyrrolidine (6, n = 5, X = H) there is a complication due to the presence of
the amino tautomer, so that early assignments and estimates of the E:Z ratio, based on
chemical shifts, are questionable!3, On the basis of kinetic proton acidities in the conjugate
acid, it was concluded!? that the more stable configuration of N,N’-dimethylacetamidine
MeC(NHMej=NMe is Z. This is the one that permits rotation about the C—NHMe
bond to relieve methyl-methyl rcpulsions.

NR H
N N /N
N l I I ! 8——)(
\ )n-o
(8) (6)

TABLE 1. Equilibrium between Z and E forms of amidines, RC(NR'R")=NR"’

R R’ R” R Solvent %Z  Rel
H H o-Tol CH,CH,0OMe CDCl, 75(257) 8
—t-BuCH—* Me Me CCl, 30 9
—t-BuCH—* Me t-Bu CcCl, 22 9
CH,CH=CH Me Me Ph CCl, 56 5
CH,CH=CH Ph H Ph CCl, > 50 5
Ph CH,CH=CH, Me Me Crd® 0 10
Ph CH,CH=CH, Me¢ Me C¢D,CD, 15 10
Ph CH,CH=CH, Me Me CD,;COCD, 15 10
Ph Me Me CH,CH=CH, CDCl, 0 1
Ph Me Me CH=CHCH, CDCl, >0 11
—2-Admantylidene— t-Bu Me CDCl, 10 9

“cf. S.

bVarious chlorinated solvents.

TABLE 2. Equilibrium between Z and E forms of cyclic amidines, 6

n X Solvent %Z Ref.
5 H CDCl, 100 12
5 H CDCl, 0 13
5 2,6-Me, CDCl, 90 12
5 2,6-Cl, CDCl, 20 12
5 2,6-Cl, CD,0D 90 12
6 H CDCl, 64 13
6 H CD,COCD, 14 13
6 H CD,0D 100 13
6 2,6-Cl, CDCl, >0 12
7 H CDCl, 85 13
7 H CD,0D 100 13
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TABLE 3. Calculated energies (kcal mol ~!) of stereoisomeric formamidines, HC(NHR)=NR’

R R E(E) E(Z) method Ref.
H H 0 >0 CNDO/2 16
H H 0 0.6 321G 17
H H 0 2.94 4-31G 18
H H 0 1.6 4-31G 19
H H 0 2.1 6-311 + + G**/MP3 20
(CH,);NH, H 0 0.08 MNDO 21
(CH,);NH, H 0 1.00 STO-3G 21
H Ph 0 0.72 MNDO 22

Molecular orbital calculations on some formamidines HC(NHR)=—NR’ generally show
that the E form is most stable. The results for these derivatives are summarized in Table 3.
The preference s not large, so that steric interactions of substituents can readily reverse the
stabilities. Also, according to CNDO/2 MO calculations'® on HC(NH,)=NH, the
molecule is not planar, but the singly bonded nitrogen is pyramidalized. However, this is
likely to be an artifact, as in some calculations on amides. According to the X-ray structure
of N-hexamethylene-N'-p-nitrophenylformamidine, an amidine (7) is planar?3, in order to
achieve resonance stabilization or delocalization of the lone pair on the singly bonded
nitrogen. Therefore this nitrogen is only formally sp3, and it is actually sp?, like the other
nitrogen. The difference between them is that the doubly bonded nitrogen has its lone pair
in an sp? orbital, whereas the singly bonded nitrogen has a lone pair that is p.

.H
N—C

R/
Ov

(7)

2. Configurations of imidate esters and imidic acids

Since the earlier review in this series?, it is now thoroughly established?* that the E form
of imidate esters is more stable than the Z. The dipole moment of MeC(OMe)—=NMe is
nearly the same as that of 2-methoxy-A'-pyrroline, whose cyclic structure constrains it to
be E. The NMR signals of RC(OR)=NMe can be assigned unambiguously to Z and E
isomers on the basis of the 3Jpcnme as well as through lanthanide-induced shifts.
Moreover, it was possible to detect a long-range through-space Jy in the E form of
(CH,),CHC(OMe)=—=NC¢H,F-0, which confirms the stereochemical assignments. The
proportion of Z form for various imidate esters is listed in Table 4. The proportion of the Z
form is increased by polar solvents?’. Likewise, hydrogen bonding to added acids, such as
phenols, increases the proportion of the Z form of PhC(OMe)—NMe, and the proportion
increases with the acidity of the phenol, from 7.2% with p-t-butylphenol in PhNO, to
17.5%, with p-bromophenol. It can be seen that electron-withdrawing groups in the aryl
ring of MeC(OAr)=—=NMe stabilize the E form?$, since these favor coplanarity, which is
not possible in the Z form. Another general situation where there are appreciable amounts
of the Z imidate ester is when steric effects destabilize the E form. Thus HC(OMe)=NBu-¢
and PhC(OMe)=—NMe are exclusively E, but PhC(OMe)=NBu-t at — 10°C is a mixture
of 62% E and 38% Z, assigned?® by NMR chemical-shift correlations and nuclear
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TABLE 4. Equilibrium between Z and E forms of imidate esters, RC(OR')=NR"

R R’ R” Solvent %E Ref.
H Me t-Bu CD,(Cl, 100 25
H Et m-ClICsH, CDCl, <100 5
Me Me Me CCl, 100 24
Me Me Me CD,0D 95 24
Me Me Et CcCl, 100 24
Me Me Et CD,0D 95 24
Me Ph Me ccl, 69 24
Me Ph Me CD,0D 56 24
Me p-Tol Me CCl,, CDCl, 67 26
Me p-Tol Me CD,CN 80 26
Me p-CIC¢H, Me CDCl, 80 26
Me p-O,NC,H,, Me CDCl, 90 26
t-Bu Me Me CCl, 87 24
t-Bu Me Me CDh,0D 71 24
Ph Me Me CDCl, 98 27
Ph Me Me CD,Cl, 100 25
Ph Me Me CD,0D 93 27
Ph Me Me PhOH-PhNO, 89 27
Ph Me i-Pr PhOH-PhNO, 82 27
Ph Me t-Bu CDh,Cl, 62 25
Ph Me Cl CDCl, 25 28
o-Tol Me i-Pr PhOH-PhNO, 91 27
o-FCeH, Me i-Pr PhOH-PhNO, 85 27
0-CIC;H, Me i-Pr PhOH-PhNO, 89 27
o0-BrC,H, Me i-Pr PhOH-PhNO, 90 27
0-ICcH, Me i-Pr PhOH-PhNO, 88 27
0-O,NC¢H, Me i-Pr PhOH-PhNO, 92 27
{-Naph Me i-Pr PhOH-PhNO, 86 27

Overhauser enhancements. On the other hand, ortho substituents on the aryl ring of

ArC(OMe)=NPr-i shift the equilibrium toward the E form?”.

A cyclic imidate ester (8), formed as a mixture of diastereomers, has been assigned?® as
the Z isomer, on the basis of the generalization? that this is the more stable. Although the
generalization is not universal, it does apply for this cyclic case, where the C—O bond is
constrained to be syn (see Section II1.A.2 below). Besides, here there is an intramolecular
hydrogen bond that stabilizes the Z form.

X-ray analysis®® of PhC(OMe)=NC(NMe,)=Cr(CO); shows that this too is the E
stereoisomer. This contrasts with PhC(OCOPh)=NC(t-Bu)=Cr(CO);>', where the

cCly

N

o

/N

(8)

oH

CcCly
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CNC angle is nearly 180°. The latter structure is better viewed as PhC(OCOPh)=N*==
C(t-Bu)Cr(CO); ~, so that Z and E lose significance. The nitrogen lone pair here is needed
to stabilize the carbene, whereas the Me,N nitrogen is sufficient in the contrasting
PhC(OMe)=NC(NMe,)=Cr(CO)s.

N-Chloroimidate esters>® may be an exception where the Z form is more stable, if the
NMR assignments are reliable. This is consistent with the relative stabilities of
stereoisomeric hydroximate esters RC(OR)=NOH (Section I1.D.5). However, according
to MNDO calculations®? the E stereoisomer of HC(OR)=NCl is more stable than the Z
by 0.4kcalmol~! for R =Et and by 2.6kcalmol™! for R = Me,Si. In agreement, for

TABLE 5. E/Z equilibrium?”->? for thioimidate esters, RC(SR’)=NR"

R R’ R” Solvent %E
Me Me Me CDCl, 64
Me Me Me C¢Ds 76
Me Me Et C¢Ds 74
Me Me Pr CeDs 73
Me Me i-Pr Cg¢Dg 7
Me Me Bu CsDg 74
Me Me t-Bu CeDs 84
Me Me Ph CsDs 95
Me Et Me CeDs 73
Me Et Ph CeDs 95
Me i-Pr Me C¢Ds 75
Me t-Bu Me CsDs 92
Me PhCH, Me CDCl, 79
Me PhCH, Ph C¢Dg 94
Me Ph Me C¢Ds¢ 10
Me p-O,NC-H, Me CDCl, 85
Et Me Me CDCl, 50
Et Me Me CeDs 57
Pr Me Me CDCl, 38
+-Bu Me Me CDCl; 0
t-Bu Me Ph CDCl, 0
PhCH, Me i-Pr CeDs 69
PhCH, Me Ph CeDs 90
Ph Me Me PhNO, 56
Ph Me i-Pr CHBr, 39
Ph Et Me Ce¢Dg 58
Ph Et t-Bu CDCl, 17
Ph Et Ph CDCl, 56
Ph i-Pr Me Ce¢Ds 42
Ph i-Pr Ph CDCl, 49
Ph t-Bu Me CeDs 52
Ph t-Bu Ph CDCl; 86
Ph Ph Me CsDg 6
0-HOC,H, Me Me CDCl, 0
0-HOC.H, Me Me DMSO 57
0-HOC.H, Me PhCH, CDCl, 0
0-HOC(H, Me PhCH, DMSO 69
0-HOC¢H, Me Ph CDCl, 0
0-HOC¢H, Me Ph Py-d; 87
0-HOC¢H, Me 1-Naph CDCl, 0

0-HOC¢H, Me 1-Naph CDCl,-DMSO 60




158 C. L. Perrin

RC(OEt}=NCI (R = Me, Pr, Bu, s-Bu) the NMR spectrum indicates that the former is
a mixture, but the latter is a single isomer.

3. Configurations of thioimidates

The separate Z and E forms of thioimidate esters, RC(SR’)==NR", can be distinguished
by 'H NMR and the peaks assigned>”->3, The proportion of E form at equilibrium is given
in Table 5, and additional data for ortho-substituted thiobenzimidate esters ArC(SMe)=—
NPr-i are available. Also, the configurations of some of these in the crystal were
determined by comparing the NMR spectra after dissolving the crystalline material. As
with ordinary imidate esters (Section 11.A.2) the E isomer is usually more stable. It can
further be seen that bulky R groups at carbon favor the Z form, whereas bulky R’ at sulfur
or R” at nitrogen favor the E, but only slightly. As with ordinary N-isopropyl benzimidate
esters ArC(OMe)=NPr-i, ortho substituents shift the equilibrium toward the E form. The
position of the equilibrium depends on solvent, with more polar solvents favoring the Z
form. For example, for MeC(SBu-t)—=NMe, which is 92% E in C;Dy, there is 80% E in
CDCI, and only 60%, E in CD,OD. Also, as with ordinary imidate esters the proportion of
(Z)-PhC(SMe)—NMe increases with the acidity of an added phenol, from 73.6%, with p-t-
butylphenol in PhNO, to 8399 with p-bromophenol. With S-methyl o-
hydroxythiobenzimidates, 0-HOCgH,C(SMe)—NR, the configuration in CDCl; is
entirely Z, since only this configuration can form an intramolecular hydrogen bond with
the ortho hydroxyl, but in solvents that compete for the hydrogen bond there are again
substantial amounts of the E form.

B. Configurations of Conjugate Acids and Bases

1. Configurations of amidinium ions

The antibiotic imipenem (9) and a model N-alkyl formamidinium ion H,NCH=
NHR™* (R =CH,CH,SC¢H,CO, -0) are present®* at equilibrium in water as a 2:1
mixture of Z and E stereoisomers. They could be characterized by 'H and '3C NMR, and
they are separable by HPLC or crystallization. X-ray analysis verified that the major form
is Z.

OH
H

(9) 10

In CDCl, the cyclic amidinium ion 10 (R = p-TolCHPO,0Me ") is present>> as a 30:70
mixture of Z and E forms, assigned on the bais of '"H NMR chemical shifts. With other ring
sizes the proportions change slightly, but in CD,OD these are entirely the Z isomer. In
CF,COOH the tri-substituted formamidinium ion HC(NEt,)(NHPh)* shows® a >Jycnn
of 17.3 Hz, consistent only with an E stereoisomer.

The previous cases were simple, in that their substitution patterns permit only Z and E
isomers. With patterns of lower symmetry the question of isomerism is more complicated,
since each C—N partial double bond can be Z or E. As Figure 2 shows, there can then be
up to four stereoisomers, although the ZZ isomer (2ZZ) is usually absent, owing to severe



3. Stereochemical aspects of amidines, imidates and related compounds 159

TABLE 6. Equilibrium between ZE and EZ stereoisomers of amid-
inium ions RC(NR'Me)(NHR")*

R R’ R” %ZE Ref.
H H Me S(%EE) 37
Me H H 96(%Z) 38
Me Me Me <2(%2) 38
Me H i-Pr 54 38
Me H Bu 52 38
Me H neoPen 61 38
Me H CH,Ph 38 38
Me H t-Bu 85 38
Me H CH,CMe=CH, 38 39

steric repulsions, and with identical nitrogens the EZ (2EZ) is not different from the ZE
(2ZE). The ZE stereoisomer of N,N’-diphenylacetamidinium ion MeC(NHPh), * has been
verified®® by X-ray crystallography.

The 'H NMR spectrum of N,N’-dimethylformamidinium ion3” HC(NHMe),* in
aqueous HCI shows two N-methyl peaks, at é 3.70 and & 3.49, corresponding to the
inequivalent methyls of the dominant ZE stereoisomer. There is also a peak at J 3.62, due
to the EE isomer. These peaks were assigned on the basis of the *J.

N,N'-Dialkylamidinium ions with two different alkyl groups exist almost exclusively as
a mixture of ZE (2ZE) and EZ (2EZ) stereoisomers (Figure 2), although formamidinium
ions have an additional EE form (2EE). These may be assigned on the basis of NMR
chemical shifts, since an E substituent is generally downfield of the Z, as in amides. The
proportion of ZE form for a series of N-alkyl-N’-methyl amidinium ions in DCI/D,0O is
listed in Table 6. Also included are the monomethyl and trimethy! acetamidinum ions.

The NMR spectrum of the drug mifentidine, HC(NHPr-i)(NHAn*, Ar=p-
imidazolylphenyl, shows*° two different CH signals, in the ratio 6:4. These are attributed
to the EE plus the ZE or EZ forms.

The puzzling equilibrium constants in N-t-butyl-N'-aryl- and N,N’-diaryl-
formamidinium ions can now be understood. It had been observed*! that electron-
donating substituents shift the equilibrium toward the ZE form. This was considered to be
contrary to resonance theory that predicts that the EE isomer, which can be coplanar, will
be stabilized by electron-donating substituents. Therefore the ZE form was considered to
be stabilized by dipolar interactions. However, it is clear that electron-donating
substituents cannot delocalize the positive charge of the amidinium ion, even when it is
planar, whereas electron-withdrawing substituents can delocalize the lone pair on the
nitrogen and stabilize the EE form, as observed.

Relative stabilities of stereoisomeric N-methyl-N'-phenylformamidinium ions
HC(NHMe)(NHPh)* have been calculated*? by MO theory. The EE isomer is most
stable, with the EZ 0.56 kcal mol~! higher energy, and the ZZ > 0.65 kcal mol ! higher.
Since it is likely that the relative stabilities are determined by steric interactions in a
structure constrained to be planar, molecular mechanics calculations might be useful in
estimating stereoisomer energies for a wider range of such ions.

2. Configurations of amidinate anions

It is surprising that the stereochemistry of amidinate anions RC(NR’); is so poorly
established. They are isoelectronic to the well-known case of carboxylic acids, where
lone pair repulsions or dipole—dipole interactions strongly favor the Z form. Therefore
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it might be expected that the ZZ form of an amidinate anion would be favored. However,
mutual repulsions of bulky substituents on the nitrogens could favor the ZE form, and
solvation or counterion effects might favor the EE form.

A 3-21G MO calculation'” on HC(NH), ~ shows that the ZZ form is most stable, with
the ZE form 3.7kcal mol ™! less stable, and the EE form 12.2 kcal mol ™! less stable. A 6-
311 + + G**/MP3 calculation?® shows that the ZZ form is most stable, with the EE form
5.5kcalmol ™! higher in energy.

In CD;NH, the 'H NMR of the anion HC(NMe), ~ shows3” equivalent methyl peaks
down to — 56°C. From the *Jycncy Of 0.5Hz it was concluded that this is the EF
stereoisomer.

In order to account for the preferential formation of the Z stereoisomer of 5, it was
proposed® that lone pair repulsions favor the ZZ stereoisomer of the amidinate t-
BuCHBrC(NMe)(NR)~, not only for R = Me but also for R = ¢-Bu.

3. Configurations of conjugate acids of imidate esters and of imidatonium ions

The equilibrium between Z and E isomers of protonated imidate esters is indicated in
Table 7. For the conjugate acid MeC(OTol-p)=—NHMe™* only the Z form could be
detected?®, even though the imidate ester itself is 809 E. The reversal is attributed to
interference of the hydrophobic aryl group with solvation of the proton. Also, for the
imidatonium ion HC(OMe)=NMeAr* (Ar=2,6-Xyl)** the equilibrium favors the
E form by ca 3:1.

4. Configurations of imidate anions

Animidate anion RC(—O ~)=NR is isoelectronic to carboxylic acids and esters RC(=
0O)—OR. Since these are syn as regards the C—O single bond, owing to lone-pair or
dipole—dipole repulsions that destabilize the anti conformer, an imidate anion may be
expected to be Z (112) rather than E (11E) as regards the C—N double bond. Results of
MO calculations on the conjugate bases of formimidic acids are listed in Table 8. They all
agree with this analogy to carboxylic acids and esters. However, according to calcul-

H
— Noee
>C—N /C—N\

H H H
(nz) me)

TABLE 7. Equilibrium between Z and E stereoisomers of protonated imidate esters, RC(OR)=
NHR"*

R R’ R” Solvent %z Refl.
H Et Me CD,NO, <100 44
Me p-Tol Me H*/H,O0 > 87 26
t-Bu Me Ph H,SO, 81.0 27
Ph Me i-Pr CF,COOH 91.8 27
Ph Me Ph CF,COOH 60.6 27
Ph Me Ph CHCI,COOH 68 27
Ph Me 2,6-Xyl CF,COOH 65.3 27
0-FCH, Me i-Pr CF,COOH 91.4 27

0-CIC¢H, Me i-Pr CF,SO,H 84.7 27
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ations*” solvation by a molecule of water stabilizes the E form more than the Z, so that the
relative stabilities may be reversed in solution.

Although stereochemical aspects of amides have long been studied, imidate anions were
neglected until recently. The stereoisomeric N-alkylformimidate anions, HC(—O™)=
NR, have been characterized*® by 'H NMR. Each exists as an equilibrium mixture of Z
and E forms. Rapid reprotonation preserves that mixture’s proportions and creates the
parent N-alkylformamide in a nonequilibrium mixture of its Z and E forms, which
equilibrate on standing. The E/Z equilibrium constants for the imidate anions are listed in
Table 9. With few exceptions the E stereoisomer is more stable than the Z, and even those
exceptions disappear if the imidate anion is compared with its amide, where the Z form has
an inherently greater stability. This is contrary to the simple molecular orbital calculations
above, but it is consistent with the calculated effect of solvation. Indeed, the A §° for
isomerization of E imidate anion to Z is + 10 —20calmol~'deg™', suggesting a
difference in solvation. The discrepancy between the calculated stabilities and the
experimental ones can then be attributed to steric hindrance by the N-alkyl group to

TABLE 8. Calculated relative stabilities (kcalmol~™') of stereoisomeric
formimidate anions, HC(—O™)=NR

R E(Z) E(E) Method’ Ref.
H 0 7.0 3-21G 45
H 0 >0 4-31G 46
H 0 6.9 4-31G 47
H o 2.7 4-31G 47
H 0 54 MP4SDQ 47
H 0 36 6-311 + + G**/MP3 20
Me 0 4.7 6-31G** 47

“Imidate monohydrated.

TABLE 9. Equilibrium constants, K =[Z]/[E], for N-alkylformimidate
anions, HC (—O7™)=NR, at 22°C

R Solvent K Ref.
Me DMSO-dg 4.09 48
t-Bu DMSO-dg 0.19 48
CH,Ph THF <0.03 48
CH,Ph DMSO-dg 0.26 48
Ph THF <0.07 48
Ph ¢-HexOH-dioxan 0.17 48
Ph ¢c-HexOH 0.42 48
Ph DMSO-dg ~03 48
Ph HOCH,CH,0OH 1.02 48
Ph EtCONHMe 0.37 49
m-Tol EtCONHMe 0.30 49
p-Tol EtCONHMe 0.25 49
3,5-Xyl EtCONHMe 022 49
m-MeOC¢H, EtCONHMe 0.41 49
p-MeOC4H, EtCONHMe 0.31 49
p-BrCgH, EtCONHMe 0.29 49

m-0,NCH, E{CONHMe 0.26 49
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solvation of the Z form, and the solvent dependence of the equilibrium constant is
consistent with this interpretation.

The relative stabilities of stereoisomeric imidate anions correspond to the relative
acidities of diastereotopic protons of amides. It follows from thermodynamics that the
greater stability calculated for (Z)-HC(—O™)=NH means that H is the more acidic
proton of formamide. This contrasts with protonated or O-alkylated acyclic amides (see
Section VII.B.2), where H, is more acidic than H,. The difference arises because relative
stabilities of the stereoisomeric imidate anions are determined by lone-pair/lone-pair
repulsions, whereas stabilities of the imidate esters are determined by dipole/dipole
interactions. As further evidence for the greater acidity of Hg in formamide, it has been
found®® by STO-3G molecular orbital calculation that OH~ hydrogen bonds more
strongly to this proton. Moreover, it is quite a general observation®! for primary amides
that Hg undergoes base-catalyzed proton exchange faster than H,. However, in nonpolar
solvents itis H, that is faster, and in secondary amides®2 and a lactam*3 it is aiso H, that is
faster. These results were rationalized by recognizing that an E imidate anion can be
stabilized more than the Z by solvent or counterion, and that a Z N-alkyl group interferes
with that stabilization, as described above to account for the relative stabilities of
stereoisomeric N-alkylformimidate anions.

5. Configurations of metal complexes of amidines

Amidines (and imidate esters) can form metal complexes RC(NR,)=NR—-M [or
RC(OR)=NR — M], with a metal bound to the sp? nitrogen. These are analogous to
amidinium (or imidatonium) ions. However, since the metal is a high-ranking substituent
according to the Cahn-Ingold—Prelog sequence rules, the metal complex of a Z ligand is of
E stereochemistry, and vice versa.

In CDCI; the methyl(dimethylglyoxime)cobalt(III) complex of N,N’-dimethyl-
formamidine, HC((NHMe)=NMe — M [M = MeCo(DMGH), ], is a 1:2 mixture of Z and
E isomers, distinguishable®* by the larger *Jycncy, of 1.5Hz in the E isomer. For the
bis(amidine) complex, [HC(NHMe)==NMe — ],M [M = Co(DMGH), ], in CD,CN each
of the amidine fragments can be Z or E independently, but only the EE isomer, with a
*Jucnen, of 0.5Hz, could be detected. The E stereochemistry is presumably favored on
steric grounds.

The nickel complex, MeC(NRR)=—NH — NiL, where L is a tridentate ligand, is a
mixture of Z and E forms, distinguishable®* by 'H NMR. For R = R’ = Me, there is only
9% Z in CDCl,, and none in DMSO. For R = Et,R’ = H, there is an 8:7 mixture.

The PtCl,(N=CPh) complex of PhC[N(t-Bu)CH,CH,NHBu-t]=NH is a mixture of
stereoisomers>® about the C—N double bond. By comparison of the NH chemical shifts
with those of chelated model compounds that must be Z, it was concluded that the major
formis E, present to 90% in CD,Cl,, or 679 in CDCl;. In support, the crystalline form was
found to be E by X-ray analysis.

6. Configurations of metal amidinates

Treatment of N,N'-dimethylacetamidine with Me;M (M = Al, Ga, In) produces®” the
Me,M™ salt of the amidinate, MeC{NMe), ~. According to mass spectrometry this is
dimeric, and the IR/Raman spectra show that it is centrosymmetric. Therefore the
stereochemistry must be ZZ, with an eight-membered ring.

Many metal complexes of amidinates have the metal bonded equivalently to both
nitrogens, and the ZZ configuration of the complex, or the EE configuration of the ligand
itself, can be confirmed by X-ray analysis. Among the complexes are MoCl, * and ReCl,*
complexes®® of CIC(NPr-i), ™, AICl,* and SnCl;* complexes®® of PhC(NSiMe,), 7, the
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Me,Al* complex®® of PhC(NSiMe,), ", 2:1 complexes®' of this amidinate with TiCl,*?2
and MoO,*?, and anionic complex? of this amidinate with SnCl,F, vanadium
complexes®> of HC(NTol-p),~, the 2:1 complex®* of MeC(NTol-p),~ with Pd*2, and
CpMo(CO),* complexes®® of RC(NPh), ™ [R = 2, 4-cyclopentadienyl and CpMo(CO),].
Also, there are various dimetal (Ag,, Cu,, Ir;, quadruply bonded Mo, Re,, Cr, and Rh,)
salts with 2, 3 or 4 amidinate counterions such as PhC(NPh),”, PhC(NMe),~

HC(NTol-p),~ that have the two metals in close proximity. This again requires the ZZ
configuration of the complex, or the EE configuration of the amidinate ligand itself, which
is confirmed®® by X-ray analysis. A similar structure is seen®’ with the tetrameric
[HC(NPh), " Au™],. The further complication of chiral centers at the metal and at both
alpha carbons is seen with the CpMo(CO), * complex%® of PhC(NCHRPh){NCHR'Ph)".

7. Configurations of metal complexes of imidate esters and imidate anions

Reaction of the nickel acetonitrile complex, MeCN—NiL,Ar (Ar=CgCl,,
L = PhPMe,) with methanol or ethanol produces®® MeC(OR)==NH — NiL,Ar as a
mixture of stercoisomers, in ratio 5:3 for R=Me or 8:5 for R=Et. With the
phenylacetonitrile complex these ratios are 5:1 and 7:2. For the bulkier L = Ph,PMe only
one isomer is formed. Although the Z and E stereoisomers could be distinguished by their
NMR spectra, they were not assigned.

Similarly, various tungsten complexes, RC(OR)==NH — Mo(CO),, appear’® as a
mixture of Z and E forms, with different 'H and '*C NMR spectra. NJ interconversion
could be detected up to 60°C. The chromium analog is a single stereoisomer.

Subsequently, the 'H NMR spectra of such stereoisomers, but of the cationic complexes
RC(OMe)=NH - NiL* (R=Me, Et or Ph, L =a tridentate ligand), have been
assigned®* on the basis of the proximity of substituents to the deshielding nickel. The E
form of the complex (with Z imidate as ligand) predominates, to 60-75%, and the
proportion of the E form increases at lower temperature.

Addition of one or two moles of methanol to the coordinated benzonitrile ligands of
either cis- or trans-(PhCN), PtCl, produces’’ the mono or di PhC(OMe) = NH complexes
of the platinum. For the mono complex PhC(OMe)==NH — PtCl,(NCPh) there are Z and
E forms (with E or Z imidate ester as ligand, respectively), and for the di complex
[PhC(OMe)=NH - ],PtCl, there are ZZ, ZE and EE forms. The NMR spectra were
assigned on the basis of a downfield chemical shift for the methoxy or ortho-hydrogen that
is cis to the platinum. The stereoisomers can be separated by chromatography or
crystallization, and often a nonequilibrium distribution of stereoisomers precipitates from
the reaction mixture. At equilibrium in CDClI, there is a 1:8:3 mixture of ZZ, ZE and EE
stereoisomers for the trans-diimidato platinum complexes, and a 1:10:7 mixture for the cis.
Despite the proximity of the bulky phenyl and platinum, the E imidate complex is favored
over the Z, especially in the cis, where a reciprocal influence of the two ligands is thought
possible.

The crystal structure of the Cu(lI) complex of a bicyclic RC(OMe)=NR' shows’? that
the stereachemistry is E, as required by the polycyclic nature of the complex, and that the
C—O single bond is anti.

The crystal structures of the dichromium complex of an N-arylacetimidate anion, -
(MeCONATr),Cr, (Ar= 2 6-Xyl) and of its molybdenum isomorph have been deter-
mmed73 Since this is an n? complex, it is necessarily Z, with an E imidate anion. Similarly,
the #° nature of the isocyanate or carbamate ligand of Cp*Ir(CO)(t-BuNCO) or
Cp*Ir(OCONBu-f) requires’ that the imidate anions be of Z stereochemistry as regards
the C—N partial double bond.

Most metal imidates whose stereochemnstry is known involve coordination at nitrogen.
One O-metallated exception’ is the difluoroboron complex of N-(4-fluoro-2-
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pyridyl)acetimidate anion. Its unusually high stability, relative to other difluoroboron
complexes of enolic species, was attributed to intramolecular hydrogen bonding to the
pyridine nitrogen. This then requires that the imidate be Z, and with a syn C—O bond.

C. Contigurations of Amidines and Imidates with spz-C Substituents

1. Configurations of N-alkylidene amidines

Molecular orbital calculations agree that the most stable form of HC(N=CH,)=NH
is the planar Z-anti stereoisomer (12). According to STO-3G MO calculations’® the E-syn
is 2.31 kcal mol ! higher is energy. According to double-zeta SCF MO calculations”” the
E-syn, E-anti and Z-syn stereoisomers are respectively 1.0, 3.1 and 8.4kcalmol ™! less
stable, with the last destabilized simply by steric repulsion. According to high-level ab
initio MO calculations’® the most stable form is again Z-anti, although the E form, with
the C—N single bond twisted by 60° (13), is only 0.59 kcalmol ™! higher in energy, and
twisting the Z form by 43° requires only 1.33 kcalmol~!. The X-ray analysis of PhC(N=—
CHAr)=NBu-t (Ar = p-MeOC,H,) does indeed show that the stereochemistry is Z
about the C=NBu-t bond. However, the CHAr group is twisted 110° from the amidine
plane, so that the sp? lone pair on the CHAr nitrogen can be delocalized into the amidine
C—N double bond.

