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A UNIFIED THEORY TO THE MECHANISMS OF ORGANIC 
REACTIONS IN SOLUTION 

GEORGE A. GREGORIOU 
Organic Chemistry Laboratory, N.R.C. Demokritos, Greek Atomic Energy Commission, Athens, 
Greece 

Introduction 

Between 1958 and 1964 we developed and proposed a unified theory and 
approach to the mechanisms of organic reactions in solution which was applied 
to solvolytic reactions in This approach was radically different 
from the usual (ccclassical))) and a reinterpretation of the field in terms of this 
theory was proposed and initiated in some areas. 

To test and apply this theory, a massive and ambitious project was needed 
and planned. This was to follow two mainstreams, one based on suitably 
designed experimental work and the other involving a reinterpretation of the 
literature data in the light of our theory. 

Many developments in the field of solvolytic reactions since the time this 
theory was proposed7 as well as our own experimental  result^,^,^ have been in 
line with the positions and predictions of the above theory. Several of the 
presently known or accepted views7 had been argued in our initial long 
before their development. 

Since, except for an initial paper1 and a recent rediscussion of some aspects 
of the theory,1•‹ this work has appeared primarily only in the form of four of- 
ficial reports of the Greek Atomic Energy Commission, the ((DEMO))  report^^-^ 
published initially in 1963 and 1964*, it has not been widely available. This 
has created the problem of inaccessibility, as also expressed in several 
published",12 and private13 communications. Characteristically, Lancelot, 
Cram, and Schleyer"" in their chapter on phenomium ions state that 
ccGregoriou has proposed a general unified theory of solvolysis mechanism ... 
Some of the specific features of Gregoriou's unified theory (49)* forecast the 
more recent refinements which have contributed to ultimate resolution of the 
phenomium ion controversy. Unfortunately, the bulk of Gre:rx-iou's published 
work was not widely available and only certain aspects of it have very recently 

* These reports were submitted in parallel to the Academy of Athens (Archives 46254, 46772 
(1963), 48161, 1871 1 (1964). 

* Ref. (8) in this introduction. 
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become readily accessible. Leading references to the rest of Gregoriou's work 
are found in Ref. 49.)) 

Statements like the above emphasize the inaccessibility of this work as well 
as its significance. The difficulty and interest regarding the above particular 
area of non-classical ions, which is but one of the many chapters and topics to 
which the proposed theory applies, is clearly illustrated by the statement thatllb 
((probably few other topics in physical organic chemistry have been as widely 
and thoroughly studied. In spite of this, not many other theories in organic 
chemistry have been surrounded by such extended, often heated controversy as 
has been associated with the idea of participation by neighboring aryl groups 
in solvolysis reactions)). It is added that regarding this controversy, which has 
raged through the entire decade of the sixties and has divided the researchers 
into two schools of thought, our theory had predicted in the very early 
 stage^^,^ that both schools were partly incorrect and that the usual approach to 
solvolytic reactions was to blame for the situations. This was finally partly 
recognisedl1c in accepting $he importance of solvent assistance. 

In view of reasons such as the above mentioned ones, and because of the 
additional need for referring t3 the initial work in our publications, its reap- 
pearance in a vehicle of wider circulation is necessary and long overdue. Thus, 
the four reports are reprinted in this and following issues of this journal under 
headings numbered ,I-IV (DEMO 1-4), in the very content in which they ap- 
peared initially, except for minor editorial corrections.* An exact reprinting is 
preferred if the right to refer to this as work of 1963-64 is to be maintained 
and also for reasons of expediency. Admittedly, this leaves the theory and 
work' in its early -shape which needs refinement, and particularly a more con- 
~ i s e  and precise presentation. However, the features and the essence of this in- 
itial approach are steadily being proven true during the fifteen years which 
have elapsed. Remarkably, many developments in the field, including most re- 
cent views such as the ccS~2-intermediated4 or ((ion-sandwich))15 mechanisms, 
can be recognized as implicitly covered by this theory or as steps towards its 
features. 

In view of a host of greatly adverse conditions under which this project 
was called to develop and in view of its special features such as its size and 
radical nature, progress has not lived up to the initial plans. These involve 
several interrelated build-up stepsyea brief outline of some of which is as 
follows. 

Special experimental studies are conducted in many of the various chapters 
of the field of solvolysis such as isotope effects, solvent effects, salt effects, ef- 
fects of nucleophiles, non-classical intermediates, etc. These studies are 
designed to test the predictions of the unified theory, in anticipation of answers 
different from those of the ccclassicals approach. They aim at the roots of each 

* The author thanks Dr. Anna Scordou-Matinopoulos for her contribution to these corrections. 
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chapter and their object is the reexamination and reinterpretation, if needed, of 
these chapters. 

There are several reasons for dealing with several chapters simultaneously, 
one of them being the fact that they are interrelated and thus the particular 
reinterpretation of anyone of them stumbles on ccopposites literature ((evidence)) 
from other chapters as well which has to be faced also. Additionally, the merg- 
ing of information from the simultaneous reexamination of more than one 
chapters should lead to a better and moTe valid reappraisal of each one and of 
the overall picture of them all as well. 

These studies aim further at the common foundation of all these chapters 
which is the ccclassical approach)) including the ionization hypothesis and at 
substituting this with the ((unified approach)) which starts from the non- 
ionization hypothesis. A still further scope of this project is the contribution to 
quantitative correlations and predictions, in addition to the qualitative ones, 
which should be unified within each chapter and possibly for all chapters as 
well. 

Updated discussions of the theory presented here and its applications will be 
given in due course. 
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I.* AN APPROACH TO THE MECHANISM OF ORGANIC 
REACTIONS. A UNIFLED THEORY 

GEORGE A. GREGORIOU 
Organic Chemistry Laboratory, N.R.C. aDemokritosn, Greek Atomic Energy Commission, 
Athens, Greece 
(Demo 1, April 1963)* 

Abstract 

An approach to organic solution chemistry termed the ccunified approach)) 
or ccunified theory)) is briefly presented. The approach is based on the concept 
of the establishment of a gradient in the chemical properties causing reactions, 
principally charge and nucleophilicity, and leads to a ((unified models which is 
said to hold for all reactions in solution. The classical mechanistic schemes 
result as extreme cases of this model. 