N-—H H
H—J/ \N
\ %
N H—C
V4 \
Hzc N-‘CHZ
(12) (13)

2. Configurations of N-acylamidines

In general N-acylamidines RC(NR}) = NCOR""* are exclusively of E stereochemistry.
This probably arises because the N—C=N—C=0 must be coplanar so as to delocalize
the lone pair of the distant nitrogen into the carbonyl group. This means that the acyl
group is effectively too bulky to give the Z isomer, where it would interfere with the syn N-

TABLE 10. Equilibrium between Z and E forms of acylamidines and phosphorylamidines
RC(=NR’)—NR"R"

R R’ R” R™ Solvent %Z Ref.
H p-Tol p-Tol COCH, CCl, 0 80
Cl,CH Me Me PO(OEY), CCl, 48 81
Cl,CH Me Me PO(OPr), cql, 44 81
Cl,C Me Me PO(OEt), CDCl, 100 81
Cl,CH Me =PPh, CsDg¢ 68 81
Cl,CH Me —PPh, CD,CN 79 81
Cl,CH t-Bu =PPh, CsDyg 48 81
Cl,CH PhCH, =PPh, CD,COCD, 77 81
Cl,CH PhCH, =PPh, CeDs 57 81

Cl,CH Ph =PPh, CeD¢ 0 81
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alkyl groups. Nevertheless many N-phosphoryl amidines, RC(=NR’)—N(R")PX;, show
two forms, perhaps because the phosphoryl group can delocalize electrons without strong
conformational constraints. The E:Z proportions for some N-phosphoryl amidines in
nonpolar solvents are listed in Table 10. In more polar solvents the Z form becomes more
favored®!,

According to X-ray analysis®? the acylamidine 14 is in the Z form, stabilized by
intramolecular hydrogen bonding. In 15 the C—N double bond is exclusively E,
according to the observed J of 0.88 Hz, which is substantially lower than the 1.76 Hz seen
in a model for the Z stereoisomer.

Sopliadqicogiicr

Me '/ \R
(14) (13) (16) ar)

For the iminoisoindolone 16 (R = Me, R’ = aryl) only one stereoisomer is observed,
assigned®? as E according to the shielding of the benzo ring by the aryl group, which is
twisted perpendicular to the plane of the rest of the molecule. The same shielding was
seen in the anti aminoisoindolinone 17 (R = Me, R’ =aryl). However, for 16 (R =H,
R’ =aryl) there is a mixture of the E stereoisomer shown and the Z form, which pre-
dominates to the extent of 87-88% (or 100% for 2-pyridy! derivatives, which are capable of
internal hydrogen bonding) in CDCl, and to 69-100%, in DMSO.

Similar behavior is seen®* with other compounds 16 (R = H, R’ = Me or Bu), which are
95-96%, Z. In contrast, for R = R’ = Me, NOE measurements show that the molecule is
100% E. For R =H, R’ = Me there is 11-12% Z, although in CDClI; the barrier to
interconversion is low, so that the separate forms can be seen only below — 50°C. It is
especially unusual to see the separate forms, since proton exchange usually interconverts
them.

N-Sulfonylformamidines, HC(NR’,)==NSO,R", have been assigned®* as E according to
CMR and IR spectra and analogy to other amidines.

3. Configurations of imidines

In CDCl, at 263-298K the aminoiminoisoindoline 18 (Ar = p-Tol) occurs®® as a
mixture of 90%, Z and 10% E about the exocyclic C—N double bond. The diimino species
19 is exclusively EE for Ar = Ph and R = Me, but for R = H there is a mixture of ZZ and
ZE forms. The proportion of ZE isomer increases from 28% for Ar = p-MeOC4H, to 37%
for Ar = Ph, which is relatively electron-withdrawing and provides resonance stabilization
when it is coplanar with the imidine. Electronic effects are not the only determinant, since
for electron-withdrawing Ar = 2-pyridyl, the material is 100%, ZZ, owing to an internal
hydrogen bond, even in DMSO. These stereoisomers can be distinguished®” on the basis
of chemical shifts. The ZE isomer is less symmetric and shows an ABCD pattern for the
benzo ring, as well as inequivalent N-aryls if these carry methyl groups that can be
resolved. The ZZ and EE forms show an AA’BB’ pattern, and the benzo ring is more
shielded in the EE form. For 19 (R = H) the proportion of ZZ form is increased at higher
temperature or in more polar solvents, whereas the ZE form is favored in solvents like
DMSO and pyridine, which are hydrogen-bond acceptors that bind at the NH and repel!
the N-aryl.
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NAr NAr
NR
/
N
ar” \Ma NAr
(18) (19)

The nickel(II) salt of the imidine HN(CMe=NH), is necessarily ZZ (EE imidine) in
order to chelate the nickel, and this is confirmed®® by X-ray analysis.

D. Configurations of N-Heterosubstituted Amidines and imidates

Much progress has been made through studies of N-hydroxy, N-alkoxy and N-amino
amidines and imidates, where the configurational stability makes structure determination
easier than in simple amidines or imidates. Hegarty®® has reviewed this topic, from the
viewpoint of the reactivity of nitrilium ions.

1. Configurations of N-aminoamidines

According to a STO-3G molecular orbital calculation®® the more stable stereoisomer of
NCC(NH,)=NNH, is Z.

2. Conlfigurations of amidrazones

The equilibria between Z and E stereoisomers of amidrazones PAC(NHR)=NN=
CMeCH,COR’ and also of their enamine tautomers PhC(NHR)=NNHCMe=
CHCOR' in CCl, have been determined®* by !H NMR. All are entirely Z except for one
enamine with R = Me, which is 70% E. The corresponding conjugate acids are a mixture.
For example, for R = H and R’ = OEt the N-protonated keto form is 20% E and the N-
protonated enamine is 50% E. For some cyclic amidrazonium ions (20), the E/Z equilibria
are given in Table 11.

(20)

TABLE !1. E/Z equilibrium®! in some amidrazonium ions, 20

R R’ R" %E
Me H H 35
Ph H H 33
Ph H Me 20
Ph Me H 15
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3. Configurations of amidoximes

Since amidoximes are configurationally more stable than amidines, it seems that it
would be easier to elucidate their stereochemistry. However, there have been several
complications. One is that the Z stereoisomer is often the one that is formed more quickly
by amine addition to a nitrile oxide, and this then rearranges at a measureable rate to the E
isomer. Another complication is that the stable configuration of N,N-dialkyl amidoximes
is different from that of N-alkyl or unsubstituted amidoximes. Besides, the resonance
contribution to the dipole moment was sufficiently uncertain that some amidoximes were
misassigned.

The kinetically formed benzamidoximes ArC(NMe,)—NOH (Ar = p-MeOC¢H,, p-
Tol, Ph, p-CIC¢H,, p-O,NCgH,) were assigned®? as Z through the use of paramagnetic
shift reagents, and on heating each is converted to the more stable E form. Although these
assignments contradict those based on dipole moments, further evidence was obtained®?
from chemical shift correlations, aromatic solvent induced shifts and nuclear Overhauser
enhancements. Conclusively, an X-ray analysis of the stable form of PAC(NMe,)=NOH
showed that it is indeed E, as had been found®* for MeC(NMe,)==NOH. Further NMR
studies indicated that the kinetic product from addition of morpholine to the nitrile oxide
p-O,NC,H,CNO is the Z form, which is converted to the more stable E form by heating
or treatment with acid, and these assignments are in agreement with the dipole moments
and with X-ray analysis®* of the stable form. Likewise, X-ray analysis®® showed that the
stable isomer of PhC(NEt,)==NOH is E. Further dipole moment studies®’ showed that
various RC(NMe,)=NOH and RC(NMe,)—NOAc are E. Nevertheless crystalline
ArC(NHPh)=—=NOH (Ar = 2,6-C1,C4H;)°% is Z (and anti about N—O and C—N). Also,
ArCH(OH)C(NH ,)=NOH [Ar = 3,4-(methylenedioxy)phenyl]®®, PAC(NH,)==NOH?¢
and the parent HC(NH,)==NOH'°? are found to be Z-anti, and these assignments agree
with dipole moment measurements and chemical shift correlations?-192 on ArC(NH )=
NOH and ArC(NH,)=NOCOAr'. Further evidence from SN NMR!9? shows that
PhC(NHR)=NOH /(R = H, Me or Ph) are Z, whereas PhC(NR,)=—NOH [R,R = Me,
Me or Ph, Me or (CH,)s] are E, or perhaps a mixture of Z and E.

The resolution of these apparently contradictory assignments is that with N,N-
disubstituted amidoximes, the initially formed Z isomer can be converted by heating to the
more stable E isomer. Howwever, with N-monosubstituted or-unsubstituted amidoximes,
the initially formed Z isomer is also the more stable one, owing perhaps to internal
hydrogen bonding?3. Thus the stabilities depend on the substitution pattern. The E form is
the more stable for N,N-disubstituted amidoximes, but the Z form is more stable for N-
unsubstituted and -monosubstituted!%4,

TABLE 12. Equilibrium between Z and E forms of amidoximes, RC(NR'R")==NOR”

R R’ R" R" Solvent %Z Ref.
o-Tol H Ph H DMSO-dg4 83.5 105
p-Tol —(CH,),— Me dioxan 12 106
2,6-C1,C4H, H Ph H DMSO-dg 62 105
Mes* H Ph H DMSO-dg 67 105
p-MeOC:H, —(CH3)s— Me dioxan 12 106
p-CIC,H, —(CH,),— Me dioxan 13 106
3,5-Cl,Mes® H Ph H DMSO-dg 62 105
p-O,NC¢H, Me Ph H H,O 67 107
p-O,NC,H, —(CH,)s— Me dioxan 12 106

“Mes = 2,4,6-Me;CH,.
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Some amidoximes are a mixture of Z and E stereoisomers, even though dipole moment
measurements on ArC(NHR)=NOH, as well as cyclization by COCl, or SOCI,, had
suggested!®® that these are of Z configuration. The proportions of the two forms are
indicated in Table 12. N,N-Pentamethylene-p-nitrobenzamidoxime shows the interesting
feature! %% of isomerizing in the solid to the E form, even though this is the less stable one in
solution.

4. Configurations of hydrazide derivatives

In general, the more stable stereoisomer of a hydrazidate ester RC(OR')=NNR is E,
although the Z isomer is often the one formed faster!°8, This is discussed in Section VI.C.3.
For RC(OMe)=NNMeAr [R = Ph or t-Bu, Ar = Ph, p-O,NC¢H, or 2,4-(O,N),CsH,]
the equilibrium proportion of E stereoisomer ranges from 20 to 78%.

Most hydrazonate esters RC(OR’)==NN=CR/, are a single stereoisomer, according to
NMR 9%, However, with pivalate derivatives, which contain a t-butyl group, two forms
(21Z, 21E) can be detected, and three for a molecule with two hydrazonate groups (22ZZ,
plus ZE and EE forms). Since a t-butyl group can destabilize only the E form, it can be
concluded that the simpler compounds that are a single form must be E. Relative to other
imidates, these show a greater preference for the E form. This may be due to a greater
destabilization of the Z form by repulsion between the O-alkyl and the other nitrogen, in
the anti conformation, or to repulsions between the oxygen and nitrogen lone pairs in the
syn conformation.

Me OMe Bu-7
om N=< \C_'N M oM N=—= /
[} - o e ==
\
\C=N/ Me t-Bu N :-< \C=N/ \OMe
f—Bﬁ Me /-Bu
(212) (21£) (2222)

According to 6-31G**/MP2 calculations’!® the Z stereoisomer of the hydrazidoyl
fluoride HCF==NNH, is 4.3 kcal mol ™! more stable than the E isomer. In agreement, the
only available hydrazidoyl chlorides are the Z. This is opposite to the situation described
above for hydrazidate esters, where the E form is slightly more stable. Perhaps the stability
of the Z halide is due to a generalized anomeric effect, arising from delocalization of the
nitrogen lone pair into the C—X ¢* orbital.

5. Configurations of hydroximates and related derivatives

Hydroximoyl and alkoximoyl halides had been a problem for several years. There had
been some confusion from misassignment on the basis of dipole moment studies, but X-ray
analyses have been definitive. In particular, the stable isomers of p-O,NC-sH,CCl=
NOH!!! and p-O,NC4H,CCI=NOMe!'!? were found to be Z-anti.

Equilibration with catalytic HCl shows'!3 that the Z forms of various ArCCl=NOMe
(Ar = Ph, p-O,NC¢H,, p-Tol, p-CIC¢cH,, p-t-BuCzH,) are much more stable than the E.
Originally these assignments had been mistakenly reversed, but the X-ray analyses show
that the stable form is the Z isomer. This is also consistent with the 'H NMR spectra,
where the methoxy group of the E form is shifted upfield by proximity to the aromatic ring,
just as in hydroximate esters, ArC(OR)=NOMe. These in turn are of certain assignment,
since several have been assigned by chemical interconversion and by correlation of 'H and
13C NMRs and melting points with the higher-melting isomer of MeC(OMe)=—=NOH,
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whose structure was confirmed''# as Z by X-ray crystallography. Moreover, a series of
hydroximoyl chlorides!!® shows consistency of the infrared and NMR spectra, so that all
of these are Z.

Although the Z isomer of an oximoyl halide is considerably more stable than the E, the
stabilities of the alkoximate esters are more closely balanced. For PhC(OMe)—=NOMe in
acetic acid, the equilibrium mixture!'3 contains 32%, Z, and 20%, in benzene. With other
substituents the equilibrium is hardly changed, except that with 0-TolC(OMe)=NOMe
there is only 129/ Z in acetic acid. The contrast between halides and esters is not clear.
Rationales based on dipole moments suggest that the E halide should be more stable.
Therefore the stability of the Z halide may again be due to a generalized anomeric effect, as
proposed (Section I1.D.4) for hydrazidoy! halides.

E. Configurations of C-Heterosubstituted Amidines

1. Configurations of isothioureas

N-Arylisothioureas, MeSC(NH,)=NAr, exist as a mixture'!® of Z and E stereoiso-
mers, in nearly equal amounts. For N-aryl-N'-methylisothioureas!!” the Z form is slightly
favored, especially in more polar solvents. The proportion of Z form increases with
electron-withdrawing groups on the ary! ring, since the SMe is bulkier than the NH, and
interferes with a coplanar aryl. Similar behavior is seen'!8 for 2-(arylimino)thiazolidines in
CDCIl;-CD,OD, but in CDCl; intermolecular hydrogen bonding shifts the equilibrium
to the Z form (23). N-Phosphorylated isothioureas (24, 25) also exist as a mixture of Z and
E forms, distinguishable!!'®”'2! by 3'P and '*C NMR. The proportions of the
stereoisomers are listed in Tables 13 and 14.

TABLE 13. Equilibrium between Z and E forms of isothioureas
MeSC(NHR)=NR’

R R’ Solvent %E Ref.
H aryl CDCl,-CS, 33-50 116
alkyl alkyl CDCl, 100 121
Me Ph CDCl, 100 121
Me Ph CDCI,-CS, 33 117
Me MeP(O)OPh CD,;COCD, 67 120
Me MeP(O)OPh CD,0D 41 119
Me MeP(S)OEt CD,COCD, 86 119
Me MeP(S)OEt CD;COCD, 75 120
Me MeP(S)OEt CD;0D ) 119
Me MeP(S)OEt CD,0D 58 120
Me MeP(S)YOPh CD;COCD, 86 119
Me MeP(S)OPh CD,COCD, 55 120
Me MeP(S)OPh CD,0D 76 119
Me MeP(S)OPh CD,0D 4 120
Me PO(OEY), CD,COCD, 85 119
Me PO(OEY), CD,0D 33 119
Me PS(OEY), CD,COCD, 78 119
Me PS(OEY), CD,COCD, 66 120
Me PS(OEL), CD,0OD 66 119
Me PS(OEY), CD,;0D 50 120
-Bu PO(OE), CDCl, 10 122

-Bu PO(OEY), CD,0D 90 122
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TABLE 14. Equilibrium between Z and E forms of N-phosphorylated
isothioureas RSC[N(R)PO(OEt),]=NR"

R R’ R” Solvent %E Ref.
Me Me Me C¢Dg 42 121
Me Me Me CD,CN 46 123
Me Me Et Ce¢Dg 47 121
Me Me Et C¢Dg 50 123
Me Me i-Pr C¢Dg 52 121
Me Me t-Bu C¢Dg 100 121
Me Et Me C¢Dg 36 121
Me Et Me C¢Ds 41 123
Me i-Pr Me C¢Dg 40 121
Me t-Bu Me C¢Dg 0 121
Et Me Et CsDg 48 121
Et Me i-Pr C¢Dg 46 121
Et Et Me C¢Dg 32 121
Et i-Pr Me C¢Dg 31 121
i NR’ NMe
j J V4
N=< RS——C RS—C
/ s \ " \ "
Ar /N—-PO(OR )2 N—~PO(OR"),
Me R’
(23) (24) (28)

The E/Z equilibrium constants have been determined'2# for a series of isothiouronium
ions, RSC(NR'),*. Even if the two groups on a nitrogen are as disparate as hydrogen,
methyl, benzyl or aryl there is little preference for one stereoisomer over the other.

2. Configurations of haloformamidines and haloformimidates

In CD,OD the 'H NMR spectrum of CIC(NHMe), * shows'2> N-methyl peaksat § 2.9,
3.1 and 3.2, in a ratio of 1.2:1.0:1.0. These were attributed to 30% of the EE stereoisomer,
plus 70% of the ZE, which has inequivalent methyls. However, the chemical shift of the (E)-
N-methyl of the ZE isomer ought to be closer to that of the N-methyls of the EE isomer,
and it may be that hydrolysis produced some CD;OC(NHMe), *. The stereochemistry of
this simple ion should be reinvestigated in an aprotic solvent.

According to MNDQO calculations'2® the E-syn forms of FC(OH)=NH and
CIC(OH)=NH are 1.8 and 0.1 kcal mol ™!, respectively, more stable than the Z-anti
forms.

3. Configurations of C-metallosubstituted amidines

Just as with simple amidinium ions, the '"H NMR spectrum of the cationic gold complex
Au[C(NHMe),],*, with two N,N’-dimethylamidinium ligands, shows'2” two different N-
methyls, so that it must be the ZE stereoisomer (26ZE, M = Au, ;). This is an Au(l)
complex, but the same behavior is seen with the Au(III) complex.
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H CHs
/;\l—cns N—H
M—C*+ M—C#
N N\,
N—H N—~H
/
CH; CHj
(28 ZE) (2622)

Dimethylglyoximecobalt(I11l) complexes with N,N’-dimethylamidinium ligands ap-
pear®* as a mixture of ZE [26ZE, M = Me(DMGH),Co] and ZZ (26ZZ) stereoisomets.
For the ZE isomer, the upfield '"H NMR peak was assigned to the E methyl by comparison
with HC(NHMe), *, and the other isomer was assigned as ZZ on the basis of comparison
of chemical shifts. In CDCI, there is a 1: 1 mixture of the two, but the proportion of the ZE
form increases in more polar solvents. For bis(amidinio)cobalt complexes (26 ZE, 26ZZ,
M = [(DMGH),Co],,) each of the amidinium fragments can be ZE or ZZ independ-
ently, but the presence of a mixture of isomers leads to an unresolved multiplicity of peaks.
With the (DMGBF,),Co[C(NHMe),], complex there is only one form, assigned as the
EE structure on the basis of the steric effect expected from the BF, group, but with a
chemical shift that is appropriate for the ZZ.

lil. CONFORMATION ABOUT C—N AND C—O SINGLE BONDS
A. Conformations of Amidines and Imidates

1. Conformations of amidines

Nearly all the amidines studied have two identical groups attached to the singly bonded
nitrogen. Therefore there is no conformational equilibrium, but only the dynamics of
rotation about the C—N single bond (Section V.A.1). Two exceptions are
Ph(NMeCH ,SMe)=—NMe!?, which exists as a mixture of two conformers, in unequal but
unspecified proportion, and HC(=NPh)—NHPh'28, which is a 2.92:1 mixture of anti
and syn conformers, although at higher concentrations the equilibrium shifts further to the
anti, which can form a hydrogen-bonded dimer.

In contrast to many experimental and theoretical values indicating a planar structure
for amidines, with a significant barrier to rotation about the C—N single bond, the low
3Jcenp in 27 (R = Et or Ph) suggests'2? that the phosphoryl group is rotated nearly
perpendicular to the five-membered ring,

Me\N _PO(OR),

N
(27)
2. Conformations of imidate esters and imidic acids
Stereochemical information regarding conformations of imidate esters could be

obtained!?® through 'H nuclear Overhauser enhancements. For PhC(OMe)=NBu-t
enhancements could be detected at the ortho positions on saturating the t-butyl group of
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TABLE 15. Calculated relative energies (kcal mol ') of sterecisomeric imidates, RC(OR)=NR"

R R’ R"  E(E-anti) E(E-syn) E(Z-anti) E(Z-syn) Method Ref.
H H a 0 1.65 0 1.65 MNDO 32
H H H 833 0 3.77 666 4-31G 18
H H H 0 >0 >0 >0 CNDO/2 16
H H H 9.1 0 40 32 3-21G 45
H H H 9.1 0 <9.1 <9.1 3-21G 130
H H H — 0.9 0 — MNDO 126
H H H — 0 421 393 6-31G** 131
H H H 7.3 0 44 3.8 6-311 + + G**/MP3 20
H Me H 743 0 1.65 6.11 431G 132
H Me H — 0 4.7 — MNDO 126
H Me H 50 0.28 0 9.4 4-31G 133
H OH H — 111 1.52 0 STO-3G/6-31G 134
Me H Me 6.01 3.61 0.88 0 MINDO/3 135
Me Me H 795 4.65 0.58 0 MINDO/3 135
Me Me Me 407 8.40 0 366 CNDOj)2 136

*Iminyl free radicals (28syn and 28anti), neither Z nor E.

the E isomer and on saturating the methoxy group of the Z. This means that the C—O
bond of the E isomer is anti and that of the Z isomer is syn. Likewise MeC(OMe)—NMe
shows mutual enhancements between C-methyl and N-methyl, but none involving the O-
methyl, so that this is E-anti.

The results of molecular orbital calculations on formimidic acid and its derivatives,
RC(OR’)=NR", are summarized in Table 15. Some of the calculations found only the
optimum geometry or neglected unstable conformers. It can be seen that the E-syn form is
generally the most stable, but that steric effects can shift the equilibrium toward the Z
form, as is seen experimentally?* for imidate esters. It is not clear why two 4-31G
calculations!32''33 give suchdifferent resuits.

RI
/ ,
0\ R——O\
Cc=—N’ /C=N *
R R
(283syn) (28antl)

The preference for the syn form is due to dipole—dipole interactions, as in carboxylic
acids and esters, which also have a strong preference for a syn C—O single bond. In the syn
conformer of an imidate ester the interaction between the dipoles of the nitrogen and
oxygen lone pairs is more favorable in the E stereoisomer. However, if the C—O single
bond is somehow constrained to be anti, then the interaction of these dipoles is more
favorable in the Z stereoisomer.

B. Conformations of Conjugate Aclds

1. Conformations of imidatonium ions

According to NOEs'37, the C—O single bond of HC(OMe)=NMe,"* is anti.
According to X-ray analysis'3® the Z stereoisomer of HC(OMe)=NMeAr*, Ar=2,6-
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Xyl, has its C—O bond anti. These conformations are surely a consequence of steric
effects.

MO calculations at the 3-21G level*® have been carried out for the conjugate acid of
formimidic acid. The syn conformation of HC(OH)=NH,* (29syn) is 3.1 kcal mol~* less
stable than the anti (29anti). This is in agreement with the experimental results even though
steric effects are minimal in this model.

/H
Q H H—OQ H
\ / \N_/
C=——=N* C=—=N*
/ \ / 0\
H H H H
(29 8yn) (29ant/)

2. Conformations of metal complexes of amidines

The (dimethylglyoxime)cobalt(IIl) complexes®* of N,N’-dimethylformamidine,
HC(NHMe)=NMe—+M [M = MeCo(DMGH),] and [HC(NHMe)=NMe—],M
[M = Co(DMGH),], are of anti conformation, according to the large 3Jycnu Of
13-14 Hz. This holds for both the Z and E stereoisomers of the former complex.

C. Conformations of Amidines and Imidates with sp?-C Substituenis

1. Conformations of N-acylamidines

For HC(=NTol-p)-N(COMe)Tol-p, which is the E stereoisomer at the C—N double
bond, the C—N single bond is exclusively anti®®, according to Kerr constant and dipole
moment measurements.

For the cyclic acylamidine 30 (R = H)!? both syn and anti forms can be seen, in ratio
3:1in CDCl, and 9:1 in DMSO. The syn form could be distinguished by the long-range 3J
of 0.67 Hz between the N-methyl and H,,. In contrast 30 (R = Ph) shows only one N-
methyl in the 'H NMR, so that one conformer must predominate. Also the
aminoisoindolinone 17 {R = Me, R’ = aryl) is anti, according to the shielding of the benzo
ring by the aryl®?,

0

N

|
R
N

Me
(30)

N-Sulfonylformamidines HC(=—NSO,R)—NR’Ar®’ exist as an unequal mixture of
conformers, with hindered rotation about the C— N single bond. For R’ = H, the 3Jycuus
of 125Hz and 5.5Hz permit assignment as syn and anti forms, respectively. The
equilibrium proportions in DMSO-dg are given in Table 16. The two forms of HC(=
NSO,Me)—NHCH,CH,NHPh can be separated by crystallization, but on dissolution
they show the same NMR and IR spectra. These had been considered!° to be Z and E
forms, but they show the same chemical shifts for the SO,R groups, so that they differ at
the NR’Ar portion of the molecule.
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TABLE 16. Equilibrium®® between syn and anti conformers of
N-sulfonylformamidines HC(==NSO,R)—NR’Ar in DMSO-d¢

R R’ Ar % syn
Me H Ph 42
Me Ph (CH,),NHPh 20(807)
Me H p-Tol 33
Ph H Ph 37
p-Tol H c-Hex 25
p-Tol H Ph 43

According to NMR coupling constants between CH and P, the further stereochemistry
of the C—NPPh, single bond of the various Cl,CHC(=NR)—N=—PPh, in Table 10
(Section I1.C.2) could be assigned®! as anti in the Z stereoisomers and syn in the E,
although for Cl,CHC(N=—PPh,)==NBu-t the Ph,P is twisted out of the plane.

2. Conformations of imidines

In CDCl; at 263-298 K both the Z and E stereoisomers of the aminoiminoisoindoline
18 (Ar = p-Tol)®¢ are exclusively the anti stereoisomer about the exocyclic C—N single
bond.

3. Conformations of N-acylimidates

According to 3-21G MO calculations'#! the most stable form of N-carboxyformimidic
acid, HC(OH)=NCOOH, is E-syn, with a barrier of only 4.8 kcal mol~! for rotation
about the N—COOH bond. Indeed, the X-ray structure of PhC(OEt)Y=NCOQOPh shows
that the molecule is E-syn, with the COOPh rotated nearly perpendicular to the C—N
double bond. No dynamic NMR behavior could be detected even at low temperature.
Similarly, the structure of PhC(OEt)=NCOPh!*2 in the crystal is E-syn. The N—COPh
dihedral angle is 71.6°, so that the carbonyl n system overlaps the nitrogen lone pair, rather
than the imidate = system. A 3-21G MO calculation of the parent HC(OH)=NCHO
indicates that the E-syn form (with the amide C—N also syn) is most stable even though
the lowest-energy form is calculated as the Z-syn-syn, which is stabilized by an
intramolecular hydrogen bond that is absent in the actual molecules studied.

D. Conformations of N-Heterosubstituted Amidines and Imidates

1. Conformations of amidoximes

Dipole moment measurements'®® on ArC(NHR)=NOH show that these are of Z
configuration, with antiperiplanar conformations about the C—N and N—O single
bonds.

Molecular orbital calculations generally suggest that the most stable configuration of a
simple amidoxime is Z, with a preferred anti conformation about the N=0 bond. Resuits
are listed in Table 17. These calculations are in agreement with the experimental data
(Section I1.D.3), except that for N,N-dimethyl-substituted amidoximes the stabilities are
reversed, owing to steric repulsion. For the tautomeric RC(NROH)=NR" there are also
syn and anti conformers about the N—O single bond, but only the more stable conformer
is listed in the table.
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TABLE 17. Calculated relative energies (kcal mol ~ ') of stereoisomeric amidoximes, RC(=NOR')—
NRj

R R R" E(E-anti)  E(E-syn) E(Z-anti) E(Z-syn) Method Ref.
H H H 14 8.1 0 11.04 STO-3G 100
H H H 40 — 0 — 321G 100
H H H 3.66 — 0 — dbl-zeta 143
H H Me 0 — 235 — MNDO 144
Me H H 50 14.75 0 13.05 6-31G* 145
Me® H H 11.2 0 11.7 8.15 6-31G* 145
Me H Me 0 — 9.2 — MNDO 144
Ph Ac H 590 — 0 — CNDO/2 146
Ph CONHPh H >0 >0 0 >0 CNDO/2 147

RC(NR'OH)=NR".

TABLE 18. Calculated relative energies (kcal mol™!) of stereoisomeric formohydroximic acid
derivatives, HC(OH)=NOR

R E(E-anti) E(E-syn) E(Z-anti) E(Z-syn)  Method Ref.
H 6.5 25 49 0 STO-3G 148
H — 264 — 0 dbl-zeta 143
~(anion) 18.7 9.6 270 0 4-31G/CI 149

2. Conformations of hydroximates

In contrast to imidic acids, where the E-syn form is most stable, molecular orbital
calculations on hydroximic acid derivatives RC(OH)=NOR'’ generally show that the Z-
syn form is most stable. The results for these derivatives are summarized in Table 18. For
the neutral HC(OH)==NOH there is the further possibility of syn/anti stereoisomerism
about the N—O bond, but the values in the table are for whichever N—O conformer is
the more stable. The experimental data on ArC(OMe)=NOMe!!? indicate that the E
form is slightly more stable, but this may be due to steric repulsions between the methoxy
groups in the Z form.

E. Conformations of C-Heterosubstituted Amidines and Imidates

1. Conformations of guanidinium jons

The 'H NMR spectrum'*® of (Me,N),CN(CH,Ar),* shows an AB pattern for the
CH,Ar groups, so that the ion cannot be planar, but must be twisted.

2. Structure of iminocarbonates

Some N-alkylidene iminocarbonatonium ions show an interesting contrast. For
PhCH=N"*==C(OEt), the 13C NMR spectrum’3! at < — 54 °C shows two sets of ethyl
signals, corresponding to a structure bent at nitrogen (31). In contrast t-Bu,C=N*=
C(OEt), shows no separation of signals even at — 90 °C, and this is consistent with a linear
structure (32) as indicated by the IR band at 1750 cm ™! and verified by an X-ray structure.
A 3-21G MO calculation on H,C=N"*"=C(OH), suggests that the linear form is most
stable, although the bent form is only 2.56 kcal mol ™! less stable. ~
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F. X-Ray Structures of Amidines, Imidates and Related Compounds

Structures of many amidines and a few imidates have been determined by X-ray
analysis. Table 19 lists the amidines, including some amidoximes and C-heterosubstituted
derivatives, along with the stereochemistries of the C—N double and single bonds. One
molecule (38) bears two amidine functionalities, one of them Z and the other E. It is
necessary to remember that the designations Z or E and syn or anti apply to the ranking of
substituents, so that they do not have a uniform significance as regards heteroatom
substituents. An asterisk (*) marks those molecules where the ranking reverses the
stereochemistry from that shown in Figure 1.

Clearly X-ray analysis is a powerful method for determining stereochemistry. The
structures themselves carry a great deal of additional information regarding bond lengths
and bond angles, as well as dihedral angles that define the conformations, and the reader is
referred to the originals for such details. The examples in the table are representative,
rather than comprehensive, and a complete set can be obtained through the Cambridge
Crystallographic Database.

TABLE 19. Stercochemistry of crystalline amidines, RC(NR'R")=NR". Molecules where the
geometry differs from that in Figure | are marked with *. Molecules where the stereochemistry is
required by the cyclic structure are marked with

R R’ R” ) R™ Stereochem. Ref.
H H H OH V4 100
H H Ph Ph E-anti 152
H Me Me p-O,NCH, E 153
H Me Me H,CH(CF,)," E 154
H —(CH,)s— p-O,NC;H, E 23
H —(CH )g— R" E 155
H —(CHj)e— H,R" E 156
Me H H H VA 157
Me H H R™ VA 158
Me H H Cs,” z 159
Me H Me R™e E-syn 160
Me H Ph H,Ph* ZE 36
Me H p-Tol p-Tol E-syn 156
Me H R H E-syn 160
Me Me Me p-O,NCH, E 153
Me Me Me OH E 94
Me —cis-MeCH(CH,);CHMe— Ph E 98
[(NC),C],»(CH,;), H t-Bu 2,6-CI,C4H, E-syn 161

—2-Adamantylidene— t-Bu Me e-anti! 9

t-Bu H H COBu-t Z 162
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Table 19. (continued)

177

R R’ R” R” Stereochem. Ref.
t-Bu H COBu-t H,H*® VA 162
t-Bu Me Me p-O,NC.H, Z 153
t-Bu —cis-MeCH(CH,);CHMe— Ph VA 98
Ph H H p-O,NC-H, z 163
Ph H H C(=S)NEt, 4 164
Ph H H OH z 96
Ph H H Cl Z 165
Ph H CH,Ph OH Z-anti 166
Ph H (S)-PhCHMe (S)-PhCHMe E-syn 167
Ph H Ph Ph E-syn 168
Ph H Ph C(=S)NEt, Z-anti 169
Ph Me Me OH E 93
Ph Me Me SMe E 170
Ph Me Ph p-Tol E-anti 171
Ph Et Et OH E 96
Ph t-Bu (CH,),NHBu- PtCI,(NCPh)  E* 56
Ph —(CH,)¢— m-CICcH, E 172
Ph —p-MeOCH,CH— t-Bu z 78
Ph p-MeOC¢H, 24,6-(O,N);C,H, p-MeOC¢H, E-syn 173
Ph SiMe, SiMe, SiMe, E 59
p-O,NCcH, —(CH,),0(CH,),— OH z 95
2,6-C1,CcH, H Ph OH Z-anti 98
R? Et Et SO, Tol-p E 174
ArCHOH" H H OH z 99
HC(=NOH) H H OH z 175
MeC(=NOH) Me Me OH E 176
H,NC(=NOH) H H OH z 175
O[(CH,),];N H c-Hex c-Hex E-anti* 177
H,N p-BrC¢H, R" p-BrCcH, E-syn* 178
F CF, CF, H,CF,* VA 179
—SCH,— Ph Ph Z-syn*! 180
—SCH,— SO,Tol-p SO, Tol-p Z-anti*! 181
—S(CH,),— H Ph Z-syn*! 182
—S(CH,),— H 2,6-Xyl Z-syn*! 183
—S(CH,);— H Ph Z-syn*! 184
—8C(=CMeX)—’ Me t-Bu Z-syn*t 174
—SC(=0)— Ph SO, Tol-p Z-syn*! 185
—SC(=S8)— Ph SO,Tol-p Z-syn*! 186
Cl —(CH,),— R"* zZ* 187
—(Me;P),(0C),FeC(=CH,)—' c¢-Hex c-Hex Z-anti*! 188
Cp,U Et Et 2,6-Xyl E* 189

2Cationic.

*R" = 6-Penicillanyl acid (cf. 33).

‘R" = 6-Penicillanyl acid 1-(ethoxycarbonyloxy)-1-ethyl ester (cf. 34).

4R" = 3-(Chloromethyl)-5-1,2,4-thiadiazolyl (cf. 35).
*R” = 3,4-Dimethyl-5-1,2 4-thiadiazolylium (cf. 36).
JR” = 3-Methyl-5-1,2,4-thiadiazoly! (cf. 37).

?R = MeC={cyclo-[CSC(=NBu-)NMc]} (cf. 38).
*Ar = 3,4-(Methylenedioxy)phenyl.

IR" = 3-(p-Bromophenyl)-S5-1,2,4-thiadiazolyl (cf. 39).
JX = (Et,N)C=NSO,Tol-p (cf. 38).

:‘R"' = cyclo-[CC(—=0)C(=0)CPh)] (cf. 40).

cf. 41.
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IV. INVERSION AT NITROGEN AND ROTATION ABOUT C—N DOUBLE BONDS
A. Stereoisomerization of Amidines and Imidates

1. E-Z stereoisomerization of amidines

The interconversion of Z and E forms of amidines has not often been studied, since the
equilibrium usually lies far to one side. For the few N,N,N'-trisubstituted amidines where
there is an appreciable amount of each isomer, interconversion proceeds via nitrogen
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inversion, with a barrier of ca 25 kcal mol ™ !. For example, for CH;CH=CHC(NMe,)=
NPh the barrier to E-Z interconversion® is ca 26 kcal mol ™!, For the iminoaziridines 5°
the barrier to E-Z interconversion is 23.3 kcal mol ~! (R = Me) or 21.4 kcal mol " ! (R =¢-
Bu). Although these values correspond to a relatively slow process, it is fast enough that
isomerization can occur under laboratory conditions. Therefore the ratios in Table 1
(Section I1.A.2) presumably refer to true equilibrium.

For some amidines other mechanisms can provide lower barriers. For example, AG? for
the cyclic amidine 6 (n = 5, X = H)'2 is ca 15 kcal mol ™!, and this was originally viewed as
proceeding by nitrogen inversion, since tautomerization was expected to be slow in
CDCl,. Yet for the cyclic amidine 6 (n=7, X =H)'?> AG* =159 kcal mol~!, and the
mechanism for this E-Z interconversion is certainly rotation about the C—N single bond
of the amino tautomer, which could be detected by NMR in the mixture of amidine
structures. Likewise, for HC(NMe,)==NAr, with Ar = o-hydroxyphenyl, the barrier to E~
Z interconversion'* is low, and this was attributed to rotation about the partial double
bond of the tautomer, HC(NMe,)(NHC,H,O)*.

According to 3-21G MO calculations'” the transition state for interconversion of the Z
and E stereoisomers of HC(NH,)=NH by nitrogen inversion lies at 23.2kcalmol ™!
above the E reactant.

2. E-Z stereoisomerization of imidate esters

For a series of methyl N-isopropylbenzimidates, the rate of E-Z interconversion could
be measured from the NMR coalescence behavior of the separate Z and E signals or from
the time dependence of the integrated NMR intensities after dissolving one crystalline
form of the conjugate acid of the imidate in CDCl;-pyridine. The results are shown in
Table 20. It can be seen that both experimental methods give the same AG?, even though
they involve different temperatures. Therefore AS* is near zero.

TABLE 20. Activation barriers (kcal mol~!) to E-Z interconversion of imidate esters, RC(OR')=
NR”

R R’ R” Solvent Method AG! Ref.
Me Ph Me 0-CgH,Cl, HT, 19.8 2%
Me pTol  Me ccl, NMR(r) 204 26
t-Bu Me Me cal, HT, 159 2%
Ph Me Me PhOH-PhNO, HT 189 27
Ph Me i-Pr  PhOH-PhNO, HT, 187 27
Ph Me +Bu  CD,Cl, HT, 140 129
Ph Me t-Bu CDCl, H T, 14.2 129
o-Tol Me i-Pr  PhOH-PhNO, HT 194 27
0-FC4H, Me iPr  PhOH-PhNO, HT 189 27
o-FC.H,, Me Pt CDCly-Py-d, NMR() 188 27
0-CIC,H, Me iPr  PhOH-PhNO, HT 193 27
o-CIC(H, Me iPr  CDCly-Py-d, NMR() 192 27
0-BrC¢H, Me iPr  PhOH-PhNO, HT, 196 27
0-BrC H, Me iPr  CDCl,-Py-d, NMR(s) 195 27
oICH, Me iPr  PhOH-PhNO, HT, 192 77
oICH, Me iPr  CDCly-Py-d, NMR() 19.0 27
0-O,NCgH,  Me iPr  PhOH-PANO, HT, 188 27
0-O,NC,H,  Me iPr  CDCly-Py-d, NMR() 193 27

1-Naph Me i-Pr PhOH-PhNO, 'HT, 19.5 27
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In contrast to the behavior of the conjugate acids (below), which isomerize by rotation
about the C—N double bond, the rates for the imidate esters are independent of the steric
bulk of the ortho substituents. Therefore, the substituents on nitrogen can remain in the
molecular plane, which means that the isomerization proceeds by nitrogen inversion. For
MeC(OAr)=NMe in CCl, the mechanism is nitrogen inversion, but in aqueous solu-
tion there is catalysis by bases such as tertiary amines, and stereoisomerization
by tautomerization to CH,—=C(OAr)—NHMe could be confirmed?® by deuterium
incorporation into the C-methyl.

On heating to 100 °C for 40 minutes the Z and E isomers of the N-chloroimidate?®
PhC(OMe)==NClI equilibrate. This represents a slower sp? nitrogen inversion than in
ordinary imidates, as expected from the electronegative chlorine.

According to 3-21G MO calculations** the activation energy for nitrogen inversion in
the syn conformer of formimidic acid HC(OH)=NH is 20.3 kcal mol~', whereas in
peroxyformimidic acid HC(=NH)—OOH'3*it is 15.9 kcal mol ~! by 6-31G calculations.

3. E-Z stereoisomerization of thioimidate esters

The barriers to E-Z interconversion®3 of various thioimidate esters, RC(SR')=NR", are
given in Table 21, and additional data for aryl-substituted thiobenzimidate esters
ArC(SMe)=NPr-i27 are available. For a few of these methyl N-isopropyl-
benzothioimidates, the rate of E~Z interconversion could be measured not only from
the coalescence behavior of the separate Z and E NMR signals but also from the time

TABLE 21. Activation barriers®® (kcal mol™!) to E-Z interconversion of
thioimidate esters, RC(SR’)=NR"

R R’ R” Solvent AG?
Me Me Me 0-CgH,Cl, 21.6
Me Me Et PhNO, 21.2
Me Me i-Pr CHBr; 19.6
Me Me t-Bu C¢Dg 16.7
Me Et Me 0-C¢H,Cl, 216
Me Et Ph cDCl, 160
Me i-Pr Me 0-CcH,Cl, 216
Me t-Bu Me PhNO, 214
Me PhCH, Me 0-CcH,Cl, 21.2
Me PhCH, Ph CDCl, 15.7
Me Ph Me PhNO, 20.3
Me p-O,NC.H, Me PhNO, 20.8
Et Me Me CHBr, 204
Pr Me Me PhNO, 19.7
i-Pr Me Ph CDCl;-C¢Dyg 139
PhCH, Me i-Pr 0-C;H,Cl, 19.6
PhCH, Me Ph CD,0D 15.7
Ph Me Me 0-C¢H,Cl, 19.8
Ph Me i-Pr CHBr, 19.5
Ph Me Ph CDCl, 14.2
Ph Et Me PhNO, 204
Ph Et Ph CDCl, 14.2
Ph i-Pr Me PhNO, 20.3
Ph i-Pr Ph CDCl, 14.2
Ph t-Bu Me PhNO, 20.6

Ph t-Bu Ph CDCl,4 13.8
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dependence of the integrated NMR intensities after dissolving one crystalline form of the
thioimidate in CDCI;. The barrier to E~Z interconversion is nearly independent of
solvent®3, although there are slight increases?” in the presence of phenol. For
MeC(SC;H,NO,-p)=NMe in CD;0D—CDCI, the rate of stereoisomerization is the
same as that of deuterium incorporation, so that the mechanism for this ester involves
tautomerization to CH,—=C(SAr)—NHMe and rotation about the C—N single bond.
For the others, which lack alpha hydrogens or acidifying aryl groups, the mechanism is
simply nitrogen inversion.

B. Stereoisomerization of Conjugate Acids and Bases

1. E-Z stereoisomerization of amidinium ions

In the previous review? there were very few examples of rotation about the partial C—N
double bonds of amidinium ions, and except for PhC(NMePh)(NMe,)* !99, where steric
effects lower the barrier, these clustered close to a AG* of 21 kcal mol ™! Subsequent]y it
has been possible to find lower barriers, and to measure them. Barriers to rotation about
the partial C—N double bonds in various amidinium ions are listed in Table 22. For N,N-
dimethylacetamidinium ion®! the rate is independent of counterion (nitrate or chloride)
even in 1,1,2,2-tetrachloroethane solvent, and it is the same as in DMSO. Therefore the
process is indeed rotation about the C—N partial double bond, rather than rotation
about a C—N single bond of a covalent adduct. For this ion and for the seven-membered
ring amidinium ion 1033 the activation parameters were also determined. For the latter the
rate is higher in the presence of Et;N, since isomerization can occur by rotation about the
exocyclic C—N single bond of the amidine free base.

Solvent and counterion effects have been studied'®> more extensively for HC(NMe,), *.
With perchlorate counterion the rate is nearly independent of solvent, and the same rate is
seen in DMSO with iodide or tosylate counterion. However, the activation cnthalpy 1s
higher with chloride in DMSO or tosylate in CDCl,, and there is a large increase in AH*
with iodide in CDClI; or chloride in CDCl3 or acetone- d6 However, these latter cases
show a compensating large increase in AS?, so that the rate is nearly the same. This is most
likely due to stereoisomerization via formatlon of the covalent intermediate (Me,N),CHX
(X=Cl I, OTs) in these nonpolar media.

For imipenem (9) kinetic analysis** by HPLC (not NMR) indicates that reequilibration
of the Z and E forms takes several hours at 0 °C at pH 5.5 or only a few minutes at room
temperature at pH 7. The base catalysis indicates that this isomerization proceeds via
deprotonation and rotation about the C—N single bond of the amidine.

TABLE 22. Activation barriers (kcal mol~?!) to rotation about C—N partial double bond of
amidinium ions

fon Solvent AG*  Method Ref.
CD,C(NH,)=NMe,* C,H,Cl, 21 'HLSA 191
+H,NC(NH,)=NMe, * FSO,H-SbF,-SO, 15 HT. 192
Me,NCH=NMe,* cDcl, 156 I'°CT, 193
Me,NCH=NMe, * cpcl, 154 1CT. 194
Et,NCH=NMe, * cpcl, 160 '*CT. 194
Me,NCH=NE{, * CDCl, 153 1’CT, 194
Et,NCMe=NEt, * cocl, 155 CT. 193
Et,NCMe=NEt,* CDCl, 14.9 B3CT, 194

10, R = p-TolCHPO,0OMe™ CDC13 197 'HLSA 35
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For the dimeric amidinium ion 42, obtained as the meso isomer, the 'H NMR
spectrum! % shows four N-methyl peaks at 253 K, and these coalesce to two with a AG* ca
14.6 kcal mol ~!. The X-ray structure shows that the molecule has an inversion center, so
that the two amidinium fragments are equivalent to each other. However, each amidinium
fragment is twisted relative to the seven-membered ring, so that the Z methyls on the two
nitrogens of the same amidinium fragment are not equivalent and neither are the E
methyls. The dynamic behavior could be due to restricted rotation about either the C—N
partial double bond or the C—C bond between the amidinium fragment and the ring. If
the process were C—N rotation, then the two kinds of C—N bonds are in different
environments and should show different AG®. Since there is only a single AG? for the
coalescence of both pairs of N-methyls, the dynamic process is most likely the C—C
rotation. This then means that the barrier to C—N rotation is considerably higher than
14.6 kcalmol ~*. This is consistent with the other studies above on amidinium ions.

(42)

Around 120°C in DMSO-d, the 'H NMR peaks of the inequivalent N-methyls of (ZE)-
N,N'-dimethylformamidinium ion HC(NHMe),* coalesce'®’. This represents an iso-
merization of both C-—N partial double bonds, presumably via the EE isomer as
intermediate.

From the NMR coalescence temperature the barrier to interconversion of the two forms
of mifentidine [HC(NHPr-i)(NHAr)", Ar = p-imidazolylphenyl]*® is 16.1 kcalmol~*.
Equilibration presumably occurs by deprotonation (pK, 8.88), followed by rotation about
the C—N single bond. The barrier is sufficiently low that under physiological conditions
the ZE or EZ distomer (inactive stereoisomer) can convert to the EE eutomer, which is the
active form that binds to the histamine receptor.

The calculated barriers to rotation about the partial C—N double bonds in various
amidinium ions are listed in Table 23. The experimental barriers in Table 22 are
significantly lower, because steric repulsions of the N-alkyl groups destabilize the planar
amidinium ion relative to its transition state.

TABLE 23. Calculated activation energies (kcalmol™!) for rotation
about the C—N double bond of amidinium ions

Ton E, Method Ref.
H,NCH=NH,"* 345 STO-3G 198
H,NCH=NH,* 287 321G 18
H,NCH=NH,"* 282 4-31G 198

H,NC(Me)=NH,* 268 431G 198
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According to MNDO calculations and an effective charge model'®® to account for
solvation of both planar and twisted HC(NH ), *, the activation energy for rotation about
the C—N double bond decreases with increasing solvent dielectric constant. This is in
general agreement with the experimental results above. The decrease occurs because the
positive charge is more localized in the transition state for rotation.

2. E-Z sterecisomerization of amidinate anions

According to a 3-21G MO calculation!” the barrier to ZZ-to-ZE isomerization by C—
N rotation in HC(NH), ~ is calculated to be 23.0 kcalmol ™! and that for ZE-to-EE is
27.1 kcal mol ™ L. According to a 6-311 + + G**/M P3 calculation?® the barrier to rotation
about one C—N bond of (ZZ)-HC(NH), ~ is 21.1 kcal mol ~ ! It is surprising that there are
no experimental data in so simple a system, although it might be difficult to distinguish
C—N rotation from nitrogen inversion.

3. E-Z stereoisomerization of imidatonium ions and protonated imidate esters

In C,H,Cl, the barrier to rotation?°® about the C—N double bond in HC(OMe)=
NMe, * is greater than 19.7 kcal mol ~!. The 'H NMR spectrum of the imidoyl chloride,
HCCI=NMe, *, shows coalescence of the inequivalent methyl groups around 240 K. The
AGH is only 10.5kcalmol ™!, far too low to be due to rotation about the C—N double
bond. Indeed the rate in acetonitrile increases with increasing substrate concentration, so
that the stereoisomerization must occur by chloride exchange, to form ClI,CHNMe; as
intermediate. In methylene chloride the rate constant decreases with increasing substrate
concentration, and although this suggested a more complicated mechanism, it may be
simply due to a polarity effect, whereby the substrate stabilizes the HCCl=NMe, * CI~
ion pair, relative to the covalent intermediate. Equilibration of the stereoisomeric
formimidatonium ions HC(OMe)=NMeAr* (Ar=2,6-Xyl)*? proceeds rapidly in
aqueous medium or with Et,N in CH,Cl, or CH;CN. The mechanism involves reversible
formation of a tetrahedral intermediate. In contrast, deuterium incorporation°! confir-
med a tautomeric mechanism, via CH,=C(OEt)-NMePr-i, for E-Z stereoisomerization
of the acetimidatonium ion, MeC(OEt)=NMePr-i*, in aqueous alkali.

Activation barriers to E-Z isomerization of protonated imidate esters are listed in
Table 24. The rates are independent of the counterion (dichloroacetate, bisulfate or
trifluioromethanesulfonate), so that the mechanism for these conjugate acids is rotation
about the C—N double bond, rather than via deprotonation to the imidate ester.
Comparisons of entries in the table show that ortho substituents retard the rotation, since
they are above or below the molecular plane, where they interfere with the rotating groups
on nitrogen.

TABLE 24. Activation barriers?” (kcal mol ™ !) to rotation about C—N double bond of protonated
O-methyl imidate esters, RC(OMe)=NHR'"*

R R Solvent Method AG}
t-Bu Ph H,S0, NMR() 226
Ph i-Pr CF,COOH NMR() 242
Ph Ph CF,COOH NMR() 209
Ph Ph CHCL,COOH HT, 20.8
Ph 2,6-Xyl CF,;COOH NMR() 247
o-FC4H, i-Pr CF,COOH NMR() 25.8

0-CICGH, i-Pr CF,SO,H NMR(t) 284
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MO calculations at the 3-21G level*’ on protonated formimidic acid HC(OH)=NH, *
suggest a barrier to rotation about the C—N double bond of 39.7 kcal mol~!. Other
calculations2°2 suggest a barrier of 75.1 kcalmol~!. Both of these are overestimates,
compared to the experimental values.

4, E-Z stereoisomerization of imidate anions

For HC(—O™)—NH the barrier to Z-to-E interconversion by rotation about the
C—N double bond is calculated at the 3-21G level*> to be 30.6kcalmol™!. The
barrier to nitrogen inversion is still higher, 37.7kcalmol~!, but this is not a proper
transition state. According to MP4SDQ/631 + + G calculations*’ these barriers are 27.5
(also at the 6-311+ + G**/MP3 level?®) and 34.0kcalmol™!, respectively. For
MeC(—O ~)=NH these barriers are 31.1 and 38.6 kcal mol !, respectively, according to
a 6-31G** calculation. Thus it would seem that the operative mechanism for stereoiso-
merization is rotation about the C—N double bond. This is not the common mechanism
for imines, but delocalization of the oxyanion electrons, as in the resonance form RC(=
0)—NH ~, reduces the double-bond character. Rotation is thereby facilitated and might
become competitive.

Rates of E-Z interconversion in various N-arylformimidate anions HC(—O™)=NAr
could be measured by 'H NMR saturation transfer. The experimental activation
barriers*® are 19-23 kcalmol ™!, quite similar to the barriers in other imines that are
known to interconvert by nitrogen inversion. It was therefore concluded that nitrogen
inversion is also the mechanism in imidate anions. However, the molecular orbital
calculations above**+4” suggest that the lower-enegy pathway is rotation about the C—N
partial double bond. Nevertheless the Hammett p for stereoisomerization of a series of
N-arylformimidate anions*” is + 2.2, quite close to p for other imine stereoisomerizations
known to proceed by nitrogen inversion and far from the + 3.8 expected for rotation about
the C—N bond. It was therefore concluded that E-Z interconversion in imidate anions
proceeds by nitrogen inversion.

5. E-Z stereoisomerization of thioimidatonium ions and protonated thioimidate esters

The barriers to rotation about the C—N double bond in a series of thicimidatonium
ions, RC(SR')=NR"R” *, and protonated thioimidate esters in various solvents, are
given in Table 25. According to a molecular orbital calculation?°? the barrier to rotation
about the C—N double bond of HSCH=NH,* is 57.3kcal mol~". This is clearly an
overestimate,

TABLE 25. Activation barriers (kcal mol ~ ') to rotation about the C—N double bond of protonated
thioimidates and thioimidatonium ions, RC(SR’)=NR"R"" *

R R’ R” R"” AG_, Ref.
H Me Me Me > 195 193
t-Bu PhCH, H Me 26.5 203
Ph Me H i-Pr 26.5 203
Ph Me H Ph 21.75 203
Ph Me Me Ph 223 203
Ph Me H o-Tol 219 203
Ph Me H 2,6-Xyl 26.7 203
Ph t-Bu H Ph 21.5 203
Ph Ph Me Ph 23.7 203
o-Tol Me H Ph 240 203




3. Stereochemical aspects of amidines, imidates and related compounds 185

6. E-Z stereoisomerization of metal complexes of amidines and of imidate esters

Metal complexes RC(NR,)=NR"—M or RC(OR )=NR" - M, with a metal bound to
the sp? nitrogen, are analogous to amidinium ions or imidatonium ions. The formal single
bond and the formal double bond of the amidine or imidate ester both become partial
double bonds, so that rotation about the double bond becomes faster. On the other hand,
the rate of sp? nitrogen inversion is markedly reduced.

The barrier to interconversion of the two stereoisomers of the PtCl,(NCPh) complex of
PhC[N(t-Bu)CH,CH,NHBu-t]J=NH?5¢ is only 10.8 kcalmol ™!, which is too low for
rotation about a C—N double bond, but dissociation of the Pt, followed by nitrogen
inversion, also seems unlikely. Nucleophilic attack by the free amino group has been
suggested’!, although deprotonation of the sp? nitrogen, followed by inversion via a
transition state with 180° C—=N—Pt angle, is also possible.

For the cationic complexes RC(OMe)=NH—NiL* (R=Me, Et, or Ph, L=a
tridentate ligand) the observation®* that the equilibrium between Z and E stereoisomers
can be established at different temperatures means that the barrier to interconversion is
not so high as to freeze the mixture, even though the interconversion cannot be detected by
NMR lineshape changes. This is a system whose kinetics might be followed by saturation
transfer.

Only for the platinum complexes PhC(OMe)—NH — PtCl,(NCPh) and
[PhC(OMe)=NH - ],PtCl,”! has interconversion of Z and E (or ZZ, ZE and EE)
complexes of imidate esters been seen. The interconversion is catalyzed by base. The
mechanism involves reversible addition of methoxide, rather than simply deprotonation
and nitrogen inversion, since in deuteriomethanol both isomerization and deuterium
incorporation occur simultaneously.

C. Stereodynamics of Amidines and Imidates with sp>-C Substituents

1. Stereodynamics of N-alkylidene amidines

The transition states for inversion of the N=CH, nitrogen in HC(N—=CH,)==NH are
calculated’® to be around 20kcalmol ™! higher in energy than the reactant, and the
transition state for inversion of the =NH nitrogen is 30.8kcalmol~! higher, but no
dynamic behavior of the N-alkylidene amidine PhC(N=CHC,H,OMe-p)=NBu-¢
could be detected by !'*C NMR, even at —90°C.

2. E-Z stereoisomerization of N-acylamidines and N-acylimidates

For most ordinary acylamidines the equilibrium lies so far toward the E stereoisomer
that rates of equilibration cannot be measured. Interconversion of the Z and E forms of
some N-phosphoryl amidines, Cl,CHC(=NMe)-N(Me)PO(OR), and Cl,CHC(=
NR)—N=PPh,?!, proceeds with a AG* of 18—-22 kcal mol ~ !, and the reactivity parallels
the rate of exchange at the CHCI, group. Therefore the mechanism involves a
tautomerization and rotation about the C—N single bond of the enediamine (ketene
aminal).

Although X-ray analysis shows that the acylamidine 14 is the Z form, this can be
cyclized®? to a benzopyrimidine. Therefore the E form must be accessible as a reaction
intermediate.

For 16 (R = H, R’ = p-Tol)®? the barrier to E-Z interconversion is 18.6 kcalmol 1.

According to MINDO/3 calculations?®* on N-nitrosoformamidine, HC(=
NH)NHN=O, the barrier to E-Z isomerization by sp? nitrogen inversion is
9.2kcalmol™!. A 3-21G calculation'4? on HC(OH)=NCHO shows that E-Z
isomerization occurs by nitrogen inversion and rotation of the carbonyl to overlap with
the lone pair.
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3. E-Z stereoisomerization of imidines

For 19 (R = H) the ZZ and ZE forms interconvert®” with a AG* varying from 16.5 to
18.8 kcal mol ~ !, depending on substitution. Dynamic NMR behavior is also seen for 19
(R = Me), although only the EE form is detectable. A similarity of rates indicates that all
these stereoisomerizations occur by nitrogen inversion, rather than tautomerization.
However, for 19 (R = H, Ar = unhindered aryl) the rates are concentration dependent,
suggesting equilibration by tautomerization. This permits interconversion of the inequiva-
lent aryls of the Z E form via the ZZ isomer. It was claimed that the kinetics could not be fit
by a four-site model, with independent E-Z isomerization of the two aryls, nor by
synchronous isomerizations of both aryls. However, the exchange matrix used to analyze
the NMR spectra appears to be incorrect. This is a system that might well be studied by 2D
NMR exchange spectroscopy?°>.

D. Stereoisomerization of N-Heterosubstituted Amidines and Imidates

1. E-Z stereoisomerization of N-aminoamidines

Stereoisomerization of (Z)-MeC(NMe,)=NNMeAr to its E isomer?®® could be
followed by UV spectrophotometry in aqueous buffers. The reaction proceeds at different
rates in acid and base, with a transition region at the pK, of the protonated substrate,
corresponding to separate reactions of the free base and its conjugate acid, protonated on
the sp? nitrogen. The mechanisms could be elucidated from the Hammett p for variation of
Ar. For reaction of the conjugate acid, p > 0, corresponding to rotation about the C—N
partial double bond. For the free base, p <0, so it cannot be by rotation about the C—N
double bond. Nor can the mechanism be by tautomerization to CH,=C(NMe,)—
NHNMeAr, since in D, 0O there is insufficient deuterium incorporation. Therefore it was
concluded that the mechanism is nitrogen inversion. For Ar = 2,4-(O,N),C¢H , there is an
additional OH ~-catalyzed reaction, corresponding to addition to the C—N double bond
and rotation about the C—N bond that becomes single in the tetrahedral intermediate.

E-Z stereoisomerization of some amidrazonium ions, 20 (R = Ph, R’ = H), has been
studied®' by 'H NMR. For R”=H and Me the activation barriers are 20.3 and
19.1 keal mol ™, respectively.

2. E-Z stereoisomerization of amidoximes

Interconversion of Z and E stereoisomers of amidoximes RC(NR,)=NOH was not
recognized until rather recently, since the dynamic process was thought to be rotation
about the C—N single bond. With ArC(NHR)==NOH bearing ortho-substituted
aromatic rings two forms could be detected'®® in the 'H NMR spectrum, with a
coalescence temperature near 120°C. These were mistakenly assigned as different
conformers about the C—N single bond. Likewise, the stereoisomerizations of
ArC(NHPh)=—NOH were originally thought?°” to be rotations about the C—N single
bond, since the barrier near 20 kcal mol~! seemed too small for an E-Z interconversion.
However, comparison with ArC(N[CH,CH,],0)=NOH showed!'°®’ that E-Z isomeriz-
ation does proceed with such a low barrier, and comparison with ArC(NMe,)==NOH?2?8
showed that rotation about the C—N single bond has a much lower barrier. Therefore the
process in ArC(NHR)=—NOH is indeed E-Z interconversion, perhaps proceeding via
tautomerization to ArC(NHOH)=NR, which can rotate about its C—N single bond.

The kinetics of conversion of (Z)-N,N-dimethyl-p-nitrobenzamidoxime to its E
stereoisomer could be determined®® by following the time course of NMR intensities.
Table 26 lists the activation barriers to several such amidoximes. It is surprising that these
barriers are not much higher than those of ordinary amidines (Section IV.A.1), inasmuch
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TABLE 26. Activation barriers (kcal mol ~!) to isomerization of a Z amidoxime ArC(NRR')=NOH
to its E isomer

Ar R R’ Solvent AGH Ref.
o-Tol Ph H DMSO-dg 21.5 207
p-Tol Me Me CDCl, 24.7 92
p-CICcH, —([CH,CH,],0)— H,0 24.56 107
p-CICH, —{[CH,CH,1,0)— H*H,0 16.04 107
3,5-Cl,-2,4,6-Me,C; Ph H DMSO-dg 199 207
p-O,NCH, Me Me CD, 245 93
p-O,NC-H, Me Me CD,CN 23.7 93
p-O;NC.H, Me Me MeOH 233 93
p-O,NC-H, Me Me Pyridine 25.5 93

as an attached hydroxyl group generally raises the barrier to sp? nitrogen inversion, and
the barrier in an N-chloroimidate ester is higher than in ordinary imidate esters
(Section 1V.A.2).