A crude schematic representation of the proposed mechanism is given and 
its application to a saturated carbon reaction center is examined in general 
terms. It is maintained that thinking in terms of this approach coupled with 
simple reasoning and experiments can lead with little effort to conclusions and 
predictions as well as to answers to many problems and controversies in the 
field of reaction mechanisms. These also offer,. as claimed, a,practical and ef- 
fective basis for studies and a shortcut to knowledge in the field. 

A small number among the many examples of the developments in the field 
in recent years which are in line with predictions of this approach are presen- 
ted. 
An approach to the mechanism of organic ~mctions. A unzj?ed theory 

A unified theoryY1 or unified approach was introduced in 1958 as the un- 
ified mechanism for nucleophilic reactions; involving saturated carbon2 and was 
to be extended further. This theory, on the basis of which a reinterpretation of 
the field of reaction mechanisms was proposed but was carried out partly only 
recently,lb amounts to the study of organic solution chemistry in terms of the 
concept of the establishment of a gradient in the chemical properties causing 
reactions (e.g., nucleophilicity, charge etc.)) in. all intra and intermolecular 

* This paper is a reprinting of DEMO 6811 (April 1963, reprinted June 1968); Atomindex, 11, 
No 5, 1486 (1969); Academy of Athens, Archives, No 46254, 46772 (1963), (see the introduc- 
tion, p. 215, to the reprinting in this journal of the series,DEMO 1-4 (papers I-IV), and ref 3 in this in- 
troduction). 
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directions, and also to focusing attention on the entire range of the gradient. 
This approach can also be referred to as the study of the field in terms of con- 
tinuity. 

One of the basic features of this approach becomes the .fact that the picture 
of ionic entities in solution and the thinking in terms of them are abandoned. 

One of the direct results of the concept or the gradient is, e.g., that in a sol- 
vent containing a dissolved nucleophile the nucleophilicities are not just two, 
namely that of the nucleophile and that of the solvent, b.ut there is instead a 
spectrum of nucleophilicities ranging from that of the nucleophile to that of the 
solvent. Another result is, e.g., that a nucleophile attacking a substrate is 
studied as interacting not only with the reaction center but with several centers 
(either directly or through solvent molecules). Thus the attack is studied as in- 
volving forces acting on the molecule as a %whole (nucleophilic pressure) instead 
of being looked at as a single force acting at the reaction center. 

The concept leads to .a unified model and mechanism for organic reactions 
in solution (free radical reactions* are also to be included) an approximate and 
symbolic representation of which is given by I (Fig. 1). The arrows symbolize 
the transmission of nucleophilic forces (the direction is an arbitrary choice). 
The transmission occurs by ctinteractionsn (partial bond formations and rup- 
tures whether covalent, induction of a dipole or other, although covalency is 
assigned a role greater than that generally accepted). 

It should be noted that the term ccunified model, is used instead of the 
common intermediates iemployed in the first paper.2 This is done because the 
essential point is the operation of the forces indicated and not the question of 
whether an intermediate 'is formed or not. Intermediates formed in reactions are 
referred to as ((unified intermediate complexes)) and the model is said to apply 
all along the reaction coordinate. The term ((unified)) is thus emphasizing the 
action of the same type of forces as we]: as the application of the model and of 
the principles suggested by the theory to all reactions in solution. The term 
((unified intermediate)), tunless otherwise indicated, refers to the first formed 
intermediate(s). It shodd be kept in mind, however, that additional inter- 
mediates' can also be h m e d .  

According to this unified approach, prior to reaction, nllclmpih'fic forces 
are considered to be transmitted from Y (nucleophile) to M (electrophile) most- 
ly through solvent mohules EN (E and N being respectively the electrophilic 
and nucleophilic ends aT :?&e solvent molecules) as symbolized by path Y-EN- 
M, and only to a small extent through the organic substrate which is to un- 
dergo reaction. The number of EN molecules in the various paths shown in the 
model can vary between zero and a large number. It is obvious that Y is 

* Free radical reactions are said in terms of this theory to obey the unified model just as ionic 
ones are said to do, the difference being a quantitative one the interactions being probably 
weaker in radical reactions thus rendering the applicability and usefulness of the model less ob- 
vious. 



AN APPROACH TO THE MECHANISM OF ORGANIC REACTIONS. A UNIFIED THEORY 

I I 
E E 

N 

SUBSTRAT E 

FIG. 1 :  (I) A symbolic representation of the uuniJied model)) for organic reactions. (II) A more 
detailed but still symbolic representation of the unl$ed model, particularly as it applies to reac- 
tions at a saturated carbon (illustrated best for nucleophilic reactions). 
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meant to be able to play also the role of a substrate as, e.g. in electrophilic dis- 
placements on carbon (e.g. in reactions of R- M+ where Y witl.stand for R). 

During reaction, the transmission through the substrate increases at the ex- 
pense of the path through the solvent. The decrease through the latter is sym- 
bolized by short arrows in the M-EN-Y direction. Reactions thus become 
cyclic processes and are studied as such. The cycle can be a diffuse one closing 
through the medium as a whole (cycle in an energy relation sense) but can also 
vary toward the other extreme becoming small and specific (cycle in a physical 
sense). 

The attack on the entire substrate results in the transmission of the forces 
through the substrate by several paths operating simultaneously. Path Y-A-M 
(((direct)) path) stands for paths involving two atomic centers of the substrate, 
the second one being the leaving group (e.g. displacement reaction type). Path 
Y-B-A-M (((indirect* path) stands for all those using more than two atomic 
centers but the last one being again the leaving group (e.g. elimination type 
path). Side paths, symbolized by Y-B-M or Y-A-B-M, cover those involving as 
an end in the substrate an atomic residue which is not a leaving group (e.g. ad- 
dition reaction type). 

The suggested simultaneous operation of a multitude of paths,* the fact 
that they should not reach their maximum contribution at the same point, and 
should also be reversed as the system proceeds further along the reaction coor- 
dinate, except for the path leading to the product, render most likely the forma- 
tion of an intermediate (one or more) whether detectable or not, and not 
necessarily rate-determining, in most reactions, if not in all. 

The general mechanistic models employed in the field result from the un- 
ified model as extreme cases by focusing attention on a certain path only. 
However, it is argued that actual reactions schould follow the unified model 
and that the use of simple models has resulted in a vast number of problems 
which are not real but created by the ccclassical)) approach itself. 