For E-Z isomerization of ArC(NMe,)=NOH with a series of C-aryl groups®?
electron-donating substituents accelerate the reactxon with a Hammett p of — 0.56. The
reaction in pyridine is slow because of a negative AS*. The mechanism may be rotation
about the C=NOH double bond because the rate increase in more polar solven}s can be
attributed to stabilization of the charge-separated resonance form, ArC(—NMe,)—
N~OH. ,However, it is more likely that the mechanism involves tautomerization to

ArC(—NMez)-——-NHO which can rotate about the C—NO single bond. This then
accounts for the retardatlon by pyridine, which removes the proton.

In aqueous solution the stereoisomerization of ArC(NR,)=NOH (Ar = p-CIC;H,,
R,NH = morpholine) could be followed'®” by UV spectrophotometry. Both the substrate
and its conjugate acid react, but the latter is 103-fold faster, since rotation about the C—N
partial double bond is easier. For a series of aryl groups, the Hammett p for the reaction of
the conjugate acid is — 0.28, which is in accord with reduction of the double-bond
character by electron-donating substituents. For the amidoxime itself there is no need to
invoke stereoisomerization via the ArC(NR,)=NH*O~ tautomer, since ArC(NR,)=
NOR’ reacts at nearly the same rate. The oximate, ArC(NR,)=NO", is unreactive
toward stereoisomerization.

The Z and E stereoisomers of MeC(=NOH)C(NHR)=NOH (R = Me, Et, i-Pr, t-Bu),
differing at the amidoxime C—N double bond, interconvert slowly enough that they
could be distinguished2°® by NMR. However, they interconvert too fast to be separated by
liquid chromatography.

3. E-Z stereoisomerization of hydrazide derivatives

Methoxide ion catalyzes the isomerization?!® of the kinetically formed hydrazidate
ester (Z)-RC(OMe)—=NNMeAr [R = p-MeOCH,, Ar =2,4-(0O,N),CcH,;] to the more
stable E stereoisomer. The kinetics of this conversion could be followed by analyzing
aliquots of the reaction mixture by HPLC. The mechanism involves reversible addition of
methoxide, to form RC(OMe),N~ NMeAr.

According to 6-31G**/MP?2 calculations'!® the barrier to E-Z isomerization of the
hydrazidoyl fluoride HCF—=NNH, is 25.3 kcal mol~'. The lowest-energy pathway is
nitrogen inversion.

The equilibrium of the hydrazonate esters (21Z and 21E, or 22ZZ plus ZE and EE
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forms)'®® is established too rapidly to permit taking the NMR spectrum of an
unequilibrated stereoisomer. Nevertheless no coalescence of the signals could be seen even
at 120°C, so the AG! is greater than 15.9 kcal mol™ 1

4. E-Z stereoisomerization of hydroximates

Isomerization of the E stereoisomer of the imidoyl halides ArCCl=—=NOMe (Ar = Ph, p-
O,NC¢H,, p-Tol, p-CICcH,, p-MeOC¢H,, 0-Tol) to the more stable Z2'' can be effected
with HCl in dioxane. With DCl the reaction is 2.3 times as fast, so that the reaction involves
a prior equilibrium protonation. With H3¢Cl the exchange of chlorine proceeds half as fast
as the isomerization, showing that the mechanism of isomerization is not simply rotation
about the C—N double bond, but involves nucleophilic addition of CI~, to produce an
intermediate that can lose either of two equivalent chlorines. Incorporation of 3¢Cl into
the more stable Z isomer proceeds only 1/210 as fast as into the E isomer. Although this
was attributed to a greater basicity of the E form, it is a necessary consequence of their
relative stabilities, since the exchange reactions of the two stereoisomers proceed by an
identical intermediate.

According to 4-31G/CI calculations#? on the anion HC(OH)=NO ~, the activation
energ¥ for stereoisomerization of the Z isomer to the E by nitrogen inversion is 46.9 kcal
mol ™',

E. Stereoisomerization of C-Heterosubstituted Amidines and Imidates

1. E-Z stereoisomerization of guanidines

Itis now firmly established?'? that stereoisomerization about the C—N double bond of
guanidines proceeds by nitrogen inversion, rather than rotation. However, if there are
protons on one of the other nitrogens, stereoisomerization can proceed by tautomeriz-
ation and rotation about a C—N single bond. Thus !N NMR?2!3 of arginine, (H,N),C=
NR [R =(CH,),CH(NH,)CO, "], in 50% aqueous DMSO shows inequivalent NH,
nitrogens, which coalesce with a AG* of 10.4 kcal mol~!. This is much lower than the 18.8
kcal mol ! for nitrogen inversion in pentamethylguanidine, so that the mechanism must
involve tautomerization to RNHC(—=NH)—NH, and rotation about the C—NHR
bond that has become single.

In contrast, '3C NMR indicates that AG* for making equivalent the methyls of the
acylguanidine ArCON=C(NHMe), (Ar = 2-amino-5-chlorophenyl or 3,5-diamino-6-
chloro-2-pyrazinyl, the side chain of amiloride)?'* is 14.7 kcal mol~!. Since the '*N
spectrum of ArCON=C(NH,), shows that NH exchange is slow, the mechanism cannot
be via tautomerization but must involve direct isomerization of the C—N double bond.

TABLE 27. Calculated activation energies (kcal mol~!) for rotation
about the C—N double bond of guanidines, (H,N),C=NR

R Method E, Ref.
H CNDO/2 304 215
H 6-31G 24.10 216
Me 6-31G 21.09 216
NH, 6-31G 48.16 216
F 6-31G 42.45 216
Ph CNDO/2 : 24.8 214
COAr CNDO/2 158 214

9Ar = 3,5-diamino-6-chloro-2-pyrazinyl (amiloride side chain).
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Moreover, the barrier in ArCON=C(NMe,), is < 10 kcal mol™*, and this permits only
the direct isomerization. The acyl group reduces the double-bond character and lowers the
barrier to rotation.

Calculated barriers to rotation about the C—N double bond of N-substituted
guanidines are listed in Table 27. These are not very informative, since nitrogen inversion
is the more common mechanism for E-Z stereoisomerization.

2. E-Z stereoisomerization of guanidinium ions
The experimentally determined barriers to rotation about the C—N partial double
bonds in guanidinium ions are listed in Table 28. Calculated barriers are listed in Table 29,

TABLE 28. Activation barriers (kcal mol ) to rotation about the C—N partial double bond of
guanidinium ions, (R,N)}(R’,N)C(=NR"R" *)

R R’ R” R™ Solvent AG! Method Ref.
H H H H lig. cryst. <12-13 'HLSA 150
H H,Me Me CH,CO,~ CD,;0D 11.05 'H LSA 215
Me ArCH, Me Me CDCl; 14.6-15.7 'H LSA 217
Me  Me ArCH, ArCH, CDCI, 138-152 'HLSA 217
H,Me HMe H ArCO* DMSO0-d¢—CD,0D 14.8 BCT, 214
H H H R™® 50% aq. DMSO 129 14N LSA 213

°Ar = 3,5-diamino-6-chloro-2-pyrazinyl (amiloride side chain).
bR =(CH,);CH(NH;*)COOH (arginine side chain).

TABLE 29. Calculated activation energies (kcal mol =) for rotation about the C—N partial double
bond of guanidinium ions, (RNH)(H,N)C(=NHR'R"*)

R R’ R” Method E, Ref.
H H H MINDO/3 89 150
H H H STO-3G 20.1 198
H H H 431G 14.1 198
H H H CNDO/2 219 215
H Me Me CNDO/2 19.7 215
Me Me CH,CO,~ CNDOy2 226 215
H H CH=0 4-31G 17.7 218
H H COAr* CNDO/2 16.2 214
H H H STO-3G 22.76 219
H H H 4-31G 14.97 219
H H H 6-31G 14.73 220
H H NH, 6-31G 22.79 221
syn-H,N H H 6-31G 23.40 221
anti-H,N H H 6-31G 1297 221
H H Me 6-31G 16.78 221
syn-Me H H 6-31G 15.21 221
anti-Me H H 6-31G 1347 221
H H F 6-31G 19.70 221
syn-F H H 6-31G 19.33 221
anti-F H H 6-31G 11.53 221
H H CH=CH, 6-31G 14.67 222
syn-CH—CH, H H 6-31G 1342 222
anti-CH—CH, H H 6-31G 13.54 222

“Ar = 3,5-diamino-6-chloro-2-pyrazinyl (amiloride side chain).



190 C. L. Perrin

TABLE 30. Activation barriers (kcal mol ~ ') to rotation about the C—N
partial double bond of 0-alkyl isouronium ions

Ton Solvent AG} Ref.
MeOC(NMe,)=NMe, * CH,Cl, 10.3 193
MeOC(NMe,)=NMe, * cDCl, 102 194
MeOC(NEt,)=NMe, * cDcl, 98 194
MeOC(NMe,)=NEt, * cDCl, 89 194
MeOC(NEt,)=NEt, * ¢Del, 95 194

Under acidic conditions the experimental AG* of 12.9kcalmol™! for arginine,
(H,;N),CNHR*, R = (CH,),CH(NH, *)COOH, is higher than the AG* of 10.4 kcal mol ~*
for the basic form, but it is independent of pH?2! 3. Therefore the mechanism for making the
NH, groups equivalent must be rotation about the C—NHR partial double bond, rather
than deprotonation to (H,N),C=NR and nitrogen inversion. The 4-31G and 6-31G
calculated barriers are in good agreement with the experimental values. The increased
barriers??! calculated for N-amino- and N-fluoroguanidinium ions are due to a hydrogen
bond to these substituents, and the decreased barrier for the H,N anti to the substituent is
due to the reduced electron density on the nitrogen bearing the substituent.

3. E-Z stereoisomerization of isourea derivatives

Rates of rotation about C—N partial bonds of 0-alkyl isouronium ions, ROC(NR?),*,
measured by !3C coalescence temperatures, are listed in Table 30. These are significantly
lower than for corresponding amidinium ions, RC(NR}),*, since the alkoxy group
stabilizes the positive charge in the transition state for rotation.

4. E-Z stereoisomerization of isothioureas

The barriers to interconversion of Z and E stereoisomers of N-arylisothioureas,
MeSC(NHR)=NAr, and some N-phosphorylated isothioureas, MeSC(NHMe¢)=NPX,
and RSC[{N(R)PO(OEt),]=—NR?", are listed in Tables 31 and 32. These barriers are
similar to values found in imine derivatives known to isomerize by nitrogen inverston, so it
was inferred ' that this is the process in these molecules. For variation of substituents on
the aromatic ring of N-aryl-N'-methylisothioureas'!” the Hammett p (versus ¢~) of 1.1
does not distinguish between nitrogen inversion and rotation about the C—N double
bond, but acceleration by an ortho methyl indicates that the former is the operative
mechanism. Relative to N-phosphorylated benzamidines, the sulfur substituent reduces
the activation barrier!!.

The barriers to interconversion of Z and E stereoisomers of isothiouronium ions,
RSC(NRY%), ¥, are listed in Table 33. In CF;COOH there is no exchange of NH protons
with solvent OH!24, so that the mechanism involves rotation about the C—N partial
double bond. However, in methanol the interconversion is faster if one of the substituents
on nitrogen is a hydrogen, since this permits proton loss and rotation about a C—N single
bond of the isothiourea, so that the barrier is reduced.

5. Stereoisomerization of iminocarbonates

For PhRCH=N*=C(OFt), (31) the interchange of syn and anti ethoxy groups'>'
proceeds with an experimental AG* of 10.0kcal mol~!. This corresponds to nitrogen
inversion, via a linear transition state like the stable form of the analogous di-z-butyl
derivative (32).
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TABLE 31. Activation barriers (kcal mol ~!) to E-Z interconversion of isothioureas MeSC(NHR)=
NR’

R R’ Solvent AG Ref.
H 2,6-Xyl CDCl,~CS, 13.1 116
H Mes® CDCl,-CS, 133 116
H 2,6-Et,C¢H, CDCl,-CS, 132 116
Me Ph CDCl,~CS, 12.4 117
Me MeP(O)OPh CD,0D 150 119
Me MeP(S)OEt CD,COCD, 14.3 119
Me MeP(S)OEt CD,0OD 138 119
Me MeP(S)OPh CD,COCD, 14.6 119
Me MeP(S)OPh CD,OD 143 119
Me PO(OEY), CD,COCD, 148 119
Me PO(OEY), CD,0D 15.6 119
Me PS(OEt), CD,COCD, 144 119
Me PS(OE), CD,OD 148 119
23 2,6-Xyl CD,0D-CDCl, 12 183

“Mes = 2,4,6-Me;CgH,.

TABLE 32. Activation barriers (kcalmol™!) to E-Z
interconversion of N-phosphoryl isothioureas RSC-
[N(R)PO(OEt),]=NR" in C¢Dg'*!

R R’ R” AGH, .
Me Me Me 179
Me Me Et 17.6
Me Me i-Pr 174
Me Et Me 18.0
Et Me Et 17.5
Et Et Me 17.6
i-Pr Me Et 17.5
i-Pr Et Me 17.6

For the N-acyliminocarbonates (RO),C=NCOR’ and (RQ),C=NCOOR'?24:225 the
R groups are equivalent in 'H and !3C NMR, corresponding to a barrier to nitrogen
inversion of <9kcalmol™!. In support, a 3-2tG MO calculation on the model
compound, (HO),C=NCHO, indicates that the transition state for nitrogen inversion
lies at 9.5 kcal mol ~ ! above the reactant. However, (MeO),C=NN=C(OMe),22% shows
inequivalent methoxy groups in both 'H and '3C NMR, and the X-ray structure verifies
that the structure is centrosymmetric (43), as is consistent with the IR/Raman spectra. The

Me —O Me
—N 0
\ __
[0}
\Me 0—Me

43)
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TABLE 33. Activation barriers (kcalmol™!) to interconversion of Z and E stereoisomers of
isothiouronium ions MeSC(NRR')=NR"R"” *

R R’ R” R” Solvent AG Ref.
H H H Me CF;COOH 17.7 124
H H H CH,Ph CF;COOH 16.9 124
H H H Ph CF,COOH 143 124
H H H p-CIC¢H, CF,COOH 14.1 124
H H H p-MeOC¢H, CF,COOH 14.6 124
H H H 2,6-Xyl CF,COOH 20.0 124
H H H 2,6-Xyl CD,;0D 18.1 124
H*¢ H H 2,6-Xyl CF;COOH 18.5 124
H* H H 2,6-Xyl CF,COOH 204 124
H¢ H H 2,6-Xyl CF,COOH 20.1 124
H H H 2,6-Et,C¢H, CF,COOH-PhNO, 20.6 124
H H H 4-Br-2,6-Xyl CF,COOH 20.0 124
H H H 3-O,N-4-Br-2,6-Xyl CF,COOH 19.6 124
H H Me 2,6-Xyl CF,COOH-PhNO, 229 124
H® H Me 2,6-Xyl CF,COOH-PhNO, 239 124
H¢ H Me 2,6-Xyl CF,;COOH-PhNO, 23.9 124
H H Me 2,6-Et,C4H, PhNO, 24.3 124
H H Et 2,6-Xyl CF;COOH-PhNO, 227 124
H Me H 2,6-Xyl CF,COOH 17.6 124
H Me Me 2,6-Xyl CF;COOH-PhNO, 229 124
H Et H 2,6-Xyl CF,COOH 17.7 124
H t-Bu H 2,6-Xyl CF,COOH 16.8 124
H PhCHMe H 2,6-Xyl CF,COOH 17.6 124
Me Me H 2,6-Xyl CF,COOH 14.0 124
Me Me H 2,6-C1,C¢H, CF,COOH 16.0 124
Me Me Me Me CDCl, 94 194
Me Me Me Me CH,Cl, 10.3 223
Me Me Me 2,6-Xyl CF3;COOH-PhNO, 211 124
Me* Me Me 2,6-Xyl CF;COOH-PhNO, 219 124
Me Me Me 2,6-Et,C¢H; CF;COOH-PhNO, 232 124
Et Et Me 2,6-Xyl CF;COOH-PhNO, 19.0 124
Ph Ph Me Me CH,Cl, 1506 223
—0,0-C4H,CsH ,— Me Me CH,(Cl, >15.5 223
—0,0-CeH SCeH,— Me Me CH,Cl, 12.7 223
4S-Phenyl.

bS-Ethyl.

S-s-Butyl.

barrier to nitrogen inversion is lower in the previous compounds because the electron-
withdrawing acyl group stabilizes the p lone pair on nitrogen in the transition state.

The barrier to E-Z stereoisomerization by nitrogen inversion in the iminodithiocarbo-
nate (MeS),C=NC(NR,)=NCN??” (R = CH,Ph) is ca 10kcal mol™".

V. RATES OF ROTATION ABOUT SINGLE BONDS

Hindered internal rotation has been reviewed by Umemoto and Ouchi??8, Included
is rotation about the C—N single bond of amidines, as well as some examples where the
C—N double bond of the amidine is incorporated into an aromatic heterocycle.
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A. Rotation about Single Bonds of Amidines and Imidates

1. Rates of C—N rotation in amidines

Rates of rotation about the C—N single bond of amidines have been studied by various
NMR methods. It is usually necessary to use reduced temperatures, since the barrier to
rotation is low. Data are listed in Table 34, and many earlier values are tabulated in an
earlier review?2. Unless otherwise noted, all these amidines are known or presumed to be of
E configuration. Rotational barriers for many additional RC(=NHet)—NR/, with
bicyclic heterocycles (Het)?3% not included in Tables 34 were also measured. Restricted
rotation about the C—N bond was also seen for N-phosphoniobenzamidines,
ArC(=NP " Ph;)—NMe,, and related compounds®*”, but no activation barriers were
determined. The large AS? greviously reported for C—N rotation in phC(=NH)—NMe,3®
could be corroborated?3® as 11.4calmol~'deg™!, but this was considered to be an
anomaly due to the high viscosity of the solvent CDCl; near its freezing point. Indeed,
in CHF,CI the AS? is not significantly different from 0. Solvent dependence of AG? is
ordinarily slight. The barriers for the various HC(=NHet)—NMe,?2° hardly change
from DMSO to CS,, and for HC(NMe,)=NPh the barriers vary only from 14.5 to
14.7kcalmol ™! across a wide range of solvents?*?, although added CF,;COOH raises
the barrier considerably by protonating the lone pair. With HC(='5NC¢Ds)—
ISNHC¢D,'2® the '*N label simplifies the spin system so that the 3J,cyy can be seen
and used to assign anti and syn forms. The inverconversion of these by C—N rotation
could be followed by line-shape analysis, which was complicated by NH exchange of
the syn isomer, and the temperature dependence was fit as k = 10'3-3¢~14.27/RT,

It is generally found that the barrier to rotation is lowered by steric bulk of substituents,
which destabilizes the planar ground state of the moelcule. The effect is rather small for
formamidines®2. The contrast>23° between the Z and E forms of CH;CH=CHC(=
NPh)—NMe,, differing in the stereochemistry of the C—C double bond, is particularly
significant, in that the Z form shows the lower barrier. A similar dichotomy is seen with
RC(=NAr)—NMe,, where the barriers for R = H or Me are measurable, but the barrier
for R=i-Pr??, which is the Z stereoisomer according to '*C chemical shifts, is
< Tkcalmol ~!. Likewise, the comparison?34 between the Z and E forms of HC(=
NPh)—NMe,, differing at the C—N double bond, shows that rotation of the Z form is
too fast to measure even at — 80 °C. The same behavior is found for the conjugate acids, in
CF4COOD or with DOAc in CDCl,. All these results can be explained by destabilization
of a coplanar NMe, group by the bulky Z substituent. However, these authors unfairly
reject the conclusion that C—N rotation would be freer in the more congested
stereoisomer. Instead they conclude that the methyls are statically equivalent, in a twisted
structure (44). In support of this interpretation, the 'H NMR spectra of amidines HC(=
NAr)—NMe, with ortho-substituted aryl groups show inequivalent N-methyls, and the
inequivalence persists from — 80 to + 34 °C. This is certainly a puzzling observation.

Electronic effects are now clear, even though there was a controversy described in an
earlier review in this series? due to complications from steric effects. Electron-withdrawing

Me R
] e
e e
H—C\\ H—C\
N—~Ph N—-aAr

(44) (43)
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aryl or heterocyclic groups on the singly bonded nitrogen retard the rotation, since the
resonance form 45, with a full double bond about which rotation must occur, is
stabilized?#'-242. By the same reasoning, electron-withdrawing groups on the doubly
bonded nitrogen can accelerate the rotation, although fewer of these have been studied,
since the experimental method is easiest for N,N-dimethyl-substituted amidines. For a
series of HC(=NAr)—NMe,23! the activation barriers can be fitted to the Hammett
equation as AG* = 14.8 + 2.395, but two m-alkoxyphenyl derivatives deviate positively,
and this has been attributed?3% to a steric effect. In support of a steric effect, the
acetamidine analogs, MeC(=NAr)—NMe, show a higher rate of rotation and a lower
slope p of 1.67, since the greater size of the methyl group reduces the amidine conjugation.
For the hexamethyleneimine analogs HC(—=NAr)—N[(CH,)¢]232 the fit to the Hammett
equation is AG* = 16.5 + 1.99¢. For the piperidine analogs HC(=NAr)—N[(CH,)s]?**
the equation is AG*=1.44 4+ 2040, and for the morpholine analogs HC(=NAr)—
N[(CH,),],0 itis AG* = 13.7 + 1.70¢. The reduced barrier in this last case is due to the
electron-withdrawing power of the oxygen. The barrier with the seven-membered ring is
higher than with the six, owing to different conformations of the ring. This is a general
observation, also seen in urea derivatives and enamines.

According to 3-21G MO calculations'’ on HC(=NH)—NH,, the barrier to rotation
about the C—N single bond is 10.2 kcal mol ~!. According to a pseudopotential method
and a polarized double-zeta basis'® the barrier to C—NH, rotation is 12.0kcalmol ™!,
but for HC(=NCN)—NH, the barrier rises to 16 kcal mol~!.

In CD;NH,, N,N’-dimethylformamidine HC(NHMe)=—NMe3? shows an interest-
ing dynamic behavior. At —56.5°C the 'H NMR spectrum shows inequivalent
N-methyls. The peak at & 2.68 shows a *J to the formyl CH proton of 0.52 Hz, and the
one at 53.02 shows a *J of 0.98 Hz. Therefore the former one was assigned to the singly
bonded C—NHMe of the E-anti stereoisomer, and the latter to the doubly bonded C=
NMe. In CDCIl; these coalesce around —15°C, with an activation energy of
ca 9.8 kcal mol !, dependent on amidine concentration, but far lower than the barrier to
rotation about the C—N double bond. The mechanism was therefore considered simply
as a tautomerization of the E-anti stereoisomer, whose presence was inferred from the IR
spectrum. However, the absence of splitting of the N-methyls by the NH proton shows that
proton exchange is very fast. Therefore the two N-methyl peaks must be assigned to
‘inside’ (Z and syn) and ‘outside’ (E and anti) methyls of E-syn and Z-anti stereoisomers.
The interconversion must then proceed by rapid tautomerization, plus slower rotation
about the C—N single bond (Scheme 1). The two equivalent tautomers of the E-anti
stereoisomer are then the key intermediates.

Similar behavior is seen?*3 for N-alkyl-N’-methylbenzamidines. At —40°C in
CDCl,—-acetone-d4 N,N'-dimethylbenzamidine shows two methyl peaks in both 'H and
13C NMR. These were ascribed to the inequivalent methyls of PhC(NHMe)=—NMe,
which become equivalent at higher temperature through tautomerization. For higher
homologs the doubling of signals at — 40 °C was ascribed to a mixture of P\C(NHMe)=
NR and PhC(NHR)=NMe (R = Et or i-Pr), and the relative amounts of these two was
solvent-dependent. For R = t-Bu or Ph only one form was observed, as is reasonable from
the acidifying nature of phenyl, but not so obvious for the ¢t-butyl derivative. By analogy to
the above case, where 3 Jycny i nOt seen, it seems more likely instead that tautomerization
is fast, and that the dynamic process involved is the interconversion of E-syn and Z-anti
stereoisomers. Then the phenyl and -butyl derivatives can be viewed as cases where the Z-
anti stereoisomer predominates, owing to the bulk of these substituents.

This same behavior is also seen with N,N’-diphenylacetamidine MeC(NHPh)=
NPh?**,. ITn DMSO-d, (and in the solid) there are separate 'H and !*C NMR signals for Z
and E phenyl geoups, but in CDClI, these are coalesced. By HPLC it is possible to separate
two compounds, in 1:1 molar ratio, but these interconvert too quickly to permit
purification. Again it is likely that the mechanism involves rapid tautomerization plus
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SCHEME 1. Proposed mechanism for equivalencing ‘inside’ and ‘outside’ N-methyls of rapidly
tautomerizing N,N’-dimethylformamidine

slower rotation (Scheme 1), with two equivalent tautomers of the E-anti (or Z-syn)
stereoisomer as key intermediates.

2. Conformational interconversion of imidates and thioimidates

According to molecular orbital calculations'3? the barrier to rotation about the
C—OMe bond of methyl formimidate HC(OMe)—NH is 23.57 kcalmol ™!, The 6-31G-
calculated!®* barrier to rotation about the C—O bond of peroxyformimidic acid,
HC(OOH)=NH, is 6.61 kcal mol .

Photolysis of RC(OR)=NCI*? produces the radical, RC(OR’)=N-, whose ESR
spectrum shows a temperature dependence of the !N coupling. This is viewed as arising
from slow interconversion of syn (28 syn) and anti (28 anti) radicals, with different coupling
constants. According to MNDO calculations on HC(OH)=N", the AGHfor conversion of
anti to syn is 4.5kcal mol ™!, which is consistent with the ESR behavior.

Further stereochemical features can be seen with some N- or C-isopropyl thioimidate
esters, whose NMR spectra?? show inequivalent methyls owing to restricted rotation of a
bulky aryl ring. For methyl N-(o-phenylphenyl)iscbutyrthioimidate, the barrier to N-aryl
rotation is ca 8 kcal mol ~!. for various methyl N-isopropylbenzothioimidates with ortho
substituents in the benzene ring, as well as i-PrC(SMej==N-Naph — |, the barrier to C-Ar
rotation is near 19 kcal mol ! although it is 12.5 kcal mol ~! for i-PrC(SMe)=NC4H,F-o
and 22.7 kcalmol ™! for the ortho-iodo analog.

B. Rotation in Conjugate Acids and Bases
1. Racemization of chiral amidinium ions and similar conformational
interconversions

Sandstrdm and his coworkers?*® have carried out a series of elegant studies on
stereodynamics of amidinium ions bearing an electron-donor substituent (46, A,A' = CN,
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COMe, COPh, CSMe, etc.) that permits an additional ketene aminal resonance form (47).
To achieve the C—C double bond of the latter, the molecule must be planar and therefore
achiral. Many of these molecules are indeed planar, but show a dynamic NMR behavior
that makes A and A’ or R and R’ equivalent. This corresponds to rotation about the C—C
double bond, with a barrier unusually low owing to resonance stabilization of the
perpendicular transition state by amidinium resonance form 46. For example, for the
acyclic PhAC(CN)=C(NMe,), AG* is only 19.3 kcal mol ~'.

For many other such molecules steric repulsions destabilize the planar form, and
electron-accepting substituents A and A’ stabilize the twisted form. If A # A’ and R # R’
the molecule is then chiral. In some cases these can be resolved into enantiomers, and the
rates of racemization measured polarimetrically. Some faster reactions can be measured
by NMR, when R = i-Pr or PhCH,, which provides a prochiral group. For example, for
46 (n=6,R =i-Pr, R’ = PhCH,, A = A’ = MeCO) AG* is 30.3 kcal mol ~ !, Generally it is
found that AS*® is large and positive, since solvent is liberated on converting the
zwitterionic reactant to the less polar transition state.

The amidinium ion 48246 shows the interesting feature of an apparent D,, symmetry in
its 'H NMR spectrum. This requires deprotonation to the monocation 49 and closure to
50, which is the actual form of the monocation even though this too shows apparent D5,

+ H
n/j E\u/’) (\N’/j E\N /j
2 f———nd _ )\ _
* HO'

N

L

(48) (49) (30)

symmetry in the "H NMR. Deprotonation and reprotonation at another nitrogen makes
the nitrogens equivalent, to produce effective C,, symmetry, and to achieve the full D5,
symmetry the 10-membered ring of 48 or 49 must undergo rapid inversion. Although this
example would require additional substitution to make it a racemization of a chiral
amidine, it is included here because it involves conformational interconversions, plus
bonding changes, to produce an apparently higher symmetry than the static structure.

2. Rates of C—N rotation in amidinate ions

Conjugate bases of amidines have not often been characterized. However, one likely
candidate is ArC(=N~)-—N(SiMe,), 27, which might show a readily measurable barrier
near 11 kcalmol~?! for rotation about the C—N single bond.
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3. Rates of C—O rotation in imidatonium ions

MO calculations*® at the 3-21G level on protonated formimidic acid HC(OH)=NH, *
suggest a barrier to anti-to-syn interconversion by C—O rotation of 17.6 kcalmol ™!,

C. Rotation of Amidines and Imidates with sp>-C Substituents

1. Rates of C—N rotation in N-acylamidines

The cyclic acylamidine 30 (R = Me)**® shows two N-methyls in the 'H NMR. Therefore
rotation about the C—N single bond must be slow.

Rates of rotation about the C—N single bond of acylamidines have been measured by
NMR methods. Data are listed in Table 35. Unless otherwise specified, the C—N double
bond is of the more stable E configuration. For some of the N-acylamidines in the table
rotational barriers in other solvents’?25! have been determined. Also, for some
acylamidines the activation parameters have been evaluated23?, and AS? is negative but
small. As with ordinary amidines (Section V.A.1) the rotation is retarded by an electron-
withdrawing group on the doubly bonded nitrogen. Thus the barrier for the N-
trifluoroacety! derivative is higher than for the N-trichloroacetyl derivative, and for the
phosphoryl series, the barrier increases?° in the order P(—OCH ,CH,0—) < PO(OR),
< P(Tol-p); * < PPh;*, and this correlates with !3C chemical shifts. It is also necessary to
consider steric effects, since bulky R groups such as trichloromethyl lower the barrier,
despite their electron-withdrawing power.