Application of the unified model to reactions involving saturated carbon 
(substitution, rearrangement, elimination) leads to the symbolic and approx- 
imate model I1 (Fig. 1). Analogous models are derived for other reaction 
classes, e.g. addition reactions etc. In the figure, Z stands for a variety of 
groups or paths of the substrate. A spectrum of possibilities is visualized. As 
already mentioned, the number of EN molecules in any part of the model may 
vary between zero and a large number. It goes without saying that as this 
number is increased, the specificity of interaction between the two groups 

* In this and subsequent papers on this theory, a upathu is defined as a series of elements andlor 
pairs of elements, belonging to a substrate and its surrounding medium, in sequence along which 
a smaller or larger change may occur in their covalency and, in general, in their prop;rties in- 
volved in the formation of the gradient (charge, nucleophilicity, e.t.c.). On the other hand, aopera- 
tion or contribution of a given path) to a process is defined as referring to the occurrence of the 
above mentioned change along this path during the process. 
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separated by EN decreases. The absence of Y (or M) does not alter the model 
in which the solvent EN molecules still play their role, a function which they 
supplement to a smaller or larger degree anyway even when Y or M are pre- 
sent. Y (M) symbolizes simply sources of relatively high nucleophilic (elec- 
trophilic) potential. The nucleophilic source, or one of them, may be part of thc 
substrate. All of them are functioning by way of paths transmitted either 
through various residues (solvent, part of the substrate etc.) or directly. Y may , 
even be on the same side of the substrate as X. 

In the above figure, Y-C -X-M is the ccdirecb path. Indirect paths are sym- 
bolized by Y-Z-Cn-Ca-X-M (Z standing for any proper center). 

Transmission from Z to C, occurs mainly by partial double bond formation 
(hyperconjugation) for neighboring or conjugated C,. However, for C,, = C,,, 
participation (Z = H, R etc), hyperconjugation, and attack on Z become in- 
terrelated and contribute simultaneously (to an extent governed by the 
gradient). This means that partial bonds are formed (directly or through sol- 
vent molecules) simultaneously between incoming groups (Y, solvent) and both 
the C,-carbon and Z, and at the same time between Z and C, (all these to 
degrees varying between extremes). The arrow from Z-C,, to C, stands for both 
hyperconjugation and participation (when the latter is feasible) and for all other 
modes of transmission and partial bonds to C, (e.g. nucleophilic contribution of 
Z to C, by way of EN molecules). Side paths are symbolized by the arrow 
pointing to the left of Z-C,. An illustration of a side path would be e.g., a path 
Y-Z-C,-R,-M (it becomes more meaningful1 as R is varied toward an electron 
attracting group). 

The arrow pointing from the leaving group X toward the substrate sym- 
bolizes that this group is involved in interactions qualitatively similar to those 
of Y, their extent varying of course along the reaction coordinate in a manner 
opposite to that of Y. 

The model leads to implications concerning the mechanism of all reaction 
classes, the molecularity, the geometry, energy and entropy relations, steric ef- 
fects, ion pairs, the concept of nucleophilicity and a host of other features of 
reaction mechanisms, concepts, and phenomena in solution. The theory and the 
unified model are expected to apply to the inorganic fields as well but the sub- 
ject has not been studied. 

The unified theory reduces the problem froln that of assigning specific 
mechanisms to that of evaluating the relative contributions of the various paths 
(including the one through the solvent Y-EN-M), namely to determining the ef- 
fect of a number of factors on the contribution of these paths. The resulting 
((trends)) lead to predictions many of which differ from a number of accepted 
views. Thus, the theory, although utilizing a more complex model and bringing 
in more variables, is nevertheless said to simplify the field by using the same 
variables for all problems. Furthermore, it provides a basis for quantitative 
studies and it allows one to predict ((trends)) in the chemical behavior of 
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reacting systems as various factors are varied. It turns out that under this ap- 
proach much of what was believed until 19582 and today (1963) and the great 
number of special mechanistic interpretations are modified and are proposed to 
be substituted by the unified interpretation suggested by the theory. The 
research efforts should concentrate instead mainly on the study of quantitative 
contributions along the different paths as well as on trends and correlations 
within this one approach and inteepretation. 

Evidence for the theory comes from the orderly and simple pattern into 
which it places the field, from its wide applicability in interpreting data, from 
the simple answers it provides to controversial and unresolved problems, (e.g. 
to the question of classical vs. non-classical carbonium ions) and from con- 
tinued verification of a vast number of its predictions. In this interpretation, 
any aspect of the classical approach which did not agree with the predictions 
of the theory has been questioned regardless of how well established it has 
been. Several years will be required for conclusions to be written up. Since 
presentation of all the supporting evidence cannot be given in any one or few 
papers,'" only few pieces of evidence among the many which have appeared in 
the literature since our first publication2 will be briefly mentioned below by 
way of example. 

The unified theory leads to a study of reactions without making use of the 
concept and the term carbonium ions as reaction intermediates. hstead it 
makes use of the concept of the ((intermediate complex)) represented by the un- 
ified model. The ever increasing, since 1958, volume of publications where it is 
being realized that various reactions assumed to be carbonium ion reactions 
are actually ion-pair reactions3 constitutes one of the most spectacular verifica- 
tions of this aspect of the unified mechanism by bringing the field one step 
further away from carbonium ions, and also because the features of ion pairs 
are a step closer to those of the ((unified model)) (FIG. 1). It should be 
emphasized that even deamination reactions, some of the most notoriously car- 
bonium ion reaction as accepted in 1958 and today as well, had been claimed2 
in terms of the unified mechanism to be non-carbonium ion reactions. 

The solvent has been assigned by the unified mechanism a very important 
role (and the function of forming strong and specific bonds with the substrate 
(becoming only in extreme cases non-~pecific)~ emphasized-further by the con- 
cept of continuity. The sudden realization during the last few years of the im- 
portance of the solvent in chemical  reaction^^,^ is one of the most inherent 
predictions of the unified approach. 