TABLE 35. Activation barriers (kcal mol™?) to rotation about C—N single bond of acylamidines,
sulfonylamidines and phosphorylamidines RC(=NR')—NR"R”

R’ R" R” Solvent AGH Ref.
H COCF; Me Me C,H,Cl, 20.1 79
H COCHCl, Me Me C;H,Cl, 217 79
H COCCl,  Me Me ccl, 217-231 249
H SO,Me H Ph DMSO-d, 19.0 85
H SO,Me H  pTol DMSO-d 19.6 85
H SO,Me Ph  (CH,),NHPh DMSO-d, 19.5 85
H SO,Ph H Ph DMSO-d 19.8 85
H SO,To.p H  Ph DMSO0-d, 19.4 85
Me  COCF, Me Me ccl, 17.2 249
Me  COCHCl, Me Me C,H,Cl, 179 79
CL,CH Me Me PPh,* CD,CN 182 250
CLL,CH Me Me  P(Tol-p),* CD,CN 17.8 250
Cl,CH Me Me PO(OMe), CD,CN 16.1 250
Cl,CH Me Me PO(OPr), CD,CN 15.7 250
F,.C Me Me PPh,* CD,CN 17.9 250
F,C Me Me  PO(OEt), CD,CN 146 250
c,C  Me Me  PPh,* CDCl, 14.2 250
Cl,C Me Me POOMe CD,COCD, 10.8 250
Ph Me Me  PPh,* CD,CN 214 250
Ph Me Me P(—OCH,CH,0—) CD,CN 14.5 250
Ph COCHCl, Me Me C1,CDCDC, 158 79
Ph COCF;, Me Me CHCl, 18.1 249
Ph COCCl, Me Me C,Cl, 161 249
2Py  COCF, Me Me cDcl, 16.7 251
3Py COCCl, Me Me cDCl, 16.1 251

4Py COCF, Me Me cDCl, 166 251
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According to MINDO/3 calculations?®* on N-nitrosoformamidine, HC(=
NH)NHN=O, the barriers to C—N and N—N single bond rotation are 11.6 and
4.0kcal mol ™!, respectively.

D. Rotation of N-Heterosubstituted Amlidines and Imidates

1. Rates of C—N rotation in N-aminoamidines

Rates of rotation of N-aminoformamidines and N,N-dimethyl-N’-(acylamino)
formamidines about their C—N single bond were determined by 'H NMR. Activation
barriers are listed in Table 36. The higher barrier found when the N-acylamido group is Z
is attributed to more extensive conjugation of the lone pair on the dimethylamino
nifrogen.

2. Rates of C—N rotation in amidoximes

Rates of rotation about the C—N single bond of amidoximes have been studied by
various NMR methods. Data are listed in Table 37. The barrier to rotation about the C—N
single bond is lower in (Z)-ArC(NMe,)=NOH than in the E isomer”2, owing to steric
interaction between the methyls and the OH.

TABLE 36. Activation barriers (kcalmol™') to rotation about the C—N single bond of N-
aminoformamidines, HC(=NNRR’)—NR"R" "

R R’ R” R Solvent AG? Ref.
Me Me H CH,Ph CcDCl, 148 252
Me Me H 2-Py CDCl, 174 252
Me Ph H Me cDql, 14.9 252
Me Ph H CH,Ph CDCl, 149 252
Me Ph H 2-Py CDCl, 17.5 252
Me Ph Me Me CD,COCD, 9.7 252
i-Pr i-Pr H CH,Ph CDCl, 15.6 252
CH,Ph CH,Ph H CH,Ph CcDCl, 152 252
(Z)-HCO Me Me Me CD,COCD, 134 253
(E}-HCO Me Me Me CD,COCD, 109 253
(Z)-HCO i-Pr Me Me CD,COCD, 132 253
(E}-HCO i-Pr Me Me CD,COCD, <100 253
(2)-HCO t-Bu Me Me CCl, 13.2 253

TABLE 37. Activation barriers (kcal mol ™ *) to rotation about the C—N single bond of amidoximes,
RC(=NOR')—NMe,

R R’ Solvent AG Method Ref.
Ar (E)-H CD,Cl, 9.7 HT, 92
Ar* (E)-Me CD,Cl, 9.7 H T, 92
Ar (ZYHorMe  CDCL? T, <90°C 92
Mes H CD,Cl, 11.2 'H LSA 208

*Ar = p-MeOC4H,, p-Tol, Ph, p-CIC¢H,, p-O,NC4H,, without significant variation in AG*.
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E. Rotation of C-Heterosubstituted Amidines

1. Rates of C—N rotation in guanidines

The barrier to rotation about the C—NMe, single bond of the acylguanidine 512!8 is
15.6 kcalmol ™. In acid, AG* is 17.7kcalmol~!, and the rate is independent of the acid
concentration, so that this represents rotation about the C—NMe, partial double bond of
protonated 51. Similarly, the barrier to rotation about the C—N(CH,Ph), single bond of

H
MezN——<\:>=0

(531)

Ar,C=NC(=NCN)—N(CH,Ph),227 is 17.3 kcal mol " ! in toluene-dg, and it is higher in
more polar solvents. Such restricted rotation is probably responsible for the inequivalence
of the R,N 'H and '3C NMR signals?5* in AANC(=NCOAr)—NR, (AdNH = adenine,
R,NH = piperidine, pyrrolidine, Me,NH, morpholine). These barriers are higher than in
most other guanidines because the electron-withdrawing carbonyl or cyano group
increases the double-bond character.

Calculated barriers to rotation about the C—N single bonds of guanidines are listed in
Table 38. The variations in activation energies are attributed?!® to hydrogen bonding to
the substituent, which stabilizes the planar form. The increase in activation energy due toa
carbonyl substituent is in agreement with experimental results?!8,

2. Rates of C—N rotation in isothioureas
Barriers to rotation about the C—NMe, single bond of some N-phos-

TABLE 38. Calculated activation energies (kcalmol ~ ') for rotation about the C—N single bonds of
stereoisomeric (H,N)C(=NH)—NHR or (H,N)C(=NH)—NR,

R C=N C—N Method E,(NH,) E,(NHR) Ref.
H — ? CNDO/2 144 — 215
H — ? 4-31G 12.2 — 218
H — syn 6-31G 7.50 — 216
H — anti 6-31G 11.90 — 216
Me V4 syn 6-31G 12.97 8.16 216
Me V4 anti 6-31G 12.30 9.36 216
Me E syn 6-31G — 13.19 216
Me E anti 6-31G — 14.39 216
Me, ? —_ CNDO/2 11.6 — 215
CHO ? ? 4-31G 17.0 — 218
NH, VA syn 6-31G 19.31 14.80 216
NH, VA anti 6-31G 10.84 11.20 216
NH, E syn 6-31G — 19.29 216
NH, E anti 6-31G — 19.40 216
F z syn 6-31G 16.98 13.13 216
F VA anti 6-31G 9.89 8.53 216
F E syn 6-31G — 15.84 216
F E anti 6-31G — 7.26 216
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TABLE 39. Activation barriers (kcal mol~!)23 to rotation about the
C—N single bond of phosphorylated isothioureas MeSC(=NR)—

NMe,

R Solvent AG

MeP(O)OPh CDC1,-CD,COCD, 10.5

PO(OEL), cDcl, 11.5

PO(OEt)(SEY) CDCl, 116

PS(OEY), CDCl,-CD;COCD, 11.0
phonioisothioureas?*> are listed in Table 39. The barriers are lower than in the

corresponding N-phosphonioamidines, perhaps owing to steric repulsion from the bulkier
methylthio group.

3. Rotation of haloformamidines

In contrast to most other N-acylamidines, the 'H NMR spectrum of CIC(=NCOPh)—
NMe, in CDCl, shows?*¢ a single N-methyl peak. Therefore rotation about the C—N
single bond must be fast.

4. Rotation of C-metallosubstituted amidines

The 'H NMR spectrum*?” of the cationic gold complex, Au[fC(NHMe)(NMe,)],*,
with two N,N,N’-trimethylamidinium ligands, shows two different methyls on the
dimethylamino nitrogen. Likewise Au[C(NHMe),],*, with two N,N'-dimethyl-
amidinium ligands, shows two different N-methyls. Therefore rotation about the C—N
partial double bonds must be slow. These are Au(l) complexes, but the same behavior is
seen with the corresponding Au(ITT) complexes. The behavior parallels that of simple
amidinium ions, in contrast to amidines, where rapid rotation about the C—N single
bond leads to equivalent N-methyls.

The 'H NMR spectrum!®® of Cp,UC(NEt,)=NXyl-2,6 shows inequivalent N-ethyl
resonances, so that rotation about the C—N single bond is slow. Moreover, there are
inequivalent cyclopentadienyl ligands, so that rotation about the U—C bond is also
restricted.

Vi. STEREOCHEMICAL EFFECTS ON FORMATION OF AMIDINES, IMIDATES
AND RELATED COMPOUNDS

A. Formation of Stereoisomeric Amidines and Imidates

1. Formation of stereoisomeric amidines

Since the E stereoisomer of a trisubstituted amidine is the more stable, this is usually the
product formed. However, it is sometimes possible to take advantage of kinetic control to
produce the Z form. In particular, the Z stereoisomer of 5 is formed preferentially, and this
has been attributed® to the preferred stereochemistry of the precursor. Another case is
addition of secondary amines to isonitriles (equation 1)237, where reaction at —15°C

R,NH + R'NC —(Z)-HC(NR,)=NR’ - (E)}-HC(NR )=NR’ 1)

leads to the Z form, which is isomerized to the E form only on refluxing in chloroform. The
Z form could be distinguished by the 0.65 ppm shielding of the substituents on nitrogen.
The mechanism for preferential formation of the Z stereoisomer is viewed as proceeding
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via the silver complex of the isonitrile, nucleophilic addition of amine, N-protonation and
1,2-hydrogen shift. Alternatively, addition of nucleophile anti to the lone pair is preferred
stereoelectronically, and this establishes the stereochemistry immediately while allowing
external proton to displace the silver. The Z form could also be obtained from HCCl=
NAr plus secondary amine, and this seems to be the result of stercoelectronically preferred
addition to HC=NAr"*.

Another example is the reaction®*® of CH,CN, ArN(Me)SPh (Ar = p-O,NC¢H,) and
RC=CH (R =Bu or Ph), catalyzed by BF;—OEt,, which produces a mixture of
stereoisomeric PASCH=—=CRN=CMe—NMeAr, which slowly converts to a single
material. By analogy with other reactions it was concluded that the kinetic product is the Z
form as regards the C—N double bond, and that the thermodynamic product is the E
isomer.

2. Formation of stereoisomeric imidic acids and imidate esters

Photolysis of N-phenylbenzamide PhCONHPh2*® produces a long-wavelength flu-
orescence whose intensity, at constant absorbance, increases with concentration.
Although similar fluorescence is seen with N-methyl-N-phenylbenzamide, the width of the
emission band in N-phenylbenzamide varies with solvent polarity, so it is composite and
can be attributed26° partly to emission from the tautomeric imidic acid. Since the amide
catalyzes conversion to the emitting state, presumably by a double proton transfer, the
imidic acid is claimed to be created in its E configuration (52), but the evidence is weak.

Reaction of PhC(OMe)=NH with NaOCl produces the N-chloroimidate?®
PhC(OMe)=NCI as a 9:1 mixture of Z and E isomers. Only on heating do these
equilibrate, so that this is indeed a kinetically determined mixture.

3. Formation of stereoisomeric thioimidates

Methylation of the N-pyridinium betaine ArC(—S ~)=N(NC;H, *)2®! produces only
the Z stereoisomer of the S-methyl N-(1-pyridinio)thioimidate (53, R,R’ = H, Me). This

¥ O

MeS *N
C=—=N
/- A\ v ¥
Ph Ph /
Ph
(52) (53)

means that the reactant must have been present predominantly as its Z configuration.
On heating the product to 70°C, an equilibrium is established, with the E isomer
predominating for R = R’ =H and with the Z predominating for R =H, R’ =Me. For
R = R’ = Me no equilibration could be detected, and this was attributed to retardation of
equilibration by steric hindrance. However, it is more likely that the equilibrium simply
favors strongly the Z form.

B. Formation of Stereoisomeric Conjugate Acids

1. Formation of stereoisomeric amidinium ions

Reaction of RC=NMe* (R=Me or Ph) with R'NH, [R’ = cis-(NC)C(NH,)=
(NC)C]?%? produces N,N’-dialkylamidinium ions as a mixture (1.4:1 or 1.5:1) of ZE and
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EZ isomers (2ZE, 2EZ), in nearly equal amounts. It is not clear why addition across the
C—N triple bond is not anti, as in the cases above (Section VLA.1) and below
(Sections VI.D.1-4). Nor is it clear how the material that crystallizes from the reaction can
be a mixture of stereoisomers.

2. Formation of stereoisomeric imidatonium ions

By O-alkylation of the separate Z and E amide stereoisomers it is possible to prepare
stereoisomeric imidatonium ions*? that can sometimes be enriched or separated by
crystallization and characterized by NMR.

3. Formation of stereoisomeric metal complexes of amidines

The W(CO); complex of PAC(NMe,)=NH?? is formed as a 1:3 mixture of Z and E
isomers, from which the E can be separated by crystallization, This material is then stable
to stereoisomerization to the Z form. Since the precursor PhC(OMe)=NH — W(CO);
was a 1.2:1 mixture of stereoisomers, its reaction with Me,NH is not stereospecific, but
proceeds by an addition—elimination mechanism.

C. Formation of Stereoisomeric Amidines with sp>-C Substituents

1. Formation of stereoisomeric imidines

According to X-ray analysis?¢* [2 + 2] cycloaddition of c-HexN=C=NHex-c with p-
O,NC,H,N=C=S8 produces the ZZ imidine 54. Although previous studies had
suggested that steric effects would favor kinetic formation of the ZE stereoisomer, the ZZ
form is the most stable. Since the barrier to isomerization is likely to be low, the ZE form
might be formed initially, but then be rapidly isomerized to the ZZ. In contrast, another
four-membered ring imidine (55, Ar = p-Tol)?6* is the EZ form shown, owing to the steric
bulk of the diphosphine ligand.

PhoP

\N =<>=N /CsH4N02 -p ArCN—/;LFe/fN\Ar
|

c-Hex co

c-Hex

(34) 3%

D. Formation of Stereoisomeric A-Heterosubstituted Amidines and Imidates

N-Hetero-amidines and -imidates show the unusual feature that the kinetic product
may be different from the thermodynamic product.

1. Formation of stereocisomeric aminoamidines

Reaction of various MeCCl=NNMeAr with Me,NH?2°® produces (Z)-MeC(NMe,)=
NNMeAr as kinetic product, by stereospecific addition to MeC=N*NMeAr. For
Ar = 2,4-(0O,N),C;H, this product can be crystallized and kept as the Z stereoisomer at



3. Stereochemical aspects of amidines, imidates and related compounds 205

— 20°C, but with other aryl groups impure crystals are obtained or the material does not
crystallize, and such substances more readily convert to the E stereoisomer.

2. Formation of sterecisomeric amidoximes

The Z stereoisomer of an amidoxime is often the one that is formed more quickly by
amine addition to a nitrile oxide, and this then rearranges at a measureable rate to the
more stable E stereoisomer, Thus the kinetically formed ArC(NMe,)=NOH?®? is Z, and
on heating this is converted to the E form. Further NMR studies®® indicated that the
kinetic product from addition of morpholine to the nitrile oxide p-O,NC;,H,CNOQis the Z
form, which is converted to the more stable E form by heating or treatment with acid.
Another example?6® is the addition of Me,SiNEt, to MeCNO, to produce (Z)-
MeC(NEt,)=NOSiMe,, which takes days to isomerize to its E isomer. However, with N-
monosubstituted or -unsubstituted amidoximes®?, the initially formed Z isomer is also the
more stable one, and this persists in the reaction mixture. Thus the general addition of
amine R,NH to nitrile oxide ArCNO produces (Z)-ArC(NR,)==NOH as kinetic product.
If at least one of the R groups is hydrogen, this is the stable product. However, if both R
groups are alkyl, the product isomerizes to the more stable E stereoisomer, especially
under acidic conditions. To obtain the Z form, it is necessary to carry out the synthesis
near 0°C.

A MNDO calculation?® on the addition of NH; to fulminic acid HCNO or acetonitrile
oxide MeCNO shows that (Z)-RC(NH; *)=NO " is formed faster. Rapid proton transfer
then produces the more stable Z amidoxime RC(NH,)=NOH.

Reaction of hydroximoyl and alkoximoyl chlorides with amines!®® shows interesting
sterochemical features. Reaction of (Z)-ArCCI=NOMe (Ar = p-Tol, p-CICcH, or p-
MeOCgH,) with R,NH (pyrrolidine) produces (Z)-ArC(NR,)=NOMe as Kkinetic
product, but on heating this is converted to an equilibrium mixture of Z and E
stereoisomers. Reaction with RNH,, produces (Z)-ArC(NHR)=—=NOMe as the stable form.
In contrast, (E)-ArCCl=NOMze is unreactive toward R,NH or RNH,, even though this
stereoisomer is reactive toward the better nucleophile methoxide. With the still more
nucleophilic R,NLi (N-lithiopyrrolidine) the E stereoisomer is reactive, but only one-sixth
as fast as the Z. The Z alkoximoyl chloride reacts stereospecifically to form (Z)-
ArC(NHR)=NOMe, but the E gives a 57:43 mixture of Z and E products.

These results have been interpreted in terms of a stereoelectronic effect, whereby
cleavage of an alkoxide leaving group requires two antiperiplanar lone pairs, but cleavage
of the better leaving group chloride requires only one. Thus addition of nucleophile Nu to
(Z)-ArCCi=NOMe produces intermediate 56, which cleaves to the Z product. Addition
of Nu to (E)-ArCCI=NOMe produces intermediate 57. If the nucleophile is R,NH, there
is no lone pair antiperiplanar to Cl, and this intermediate reverts to reactant faster even
than it can rotate about the C—N single bond. Thus the E reactant cannot lead to
product. If the nucleophile is R,N™ or MeO ~, there is a lone pair antiperiplanar to Cl, and

Y Y Ir
Me0”7 AQ /) Some AN
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this intermediate can lose Cl™ or rotate to other conformations with two lone pairs
antiperiplanar to Cl, one of which (56) gives Z product and the other of which (58) gives E.

The same behavior is seen?°? in addition of amines to MeC(=NOH)CNO, formed as
an intermediate from MeC(=NOH)C(Cl)==NOH. Addition of ammonia gives only the Z
amidoxime. Addition of primary amines gives 1.5-4.0%, E amidoxime, except that t-
butylamine gives 109 of the E isomer. The stereoisomers could be distinguished by their
'H NMR spectra, especially the chemical shift of the amidoxime hydroxyl. With
secondary amines, the E amidoxime is the kinetic product that can only be detected by
NMR, since it isomerizes rapidly to the more stable Z.

3. Formation of sterecisomeric hydrazide derivatives

Reaction of hydrazidoyl halides with nucleophiles also can lead to a kinetic product that
is not the more stable stereoisomer. For example, reaction of various RCX—=NNMeAr
[Ar = 2,4-(O,N),CcH,] with silver acetate?®” produces the Z stereoisomer of the
hydrazidoyl carboxylates, 589Z (R'=Me). On heating these in inert solvents, they
isomerize to the E form (S9E), which then undergoes a 1,3-acyl shift. The kinetics could be

R’COO NMeAr R’ COO,
C=—N — C=—=N

R R NMeAr

(592) (59€)

followed by UV and NMR, but the intermediate E form could not be detected.
Nevertheless, the substituent effects indicate that the nitrogen inversion is rate-limiting.

This same behavior is seen!®® with methoxide as a nucleophile. Only the Z methyl
hydrazidate RC(OMe)=NNMeAr is formed, but this can be isomerized to the E on heating.
Moreover, the starting halide could be confirmed as the Z stereoisomer by X-ray studies.
Therefore, the substitution occurs with retention of configuration. The mechanism is an
addition—elimination, via an intermediate (60, X = Cl, Br). Since the methoxy can enter

Ph
MeO X
ArNMe
(60)

antiperiplanar to a lone pair on the imino nitrogen, and since halide can leave
antiperiplanar to a second lone pair on that nitrogen, the lifetime of the intermediate is too
short to permit rotation about its C—N single bond. It should be noted that with
methoxide as nucleophile the reaction is further complicated by methoxide catalysis®!® of
the isomerization of the Z product to the more stable E.

All these studies were limited to the available Z reactant. To compare the
stereoselectivities of the Z and E forms, it was necessary to prepare the E form. Although
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TABLE 40. Product stereochemistry?!® from reaction of
stereoisomeric 0- or S-p-nitrophenyl benzo(thio)hydrazidates
ArC(XC¢H,NO,-p)=NNMeC:H;(NO,),-24 with sodium

methoxide

Ar X Reactant %E
p-O,NC,H, (e} VA 16

p-MeOC¢H, S VA 16

p-MeOCH, S E 49

p-O,NC.H, S z 10

p-O,NC:H, S E 62

this was not possible, even by photolysis, for the hydrazidoyl halides, reaction with
thiophenols2'? could produce either stereoisomer of RC(SAr')=—=NNMeAr. The Z form is
the kinetic product, obtainable if the reaction is carried out at room temperature. The E
form is thermodynamically more stable, and it predominates if the reaction is carried out
at 65 °C. The two forms could then be purified by chromatography. These are still reactive
toward nucleophilic substitution, since Ar'S™ is a good enough leaving group. According
to substituent effects the reaction is again an addition-elimination. The product
composition is shown in Table 40. The E thiophenolates produce a mixture of Z and E
products, since there is no nitrogen lone pair antiperiplanar to the leaving group in the
initial intermediate (61, X = SAr’). Therefore this undergoes rotation either to 60

Ph
ArMeN

MeO X

(61)

(X =SAr’), which gives Z product, or to another rotamer, which gives E. However, in
contrast to the reaction of the hydrazidoyl chlorides, the reaction of the Z thiophenolates
(or phenolate) is not so stereospecific, and 10-16% of E product is formed. This is because
the thiophenoxide or phenoxide is not as good a leaving group as chloride, so that some of
the intermediates (60, X = SAr’ or OAr’) live long enough to rotate about their C—N
bond.

4. Formation of stereoisomeric hydroximates

According to 4-31G calculations**® on the reaction coordinate for addition of OH ™ to
fulminic acid HCNO, the simplest nitrile oxide, the activation energy for formation of the
Z product is 32 kcal mol ™ !, substantially lower than the 61 kcal mol ™! for formation of the
E product. This same result was obtained qualitatively for addition of methanol2¢® (or
water?%%)to RCNO (R = H, Me, Ph); according to MNDO calculations the Z product (62)
is formed via a kinetically preferred stereoisomer (63) of the intermediate, which transfers a
proton with little barrier. A MNDO calculation®”° on the initial adduct of HCNO and
OH" is also of relevance to the question of stereoelectronic control. Although the
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H /H /H H
Me—0 \o Me—0* 0 0 0~ o/
\_/ \N__/ \N__/ \
C=—=N C=N C=N c=—N
/ / / _
R R H H o
(62) (63) (642) (64€)

preferential formation of the Z-stereoisomer can be attributed, through the principle of
microscopic reversibility, to a preference for cleavage of a leaving group that is
antiperiplanar to a nitrogen lone pair, the C—O bond length of the Z adduct (642) does
not show any weakening, compared to the E adduct (64E).

Formation of hydroximates from hydroximoyl or alkoximoy! halides is stereoselective.
As formed by action of PCls on hydroxamic acids or esters, an oximoyl halide is
exclusively (99.5%) the Z stereoisomer'!3 (equation 2). On photolysis of this material, a
photostationary state can be set up, with detectable amounts of the E form. The reactivities
of the two stereoisomeric alkoximoyl chlorides?’! are quite different. The Z form
undergoes Syl reaction 470 times as fast as the E even though the equilibrium favors the Z
form by at least 99.5%. This represents a strong preference for a nitrogen lone pair
antiperiplanar to the leaving group, just as in the E1cB reaction of vinyl halides. Then, by
the principle of microscopic reversibility, there should be a strong preference for an
incoming nucleophile to enter antiperiplanar to the lone pair on the nitrogen. This then
leads to the Z product (equation 3). Indeed, both stereoisomers of the reactant give only
the same Z product, PhC(OMe)=NOMe, since both proceed via the common
intermediate, ArC=NOMe". In support, this same Z product is obtained?”! if the
intermediate is generated by diazotization of the amidoxime, PhC(NH,)=NOMe.

ArCONHOR + PCl; — (Z)-ArCCI=NOR )

ArCX=NOMe — ArC=NOMe* + X~ 3
ArC=NOMe"* + Nu~ — (Z)-ArCNu=NOMe

ArC(—O~)=NOR + AcCl — (Z)-ArC(OAc)=NOR @)

Similarly the intermediate nitrilium ion, ArC=NOPr*, formed by diazotization of
ArC(NH,)=NOPr, can be trapped?”’? with acetate, to form (Z)-ArC(OAc)=NOPr.
Alternatively, acylation of the silver salt of an N-alkoxyimidate anion produces the Z
stereoisomer of the O-acylalkoxyimidate (equation 4). This product is stable to O-to-N
acyl shift, since the lone pair on the nitrogen is trans to the acyl group. Photolysis produces
a mixture of Z and E forms, which can often be separated by chromatography. The
stereochemical assignment is confirmed by the observation that the E form does undergo
an O-to-N acyl shift. Preferential formation of the Z stereoisomer was attributed
to chelation of the Ag™ counterion, which favors the Z stereoisomer of the reactant.
However, the chelation effect of silver is not necessary, since treatment of
PhCONHOCH,Ph with acetic anhydride and pyridine®”* produces the Z stereoisomer of
PhC(OAc)J=NOCH,Ph, so that this is a general feature of the reactant sterecochemistry.

The same behavior is shown in addition to nitrile oxides?’*. Addition of ethoxide
produces the Z hydroximate, with the nucleophile entering anti to the nitrogen lone pair
(equation 5, Ar = p-O,NC,H,). Photolysis produces a mixture of Z and E forms, and the

ArC=N*0" + EtO~ — (Z)-ArC(OEt)==NOH )
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E form can be distinguished by a 0.9 ppm upfield shift of the OH resonance. With acetate as
nucleophile, the initial adduct is not stable, but undergoes a 1,4-acyl transfer to produce
ArCONHOAc. This transfer requires that the initial addition product be Z. With azide as
_nucleophile, the Z hydroximoyl azide, ArC(N;)=—NOH, could be obtained, whereas if the
product had been the E isomer, it would have cyclized to a hydroxytetrazole, which is
known to form when there are catalysts that isomerize the double bond.

Under S,2 conditions the formation of alkoximates from alkoximoyl chlorides is not
always so stereospecific?’®. Reaction of (Z)-ArCCI=NOR with alkoxide produces
exclusively the Z alkoximate ester, within limits of detectability. In contrast, the E chloride
produces a mixture of Z and E esters, with the E predominating. The Z and E forms react
at nearly the same rate, and the kinetic behavior is consistent with an addition-elimination
mechanism.

Although formation of hydroximate esters usually leads to the Z form, from the more
stable Z stereoisomer of the hydroximoyl halide, alternative routes can produce a mixture
of stereoisomers. In particular, complexation of benzyl methyl ether with chromium
tricarbonyl activates the methylene toward nitrosation, and the resulting #%-Cr(CO),
complex of methyl benzohydroximate, PhC(OMe)=NOH, is formed?’® as a 55:45
mixture of Z and E forms.

Reaction of S-alkyl-N-hydroxy thioacetimidates MeC(SR)=NOH with isocyanates?”’
produces N-(carbamoyloxy)thioacetimidates (65). These are a mixture of Z and E forms,

/R
c=—N,
Me OCONHR'

(63)

whose NMR spectra could be assigned. However, the formation of a mixture is due to the
trivial fact that the reactant is also a mixture. Such compounds are important because
methomyl (65, R = R’ = Me) is an insecticide, active as its Z form?78.

VIl. STEREOCHEMICAL EFFECTS IN REACTIONS OF AMIDINES, IMIDATES
AND RELATED COMPOUNDS

One of the principles of stereochemistry is that enantiotopic groups or enantiomeric
structures must show identical reactivity (in the absence of optically active coreagents), but
that diastereotopic groups or diastereomeric structures can show different reactivities.
Certainly different stereoisomers can show different reactivities, since diastereomers are
genuinely different. Reaction may be stereospecific, if each stereoisomeric reactant leads to
a different product. If the two stereoisomers can be studied independently, their separate
reactivities can be determined. However, it is quite possible that they interconvert under
the reaction conditions, especially if they are simply conformers, interconverting by
rotation about single bonds. It is then necessary to take account of the Curtin~-Hammett
principle?”. The observed rate is not the rate of either individual reactant. Also, even if the
reaction is stereospecific, the mixture of products represents neither the mixture of reactant
stereoisomers nor simply their relative reactivities. It is quite possible that the dominant
product arises from a greater reactivity of a minor stereoisomer.
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A. Stereochemical Effects on Reaclivity of Amidines and Imidates

1. Reactions of chiral amidines

Meyers28° has used chiral amidines to synthesize chiral amines in high enantiomeric
purity. For example, alpha-deprotonation of amidine 66, derived from valinol, followed by
alkylation, produces 67, which can be hydrolyzed to alkylated amine. The model for
diastereoselection is alkylation of chelated organolithium 68 with retention of configur-
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ation. Although the chirality cannot reside in the amidine functional group, it is the
chemistry of the amidine functionality that permits the transfer of chirality from a group
on one nitrogen to one on the other.

2. Relative reactivities of sterecisomeric amidines

The Z and E stereoisomers of amidines can show different reactivities. Obviously
substituents that are to react must be on the same side of the double bond. Thus cyclization
of N-aryl-N'<cyanoformamidines HC(NHAr)=NCN to 4-aminoquinazolines (69)>*'
requires the Z-syn stereoisomer so that the electrophilic cyano and nucleophilic aryl can
be in proximity. Likewise ring expansion of the aziridine derivative (equation 6)*%7

A L
N>=" e \)/—N ©)
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succeeds only with the E form shown, since this one has the nitrogen lone pair properly
disposed for substitution. (It is likely that this reaction proceeds via a 2-chloroethyl
derivative, since direct opening of the aziridine would be a 5-endo-tet reaction?®2) Another
example is the conversion of N-allylbenzamidine Ph\C(=NH)NHCH,CH=CH, to 2-
phenyl-4-(iodomethyl)imidazoline (70)28* with N-iodosuccinimide, where the cyclization

NH2 N

1 . .
00 T e Tl
X ) NH HaN N NN
\[/ 2 \( e \_/ R

(69) (r0) (71) (72)

requires proximity of the nitrogen lone pair and the allyl group on the other nitrogen.
Likewise, cyclization of the adduct from an amidine and a pyrone derivative (71,R'=H or
OMe)?8* requires proximity between nitrogen and carbonyl. In both these kinds of
cyclization, the stereochemical description depends on whether the attacking nucleophile
is an amino nitrogen or an imino nitrogen, but the necessity for proximity is obvious.

The intramolecular 1,3-phosphoryl shift in various N-phosphorylated amidines also
obviously requires the Z stereoisomer, and it could be verified by line-shape analysis>*?
that the E stereoisomer is unreactive and must convert to the Z form in order to undergo
the rearrangement.

The stereochemical requirement is less obvious for the alkyl migration in a
diaminocarbene (72)285, With R =R’, as in the bispyrrolidine carbene studied, it is not
possible to determine whether the Z or E alkyl migrates. However, with R = Me,
R'R’=(CH,),, the product may be expected to be either a tetrahydropyrimidine or an
iminopyrrolidine, so that this is a practical experiment to do.