The basic premise of a model and theory used recently to interpret 
bimolecular p-elimination reactions and the competition between Hofmann and 
Saytzeff type of elimination is that these reactions differ in the relative extents 
of C-X and C-H bond ruptures at the transition state.5 This premise is the 
result of experimental findings. However, it is also one of the results of the un- 
ified mechanism. Use of this premise and of the other features of the unified 
model provide an interpretation to elimination reactions as will be discussed 
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elsewhere. Furthermore the gradual transition between various elimination 
 mechanism^,^ and that between SN1-SN2 reactions6 which are becoming more 
and more recognized are predicted by the unified mechanism as well as a 
gradual transition between elimination and substitution reactions which has not 
yet been recognized. 

The experimental finding of cis-elimination accompanying substitution in 
the reaction of halide ions with alkyl toluenesulfonates, for which a merged 
mechanism7 was proposed, are expected by the unified theory. A proper balan- 
ce between the contribution of the various paths (direct, indirect, side paths) 
operating within the unified model results in the above experimental findings 
which thus do not require a special mechanism for their interpretation. 

With respect to the arguments concerning classical vs. non-classical car- 
bonium ions8 and their distinctive difference in stereochemical behavior, the un- 
ified mechanism interprets experimental findings without differentiating sharply 
between these two types of ions and their interconversion. The ((intermediate 
complexa of the mechanism has a representation (partial bond between Y and 
both C, and Z and also partial bond between Z and C,, all these to a degree 
varying between extremes, although geometry and entropy considerations may 

a upset this continuity when approaching these extremes) different from that of 
either of these ions (classical or non-classical) and can give rise to displacement 
on C, from either side dthough preferably from the side of X, the preference 
depending mainly on the relative contribution to this intermediate complex of 
the various partid bonds (Z-C,, Y-C,, X-C,) or their relative ease of opera- 
tion. Rearrangement leading to another intermediate with C, and Ce having 
'switched roles can also take place, the rate of this equilibration depending 
mainly on the relative extent of the partial bonds and the ease of operation of 
the respective paths. 
' The concept of steric effects as modified by the unified theory will be dis- 

cussed elsewheve. The operation of paths and the concept of the gradient ren- 
der the effect of a given group into a "variable" among other changes they 
bring about. 

Detailed discussions of the above cases and of a large number of applica- 
tions of the theory constitute the subject of forthcoming papers. 
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Abstract 

The purpose of this paper is to reemphasize and discuss further a sugges- 
tion made originally in 195g1, that the concept of carbonium (and other) ions 
be abandoned in favor of the concept of the ((unified intermediate complex)) 
governed by the rules of the unified This suggestion is part of the 
more general proposal that solution chemistry be studied in terms of the unified 
theory which leads to a unified approach to reaction mechanisms and that the 
classical mechanistic models and the ((thinking)) associated with them be aban- 
doned. 

One of the claims deriving from the unified theory is that the concept of 
ionic entities in solution, the features of the mechanistic models employed, and 
the accepted approach to reaction mechanisms in general in addition to having 
contributed to the development of the field have nevertheless also created un- 
necessary problems and have hindered the solution of real problems. . 

Some among the differences between the carbonium ion and the suggested 
non-carbonium ion concept are pointed out. 

The major sources of evidence which have established the concept of tran- 
sient carbonium ion intermediates as chemical entities are examined in the light 
of the theory. It is concluded that most of these sources provide evidence only 
for the formation of ((some intermediates at the most but not necessarily for the 
formation of an ionic entity. It is maintained that the introduction of the car- 
bonium ion concept into the everyday aspects of the field of reaction 
mechanisms has had d e l e t e r i o U s consequences, even though this claim is 
obviously the reverse of one of the strongest convictions in the field, namely of 
the importance of the ionization hypothesis and the carbonium ion concept in 
the development of the field of reaction mechanisms.23d 

* This paper is a reprinting of DEMO 68/2 (November 1963, reprinted June 1968); Atomindex, 
No 5 1487 (1969); Academy of Athens, Archives, No 48161 (1964), (see the introduction to the 
present reprinting in this journal of the series DEMO 1-4, papers I-IV, p. 215 in the preceeding 
paper and ref 4 In thls introduction). 
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By way of illustration, the theory is applied to two only systems (deamina- 
tion reactions and the solvolysis of a secondary tosylate) among the numerous 
chemical systems for which it makes predictions different from those advanced 
in the literature in terms of the carbonium ion concept and the classical 
mechanisms. 

Trends in the mechanistic thinking as they have appeared in the chemical 
literature during the last few years can be recognized as predictions of the un- 
ified theory but only few of these are brought up in this paper. It is pointed out 

+ 

that a large number of papers will be required in order for the predictions 
made on the basis of this approach to be discussed and for their verification to 
be illustrated. 

Introduction 

The concept of carbonium ions as intermediates in organic reactions and 
the distinction between carbonium and non-carbonium ion reactions, as well as 
the distinction between ionic and non-ionic reactions in general have dominated 
the thinking in the field of reaction mechanisms and have stimulated large 
research efforts along these lines. 

On the basis of the unified approach or unified theory to reaction 
mechanisms introduced in 1958l and discussed further the concept 
of carbonium ion intermediates in solution (and of carbanions and other ions 
and to some extent of free radicals) as well as other features of the classical 
mechanisms have been questioned, particularly with respect to their usefulness. 
An interpretation of the field in terms of this approach has been suggested1-3 
and carried out. Part of this work has been r e p ~ r t e d . ~ , ~  In this approach, the 
concept of carbonium ion* and carbanion intermediates is substituted by that 
of a ((unified intermediate)), and the classical mechanistic models have been 
substituted by that of the ccunified (FIG. 1). 

It has been that the significance of the unified approach draws 
support from a) the ease with which it interprets chemical data and provides 
answers to controversial problems, b) the verification of a large number of the 
predictions reached in terms of it, and c) the orderly pattern in which it places 
the field. It has also been argued that a large number of past and many present 
problems are not actual problems but have been created by the concept of car- 
bonium ions and the classical mechanisms themselves. 