3. Stereoelectronic effects in reactivity of amidines

Hydrolysis of amidines has been used as evidence both for and against the theory of
stereoelectronic control?®®, according to which preferential cleavage of tetrahedral
intermediates occurs when there are two lone pairs antiperiplanar to the leaving group.
This is an especially good system for testing the theory, since the positions of the nitrogen
lone pairs can usually be specified unambiguously.

Hydrolysis of the cyclic amidines 73® can lead to two possible products, depending on
which C—N bond is cleaved. Since an alkyl amine is more basic, it ought to be cleaved
more readily, to produce 74, even though 75 is more stable. For n = 7 ca 50% of the kinetic
product 74 was indeed detected, but for n=6, only 75 was obtained. A possible
explanation is that the tetrahedral intermediate 76 (n = 6) cannot achieve a conformation

N. NHCH=—0 NH» n OH
j Y
@( H NH2 NHCH==0 NH
n-5 [5-) n~-5 -5

(r3) (74) (75) (76)
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with two lone pairs antiperiplanar to the more basic nitrogen, and therefore this must
cleave the other C—N bond, to produce 75. However, an alternative explanation is that
the kinetic product 74 (n = 6) is formed, but it is too transient to detect.

Hydrolysis of N,N’-dimethylformamidine?®” produces predominantly or exclusively
the less stable E stereoisomer of N-methylformamide, which converts to the Z
stereoisomer under the reaction conditions. The reaction involves hydroxide attack on the
predominant ZE stereoisomer of the amidinium ion. Because the initial tetrahedral
intermediate (77) lacks two lone pairs antiperiplanar to any nitrogen leaving group,
rotation about a C—N single bond is required for cleavage. Rotation of the nitrogen that
was originally E (at the rear of the structure as illustrated) would produce 78, which is
sterically crowded. Therefore rotation of the other nitrogen is preferred, to produce 79.

_ o, S
H}\N//H H e //:I
H~p e O H~ M ,L " "
0 I
(77) (78) (79)

This now has two lone pairs antiperiplanar to the rear nitrogen, whose cleavage produces
(E)-N-methylformamide. Although this result had been taken as evidence for stereoelec-
tronic control, it should be noted that 79 is a unique conformation of the intermediate, free
of gauche butane or other 1,4 H-H repulsions, and this can cleave only to the (E) amide,
regardless of whether stereoelectronic control operates.

Another case is the cleavage of intermediate 80238, not to precursor azalactam 81, but to
amidine 82 and aminoamide 83. Although this was viewed as a consequence of

H HO
N. N N. 0 NHZ
\j N\J Cﬁj " m
—>
N N
H
(81) (80) (82) (83)

stereoelectronic control, the products are determined simply by thermodynamic sta-
bilities, and no kinetic effects need be invoked.

Hydrolysis of appropriate cyclic amidines provides a definitive test for stereoelectronic
control in cleavage of tetrahedral intermediates. The predictions?®® of stereoelectronic
control are shown in Scheme 2. Hydroxide is expected to attack the amidinium ion 84
antiperiplanar to the lone pairs on the two nitrogens, to form 85 as initial intermediate.
Following rotation about the exocyclic C— N single bond, there are lone pairs on oxygen
and on one nitrogen antiperiplanar to the endocyclic C—N bond, which can cleave to
produce 86. Ring inversion of 85 produces 87, which also has lone pairs on oxygen and on
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SCHEME 2. Stereoclectronic control in hydrolysis of cyclic amidines

nitrogen antiperiplanar to the endocyclic C—N bond, so it too can cleave to 86. However,
neither 85 nor 87 has two lone pairs antiperiplanar to the exocyclic C—N bond. To cleave
this bond, it is necessary also to invert the ring nitrogen, to produce 88. Now there are lone
pairs on oxygen and on ring nitrogen antiperiplanar to the exocyclic C—N bond.
Cleavage of this bond produces lactam 89 plus amine RNH,. This has the advantage over
hydrolysis of imidatonium ions (see Section VII1.B.2), where the comparison is between
oxygen and nitrogen leaving groups and between amide plus alcohol and ester (or lactone)
plus amine products, which are not comparable. In contrast, here the leaving groups are
uniformly nitrogens, and the products are amide or lactam plus amines. Moreover, the rate
constant for nitrogen inversion is estimated as ca 10° s~ !, significantly lower than the 10®
s~ ! estimated for cleavage of intermediate 85 or 87. Therefore, conformations like 88 are
inaccessible during the lifetime of the intermediate. In summary, then, 86 is expected to be
the predominant product if stereoelectronic control is operative.

Initial results?®® were in accord with this expectation. For 84 (R =H, n=5,6) the
aminoamide 86 is the only product, within the experimental error. However, control
experiments®® showed that the leaving abilities of the two nitrogens are not balanced.
Therefore it was necessary to balance the leaving abilities with 84 (R = Me, n = 5,6,7)2°°.
For the six-membered ring the product is 93% aminoamide 86, just as expected from
stereoelectronic control. However, for the five- and seven-membered rings the products
include 56-58%; lactam 89 plus MeNH,. These are formed through the use of the syn lone
pair on the ring nitrogen, so that stereoelectronic preference for an antiperiplanar lone pair
cannot be universal. Indeed, this is entirely parallel to well-known syn eliminations in five-
and seven-membered rings. Even the 939 aminoamide product from six-membered rings
represents only a weak preference, of <2kcalmol™?, in this most favorable case.

Hydrolysis of N,N'-dialkylamidines can show an unusual configurational effect®8. For
N-alkyl-N'-methylacetamidinium ions, which exist as a mixture of ZE and EZ stereoiso-
mers (2ZE and 2EZ), there is a preference for cleavage of the nitrogen whose alkyl group is
Z. This arises from weak stereoelectronic effects?®® in formation and cleavage of the
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tetrahedral intermediate. Thus, hydroxide is expected to add antiperiplanar to the
nitrogen lone pairs of the ZE ion to produce 90. After rotation about C—N single bonds,
which preserves the absolute configurations at both nitrogens, there are only two
conformations (91 and 92) that are free of steric repulsion, that have a leaving group

H M H OH
e
M
Me N//H Me NO/WI° Me NO/ ’
NN el Q" |

0 | |
H R
(90) -3 )] (92)

antiperiplanar to two lone pairs and that can cleave to repulsion-free Z-amide products. In
both these conformations the leaving group is not MeNH, but RNH,, the amine whose
alkyl group was Z in the original ion. Correspondingly the EZ ion is expected to lead to
cleavage of MeNH,. For R = i-Pr, Bu or t-Bu the experimental results® are in fair agree-
ment with this expectation, kif the relative reactivities of the two stereoisomeric ions are
such that they react at the same rate rather than with the same rate constant. However, for
R =neoPen or PhCH,, leaving abilities that arise from unequal basicities of the two
nitrogens also influence the direction of cleavage.

4. Relative reactivities of stereoisomeric imidate esters

The stereochemistry of imidate esters is of importance for their reactivity. The
intramolecular Diels—-Alder cyclization of ethyl N-(3,5-hexadienoyl)acrylimidates?®!
requires that the C—N double bond be E. Fortunately the barriers to conformational
interconversion are low, so that all conformations can be explored, including the reactive
ones.

A more elaborate case of differing reactivities of imidate stereoisomers occurs in the
hydrolysis of aryl N-methylacetimidates®®. These differ in their basicities, and spectro-
photometric titration shows that for MeC(OTol-p)—NMe the pK, of N-protonated
Z-H* is 8.0 whereas the pK, of E-H* is 6.55. Observation of biphasic kinetics suggests that
the two stereoisomers also react at different rates, such that the rate of interconversion is
comparable to the rate of hydrolysis of the slower isomer. In acid the Z isomer is 4 times as
reactive as the E, whereas in base the E isomer is 3 times as reactive as the Z. The rate-
limiting step must be nucleophilic attack on the N-protonated substrate, since if
breakdown of the tetrahedral intermediate were rate-limiting, the reactants would
equilibrate rapidly and biphasic kinetics would not be observed. By correcting the relative
reactivities for the basicities, it could be concluded that E-H™* is 3.0 times as reactive as
Z-H* toward H,0, 4.0 times as reactive toward MeNH,, 10 times toward carbonate and
7 times toward OH™.

With peracids the stereoisomeric PhC(OMe)==NR could be oxidized to oxaziridines,
which were obtained?® as a mixture of cis and trans forms (93), even from PhC(OMe)—
NMe, where the Z form is undetectable by NMR. Since the oxidation should be
stereospecific, this result means that the Z form, present in low concentrations, is more
reactive than the E.

Photolytic conversion of azides to imidate esters*®? presents an interesting stereochem-
ical problem. On heating RR’'C(OMe)N, to 360 °C, there is loss of N, and preferential

292
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migration of the smaller alkyl group to the electron-deficient nitrogen. Alternatively, the
migration can be induced photochemically, without any migration preference. This
rearrangement is modeled by a transition state (94) with the alkyl group migrating to the
vacant 2p atomic orbital on nitrogen rather than opposite to the N, that is being lost. Yet
any such migration will not place the migrating alkyl coplanar with the methoxy and other
alkyl, as it must become in the product imidate (95). It would be of interest to determine the
stereochemistry of the product from the photochemical reaction.

0

MeO, OMe
0. " R
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>C/ \vaR C—NRg
oh Ng OMe R{
(93) (94) (93)

5. Relative reactivities of stereoisomeric thioimidates

Todolactonization of y,6-unsaturated S-methyl-N-benzylthioimidates?®® clearly re-
quires the Z stereoisomer, so that the nitrogen lone pair can serve as nucleophile.

B. Stereochemical Effects on Reactivity of Conjugate Acids

1. Relative reactivities of diastereotopic groups in amidinium ions

An unsubstituted or N,N'-dialkyl-substituted amidinium ion RC(NHR),* (R'=H or
alkyl) has diastereotopic Z and E protons. These have identical bonds and might be naively
expected to show identical reactivities. However, the protons are in different environ-
ments, and they can and do show different reactivities.

Base-catalyzed proton exchange of amidinium ions shows the remarkable stereochem-
ical feature of positional selectivity in an encounter-controlled reaction's. The rate
constants are shown in Table 41, Although the diastereotopic protons in a molecule
exchange at nearly identical rates, the differences are significant. In all these cases it is the
more acidic proton, or the proton that is expected to be more acidic, that exchanges faster.
This is remarkable, in that hydroxide is a sufficiently strong base to remove any proton in
an encounter-controlled reaction, so that acidity ought not to matter. These results were
originally interpreted in terms of a mechanism where the breaking of a hydrogen bond in
an amidine hydrate is partially rate-limiting. However, more recent results3® suggest that

TABLE 41. Rate constants for OH ~-catalyzed exchange!® in amidinium ions RC(NHR’) (NHR")*

R R’ R” Method ke(s™?) kz(s™Y) kofke
H H H 'H LSA 42 8.6 20
Me H H 14 ST 38 481 1.28
Ph H H H LSA 15.6 19.5 125
Me Me Me H LSA 048 035 0.73
Me Me Me NMR(t) 6.8 x 1074 1.8 x 10742 38
Ph Me Me 1H LSA 0.77 0.85 ~1
—(CH,),— H H ST 38 14.3,62 38, 1.6

“D,O-catalyzed.
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the relative reactivities are governed by the rate at which hydroxide diffuses to the ion,
along channels of hydrogen bonds in the solvent.

Acid-catalyzed proton exchange of amidinium ions shows an intriguing stereochemical
feature. The reaction occurs only in strongly acidic solutions. The mechanism is
protonation on one of the nitrogens, to produce a dication. It had originally been
observed?®* that Hy of (ZE)-N,N’-dimethylacetamidinium ion, MeC(NHMe),*, ex-
changes 6.4 times as fast as H,,. Likewise, in 669 H,SO, the NH protons of (ZE)-N,N'-
dimethylformamidinium ion®” undergo exchange with solvent, and the E proton, the one
on the nitrogen with the upfield (Z) N-methyl, exchanges faster. These observations were
attributed to an inherently greater basicity of the nitrogen that bears H;. However,
comparison with the isoelectronic alkenes suggests that the difference in basicities is not
so large. Indeed, it was observed?®® that H; of benzamidinium ion, PhC(NH,),*,
exchanges faster than H,, and here the nitrogens must be of identical basicity. Similar
behavior is seen?®® with p-toluamidinium ion, and saturation-transfer measurements on
p-"H3;NCH,C(NH,), " indicate that H, exchanges 1.44 times as fast as Hj.

The key to the greater reactivity of Hp lies in the structure of the intermediate, RC(—
NH, *)-NH,*. The preferred conformation of this intermediate is 96, and the initial

NH,*

V4

R—C

NF—H,
"

He
(96)

protonation creates this intermediate with the protons as labelled. It would seem that
rotation about the C—N single bond would render the three protons of the —NH,™*
group equivalent, so that H; and H, would necessarily exchange at identical rates.
Nevertheless, even though that rotation is extremely fast, so is deprotonation, since the
intermediate is so strong an acid. (The rate constant for deprotonation of a strong acid in
water has been estimated?®” as 1.6 x 10'° s~ !). Therefore the protons do not become
equivalent. Loss of H from the intermediate can proceed readily, but exchange of H,
requires prior rotation about the C—N bond. Thus exchange of H can proceed faster, as
observed.

In 97% H,SO, there is also coalescence of the Z and E N-methyls of (ZE)-N,N'-
dimethylformamidinium ion3”. This occurs by rotation of the N-protonated intermediate,
to produce the EE stereoisomer as further intermediate.

In CD,CN with added CF,COOH the gold(I) complex (26E, M = Au, ,)** undergoes
proton exchange. The upfield N-methyl doublet, corresponding to the E methyl,
exchanges faster. Different rates are expected, since the NH groups are inequivalent.
Specifically, exchange of the Z methyl requires rotation about the C—NH,Me single
bond, and this is competitive with deprotonation®®3:296, At higher CF;COOH con-
centrations the two N-methyls coalesce with each other, by acid-catalyzed rotation
about the C—N bonds, and via the ZZ or EE form, in which the methyls are equivalent.

2. Relative reactivities of stereocisomeric imidatonium ions and
of diastereotopic groups in imidatonium ions

With sodium iodide in acetonitrile each of the two stereoisomeric HC(OMe)—
NMeXyl-2,6" is demethylated stereospecifically*® to the corresponding formamide.
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In dilute aqueous acid, primary amides RCONH, with electron-withdrawing substitu-
ents have been shown?°® to undergo acid-catalyzed proton exchange via the conjugate
acid RC(OH)=NH,"*. The NH protons are diasterecotopic and might exchange at
different rates. In particular, it is found that the amide proton H; often exchanges faster
than H,. Also, in 46% sulfuric acid MeC(OEt)==NH,", the conjugate acid of ethyl
acetimidate, undergoes water-catalyzed proton exchange?®®, and the proton H, ex-
changes 2.0 times as fast as H,. In contrast, for 2-iminotetrahydrofuran hydrochloride in
wet DMSO-d, it is H that exchanges 1.15 times as fast as H;. There is no intramolecular
proton exchange, so that the mechanism does involve deprotonation to the imidic acid or
imidate ester, which is configurationally stable during its lifetime before reprotonation.
Since the more acidic proton is the one likely to exchange faster, these results indicate that
97 and 98 are the more stable stereoisomers, in agreement with MO calculations and

Et T
{ o~
C—N
Me/ \H
(97) (98)

considerations of dipole—dipole interactions (Section IT1.A.2). The contrast arises because
the C—O single bond of the cyclic imidate ester is anti, whereas in the acyclic one it is syn.
The reactivities of stereoisomeric imidatonium ions under alkaline conditions show a
dependence on the conformation of the C—O bond, and the product mixtures have been
presented!37 as evidence for a stereoelectronic effect in formation and cleavage of the
tetrahedral intermediate. The results have been interpreted in terms of preferential
cleavage of a leaving group that is antiperiplanar to two lone pairs, or preferential attack of
nucleophile antiperiplanar to two lone pairs. The consequences of stereoelectronic control
are shown in Scheme 3. Attack on the syn imidatonium ion 99 is expected to produce
intermediate 100, which has two lone pairs antiperiplanar to the nitrogen. If this undergoes
cleavage faster than it undergoes conformational change, it will produce only ester plus
amine. In contrast, attack on the anti imidatonium ion 101 is expected to produce
intermediate 102, which lacks two lone pairs antiperiplanar to any leaving group (except
the OH). This then has time to rotate either about the C—OR’ bond, to produce 100, or
about the C—N bond, to produce 103. As before, 100 can cleave to ester plus amine, but
103 can cleave to amide plus alcohol. Thus it is expected that a syn imidatonium ion should
produce only ester plus amine, but an anti ion should produce a mixture of products. The
experimental results'37-3%0 are given in Table 42, along with the presumed conformation
of the C—O bond. It can be seen that the results are in accord with the expectations, and
there are additional bicyclic cases not included in the table. Therefore these results seem to
be excellent evidence in support of the proposed stereoelectronic effect. However, in some
cases reactant conformations were unknown independently and simply assumed in order
to fit the products. Also, a key assumption is that if there are two lone pairs antiperiplanar
to a leaving group, then cleavage occurs faster than conformational equilibration.
Further interesting results are obtained with some cyclic six-membered-ring form-
imidatonium ions3°! that necessarily have the C—O bond anti. Under basic conditions
hydrolysis, via C—O cleavage, produces hydroxyamide, but as a nonequilibrium mixture
of amide stereoisomers. These results were interpreted in terms of initial C—N cleavage,
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O/R' Qo ) o
)\ /R ’
R —» R — /u\ R + R%NH
w2 , ~ 2
R" 0
(99) (100)
R'\o OH . QOH
R
J\ KT ri NER ——s R/@N/RII
R T R\O R'\o I
R" RII
(101) (102) (103}

o
R” + R'OH
R /ILT/

R"

SCHEME 3. Stereoelectronic effects in hydrolysis of imidatonium ions

TABLE 42. Product mixture (% C—N cleavage to ester + amine)! 37-3%° from alkaline hydrolysis of

imidatonium ions, RC(OR)=NMeR" *

R R’ R" C—-0 %C—N Cleavage
H Et Me anti 50
Me Et Me anti or mixt. 81
c-Hex Et Me anti or mixt. 75
t-Bu Et Me syn 100
Ph Et Me syn 100
Me —(CH,),— syn 100
Ph —(CH,),— syn 100
Ph —(CH,),— syn 100
—{(CH;),— Me anti 50
—CH,)s— Me anti 33
—{(CH;);},,—Et —(CH,)3)yp—  anti+syn 65
—{(CHy)s)s— Et —{(CHy)edyf— anti-syn 83
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when steric effects permit, followed by reclosure and C—O cleavage from two possible
conformations leading to the two different amide stereoisomers. With a hindered nitrogen,
C—O cleavage is assumed to occur directly from a half-boat conformation of the
intermediate.

Similar results have been obtained3°? in reactions of cyclic five-membered-ring
imidatonium ions with HS~. The kinetic product is obtained with C—N cleavage, even
though the thermodynamic product requires C—O cleavage. The C—N cleavage is
interpreted in terms of a stereoelectronic effect, but it is necessary to make assumptions
about conformational equilibria.

The reactivities of the two stereoisomeric ethyl N-methyl-N-isopropylacetimidatonium
ions, MeC(OEt)=NMePr-i*, are nearly identical, but their partitionings to products°*
have important implications for the theory of stereoelectronic control?%°, Studies of N,N-
dimethyl and N,N-diisopropy! analogs had shown that alkaline hydrolysis leads to 80%,
Me,NH but only 6% i-Pr,NH. This was attributed to steric repulsion in the tetrahedral
intermediate between the Z-isospropyl group and the O-ethyl, which is thereby forced
into an anti position, in place of an antiperiplanar lone pair on oxygen that is needed to
assist in expulsion of amine, Then it would be expected that the product mixture from (Z)-
MeC(OEt)=NMePr-i* would resemble that from the N,N-diisopropyl analog, whereas
(E)-MeC(OEt)=NMePr-i* would resemble the N,N-dimethyl analog. Nevertheless, the
two stereoisomers produce identical product mixtures, with up to 65% i-PrNHMe in
alkali, It is not possible to account for this in terms of equilibration of reactants, although
this does occur to some extent. Instead it is necessary to conclude that the tetrahedral
intermediates (104, 105) equilibrate, by sp? nitrogen inversion and C—N rotation, before
they cleave to products. If such conformational processes do not occur during the lifetime
of the intermediate, then there is no need to reject conformations like 106, and the

OH H ) OH
/Jv /Me /Pr-/ /'v
Pr-/ Me o
Me N—"Fr"1 Me N—" Me NMePr=/
OE! Et CI>
(104) (105) Et
(106)

stereoelectronic explanation for the difference between N,N-dimethyl and N,N-
diisopropyl analogs is weakened. Indeed, a key assumption in applying the theory of
stereoelectronic control to hydrolysis of imidatonium ions is that if there are two lone pairs
antiperiplanar to a leaving group, then cleavage occurs faster than conformational
equilibration, and this does not seem to be the case.

Similar results have been obtained*? in hydrolysis of some formimidatonium ions. The
stereoisomeric HC(OEt)=NMeCH,Ph* and HC(OMe)=NMeAr* (Ar=Ph or 2,6-
Xyl) are hydrolyzed in base nonstereospecifically to the same equilibrium mixture of N,N-
dialkylformamides.

How then can the results in Table 42 be accounted for? The question is not a simple one,
since it is necessary to compare cleavage of oxygen vs nitrogen leaving groups. It may be
that C—N cleavage is favored by steric repulsions in the tetrahedral intermediate, as
suggested3°3 for the analogous hydrolysis of tertiary amides. The occurrence of C—O
cleavage from some of the anti precursors can be attributed simply to the instability of the
lactone product?89-394,
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C. Stereochemical Effects on Reactivity of Amidines with sp>-C Substituents

1. Relative reactivities of N-alkylidene amidines

The six-electron electrocyclization (followed by 1,5-hydrogen shift) of RC(=NCzH,X-
p)N=C(CF,), to a 4,4-bis-(trifluoromethyl)-3,4-dihydroquinazoline (107)**% obviously

F3C CFy
H
A
N R
(107)

requires that the stereochemistry be Z, since the C(CF,), group cannot reach to the
aromatic ring in the E stercoisomer. It is also of interest that the C(CF;), group in the
reactant is perpendicular to the amidine plane.

D. Stereochemical Effects on Reactivity of N-Heterosubstituted Amidines
and Imidates

1. Relative reactivities of stereoisomeric amidoximes

The kinetics of cyclization of PRC(NH,)=NOCOPh to a 1,2,4-oxadiazole3°® have
been followed. This is an obvious case where reaction requires that the stereochemistry be
Z, since the E stereoisomer cannot cyclize.

2. Relative reactivities of stereoisomeric hydrazidates

The two stereoisomers of S-p-nitrophenyl benzothiohydrazidates ArC(SC4H,NO,-
p)=NNMeCH,(NO,),-2,4 react with sodium methoxide at different rates?'°. Kinetics
could be followed by UV, and substituent effects indicate that the mechanism is an
addition—elimination. At 30 °C the Z form reacts 8.9 (Ar = p-MeOC¢H,) or 13.8 (Ar = p-
O,NC,H,) times as fast as the E. This is an unusual case where the more stable
stereoisomer is nevertheless the more reactive one, but presumably the intermediate from
the Z reactant (60, X = SAr’) is stabilized by an anomeric effect of having nitrogen lone
pairs antiperiplanar to methoxy and to thiophenoxy groups.

3. Relative reactivities of stereoisomeric hydroximates

The stereoisomeric oximoyl chloride anions PhCCI=—=NO~ react to form PhCNO at rates
differing by more than 107-fold3°7. These anions could be generated by hydrolysis of
PhCCI=NOACc, whose two stereoisomers could be separated from the photostationary
state by preparative TLC. The rate constants were found to be k, =4 x 105s™! and
kg=66x10"3s"1,

The reactivities of the stereoisomeric hydroximate esters?”> provide a further contrast
to their formation. With ethoxide, the Z stereoisomer of the methyl ester, PhC(OMe)—
NOMe, could be transesterified to PhC(OEt)==NOMe, and the reaction proceeds with
retention of configuration. The E stereoisomer is inert. In the reverse direction, with the
ethyl ester plus methoxide, the Z form reacts 300 times as fast as the E, even though the E
reactant leads predominantly to the Z product. This behavior is quite different from that of
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the corresponding alkoximoyl chlorides (Section VI.D.4), where the E isomer is as reactive
as the Z but leads to a mixture of products.

The stereochemical outcome of the transesterification is complicated by the equilib-
ration of the stereoisomers under the reaction conditions. Although the Z isomer is the
kinetic product, under these conditions the equilibrium strongly favors (> 98%,) the E.
This is in marked contrast to the alkoximoyl chlorides, where the equilibrium favors the Z
isomer.

The stereochemical dichotomies could be rationalized in terms of stereoelectronic
effects, which favor loss of a leaving group that is antiperiplanar to a lone pair. Addition of
methoxide to the Z chloride produces an intermediate (108, X = Cl) with a nitrogen lone
pair antiperiplanar to the chloride, which can be lost faster than the intermediate
undergoes rotation about the C—N single bond (Scheme 4). Addition of methoxide to the
E chloride produces an intermediate (109, X = Cl) with no nitrogen lone pair antiperi-
planar to the chloride, so that the intermediate has time to undergo C—N rotation.
Rotation to conformer 110 (X = Cl) leads to the E product, corresponding to retention of
configuration, but rotation to 108 (X =Cl) permits formation of the Z product,
corresponding to inversion.

In the transesterifications, addition of alkoxide to a Z ester leads to an intermediate
(108, X = OEt) that can rapidly lose either of the two alkoxides, to revert to reactant
or to produce product, but with retention of configuration (Scheme 4). Addition to the E
ester leads to an intermediate (109, X = OEt) that rapidly reverts to reactant. Progress
toward transesterification requires rotation about the C—N bond, to form 108 and 110 (X
= OEt), which lead to a mixture of Z and E products.

E. Stereochemical Effects on Reactivity of N-Heterosubstituted Amidines

1. Relative reactivities of stereoisomeric isoureas and isothioureas

Cyclization to a dihydropyrimidine of the Michael adduct from O-methylisourea or O-
(p-methoxybenzyl)isothiourea plus ArCH=—C(COOR)COMe?3°? clearly requires the Z-
anti stereoisomer of the N-alkylated adduct, so that the lone pair on the nitrogen is in a
position to condense onto the ketone.
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. INTRODUCTION

Since the publication of the preceding volume on amidines and related compounds in this
series in 1975, the chemistry of amidines has been developed considerably. It suffices to
mention the discovery that new pharmaceuticals of improved properties can be obtained
just by the modification of known ones via the introduction of an amidine group into a
molecule. It was also found that amidoximes may selectively chelate some metal ions, thus
opening new horizons for the recovery of rare elements. In consequence, noticeable effort
was made to improve the methods of characterization and determination of imidic acid
derivatives, because the question of the structure and purity of the compound is of interest
in synthetic works, as well as in investigations concerned with physicochemical or
pharmaceutical properties of the compound. Each of the methods applied for this purpose
has some advantages and disadvantages with respect to a particular group of compounds.
For example, UV spectra which are readily applied to steroids and generally to enones,
and mass spectra which are very useful in structural studies of many natural products are
of little use in the case of imidic acids derivatives.

In this chapter methods and applications of general use to problems encountered in
amidines will be discussed, and problems requiring further research will be mentioned.
Qualitative and quantitative determinations will not be separated as this would be a
rather arbitrary division. The chapter is divided into sections according to the techniques
applied.

Il. CHROMATOGRAPHY

The earlier review on the detection and determination of amidines' included the
statement: ‘It should be noted that certain physicochemical methods, in particular al!
aspects of chromatography, have not been applied with any enthusiasm to the subject
matter of this chapter’'®, and further'® ‘Amidines have not been extensively investigated
by chromatographic techniques and consequently ---studies are worth more than passing
interest’.
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This has changed considerably in the last decade. The rapid development of
chromatographic techniques, the application of amidino derivatives to gas-chromato-
graphic analysis of various compounds containing an NH, group, as well as the
results of investigations on structure—retention relations in amidines have resulted in the
publication of several papers on the subject. It can be expected that chromatography will
be widely applied in the future to analysis of amidines.

A. Gas Chromatography

Gas-liquid chromatography (GLC) is one of the most powerful and versatile analytical
tools. It enables both qualitative and quantitative analysis of even very complex mixtures.
As it is fast and requires minute amounts of the sample, it has now become one of the most
popular routine analytical methods.

In the chemistry of amidines this technique is very useful in synthetic work as a tool for
following the reaction course and as a method for purity determination. This is
particularly important in the case of unsymmetrically N,N'-disubstituted amidines, since
considerable amounts of the two symmetrically N,N’'-disubstituted amidines are formed as
by-products in their synthesis due to amino group exchange?~3.

In spite of its advantages gas chromatography was not used until the last decade for
analysis of amidines. The first attempts at such application are quite recent. It was
shown in 1978 that amidines, even those which were considered thermally unstable, can
be analysed by gas chromatography®.

Amidines were proposed as very convenient derivatives for various NH,-containing
compounds. Derivatization is based on a known reaction of dialkyl acetals of N,N'-
dialkylformamides with primary amines’~'?, carboxamides” ! %!, sulphonamides'?-!2-!3
and other compounds”~1°:14-1¢,

1

OR® R
\N-—-CH/ + HaNRY —»

\
FVZERAN

oR® Y

(1) (2)

R 1

N— CH=NR? + 2R30OH

The most convenient reagent for derivatization seems to be N,N-dimethylformamide
dimethyl acetal (1, R! = R? = R3 = Me), widely known as the DMF-DMA reagent.

Some authors pointed out that these derivatives ‘have excellent gas chromatographic
and mass spectral characteristics’'2'%, and that ‘their ease of preparation, even at
submicrogram level, make them attractive for GLC studies’'2. Thenot and Horning!¢
showed that they are particularly convenient for GC analysis of aminoacids because,
simultaneously with the formation of a dimethylaminomethylene (Me,N—CH=N—)
group from the NH, group, methylation of the carboxyl group also occurs, and the
amidino derivatives obtained are thermally stable.

It should be emphasized that in any analytical work concerning derivatization of NH,
groups by the DMF-DMA reagent the term ‘amidine’ is not even mentioned. The
derivatives are called N-dimethylaminomethylene- or N-DMAM derivatives. Therefore,
their GC data are scattered in the literature and are hardly found under the ‘amidine’ or
‘amidino’ entries.

Scoggins'” derivatized mixtures of diastereomeric bis(4-aminocyclohexyl)methanes
and 2,2-bis(4-aminocyclohexyl)propanes, and has found that these derivatives yield well-
resolved peaks of the cis—cis, cis—trans and trans—trans isomers on a Poly A-103 column,
whereas the free amines and the other three derivatives were not resolved satisfactorily. He
then concluded that the simplicity of the reaction and the properties of the derivatives
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‘could make this procedure the method of choice in the analysis of amines with similar
chemical and physical properties’.

Vandenheuvel and Gruber!? tested the applicability of these derivatives for analysis of
the primary sulphonamides, p-ethylbenzenesulphonamide, f-naphtylsulphonamide and
n-heptylsulphonamide on polar OV-17 column at 210°C. They have found that this
method can be applied in biological systems to detect sulphonamides in blood, and that
the method has a detection limit of 25 ppb.

Me\
MezNCH(OMe)z + HzN—@—SOZNHR—’ /N—-CH=N——©>—SOZNHR
Me

(3) (4)

Nose and coworkers!? derivatized fourteen sulphonamides, determined their relative
retentions (they called them ‘retention indices’) on three columns of different polarity
(Table 1) and have shown that these sulpha drugs can be analysed simultaneously.

The DMF-DMA reagent was also applied for derivatization of lidamidine (), which is
referred to as amidinourea, but should be classified as a guanidino derivative. The
resulting derivative of lidamidine, like the derivatives of other substituted guanidines,
undergo further cyclization to form the triazine derivative 6, which is detected by gas
chromatography!®.

NH2 g=N

— RN
2,6-Me, CgHz NHCON=—C—NHMe HC! 2,6-MeaCgHz—N C—NHMe

Nen?

C—N

(s) |
(o]
(6)

The most commonly used parameter for the characterization of compounds by gas
chromatography is the Kovats retention index!'®°, because under given gas-
chromatographic conditions (i.e. column and temperature) there is only one definite
retention index for a particular chemical structure and the probability of identical
retention indices for two different compounds on three columns of various polarity is
minimal. Therefore an unknown compound can be identified by gas chromatography only
ifits retention indices on a few (at least three) different stationary phases are known. This is
not a problem if the retention indices of the compounds in question are reported in the

TABLE 1. Relative retentions® of N,N’-dimethylformamidines (4) derived from sulphonamides (3)'3

Stationary phase

OV-101  OV-225 XE-60
Parent sulphonamide R 230°C 240°C 220°C

Acetosulphamine COMe 0.9 1.1 1.2

Sulphisomezole [I ]—I Me 23 33 39
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TABLE 1. (continued)
Stationary phase
OV-101 0OV-225 XE-60
Parent sulphonamide R 230°C 240°C 220°C
Me: CHpCOMe
Acetylsulphisoxazole l /L 24 37 42
o
Ms Me
Sulphisoxazole ]' u 24 38 4.2
0
N
Sulphathiazole I || 29 3.6 39
S
Me
L N
hi d 31 3.0 37
Sulphisomidine 4@1 e
Me
N
Sulphamerazine @ 4.1 6.5 74
N
Me
Sulphamonometoxine O)" 43 48 5.7
N
OMe
Sulphamethomidine N 44 43 54
‘@-Mo
OMe
Sulphamethoxypyridazine QN 438 8.1 9.0
N
Sulphamethizol (.| 4.8 9.3 108
ulphamethizole e . . .
Me
Sulphadimetoxine Aé" 7.2 10.7 13.2
pv CMe
Me
Xylolylsulphamine _co©"‘ 8.4 143 18.1
Sulphaphenazole _U 9.2 16.5 19.1

N
I
Ph

“Diethyldithiocarbamic acid 2-benzothiazolyl ester was taken as the internal standard.
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literature, or if the samples are available for determination of their retentions. However, in
investigations of unknown compounds, the lack of retention data is a real problem and,
whenever possible, methods for the prediction of retention data are used for this purpose.

The most popular of these methods are additivity rules. According to them the retention
index of a compound containing a given functional group is calculated by addition of an
increment characteristic of this group to the retention index of the unsubstituted
compound. However, if more than two functional groups have to be considered in
the calculation of the retention index, the differences between the calculated and
experimental values of retention indices are frequently much larger than the acceptable
experimental errors.

Investigations on structure—retention relations, carried out on amidines, led to some
general conclusions which are applicable also to other kinds of compounds?!. Oszc-
zapowicz and coworkers2'~2%, in a search for some general rules for predicting retention
parameters of any amidine, have determined Kovats retention indices of over 500
amidines on a non-polar GE SE-30 column.

Oszczapowicz has pointed out?!-22 that the prediction of any parameter of a compound
belonging to one group, based on the parameter of a compound belonging to another
group, is a typical problem of correlation analysis, in which the parameters (P,) of the
compounds (x;) of one series are expressed as a function, usually linear, of the parameters
(P,) of compounds (x;) in another series (equation 1). Any additivity scheme is a very
particular case of a linear equation (1), where the coefficient a is equal to unity by
definition.

Pi(x)=aP,(x)+b 0

It was found that Kovats retention indices (I} of amidines can be correlated with the
retention indices of the corresponding simple compounds taken as the reference
compounds (standards). The correlations are in the form

I(amidine) = al(standard) + b ?2)

The trisubstituted amidines in the table below containing a variable substituent R* in a
series have been investigated.
1

R 2
R
R"—N=<I:— /

N\Rs
Series R! NR2?R3? Series R! NR2ZR3 Series R! NR2R?
7 H NMe, 13 Me  NMe, 20 Ph NMe,
8 H "\/:’ 15 Et NMe, 21 p-MeCcH, NMe,
9 HN ) 17  i-Pr NMe, 22 p-MeOC4H, NMe,
10 H NQ 18 tBu  NMe, 23 p-CICiH, NMe,
1 Hy % 14 Me NMePh 19 CH,Ph NMe,

12 H N(Me)Ph 16 Et N(Me)Ph 24 NMe, NMe,
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Retention indices of selected representative amidines from each series are presented in
Table 2. The indices of all the trisubstituted amidines studied were in the range 805-2578.

There are three sites in the amidine group to which various substituents can be attached,
i.e. the functional carbon atom and the two nitrogen atoms.

In order to predict the retention indices of amidines of general formula R"N—=CR!—
NR2R3, where R” is a variable substituent representing the substituted or unsubstituted
alkyl or aryl group, the most appropriate correlation seemed to be with the retention
indices of the corresponding substituted hydrocarbons R*H. However, as shown in the
case of these reference compounds?2~2% isomerism is not taken into account. Therefore,
prediction of retention data for compounds containing these moieties in the molecule
cannot yield accurate results. It was then assumed?272% that better results might be
obtained by taking other simple compounds containing certain functional groups at the
corresponding carbon atom as the standards. Consequently, the retention indices of the
amidines were also correlated with those of the corresponding primary amines R*NH,
(Table 3 and 4).

It was found that the slopes of the correlation lines (parameter a in equation 2) are not
the same when different types of compounds are taken as the reference series. Moreover, in
certain cases the regression coefficient a is definitely different from unity. This shows
convincingly that, at least for amidines, prediction of the retention indices cannot be based
on the additivity rule, whereas a linear correlation may be successfully applied for the
purpose.

It was also found that the a values depend on the series. This is particularly evident in the
correlation with substituted hydrocarbons R*H. These differences mean that some change
of the substituent at a certain site of the molecule, e.g. at the amino nitrogen or the amidino
carbon atom, may vary the parameter a concerning substitution at the other site, e.g. at the
imino nitrogen atom.

Since for amidines substituted by alkyl substituents at the amino nitrogen atom (series 7,
8, 9 and 10) the differences between the regression coefficients @ are much below the

TABLE 2. Retention indices of representative amidines from various series on a non-polar column

RX

Series t(°C) Rel. Prt Hex" Ph CH,Ph  4-BiC,H, 4-O,NC:H,
7 240 22 864+5 1166+6 1385+7 1408+5 173241 1969 + 4
8 240 24 1202+4 15011+4 17334+4 1751+7 206045 229542
9 240 24 1273+4 1577+3 1798 +4 1821+4  2126+3 2363 %2
10 240 24 1378+4 1668+0 1898 +2 1918+2 2239+1 2475+ 1
1 240 24 1255+4 15512 179246 179243  2122+4 248740
13 240 22 10019 1284+4 145247 1441+6 1780+4 2009+ 1!
15 240 26 1065+6 136614 1510+t 1617+5 1826+1 2076 + 1
17 240 26 1065+0 1374+2 1541+4 1561+2 1856+1 2107 + 1
18 240 26 1093+0 139344 1539+4 1607+2 1843 +3 2120+ 1
19 280 26 1605+0 188112 205641 21481 237441 2630+ 3
20 280 23 1498+0 1689+0 184241 1943+3 2160+2 241540
21 280 23 1583+8 176715 1909+1 202343 2208+1 2454 +2
22 280 23 1734+5 191544 2059+1 2169+0 2360+2 261042
23 280 23 1687+5 1870+3 201341 212142 23214+0  2578+1
24 240 22 997+4 135245 152643 1615+3 1860+ 6 214640
12 280 28 1770+ 11 1980+6 1992+0 2363+ 5
14 280 29 197240 1998 +5

16 280 29 1985+6 1998+3
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TABLE 3. Parameters of the regression of retention indices of amidines
vs retention indices of substituted hydrocarbons R*H

Series a° b® r ne Ref.
7 1.28 +0.08 467 0.991 24 22
7 1.33+0.10 275 0.990 19 24
8 1.31 +£0.10 71 0.990 19 24
9 1.32 +0.09 838 0.990 19 24

10 1.32+0.10 935 0.9989 19 24

11 1.44 +0.15 744 0.981 19 24

15 1.16 + 0.08 599 0.989 22 26

13 1.20+0.10 673 0.984 23 22

17 1.18 £0.10 679 0.984 23 26

18 1.15+0.10 704 0.981 23 26

19 1.17+0.12 1197 0977 23 26

20 1.04 +0.12 1105 0.972 23 23

21 1.02+0.10 1192 0.976 23 23

22 1.0t +£0.11 1344 0.974 23 23

23 1.02+0.11 1289 0971 23 23

24 1.24 +0.09 641 0.987 22 22

Parameters of equation 2.
*Correlation coefficient.
‘Number of data points.

TABLE 4. Parameters of the regression of retention indices of amidines

vs retention indices of primary amines R*NH,

Series a° b r n Ref.
7 1.11 +£0.02 280 0.999 26 22
] 1.10 4+ 0.04 615 0.998 20 24
9 1.10 + 0.04 685 0.998 20 24

10 1.11 +0.03 780 0.998 20 24

11 1.20+0.06 581 0995 20 24

13 1.01 +0.03 450 0.998 24 22

15 0.98 +0.03 540 0.998 23 26

17 1.00 + 0.04 544 0.997 23 26

18 0.97 +0.04 570 0.997 23 26

19 1.00 + 0.04 1057 0.996 23 26

20 0.89 +0.05 980 0.992 23 23

21 0.86 4+ 0.05 1074 0.991 23 23

22 0.86 + 0.05 1225 0.991 23 23

23 0.87 +0.06 1167 0.990 23 23

24 1.03 +0.04 500 0.997 24 22

14 0.91 4+ 0.09 1071 0.995 9 29

16 0.89 + 0.05 1092 0.997 10 29

°Parameters of equation 2.
*Correlation coefficient.
“Number of data points.

confidence intervals, they can be regarded as practically identical. For formamidines (11)
containing the oxo group in the alkyl substituent bonded to the amino nitrogen atom, the
a value is considerably higher.

Similarly, the a values for all the series of N!,N!-dialkylamidines derived from the
carboxylic acids (13, 15, 17, 18 and 19) studied are indistinguishable within the confidence
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intervals?®. The same applies to various series of benzamidines (20-23), but in this case a has
another value?3. For tetramethylguanidines?? (24) it is again different from that for the
above-mentioned series. Thus, it was concluded that the structure of the alkyl substituent
at the amino nitrogen of the amidine group has a noticeable influence on the regression
coefficient a for substitution at the imino nitrogen atom, and that the a value depends
mainly on the type of substituent (hydrogen atom, alkyl, aryl or amino group) at the other
site and only to a negligible extent on its detailed structure.

It was also found22-25 that for each series of amidines the correlation with retention
indices of primary amines is of higher quality than that with substituted hydrocarbons.
Although the former are therefore of a higher predictive value, the latter are still
satisfactory.

1. Dual parameter regressions

On the basis of linear regressions it was assumed that when predicting retention indices
for amidines, and in general for any type of compounds (Cpd), containing two substituents
a linear regression (equation 3) can be applied:

I(Cpd) = a,I(Std,) + a,I(Std,) + b 3)

For systems containing more than two substituents, a multiparameter linear regression
(equation 4) is applicable;

I(Cpd)=Y a(Std) + b @)

Secondary amines (R?),NH were used as the second standard series for the dual parameter
regression (Table 5).

For dimethylbenzamidines (20-23), all the regression coefficients a were identical; thus,
for prediction of their retention indices, the dual parameter regression {equation 3) can be
applied. The same applies for N!,N!-dimethylamidine derivatives of aliphatic carboxylic
acids (7, 13, 15, 17 and 19).

When predicting retention indices of amidines with two variable substituents for

TABLE 5. Parameters of the multiple regression® of retention indices of amidines vs retention indices
of standard compounds

Std®

Series 1 2 a, a, b R¢ n” Ref.
c PA SA 1.12 +0.02 1.08 +0.04 —190 0997 100 24

d PA SA 1.10 £ 0.02 1.09 £ 0.03 —174 0998 80 24

e PA EtA 0.99 +0.03 0.93 4 0.03 —-115 0992 115 26

e PA DMA 0.99 4+ 0.04 0.79 £ 0.04 —186  0.987 115 26

f PA BS 0.87 +0.03 0.88 4+ 0.07 380 0991 92 23

f PA EtB 0.87 £ 0.03 0.88 £ 0.09 —-36 0.986 92 23

“Equation 3.

bPA = primary amine R*NH,, SA =sccondary amine R,NH, EtA =ecthyl esters of alkyl carboxylic acids,
DMA = dimethylamides of carboxylic acids, BS = substituted benzene, EtB = ethyl benzoates.
¢N',N'.Dimethylformamidines.

¢N',N'.Dimethylformamidines, except those containing morpholine moiety.

¢N', N!'-Dimethylacetamidines.

/N',N*.Dimethylbenzamidines.

¢Correlation coefficient.

*Number of data points.
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substitution at the amidino carbon atom, two types of compound were tried as the second
standard: ethyl esters and dimethylamides of the corresponding carboxylic acids. The
latter seem to be more appropriate as their structure resembles more that of the N',N'-
dimethylamidines than that of esters. However, both the correlation coefficients R and the
calculated confidence intervals for both parameters a, and a, indicate that the correlation
wtih the esters is of slightly higher quality. The parameters a, for substitution at the imino
nitrogen atom appeared, as expected, to be identical with those obtained in separate
regressions with the retention indices of hydrocarbons. Dual parameter regression
coefficients a, and a,, calculated for all formamidines and for those excluding series 11, are
the same within the confidence intervals.

It can be concluded that for predictiting retention indices of trisubstituted amidines, the
multi-parameter relation (equation 4 with three parameters) can be applied, providing
substituents of only one type are present at each site.

2. Chromatography on polar columns

Oszczapowicz and coworkers?® have also attempted to apply the correlation method in
order to predict retention indices on polar phases. They have assumed that for series of
compounds (Cpd*) containing certain functional groups, the retention indices on a polar
column I®(Cpd*) can be related to their retention indices on a non-polar column I*?(Cpd”*)
by the correlation equation 5, where parameters a and b depend on both the nature of the
stationary phase and the type of functional group:

IP(Cpd®) = al™(Cpd™) + b (5)

Alternatively, like on a non-polar phase, the I?(Cpd*) values can be related to the retention
indices of the corresponding simple model compounds (Std,), measured on the same
stationary phase (equation 6).

[?(Cpd*) = al*(Std*) + b (6)

Retention indices of two series of amidines were determined on a polar OV-225
stationary phase and correlated with retention indices on a non-polar GE SE-30 phase
(Tables 6 and 7).

The attempts at correlations have shown that, for each of the series, at least two separate
correlation lines are obtained: one for compounds in which R* is alkyl, and the other for

TABLE 6. Parameters of the correlations of reten-
tion indices of amidines on a polar OV-225 column
vs their retention indices on a non-polar GE SE-30

column?3
Series a b I "
Alkyl derivatives

7 1.05 +0.07 151 0.998 8
13 1.04 £+ 0.06 559 0.998 8
Phenyl derivatives

7 1.65 +£0.17 —383 0.987 14
13 1.50 +0.14 -275 0.990 14

“Parameters of equation 5.
tCorrelation coefficient.
“Number of data points.
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TABLE 7. Parameters of the correlations of retention indices
of amidines vs retention indices of standards both on a polar
OV-225 stationary phase?®

Series  Std” a i r nt
Alkyl derivatives

7 SH 1.10 £ 0.09 727 0997 8
13 SH 1.00 4 0.02 1291 0.9998 8

7 PA 1.03+0.19 361 0995 5
13 PA 1.00 4+ 0.07 872 0999 5
Phenyl derivatives

7 SH 1.23+0.15 866  0.983 14
13 SH 1.09 £0.15 969 0977 14

7 PA 0.74 + 0.08 919 0.984 14
13 PA 0.66+0.10 1026 0971 14

“PA = primary amines, SH = substituted hydrocarbons R*H.
bParameters of equation 8.

“Correlation coefficient.

“Number of data points.

those in which R* is a substituted phenyl ring. It was also noted that the retention indices of
para- and meta- nitrophenyl derivatives deviate considerably from the correlation lines.
Thus, it was evident that for alkyl as well as phenyl derivatives separate correlations
should be applied and that a separate correlation should perhaps be calculated for nitro
derivatives.

Retention indices of compounds studied on polar phases were also correlated with
those of simple model compounds taken as the standards, measured on the same
stationary phase.

For both series of amidines the quality of the correlations with primary amines and those
with hydrocarbons is comparable. It was concluded?® that when predicting retention
indices of N',N!-dimethylformamidines (7), N!,N!-dimethylacetamidines (13) and per-
haps other amidines as well, on a polar column, either equation 5 or equation 6 can be
used, as both provide similar satisfactory results.

Recently, it was shown that even some tautomerizing amidines can be analysed by gas
chromatography?? (Table 8).

N,N’-Disubstituted amidines display tautomerism:

[XC¢H,N=CH—NHC4H,Y — XC¢H,NH—CH=NC,H,Y]
25)

It is obvious that if the substituents X and Y are not identical, the tautomers will have
different physical and chemical characteristics. It would therefore be expected that their
retentions may also differ.

The parameters of the regression of retention indices of N,N’-diphenylformamidines
(25) vs those of the corresponding anilines (equation 7) appeared to be very close to those
calculated for the series of trisubstituted N!,N'-dialkyl-N2-phenylformamidines (7-10).
Thus it was concluded that N,N’-diphenylformamidines in the gas phase exist as
monomeric species.

Iamidine) = (1.078 + 0.059)- (R*NH ) + (1.080 + 0.053 IRRNH) — 127.7 ()

The regression coefficients a, and a,, obtained for N,N’-diphenylformamidines, are
identical because the retentions of both tautomers are indistinguishable. Hence the
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TABLE 8. Retention indices (/) of N,N’-diarylformamidines (25) on a non-polar column?’

X Y I X Y 1
H H 1933+ 1 H m-Cl 2200+3
p-Me p-Me 2199+ 4 H m-Br 2294 +2
p-OMe p-OMe 2485+ 3 p-Me p-OMe 2326 + 1
p-OEt p-OFEt 216945 p-Me p-OEt 2409 + 3
p-Cl p-Cl 2419 +2 p-Me p-Cl 2304 + 1
p-Br p-Br 2366 +2 p-Me p-Br 2406 + 1
m-Me m-Me 2180+2 p-OMe p-OEt 2539+3
m-OMe m-OMe 247743 p-OMe p-Cl 2443 + 1
m-OEt m-OFEt 2586+ 6 p-OMe p-Br 2543 + 1
m-Cl m-Cl 239942 p-OEt p-Cl 250915
m-Br m-Br 2604 + 6 p-Cl " p-Br 2535+ 1
H p-Me 2122 43 m-Me m-OMe 231541
H p-OMe 2266 + 3 m-Me m-OEt 2384+ 4
H p-OEt 2319+3 m-Me m-Cl 2296 +2
H p-Cl 215+2 m-Me m-Br 2404 + 8
H p-Br 2321 +4 m-OMe m-OFEt 2550+ 3
H m-Me 209542 m-OMe m-Cl 2458 +0
H m-OMe 2230+ 1 m-OEt m-Cl 2509+ 1
H m-OEt 229143 m-Cl m-Br 2518+ 1

equation for predicting the retention indices of N,N’-diphenylformamidines (25) takes the
form of equation 8.

1(25) = a[I(XC4H,NH,) + I[(YCgH,NH,)] + b ®

This equation implies that the retention index of an unsymmetrically disubstituted
formamidine is the mean of the retention indices of the two symmetrically disubstituted
compounds, and that retention indices of symmetrically disubstituted amidines can be
predicted on the basis of equation 9.

I(R*N=CR—NHR¥) = 2a/(R*NH,) )

General structure-retention relations for amidines are discussed elsewhere in a review
article?!,

B. High-performance Liquid Chromatography

HPLC as an analytical tool has so many advantages with respect to other chromato-
graphic techniques that, whenever applicable, it is now used as a routine method for the
determination of various types of compounds even in very complex mixtures.

In the literature, however, only few reports on the applications of HPLC for analysis of
amidines are found. The most noteworthy is that of Hanocq, Fuks and Lefebvre3? in which
various factors which influence separation of the salts of thirteen N,N-substituted
amidines 26 by the HPLC method were discussed.
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Analyses were performed at 50 °C on a u-Bondapack C, 4 column, using as mobile phase
a mixture of acetonitrile and a phosphoric acid-phosphate (20:80 v/v, pH 6.0) buffer
containing 0.06 mM sodium salt of n-octyl sulphate; detector wavelength was 205 nm.

The effect of pH, the concentration of n-octyl sulphate and the percentage of acetonitrile
on the capacity factors k' of the amidines are presented in Table 9. It is seen that these
factors influence considerably the results of chromatography. The capacity factors
increase with the pH value of the mobile phase, with the concentration of the counter-ion
and with the decrease in the concentration of acetonitrile.

Optimal conditions were found to be 20%, (v/v) of acetonitrile, 0.6 mM of sodium n-octyl
sulphate and pH of mobile phase 2.5. The values of the capacity factors obtained under
these conditions are summarized in Table 10.

It was concluded that this method can be applied for both qualitative as well as
quantitative determination of amidines and impurities encountered in their synthesis.

Massil, Ezra and Grushka®! analysed amidines by the reversed-phase ion-pair HPLC
method. They have obtained very good separation of a mixture of acetamidine (k' = 0.60),
isobutyramidine (k' = 2.2) and benzamidine (k' = 8.6). This method enabled them also to
obtain a good resolution of amidines (e.g. isobutyramidine, k' =0.63) and related
impurities (isobutyronitrile, k' =0.25 and isobutyramide, k' = 2.25). Separations were
obtained on Phase-Sep S10 ODS column using 12.5/87.5 (v/v) methanol/water mixture as
the mobile phase. The water component contained 1 mM of sodium heptasulphonate and
1% of KH,PO,. To obtain reasonable retention times addition of methanol to the mobile
phase was required.

Quantitative determination of several manufacturing batches of technical grade
isobutyramidine by the HPLC method were in very good agreement with the results
obtained by titration, thus indicating that the method is precise, reproducible and without
interference from the impurities.

An additional advantage of the method is that it enables one to determine the
concentration of amidines either as solids or in aqueous solutions. As the authors
concl}t:ded, ‘the introduction of HPLC makes the determination of the amidines a routine
task™*.

The HPLC method appears to be very useful in analysis of drugs and cosmetic

TABLE 9. HPLC parameters for salts of amidines [R*NH-—C(R')—NR2R3*]* X~ (26)%°

Detection

limit

X R! R? R3 R* k' o° (pg)

a Cl Me 3,4-Cl,C¢H; H i-Pr 685 0.06 1
b Cl Me 4-CIC,H, H t-Bu 429 004 47
c Cl Me 4-EtO,CC¢H, H t-Bu 590 005 88
d dl CH,=CH 2-MeOCgH, H t-Bu 371 003 82
e Cl CH,=CMe 3-CIC¢H, H t-Bu 7.81 0.02 166
f Cl CH,=CMe Cey H t-Bu 377 004 101
g CH,=CMe 2-CIC(H, H t-Bu 596 0.06 119
h ClO, CH,=CMe i-Pr i-Pr  t-Bu 707 0.1 343
i ClO0, CH,=CMe 4-EtO,CC¢H, H t-Bu 11.38  0.11 230
) Ct CH,=CMe 4-CICgH, H t-Bu 847 0.15 146
k ClO, CH,=CCl Et Et t-Bu 459 004 343
1 Cl CH,=CCl 2-CIC¢H,, H t-Bu 957 012 238
m Cl CH,==CCl 2-MeCg¢H, H t-Bu 583 005 166

°Standard deviation.
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TABLE 10. Influence of various parameters on capacity factors
k" in HPLC of amidines 26*°

&’ values®
Parameter® 26a 26b 26¢ 26m
acetonitrile 15 2622 1432 2233 2813
v/v%) 18 14.07 803 1133 16.19

20 6.85 4.29 5.90 9.57
22 6.25 3.99 5.15 8.36

n-octyl sulphate 04 6.09 3.80 5.26 8.69
sodium salt 0.5 652 407 556  9.32
(mM) 0.6 685 429 590 957

08 798 478 647 1044
pH 250 685 429 590 957

2.65 11.46 655 1005 15.29
275 11.77 685 1025 1694
3.00 12.00 689 1032 2455
3.28 12.29 720 1052 3254

°The other component of the mobile phase is an aqueous phosphoric acid-
phosphate buffer.
®Mean value from at least threc measurements.

components containing the amidino group, as well as for determination of their
degradation products. It was successfully used for the determination of amidinopenicillins
such as mecillinam (27a) and pivmecillinam (27b)3>2734. Amidinopenicillins undergo very
easy degradation via different mechanisms, depending on the conditions, and thus various
degradation products are formed. Among the fifteen known degradation products of
mecillinam and pivmecillinam and among the manufacturing impurities there are several
which contain intact amidino group.

1
2 R
? |
>N——C=N I
R® N Coor*
o
27
(0) mecillinam: R'=H; R*=H; NRZR3 =N, |

(b) pivmecillinam: R'=H; R* =Me3CCOCH, ; NRZR3 =N |

Determination of mecillinam was performed on a y-Bondapack C,; column using a
220-nm UV detector. A series of eight mixtures of acetonitrile and aqueous 0.0! M sodium
phosphate ranging from 25:75 to 0: 100, respectively, were found to be useful for the HPLC
analysis of mecillinam. The two systems which effectively separated all the compounds at
reasonable times were mixtures A (15:85) and B (2.5:97.5).

Degradation products of mecillinam can be divided into two groups: the first contains
compounds having a hexahydroazepine ring, and the second contains compounds which
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do not have hexahydroazepine moiety. The two groups exhibit different chromatographic
behaviour. Compounds of the first group are less polar, strongly retained, well separated
by mobile phase A and are not eluted by mobile phase B. Compounds of the second group
are more polar, weakly retained and are well separated by mobile phase B. Using these two
phases the capacity factor k' of mecillinam is 2.83 and it is not eluted after 1 h, whereas the
k' factors of the degradation products are 5.00-7.92 for group I which is not eluted after 1 h
and 1.51-3.95 for group IL

Consequently mecillinam and its degradation products can be resolved satisfactorily,
and mobile phase A yields better results for determination of mecillinam. This shows that
the HPLC method is adequate for separation of mecillinam from impurities of both
groups, and that it may be used for quantitative analysis of this drug and of its dosage form
with acceptable accuracy and precision.

Comparison of the quantitative analysis of mecillinam by the HPLC method with the
previously applied UV method has shown that the HPLC method is superior, because
unidentified UV absorbing impurities may cause errors in determination by the UV
analysis.

The HPLC method has also been applied for determination of pivmecillinam
(pivaloyloxymethy! ester of mecillinam) and pivmecillinam capsules3?.

The previously described spectrophotometric procedure did not permit independent
determination of pivmecillinam in the presence of its biologically active hydrolysis
product, i.e. mecillinam. The products of degradation of 27a and 27b cannot be detected
by spectrophotometric analysis>®.

The best results have been obtained on 5um Chromegabond Xg column, using a
mixture of acetonitrile and 0.01 M aqueous sodium phosphate buffer (60:40 v/v, pH 3.0) as
amobile phase, and a 220-nm UV detector, sensitivity 0.016 a.u.f.s. Under these conditions
the k' values were: mecillinam—8.0, pivmecillinam—0.41, esterified degradation
products—0.46, 0.92, 2.21, 10.92, and unesterified degradation products—0.12, 0.14, 0.26,
0.31, 0.34, 0.54, 1.04. These values indicate that the method enables separation of all the
compounds mentioned. Hence, the HPLC method can be used for quantitative
determination of pivmecillinam and the related compounds mentioned above. The
accuracy of the method is comparable to the published spectroscopic assay, and the
relative standard deviation of replicate assays is better than + 0.7%3,

The HPLC method was also used for determination of mecillinam in urine after oral
administration of pivmecillinam®®, The latter is well absorbed from the gastrointestinal
tract and its activity is due to its rapid biotransformation to mecillinam. For the HPLC
method a 10-ug Chromegabond C,; column and mobile phase consisting of 15% of
acetonitrile in 0.01 M potassium buffer (pH 5.0) were used, with a detection wavelength of
220 nm. The sensitivity limit of the HPLC assay is 50 ug per ml urine. The capacity factors
k' were 2.5 for mecillinam and <0.5, 0.5, 0.8 and 2.75, respectively, for the urinary
metabolites. These values show that the metabolites do not interfere with mecillinam, since
they are eluted in the solvent front and are also weaker chromophores than 27a34,

The data on urinary excretion, obtained by the HPLC assay, are in good agreement with
those obtained using microbiological assays following the parenteral administration of
mecillinam or oral administration of pivmecillinam.

HPLC appeared to be a very suitable method for analysis of pharmacologically effective
benzamidine derivatives which were previously determined only by a biological method.

The No-(2-naphthylsulphonylglycyl)-4-amidinophenylalanine piperidide (28) was
found to be a highly active selective inhibitor of trombin*®, A Separon SIX C,4 column
and mixtures of acetonitrile—water-HCIO,, (320:180:0.4 and 180:320:0.4, respectively)
as the mobile phase and UV 235-nm detection were used in its analysis.

The concentration of 28 in bile and in homogenates of rat liver was determined by
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//NH
c
NNH,
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(28)

HPLC analysis. The sample of bile was simply diluted, while for the liver homogenation an
extraction procedure was necessary. Satisfactory agreement between the concentrations of
28 determined biologically and by HPLC was obtained.

The recommended procedure for qualitative and quantitative determination of 28 and
similar benzamidines substantially extends the scope of the method for the pharmacolog-
ical characterization of new enzyme inhibitors.

Some amidines are used as preservatives in cosmetics and in pharmaceutical products
due to their good antibacterial and antifungal activity®”. A rapid HPLC method was
developed for simultaneous determination of dibromopropanamidine, hexamidine and
dibromohexamidine as diisethionates and chlorhexidine as dihydrochloride, which are
used as preservatives in creams. The extraction step of these amidines, except for
chlorhexidine, from creams before HPLC analysis is short and simple.

The optimized chromatographic parameters were: Erbasil C,5 column; mobile phase:
acetonitrile~water containing 0.05M sodium perchlorate and 0.005M of tetramethyl-
ammonijum bromide (pH 3.0); detection UV 264 nm; detector sensitivity 0.64 a.ufs
Under these conditions very good resolution of amidines with high precision in the
quantitative assay was obtained. The k' values were 1.36 for dibromopropanamidine, 1.79
for hexamidine, 3.74 for dibromohexamidine and 5.25 for chlorhexidine.