The concept of carbonium ions has started its journey into the organic field 
on the basis of the picture of an organic species in which a carbon atom has 
only six electrons instead of an octet and thus carries a unit positive charge 
and has a covalency of three.4,5 It is on the basis of this picture that the excep- 

* A species involving bonds, (partially covalent) to a leaving group, to an incoming group, or to 
molecules of the medium through definite sites, such as the reaction center, or other centers 
(such as e.g. hydrogen residues) is not referred to in this discussion, and in studying its chemical 
behavior, as a carbonium ion (or ion in general). 
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FIG. 1 :  (I) A symbolic representation of the nuniJied modeh for organic reactions. (II) A more 
detailed but .still symbolic representation of the unz$ed model particularly as it applies to reactions at 
a saturated carbon (illustrated best for nucleophilic reactions). (For a discussion ofthis model see 
preceeding paper, ref. 3). 
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tional reactivity and the geometry - planar due to sp2-hybridization and an 
empty (or nearly so) p-orbital - have been assigned to reaction intermediates 
considered to be carbonium  ion^.^-^ Extensive research efforts have been re- 
quired before this picture could be modified to the present picture of a carbon 
residue bearing less carbonium ion character. The concept of resonance (X-, or 
S-bond) has provided a means for visualizing a small or large delocalization of 
this charge. The concept of ion-pairs introduced to organic reactions" has 
provided also a means for stabilization of this charge. Still, however, the 
development of charge and of an empty p-orbital on a carbon center is dis- 
cussed as aflexible feature which can even reach large values in a number of 
cases.5~6~8~9J0 That large (and even extreme) carbonium ion character is allowed 
to.develop on a carbon atom is obvious in a number of general discussions and 
in many individual cases such as for example the characterization of deamina- 
tion reactions as ((free)) or ((hot)) carbonium ion  reaction^,^,^ even in the case of 
primary systems or in discussions on bridgehead carbonium ions,5,1•‹* as well 
as by the fact that the contribution of hyperconjugation to carbonium ion reac- 
tions has often been minimized." 

The application of the unified approach to the concept of carbonium ions 
leads to an alternative starting point for the study of reactions in solution 
which is the reverse of that from which the concept of carbonium ions has 
started. This starting point amounts to the suggestion that there are no car- 
boniutn ion intermediates formed in the usual media (water, alcohols, organic 
acids, ethers, ketones) by the usual chemical means, and more specifically that 
a carbon atom not only cannot reach but not even approach one having an 
empty or nearly so p-orbital (a total covalency of three) but maintains instead 
in the intermediate a total covalency not very dzxerent from that in the starting 
material. The development of charge and of an empty p-orbital on a carbon 
atom of such an intermediate becomes a feature having limited flexibility being 
able to reach only a small value beyond that in the initial state (small com- 
pared to one unit). Any substantial deviation from the concept of such an in- 
termediate is said to be highly unfavorable and thus not attainable by the usual 
chemical means. 

The idea of a carbonium ion intermediate* thus becomes an exception to 

* For a discussion of bridgehead carbonium ions under the prism of this approach, see ref. 29. 

* The concept of carbonium ions as reaction intermediates has been substituted in the unified 
approach by that of a ((unified intermediate complex'-', which is actually used to describe all 
reaction intermediates. The complex is governed by the concepts of aelectrophilic and 
nucleophilic potential)) and establishment of a ((gradient in this potential)) along the various 

involved in the process. The nucleophilic or electrophilic potential of a residue is to be 
understood as a measure of the tendency of this residue to function, in the environmental condi- 
tions in which it is considered, as a.nucleophile or electrophile as e.g. in the case of a differential 
extent of bond formation with some standard such as a solvent molecule. The potential depends 
on the charge on the residue, although it is not equivalent to it, and on other factors as well such 
as the immediate environment of the residue and particularly the chemical element in contact 
with it. The concept of the establishment of a gradient amounts to the requirement that the 
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be found, if possible, rather than being the rule to which exceptions are added 
gradually ,over decades of extensive research efforts. 

Because of the suggested inability of a carbon atom to develop a substan- 
tially empty p-orbital, and because of the operation of the gradient,2J reactions 
in solutions are treated by the unified approach as being the result of the 
operation of a multitude of paths along which nucleophilic forces are transmit- 
ted from high to low nucleophilic potentials. Thus the nucleophilic attack is 
considered to involve forces acting on the molecule as a whole, namely acting 
as ctnucleophilic pressures rather than as a single force at the reaction center, 
and is channeled through many paths. It should be pointed out however that 
the pressure is visualized as made up of specific forces (specific bonds)* acting 
on specific centers. The path starting from the medium (actually the 
nucleophilic end of the potential) and going through a carbon atom and the 
leaving group (displacement reaction type of path) on to the medium (actually 
to the electrophilic end of the potential) is termed ((direct path)). Those starting 
from the medium and extending through several centers of the substrate in- 
cluding at the end a carbon atom and the leaving group on to the medium 
(e.g., elimination reaction type of path) are termed ((indirect paths)). 

One of the results of the unified approach is that the classical mechanisms 
of organic reaction classes whether nucleophilic or electrophilic, on saturated 
or unsaturated carbon, in the aliphatic or aromatic series, result as extreme 
cases of the unified mechanism. To be more precise, the classical mechanistic 
models result as extreme cases of the unified model for chemical reactions in 
~o lu t i on .~ ,~  The need for the application of this model to free radical reactions 
is less obvious although these reactions as well must be studied under this 
prism. 

changes in the potential, along any path considered, be fairly gradual, thus establishing- a 
gradient. Actually the drop between successive residues is expected to be larger between inter- 
molecular than intramolecular ones. Charge is allowed to reside on the organic backbone of the 
complex (the substrate minus the leaving group) but this is visualized and treated as a rule as 
fractional, the difference between fractional and full charge being exceedingly important from a 
mechanistic standpoint. For a given substrate structure, the gradient along a path including a 
carbon atom or any ion in general and solvent molecules is said to depend to a great extent on, 
among other factors such as steric conditions, the nature of the'nucleophilic end of the solvent 
molecule (and its bond to the rest of the solvent molecule) in immediate contact with the carbon 
atom in the intermediate complex (oxygen, which bears free electron pairs, for most of the usual 
solvents). On this basis, one cannot form an intermediate having a carbon atom bearing an emp- 
ty or nearly so p-orbital in oxygen containing solvents (and thus in most of the usual media) by 
varying the leaving group, e.g. by the use of a deamination reaction, or by electrophilic action on 
the leaving group, e.g. by the use of Ag'. This picture is a basic feature of the uni(ied approach 
and has been applied to all phenomena and to all the species referred to as ions in solution, 
whether organic or i n ~ r g a n i c , ~ . ~  the differences being only quantitatwe ones and not qualitative. 