On account of its simplicity the HPLC method was recommended for determination of
amidines in cosmetic products.

C. Thin Layer Chromatography

Thin layer chromatography (TLC) is mainly applied to determine the number of
components in a sample, or to detect given compounds in a mixture. Thus it was applied
for purity determination and for identification of given amidines in a reaction mixture,
while checking the reaction progress®-38748, ,

For characterization of a compound under given condition (stationary phase, solvent
and temperature) the R, values are used. It has to be kept in mind, however, that R, values
are less reproducible than retention values in gas chromatography, because the
chromatography conditions are not as easily controlled as in gas chromatography.
Therefore, the R, values are reported in synthetic works only as a characterization of the
compounds, whereas general structure-retention relations are not discussed. However,
investigations of the influence of some structural parameters on the R, values have been
recently undertaken*®

1. Amidines

The TLC method was applied in investigations on the amino group exchange in
amidines®.

XCgH,N=CH—NHCzH,X + NHR!R? == XC4H ,N=CH—NR'R? + XC4H,NH,
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Trisubstituted and N,N’-disubstituted amidines were detected simultaneously in the
reaction mixture and their relative concentrations were estimated by the spot sizes.

The TLC technique was also used for the determination of amidinopenicillins (27)*%41,

Amidinopenicillins display a very strong activity against Gram-negative organisms, and
some of them are commercially available and widely used. The f-lactam ring in
amidinopenicillins undergoes easy cleavage, and a reliable and fast method for purity
determination and detection of the degradation products is therefore necessary. It was
found*? that, under the conditions presented in Table 11, amidinopenicillins are well
resolved from both the starting material and the degradation products.

Chlorhexidine, which is used as a common antiseptic in cosmetics (lotions) and in
pharmaceutical preparations (ointments), was determined by the TLC method on Silicagel
HF,,, plates using n-butanol-acetic acid—water mixture (4:1:5; upper layer) as the
developing system*3, Visualization for detection was achieved by UV irradiation or by
spraying with the iodoplatinate reagent prepared according to Stahl®*°. Chlorhexidine
(R;=0.5) and its degradation products (R;=0.3, 0.4 and 0.8) are well resolved. For
quantitative analysis, the silicagel plates were extracted with ethanol and the extracts
determined by a spectroscopic method*?,

It was found*® that, at least for some series of amidines, their R, values on Silicagel plates
correlate with their pK, values, as expressed by equation 10.

Rf=a0—alpK, (10)

For N'-methyl-N!,N2-diaryl benzamidines 29, the following parameters of equation 10
have been obtained: a, = 2.97, a, = —(0.34 £ 0.07), r = 0.943.

Ph
XCgHgN==C——NCgH,Y RN==CH—NCgHg
Me Me
(29) (30)

The differences between the experimental R, values and the calculated values from
equation 10 are within the limits of acceptable experimental error (Table 12). Better results

TABLE 11. R, values for amidinopenicillins and 6-aminopenicillanic acid (6-APA)*?

Developing system®

Compound I II m
Mecillinam 0.55 0.20 0.37
Pivmecillinam 025 0.85 0.84
Other amidinopenicillins 0.42-0.65 0.15-0.30 0.30-0.45
6-APA 0.84 0.38 0.54
Degradation products of
Mecillinam — 0.05 0.05
Other amidinopenicillins 046 0.24
092
Pivmecillinam — 0.02 0.02
0.58 04
0.65

“On Silicagel GF , ¢, plates. I: n-butanol-water-acetic acid 40:40:1.5 (lower layer); II: n-butanol-ethanol-acetone-
water 4:1:4:1; TII: methanol-acetone 1:1.
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TABLE 12. R, values for N'-methyl-N',N2-diaryl benzamidines
(29) on a Silicagel plate®®

X Y Pk, R, AR
a 4-OMe 4-OMe 8.36 0.13 -0.02
b 4-OMe H 7.96 0.17 —0.11
c 4-OMe 3-Cl 7.39 045 —-0.02
d 4-Me 4-OMe 8.05 0.21 —0.04
e 4-Me H 7.56 0.52 0.09
f 4-Me 3-Br 7.14 073 0.17
g H H 7.10 0.63 0.06
h H 4-Br 6.68 0381 0.10
i 3-OMe 4-OMe 7.21 0.44 —-0.10
j 3.OMe 4-Br 6.72 0.62 —0.08
k 3-OMe 4-Br 6.30 0.78 —-0.06
1 4-Br 4-OMe 6.86 0.76 0.11
m 4-Br H 6.37 0.85 0.03
n 4-Br 4-Br 5.95 0.88 —0.08
) 3-Cl H 6.10 0.87 —-0.04

“AR¢ = R{exp.) — Re(calc.).

are obtained if the substituent in the series is varied at only one site, and if all the R; values
are determined under the same, strictly controlled conditions*®,

The R; values for N'-methyl-N!-phenylformamidines (30) on Silicagel plates were
measured by using various developing systems (Table 13). It was found*® that in each case
good correlation was obtained (Table 14). However, the nature of the developing system
considerably influences not only the R; values, but also the parameters of equation 10.

TABLE 13. R, values for N!-methyl-N'-phenylformamidines
(30) on Silicagel plates in various developing systems*®

Developing system

Acetone/
R Acetone CHCI, 2:1 Methanol pK, of 30
4-O,NCcH, 0.66 0.64 0.71 354
3-CIC4H, 0.63 0.61 0.69 4.36
4-CIC4H, 0.66 0.62 0.69 4.68
3-MeOC¢H, 0.60 0.57 0.63 5.14
Ce¢Hs 0.64 0.58 0.64 5.16
3-MeCgH, 0.63 0.57 0.66 5.51
4-MeCcH, 0.59 0.55 0.63 5.60
4-MeOC:H, 0.55 0.53 0.62 572
PhCH, 0.15 0.39 045 820
CH,=CHCH, 0.26 043 042 8.41
n-Hex 0.14 0.40 043 8.72
n-Bu 0.28 0.40 0.40 8.88

i-Pr 0.16 0.40 043 898
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TABLE 14. Parameters of the regression of R; values of N'-methyl-N'-phenylformamidines (30) vs
their pK, values (equation 10)*°

AR;*
System a b r ] mean max
Acetone —0.1T+£0.02 1.12 0.953 0.331 0.05 0.11
Acetone/ —0.05+001 0.82 0.987 0.176 0.01 0.04
CHCl, 1:1
Methanol —0.06 £+ 0.01 0.97 0.987 0.177 0.02 0.04

®AR; = R; {exp.) — Ry{calc.)

2. Amidoximes

The TLC method was applied in order to distinguish amidoxime 31 from the isomeric
quinazoline oxide 32 formed as a by-product in its preparation®4. Analysis was performed
on Silicagel HF, 5, plates using two developing systems: methanol-ethyl acetate 1:4 (for
31 R;=0.18; for 32 R;=0.61) and methanol-ethyl acetate 2:3 (for 31 R;=0.31; for 32
R;=0.83).

NOH NH
(o]
NH v
?k /)\
N Me N Me
(31) (32)

As the R values of amidines correlate well with their pK, values, it can be expected that
similar relations should be obtained for other imidic acid derivatives. Unfortunately, in the
papers where their R, values are given for amidoximes, the pK, values are not reported.
However, it was recently found®® that Hammett’s o values, being linearly related to the
pK, values, can be used instead. For p-substituted N,N-dimethylbenzamidoximes
Me,N-—C(4-XCzH,)=NOH (Table 15) the following regression was obtained:

R;=040+(0.32+0.09)0, r=0989

TABLE 15. R, values for p-substituted N,N-dimethyl-
benzamidoximes [Me,N—C(4-XC4H,)=NOH] on Silicagel

plates

X R a® AR¢
OMe 0.29 —0.268 —-0.03
Me 0.36 —0.170 0.01
H 0.41 0 0.01
Cl 0.50 0.227 0.02
NO, 0.64 0.778 -0.01

“From Reference 51.
*From Reference 52.
‘AR, = R(exp.) - R(calc.).
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TABLE 16. R, values of formazans 33 on a Silufol UV-254 plates

Developing
R! R? R? system R, Rel.
Ph 2-benzothiazolyl 4-MeCeH, a 0.60 45
Ph 2-benzothiazolyl 4-MeOC.H, a 0.61 45
Ph 2-benzothiazolyl 4-CIC4H, b 0.55 45
Ph 2-benzothiazolyl 4-BrC,H, b 0.75 45
Ph 2-benzothiazolyl 4-HO,CC4H, b 0.70 45
MeCO 2-thiazolyl 4-MeOC,H, c 0.61 46
MeCO 2-thiazolyl 4-MeC¢H, c 0.75 46
MeCO 2-thiazolyl CeH; ¢ 0.59 46
MeCO 2-thiazolyl 4-BrC,H, d 0.60 46
MeCO 2-thiazolyl 4-O,NC,H, d 0.74 46
MeC—=NOH 2-thiazolyi 2-thiazolyl d 0.76 46
MeCO 2-thiazolyl 2-thiazolyl d 0.28 46

“Ethanol-petroleum ether 1:1.
*Ethanol-chloroform 1:1.
“Ethyl acetate~chloroform 1:2.
9Ethyl acetate-heptane 1:1.

Again, the differences between the observed R; values and the values calculated from
regression are within acceptable experimental error.

3. Amidrazones

Purity checking of amidrazones on Silufol UV,s, plates was described. Chromato-
grams were developed with chloroform or benzene, but the R, values were not
reported*3.

4. Formazans

The TLC method was applied for checking the purity as well as for characterization of
various formazans 334546,

2
N W

33)

The R; values are given in Table 16. Polar effects of substituents at the phenyl ring (in 33,
R3 = Ar) are varied widely. However, neither correlations of the R, values with substituent
constants nor other general conclusions on the structure-retention relation are possible,
because the R, values of the compounds were measured under incomparable conditions.
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ll. MAGNETIC RESONANCE SPECTRA

Since the preceding review on detection and characterization of imidic acids derivatives'
numerous NMR data for these compounds were published. It has to be kept in mind,
however, that in that period of time spectacular developments of NMR techniques
occurred, and versatile spectrometers for recording the magnetic resonance of various
nuclei became commercially available. Many results, which at the time of their acquisition
required sophisticated experimental methods, became easily accessible in just a few years.

The most striking example is the analysis of complex spin-spin systems of A,B,, type in
the proton NMR spectra, which now can be simplified by the increase in the spectrometer
frequency and by the use of shift reagents. Other developments are assignments of groups
of protons, or assignments of protons to carbon atoms by a two-dimensional NMR
spectroscopy. Consequently, some results, which once attributed considerably to a better
understanding of structural problems in amidines and related compounds, may seem now
inadequate and deserve reinvestigation.

In the last decade "H NMR spectra became a routine characteristic for new compounds,
and in synthetic reports they accompany other physical constants. For organic
compounds they often replace elemental analysis because they provide more information
about the compound without its destruction.

A. Structural Problems

NMR spectra were applied mainly for study of structural problems such as the structure
of the predominant tautomeric form, the cis—trans (E-Z) isomerism of amidines and other
imidic acid derivatives, and in conformational studies, including internal rotation around
the C—N single bond.

Spectrometers for carbon magnetic resonance became commercially available several
years later than those for proton resonance, thus it is no wonder that literature !3C NMR
data concerning amidines are much less numerous. Nevertheless, several relations between
the structure and chemical shifts of amidines can be formulated on the basis of accessible
data.

Carbon chemical shifts are much more sensitive than proton chemical shifts to steric
interactions. Non-additive !3C substituent effects, as a rule, indicate steric crowding of the
carbon atoms involved®*, '3C NMR spectra are particularly useful in the study of
isomerism and tautomerization. Structural changes can be slow on the NMR time scale,
resulting in separate signals for each form (isomer or tautomer), or they are fast and
averaged signals are observed. The latter case may provide quantitative information.

In the case of fast interchange between any two forms A and B of a molecule (isomers,
tautomers or conformers) the averaged chemical shift §,(Z;) of a given nucleus Z; in the
molecule ('H, '3C, '5N, 3'P, etc.) depends on the chemical shifts of that nucleus in the
individual forms d,(Z;) and g(Z,) and on their molar fractions X, and X, as expressed by
equation 115536,

OobslZy) = Xp0A(Z) + Xpop(Z) (11)

As, by definition, X, = 1 —~ X,,, after substitution and rearrangement equation 12 is
obtained.

- 6obs(Zi) - 58(21)
AT OAZ) — 84(Z)

This relation may be applied to any nucleus as long as its chemical shifts in both forms are
known and different. The precision of quantitative determinations depends on the ratio of

(12)
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the difference between chemical shifts in the two forms to the error in the chemical shift
determination. Thus it is evident that this method is much more precise than the one based
on signal intensities in *H NMR spectra, especially since intensities may be affected by
various effects. Moreover, if the relative concentration of one of the forms is about 5%, or
lower, the acceptable error in the determination of peak intensities results in a
considerable error in the ratio of the two forms.

For configurational changes at the C=N bond in amidines, three possible mechanisms
have been considered®’

1. A mechanism referred to as the ‘lateral shift’” mechanism which involves a linear
transition state. It is generally considered to be more favourable than the second
mechanism in isomerization of the RRC=NR moiety for all compounds containing the
C=N double bond, except amidines.

2- The second, termed the ‘internal rotation’ mechanism, involves a rotation about an
axis going through the C and N atoms of the double bond. It is probably subject to
acid catalysis, as demonstrated in the transformation 34a — 34d.

R‘ R' R1 R‘
R +H R3 (I; H l —H* |
\Néc\Rz s N2 —* etz | — NENR2
H l|23 rlzs
(340) (34b) (34¢) (344d)

It is believed that this mechanism is usually not taking place because NMR
measurements of isomerization are carried out in a well-purified solvent®”. However,
experimental details given in some papers do not provide support for this belief.

3. In monosubstituted and N,N’-disubstituted amidines a third tautomerization
mechanism, referred to as the ‘tautomeric rotation’ mechanism®’, may exist. It involves
prototropic tautomerization of an amidine 35a to the other tautomeric form 35b, rotation
about the single C—N bond (35b— 35¢) and back tautomerization to the second
geometrical isomer 35d.

R R ] \
[ e . I A
P — R
\N / -— R\N/ N/R » H\N/C§N/R N/ N/
|
rlq v|4 |Ia3 r|z3 H
(38a) {(35b) (35¢) (38d)

It was generally assumed that for amidines the more favourable isomer has E
configuration. However, it was shown recently®® that the preferred configuration
depends on the substituents R! and R? at the C=N double bond. In the case of bulky
substituents, steric hindrance, which increase in the order Me, Et, i-Pr, c-Hex and ¢-Bu,
increases the preference for the Z isomer. A phenyl ring does not cause sufficient steric
hindrance and X-ray analysis has shown that N2-phenylbenzamidines and N2-
phenylformamidines exist as the E isomers3®~%4,

In amidines, strong conjugation between a lone electron pair at the amino nitrogen
atom and the n-electrons of the C—N double bond is observed, as shown by the two
mesomeric forms below.
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R3 /R3
. el +*
RZ—N=cRr'—N «— R*—N—CR'=N

R4 \R4

X-ray data show that, due to this conjugation, the ‘single’ C—N bond always has some
double-bond character®®. On the basis of the IR data it was concluded that the amino
nitrogen atom, often referred to as the ‘sp® nitrogen’ atom, is also in an sp? hybridization
state®%. The same conclusion was drawn from ab initio calculations for several
amidines®5-67,

In this chapter only relevant chemical shifts are presented. Chemical shifts of nuclei
which do not depend on the structure of the amidine group are not cited, even if they are
reported in the literature.

B. 'H and *C NMR Spectra

1. Chemical shift assignments

In all structural investigations proper assignment of chemical shifts is a crucial point.
Chemical shifts of protons in the same group may differ to a considerable degree
depending on whether they are bonded to the functional carbon atom or to the imino or
amino nitrogen atom. Proper assignment of the signals (and thus determination of the
structure) is not a problem in the case of simple compounds containing few carbon atoms,
but if groups containing several atoms or aromatic rings are bonded to the three sites,
assignments may become somehow confusing. In such cases various rules derived by
regression analysis of accessible NMR data, which enable prediction of chemical shifts, are
very helpful.

By analysing over 200 trisubstituted trans (E) amidines, Oszczapowicz and
coworkers®®-%° derived additivity parameters for the calculation of 'H and '3C NMR
chemical shifts for protons and carbon atoms of a phenyl ring, and for « and § protons
and carbon atoms of alkyl groups bonded to either the nitrogen or carbon atoms of the
amidino group.

a. 'H NMR chemical shift calculations. The chemical shifts of a methylene group
CH,XY are usually calculated from Shoolery’s rule’® (equation 13), where J are the
effective shielding constants of the substituents X and Y, respectively. The parameters
calculated for amidines are summarized in Table 17.

6=023+Y 6y (13)

Chemical shifts of protons in the CHR'R2R? group are calculated on the basis of the
additivity rule”", according to equation 14 where T, = 0.824, ¢; is the number of identical
substituents, and T are substituent constants. The parameter for the RN=C(NMe,)—
group is 1.096 + 0.030, and for the RN=C(NMePh)— group 0.287 4 0.012.

§=To+Y¢;T; (14)

Shoolery’s rule may be treated as a particular case of equation 14, where one of the
substituents R is a hydrogen atom. However, Shoolery’s constants are better known and
much more often used for chemical shift prediction. Moreover, they yield more precise
chemical shift values since they are determined directly for a given substituent.

Che;rllical shifts of the protons in the phenyl ring are calculated by using equations
15-1871,

For para-disubstituted derivatives

8, = 7266 + d,(R") + y(R')d, (R (13)
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TABLE 17. Additivity parameters for calculation of chemical
shifts of CH, groups linked to substituted aminomethyl-
eneamino groups —N=CR'—NMe, (equation 13)%®

R’ Additivity parameter
H 2.37+£0.03
Me 238 +£0.04
i-Pr 246 4-0.03
t-Bu 244 40.02
Et 2.56 +0.08
p-MeOCgH, 2.19 +£0.06
p-MeCgH, 214 £0.04
Ph 2.14 +£0.02
p-CIC4H, 2.14+0.09
p-O,NCsH, 2.57 +£0.06

and for meta-disubstituted derivatives

8, =7.266 + d(R") + d,(R?) (16)
8, ="7.266+d,(R%) + d,(R") 17)
85 =17.266 +d,(R") + d,(R?) (18)

where d,, d,, and d, are additivity parameters for calculating the chemical shifts of protons
at positions ortho, meta or para, respectively, to the substituent R, and y is a constant
for substituent R'.

The parameters of equations 15-18 for substituents at different sites of the amidino
group are summarized in Tables 18 and 19. The derived parameters enable one to
calculate fairly accurately chemical shifts of substituents at both nitrogen atoms and at the
amidino carbon atom. In 90% of the cases the differences between the chemical shifts
observed for amidines and those calculated on the basis of the parameters do not exceed
0.07 ppm. The highest differences are encountered in the case of a phenyl ring at the
amidino carbon atom in benzamidines, but these still do not exceed 0.25 ppm%%-72,

1t was found®® that the 'H NMR chemical shifts of substituents at the nitrogen atoms
depend mainly on the structure of the substituent at the amidino carbon atom, and only to
acertain degree on the type of substituent (i.e. alkyl or phenyl) at the second nitrogen atom.
Thus, the chemical shifts of substituents at one of the nitrogen atoms for all amidines with
the same substituent at the carbon atom (e.g. formamidines, acetamidines, benzamidines)
and with the same type of substituent at the second nitrogen atom can be calculated using
the same set of additivity parameters.

Only in the case of p-nitrobenzamidines does the set of additivity parameters differ from
those for other benzamidines. It was assumed that this is due to a strong conjugation
between the nitro group on the phenyl ring bonded to the amidino carbon atom and the
phenyl ring on the nitrogen atom®®.

b.'3C NMR chemical shift calculations. Chemical shifts of carbon atoms in a
substituted phenyl ring are usually calculated by using additivity parameters (SCS,
substituent-induced chemical shifts) and employing equation 1973

8(C) = 1285+ Y A5,(X)) (19)

where Ad;, is the additivity parameter (SCS) of substituent X being at position k (Cy), 0, m
or p) with respect to the C; carbon atom.
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TABLE 19. Additivity parameters of substituted amidino group R2N==C(NR})— for calculation
of chemical shifts of protons in a phenyl ring at the amidino carbon atom (equations 15-18)%®

Rz

NR} d, d y
NMe, 4-MeCeH, —0.08+0.12 0.02 260 +£0.76
NMe, 4-MeOCH, —0.08 +0.06 0.02 2624042
NMe, 4-CIC(H, —008+0.17 0.02 2.50+ 038
NMe, 4-0,NCH, —008£0.17 0.06 270 + 1.08
NMe, 3-MeOC4H, —0.07++0.10 0.00 2.34 1+ 0.62
NMe, 3-BrC¢H, —0.06 £ 0.07 0.02 249 ¥ 0.47
NMe, CeH, —007+004 001 244 1024
NMe, 4-MeC,H,CH, —007+0.10 0.02 2291061
NMe, CH CH, —007+012 0.02 235+0.75
NMe, 4-CIC¢H,CH, —0.08 0,06 0.02 2.38 £ 0.36
NMe, n-Hex —0.05 +0.06 0.02 2.36 +0.37
NMe, c-Hex —0.06 +0.04 0.06 242 +0.23
N ) 4-CICcH, —0.14 4+ 0.05 —-0.09 1.19

N ) 4-MeCcH, —0.1240.03 -0.08 1.19

Oszczapowicz and coworkers derived additivity parameters for the calculation of
chemical shifts of the phenyl ring at the three sites of the amidine group, i.. at the imino
nitrogen atom®® (Table 20), at the amino nitrogen atom’* (Table 21) and at the amidino
carbon atom’* (Table 22).

In addition to amidines mentioned in this chapter the following ones have been
investigated (cf. Table 20):

R
R
R‘—N=<|:—N/
Ngs
Series R! NR2R? Series R! NR?2ZR3
36 Me (:I 39 Me  NAIK),
40 H  N(Me)Ph
37 Me N )
41 Me N(EtPh
38 Me N » Q2 Me  N(Me)Ph

Chemical shifts of the carbon atoms in substituted alkyl groups RX are calculated on the
basis of the chemical shifts of the corresponding reference hydrocarbons RH or RMe using
cither a regression (equation 20) or an additivity (equation 21) method:

(Ccpa = a(Clrer + A,
(Ciepa = HC)yer + A%

(20)
2N
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TABLE 20. Additivity parameters of the aminomethyleneamino group R?R3N—CR!=N— for
calculation of the '3C NMR chemical shifts in the phenyl ring (equation 19)%°

Series Cy) 0 m 14
7 235+40.1 —741+00 04100 —-6240.1
9 236401 —-75+00 04100 —62+00
10 240402 —~73400 04400 —63+00
1 229401 —74+0.1 0.5+00 —~56+0.2
40 229 -13 0.5 -52
13 23.74+0.2 —6.0+0.1 02401 =711£01
36 236 —57 0.1 -72
37 23.6 —6.2 0.2 -172
3 229 —-6.6 02 -15
41 234 —6.5 0.2 =170
42 232+04 —63+04 03100 —-6.7+02
39 24.1+0.1 —63+03 01100 —-78+04
24 233402 —6.7+0.1 02400 ~86+05

TABLE 21. Additivity parameters of the aminomethyleneamino group
R*N=CR'—NR?2—for calculation of the '3C NMR chemical shifts in the
phenyl ring (equation 19)7*

R! R? R* Cy 0 m P

Me Et CgH; 16.05 0.19 0.75 -3.85
Me Mc  C.H, 1770 —102 089  —202
Ph  Me 4-BrCH, 1744  —146 019  —337
Ph Me 4-MeC4H, 17.78 —1.59 0.06 -3.76
Ph  Me 4MeOCH, 1778 —150 006 —372

TABLE 22. Additivity parameters of the amidino group
R*N=C(NMe,)—for calculation of the '3C NMR chemical
shifts in the phenyl ring (equation 19)"4

R* Cuy 0 m p

CeH; 5.35 0.32 —0.55 —-0.20
4-MeC¢H, 5.70 0.40 —0.50 —-0.25
4-MeOC4H, 5.61 0.40 —0.42 -0.20
4-CIC¢H, 5.04 0.23 —-0.33 —0.06
4-O,NCcH, 439 0.15 —0.05 -0.20
3-MeOC4H, 5.31 0.23 —046 —-0.12
3-BrCg¢H, 4.87 0.15 —-0.33 —037

where 8(C;)cpq and 8(C)),, are the chemical shifts of carbon atom i in a given compound
(Cpd) and in a reference compound (ref), respectively.

It should be mentioned that, for certain substituents, some sources give additivity
parameters, whereas other sources give regression parameters with differing values of the
parameter A,. As mentioned before (cf. Section II.A) the regression method should be
regarded as the more reliable one, unless it is shown that the regression coefficient a is
equal to unity, which means that regression 20 becomes additivity rule 21.
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Recently, it was shown”® that chemical shifts of carbon atoms of an alkyl group at the
nitrogen atom of the amidino group can be predicted on the basis of the chemical shifts in
a corresponding primary amine. The advantage of using an amine instead of a
hydrocarbon as reference compound is that the amine, regardless of its structure, was used
for the synthesis of a given amidine and thus its spectrum is available, whereas it can
be sometimes difficult to find in the literature the spectrum of the corresponding
hydrocarbon.

It was also found”? that for alkyl substituents at the imino nitrogen atom in amidines
excellent correlations (r = 0.998) with the chemical shifts in the corresponding primary
amines are obtained, and that the regression coefficient a is practically equal to unity, and
thus additivity parameters can be applied. These parameters are presented in Table 23.

TABLE 23. Additivity parameters of the aminomethyleneamino
group Me,N—CR'=N—- for calculation of the '*C NMR chem-
ical shifts of @ and B carbon atoms of alkyl groups (equation 21)73“

Secondary C atom Tertiary C atom

R! 4, 4, 4, 4
H 13034027  — 1174008 — —11°
H 14.04% ~ 1655 R —
Me 7734022  —1574006 73* —08
Et 698+£0.57  —131£009 59° —06
i-Pr 6374019  —L131051  68°

t-Bu 808+0.11  —220£029 72 —14°
XCeH, 8831053  —138%012 — @ —

“Based on chemical shifts of primary amines RNH,.
*Insufficient data to calculate the confidence level

TABLE 24. '3C NMR chemical shifts of the amidino carbon atom in

selected amidines 4-XC¢H,N=CR!—NR?R? in CDClj solutions®

X
R R? R NO, H Me
H Me Me 15391 15333 153.22
H Me Ph 156.78 156.82
H —(CH,)s— 15281  152.62
H —(CHy)— 153.31
Me Me Me 15713 157.21 157.52

' Me Me Ph 156.78 156.82

" Et Me Me 16111 161.58 161.80
i-Pr Me Me 163.19 163.48
t-Bu Me Me 16742 16787 168.00
CH,Ph Me Me 157.33  157.55 157.91
Ph Me Me 161.32 16094 161.97
Ph H  XCH, 15313 15443
Ph H H 15647 15578
4-MeCH, Me Me 16176 16124 161.28

“From J. Oszczapowicz and coworkers, unpublished results.



4. Detection and determination of imidic acid derivatives 259

Chemical shifts of the carbon atoms depend on the substituents at the three sites of the
amidine group (Table 24); however, the relation with substituent parameters seems to be of
a non-linear type’*.

In trisubstituted amidines there are two substituents at the amino nitrogen atom. Their
chemical shifts depend on whether or not rotation around the ‘single’ C—N bond is
restricted. In the case of restricted rotation two separate signals for the protons at the
carbon atom linked to the nitrogen are observed®®:72, one at a higher field (lower § value)
for the substituent in a syn-periplanar conformation with respect to the C=N double
bond, and a second at a lower field for the proton in an anti-periplanar conformation. In the
case of free rotation, only one signal and an averaged chemical shift are observed.

2. Amidines

In 1972, NMR spectroscopy shed some new light on the problem of the protonation site
of amidines.

Comparison of 'H NMR spectra of protonated N '-methyl-N!,N2-diarylformamidines
(Table 25) with those of the free bases have shown that for both unsubstituted phenyl rings,
at the imino and the amino nitrogen atoms the changes of the chemical shifts caused by
protonation are exactly the same. All signals are shifted downfield, those of phenyl protons
by 0.32 ppm and the signal of amidine CH by 0.60 ppm. In other amidines all the signals are
also shifted downfield and the values for the corresponding protons are similar or
approximately equal. This indicates that the positive charge is evenly distributed between
both nitrogen atoms and its centre is on the amidino carbon atom. These results provided
further evidence that protonation occurs at the imino nitrogen atom’S, as concluded
earlier on the basis of the structure of quaternary amidinium salts.

Jackman and Jen’? in 1975, using as examples some cyclic N-arylamidines and
guanidines, have shown convincingly that 'H NMR spectra can be applied for
unambiguous determination of the predominant tautomeric form.

'i‘ R
N N
N=c< :| _ NH—C/< :]
X X
R R
imino form (43) omino form
R "I' R
N N
/
N=C< y == NH—C\/ )
S S
R R

(44)

The spectra of tautomerizing compounds 43 and 44 were compared with those of the
corresponding N-methylated derivatives 45, 46 and 47, where tautomerization is not
possible and one or the other form, respectively, is ‘fixed’.

In the spectra of the imino form of amidines (43, X = CH,) and guanidines (43, X = NR)
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4. Detection and determination of imidic acid derivatives
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the para protons of the benzene ring are strongly shielded (ca 0.5 ppm) relative to the meta
protons and to those of benzene itself.

The amino structure is characterized by considerable deshielding (ca 0.3 ppm) of the «
protons (with respect to the nitrogen atom) in the heterocyclic ring (Hs, in 46 and H,,, in
48) as compared with the imino form.

It was then shown®7 that in all the studied tautomerizing compounds the ‘imino’ form
predominates (Tables 26 and 27). It was also shown that the relations observed between

TABLE 26. Characteristic 'H NMR chemical shifts in cyclic amidines, and guanidines (43) and their
N-methyl derivatives (45 and 46) in CDClI, solutions®”

Five-membered ring Phenyl ring®

X R Hp, He H) Hen-) Hep-)
13a CH, H 2.56 2.04 346
13b CH, Me: 2.56° 205 335 6.97 6.81
13c CH, Cl (1.68-2.88) 340 122 6.80
34° CH, Cl 2.50/ 2.14 343
13e® CH, Cl 2,04 1.32 2.80
3f NH Cl —_ 345
13g NH Me — 341 7.00 6.83
13h NH cl — 3.49 723 6.80
43i NMe Cl — 3.41 7.28 6.82
#5a CH, Cl (1.58-2.44y 343 7.25 6.78
15b NMe H 325 7.11¢ 6.787
5¢ NMe Cl 334 7.20 6.76
16a CH, Cl (1.60-2.40) 3.76 742 7.24
6b NH H 3.64 7.20-7.53

‘Chemical shifts determined by AB, analysis.

'For the E isomer § =2.71 at —40°C.
Unresolved muitiplet.

'In CD,OD.
In C¢Dy.

'For the E isomer 6 =2.71 at —40°C.

‘Determined at 300 MHz.
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TABLE 27. 'H NMR chemical shifts in cyclic amidines,
derivatives of dihydro- and tetrahydro-1,3