* On the basis of the unified theory hyperconjugative type contribution and bonding of the 
hydrogen (or to a much lesser extent of carbon) to the medium or to the entering or leaving 
nucleophile become factors of major importance in many reactions. As already mentioned, 
hyperconjugative type contribution, participation, and partial bonding of the group involved in 
hyperconjugatlon to the medium or nucleophiles are to be interrelated, by way of the concept of 
the gradient, conclusions some of which are in considerable agreement with  shiner'^.'^ 
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With respect to SN1 vs SN2 reactions, the solvolysis of derivatives of the 
series methyl, ethyl, isopropyl, and t-butyl under the prism of the unified 
mechanism is studied under one mechanism with the various individual reac- 
tions representing quantitative trends within the frame of this one mechanism.'- 

It should be noted that, with respect to SN1 - SN2 reactions, the conclusions 
reachedin terms of this approach resemble, but only in a limited way, to 
some among previously expressed views13 which, it my be added, are hardly 
universally accepted.14a The trend is of an increase in the contribution of the in- 
direct paths at the expense of the direct path.* In focussing attention to the in- 
termediate, the relative contribution of the various paths is expected to be 
governed by their relative energetics. The energetics of the direct path relative 
to the indirect ones should increase in the series (from methyl to t-butyl) 
because of increased hindrance to its operation. This hindrance is not 
visualized as a simple geometric crowding of the incoming group but also, and 
very essentially, as one of hindrance to solvation (actually in terms of the un- 
ified approach it is hindrance to the development of the optimum gradient). On 
the other hand, the available indirect paths increase in number, and their 
energetics decrease from methyl to t-butyl. In solvolytic reactions, this is so 
because, among other reasons, the direct path creates an electrophilic potential 
in the solvent in contact with the substrate unfavorable for the operation of the 
indirect paths. The above render the decrease in the operation of the direct 
path not necessarily smooth. A substantial change could be visualized for ex- 
ample from the isopropyl to the t-butyl derivative. 

Attention is thus focussed on the absolute and the relative extent of 
nucleophilic contributions along each path (direct and indirect ones in this 
system). Whether a carbonium ion is formed does not enter into the picture nor 
is there any interest in the molecularity (it is not definite anyway) which, on 
the basis of the suggested importance of covalency, has to be higher than unity 
anyway. The interest lies instead in the extent of bond formations and ruptures 
which are said to be fractional and not on whether a fixed number of species is 
or not involved in such interactions. 

A pictorial illustration of the difference between the concept of carbonium 
ion intermediates and that of the unified intermediate complex is based on the 
same pictorial analogy to carbonium ions brought up by Whitmore4 and ter- 
med (can excellent analogy)). The ion was paralleled with a concave faced pile 
of sand that would be left if a log against which the pile has formed were to be 
removed quickly enough so that the sand could not start sliding. Such a pile, 
once formed, would subsequently undergo rapid changes due to this instability. 
This analogy is reversed by the present approach, according to which the sand 
slides along with the log without first forming a concave face. In fact the sand 
is said to behave almost as if it were glued onto the log, the only allowance 
made being that the glue may be visualized as elastic. On this basis, the in- 

* The definition o f  a apathj~ is given in DEMO No. 1, the first of  the series. 
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crease in the instability and reactivity of so called carbonium ion intermediates 
in going to progressively more so ctcalled unstable carbonium ions)) becomes 
the result not so much of their cccarbonium ion features)) but mostly of the in- 
crease in their non-carbonium ion character namely their increased similarity to 
the structure of an SN2 reaction transition state. The difference may also be il- 
lustrated by saying that this approach studies the reactions termed carbonium 
ion reactions (and carbanion and other ionic reactions) in terms of the resistan- 
ce of the system to the formation of such an intermediate rather than in terms 
of the tendency of these systems to first form them. Thus, the application of 
the unified approach to the concept of carbonium ions leads to a concept 
which could be termed ccnon-carbonium ions, or, in general, ((non-ionic)). 

The concept of carbonium ions has been carried over to the organic from 
the inorganic field on the basis of an analogy in the behavior between some 
organic and inorganic cations in conductivity mea~urements.'~ If the interest 
were in the external behavior of intermediates, such as the conductivity of the 
solution, namely if these species were viewed from a position somewhere in the 
bulk of the medium their characterization as ions could possibly be justified 
and this again only in a limited number of cases. However, in studying organic 
reactions, the internal behavior of the intermediate (that of the organic 
backbone) is of prime interest and even more so that of the reaction center, 
and thus the thinking in terms of ions is not justified. 

Analogous considerations should apply to inorganic ions if their internal 
transformations are considered. Some large changes in the nucleophilic reac- 
tivities of anions (fluoride,16 methoxide17) observed by changing the medium il- 
lustrate this point and instead of being surprising have been expected by this 
approach, which looks at the species called ions as being involved in extensive 
covalent bonding with the r n e d i ~ m . ~ , ~  However, there is a difference in the con- 
sequences of this picture, rendering its use more required in the organic as 
compared to the inorganic field. This difference is that the usual inorganic ca- 
tions or anions do not undergo intramolecular transformations and their reac- 
tion with the medium is reversible. Organic cations, however, can undergo in- 
tramolecular transformations (rearrangements, intramolecular partial bond for- 
mation etc.) and can react irreversibly with the medium, all these changes (and 
other behavior) being greatly affected by the extent of bonding (especially 
covalent) to the medium or to other nucleophiles and by the centers involved in 
it. 

On the basis of what has been discussed it is expected that the similarities 
between the suggestions of this approach and those of the concept of car- 
bonium ions are expected to increase as the structure of the substrate in a 
solvolysis is varied toward those believed to form a stable carbonium ion. On 
the other hand, the greater dissimilarities are expected in those cases where the 
intermediates called carbonium ions are formed not by a variation of the 
organic structure but by changing to a better leaving group (e.g. use of a 
deamination reaction) or by an increase in the electrophilic action on the leav- 
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ing group (e.g. use of Ag+ or better electrophilic action of the medium). 
Some of the conclusions of the application of the unified theory to the con- 

cept of carbonium ions resemble to some extent views expressed before13 and 
there are some respects in which the difference between the unified and the ap- 
proach employed today is only subtle and often one of degree. Individual 
references to apparent similarities are not brought up here because a discussion 
of the differences would also be required with a resulting considerable deviation 
from the subject of this paper. Such detailed discussions will appear with the 
application of the unified approach to individual subjects. There are also some 
features of the approach which seem to be another way of expressing known 
facts. These too will be dicussed individually, since even in these cases there 
are several subtle differences. A general commet to all these similarities should 
be made however; this is that the numerous conclusions reached in terms of 
this approach, some of which resemble various suggestions and facts available 
in the literature, have been actually derived from one set of principles2y3 which 
constitute the core of this approach, without knowledge or use of most of these 
other views or facts several of which have appeared during the last few years 
anyway. In fact such similarities, and thus the continued verification of predic- 
tions made in terms of this approach, constitute the best evidence for the 
usefulness of the approach. 

Discussion 

A. Sources of evidence for carbonium ion intermediates. 

The present paper deals mainly with the evidence for transient carbonium 
ion intermediates. With respect to stable ions and several of the transient ones, 
the present approach leads to differences which will not be discussed here ex- 
cept for the general comment that the evidence for these intermediates 
(N.M.R., I.R., U.V., conductivity, freezing point depression) does not exclude 
fractional bonding (including partial covalency) of the intermediate, through 
carbon and hydrogen residues, to the environment i.e., anionic leaving group, 
solvent molecules etc. 

The general sources of evidence which have established the concept of tran- 
sient carbonium ion intermediates are the following ones: 

1. Evidence for stable carbonium ions. 
2. The energetics of carbonium ion formation. 
3. Kinetic data. 
4. Product composition (stereochemical data, rearrangements, etc). 

l. Evidence for stable carbonium ions. 

The concept of transient carbonium ion intermediates, and one of the sour- 
ces of evidence for such intermediates, stems from evidence for the existence of 
stable carbonium ions.l5 This line of evidence is strengthened by the recent in- 
terest in, and evidence for, stable aliphatic ions.l8 The inference for the forma- 
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tion of unstable carbonium ion intermediates from evidence for stable ions rests 
on the assumption that the two types of species differ only in the degree of 
stability and not in their intrinsic n a t ~ r e . ~ , ' ~  If, however, in progressing from 
the stable carbonium ions to the unstable ones, e.g. by a change in the reaction 
medium and in the structure of the substrate etc., there takes place a change 
not only in the stability of these intermediate species but also in their nature, 
e.g. increased bonding of the carbon center of the substrate to the environment 
(the term environment will refer to molecules of the medium, to the leaving 
group and to nucleophiles or electrophiles in general), as is expected by this ap- 
proach, then there may be no justification for extending the picture of a car- 
bonium ion to the unstable intermediates. In fact the studies on stable ions 
could prove to be of considerable value if emphasis were placed on their fine 
print, namely on possible trends, even small ones, in the physical properties of 
stable ions explainable in terms of increased covalent bonding to the environ- 
ment as their stability is decreased, by a change in the medium or in their 
structure. If such trends were observed, their extrapolation to unstable ions 
could conceivably provide evidence against rather than for carbonium ion in- 
termediates. 

2. Evidence from the energetics of carbonium ion formation. 

Another major source of evidence for short-lived carbonium ions comes 
from correlations of the energetics of carbonium ion formation in the gas phase 
with data from solvolysis s t u d i e ~ . ' ~ - ~ ~  The correlation has apparently provided 
support to the concept of carbonium ion intermediates in two ways. One is the 
agreement between the experimentally determined activation energies for the 
solvolysis of some alkyl halides and those calculated by subtracting from the 
heats of formation in the gas phase of the corresponding carbonium ions their 
calculated solvation energies in the reaction medium. In this argument the 
calculated activation energy for the sovolysis is obtained as a small difference 
between two large numbers, one of which (the calculated solvation energy) is 
obtained only as an a p p r o x i m a t i ~ n . ' ~ ~ ~ ~  Furthermore, such an approximate 
agreement - a difference between calculated and experimentally obtained energy 
of activation smaller than 1 kcal/mole - has been obtained only for two com- 
pounds, t-butyl chloride and t-butyl bromide, in 80% ethanol. The discrepancy 
for t-butyl-iodide and the isopropyl halides varies between 1.2 and 4 kcal/mole. 
Such discrepancies however are not much smaller than the usual differences in 
the energy of activation between the so called unimolecular and bimolecular 
solvolyses. Furthermore, the lack of constancy in the agreement could very 
well suggest a possible cancelling out of effects which happens to be just right 
for two only of the halides. 

A serious objection to inferences concerning the nature of the intermediate 
from such calculations is, in addition to the approximations involved which are 
recognized a n y ~ a y , l ~ - ~ ~  the very nature of the method used. Thus, the ionic 
radii used to calculate the carbonium ion solvation energies were estimated 
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from experimental values and further increased by an empirical constant (0.85 
A) amounting to between 40 percent and 30 percent of the radii in going from 
ethyl to the t-butyl ion. The approximations to the radius as well as the method 
used to estimate it may actually question more rather than aid the physical 
picture for the support of which they ars used. Thus, they can very well a w e r  
up and include cancellations of the true .effects in the actual physical picture of 
the intermediate which may be quite different from that used as a model, i.e. 
from visualizing the carbonium ion as an entity surrounded by solvent dipoles. 

It may be argued that the use of the .empirical constant (0.85 A), by havi~g  
been successful in the calculation of the heat and entropy of solvation of in- 
organic cations20b in terms of the Born model (and the ion-dipole model) which 
does not consider covalency in the ion-solvent interaction, is justified, and that 
its success in determining carbonium ion solvation energies supports a picture 
similar to the one in the inorganic field. However, what is valid for the in- 
organic field is not by necessity applicable to organic reactions. Furthermore, 
the unified theory involves the assumption of the existence of extensive 
covalencies between atomic residues ordinarily assumed to be carrying the 
charge of an ion and the solvent molecules (referring to the usual sovents) in 
the inorganic field as  ell,^,^ a fact which is gradually being recognized. 

The need to consider the possibility that models giving approximate 
numerical agreements may deviate substantially from the actual picture as well 
as the fact that many effects may be cancelled or masked in chemical reactions 
thus evading experimental observation must be strongly emphasized and will 
often be repeated. Even small deviations from perfect agreement may be a hint 
for the existence of substantial deviations from accepted models. The trouble 
with such approximations is that even if ~ecognized as being only approxima- 
tions, they nevertheless establish the image of a model (that used in the 
mathematical treatment) which with time and by being used out of context 
becomes established as a real model capable of ir,fluenc& deeply the thinking 
in the field. That this can possibly have been the case with solvated carbonium 
ions will be discussed later in this paper and in future papers in particular. 

It can be concluded that the available :data on such energy relations do not 
necessarily distinguish between carbonium ions and intermediates involving 
partial bonds to the environment. 

The second and most widely quoted a rg~ment '~-~ '  in favor of carbonium 
ion intermediates based on energetics is similar to the first one but employs dif- 
ferences rather than the absolute numbers themselves and should thus be more 
reliable. It is based on the existence of a parallelism between the trend in the 
rate of the unimolecular solvolyses of a series of substrates and the trend in the 
stabilities (in the gas phase) of the corresponding carbonium ions which leads 
to the conclusion that the intermediate is a carbonium ion. The example often 
quoted is the rate sequence in the Jirst-order19, ",22 formic acid solvolysis of 
the ethyl, isopropyl, and t-butyl bromides which is said to parallel the gas 
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phase stabilities of the corresponding carbonium ions. However, an examina- 
tion of this argument from a quantitative standpoint is revealing. 

This particular example is chosen for the application of the criterion 
because a) it is widely quoted, b) data are available for the solvation energies 
of the corresponding carbonium ions,20 c) the system is quite representative of 
the usual systems on which the study of many reaction mechanisms has con- 
centrated (secondary derivatives) and d) formic acid is'the most limiting among 
the usual solvolytic media and thus the most likely one for the formation of 
carbonium ions if these are formed at all as believed. 

By applying equation (I)23 to the relative solvolysis rates of primary, secon- 

LW+ - M $  = 2.303 RT log b / k  (1) 
dary and tertiary halides, one can derive equation (2) in which the subscripts 1, 
2, and 3 refer to Lie above halide order respectively. 

log k3/4 -log 414 = [(AFf - AFf) - (AFf - U f ) ]  /2.303 RT (2) 
Equation (2) reduces to (3) if the concept of carbonium ion reactions is applied 
and if it is assumed that the solvation energies and entropies of the ions change 
by the same amount from ethyl to isopropyl and from isopropyl to t-butyl.* 

log k3/k, - log k2/kI = (18-33) 12.303 RT (3) 
The numbers in the parentheses are respectively the differen~e23~ in the 

energy in the gas phase (in kcallmole) between isopropyl and t-butyl and ethyl 
and isopropyl carbonium ions. They are obtained as the difference between the 
gas phase heterolytic bond dissociation energies of a series of alkyl bromides. 

The experimental data for the rate of formolysis of the three bromides at 
loooz3 give a value of 5.2 for the first half of equation (3). The second half is 
calculated to be -8.8. Thus the discrepancy between the experimental value for 
the ratio k31k,: k21kI and the one calculated in terms of the concept of a car- 
bonium ion reaction for the members of this series is actually enormous, a fac- 
tor of 1014. Steric acceleration to any important extent of the solvolysis of the 
tertiary halide can be ruled 

With respect to the mechanism of these reactions, the above numbers 
suggest that one or moie of the members of the series does not solvolyse in 
formic acid by a carbonium ion mechanism. This may not be considered unex- 
pected. However the formolysis of these halides has been characteristically dis- 
cussed as a unimolecular1g~21~22 carbonium ion reaction and thus no more than 
minor deviations from this 'picture could be allowed. In contrast, the data 

* This is justified in terms of the data given by FranklinZoa in water, methanol, and 80% a- 
queous methanol. In fact some slight discrepancies are in a direction which would help the pre- 
sent argument. Also, since differences are employed, one can safely neglect some other quantities " 

such as solvation of the initial state, possible differences in the energy of solvation of the same 
leaving group due to the blocking effect of the organic residue, and use of energy data for the in- 
termediate rather than for the transition state. 
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suggest an enormous deviation from the formation of a carbonium ion inter- 
mediate at least for one member of the series. 

The value of the difference log k,lk, - log klk, for the solvolysis of the 
same series 'of halides (ethyl, isopropyl, t-butyl bromide) in the solvents 
ethanol, 80% ethanol, 50% ethanol, water, formic acid varies in the sequence 
3.18, 3.47, 3.77, 3.95, .5.16 respectively.* This trend indicates that in going 
from ethanol to a more ionizing solvent the change affects the rate of 
solvolysis of the tertiary system over that of the secondary more than it affects 
that of the secondary over the primary one by a factor which reaches a value 
of 100 for formic acid vs ethanol (10~. '~/10~. '~) .  This can also be put in other 
terms. Whereas the rate of solvolysis of isopropyl bromide over that of ethyl 
bromide changes from 0.725 in ethanol to 26.1 in formic acid, i.e. by a factor 
of 36 only, the corresponding change for t-butyl bromide over isopropyl 
bromide is a factor of 35 X 102 (1.1 X 103 to 3 . 8 ~  106). These data suggest -that 
the isopropyl derivative behaves very much more like the ethyl derivative than 
the t-butyl one. Since the formic acid solvolysis of at least one of these 
derivatives (the ethyl bromide, obviously) was argued above to deviate greatly 
from being a carbonium ion reaction, it follows that the solvolysis of the 
isopropyl compound must also deviate from being a carbonium ion reaction. 
Thus, at least two of the compounds, namely the primary and the secondary 
derivative, solvolyse in formic acid by way of a mechanism greatly different 
from involving a carbonium ion. 

Similarly, the relative rates of solvolysis23 of methyl, ethyl, and isopropyl 
bromides show only small variation** as the solvent is changed from ethanol to 
formic acid, suggesting that the change to the more ionizing among the ,usual 
solvolytic media does not really change the mechanistic features of the reac- 
tion. 

The above analysis*** of long available .data suggests that energetics not only 

* Calculated from data given in ref. 23. 

** The fact that the variation is small is in agreeihent with the principle of this approach that the 
empty p-orbital character of a carbon atom is not a very flexible feature and that it can only 
reach a small v a l ~ e . ~ - ~  It is also in agriement with the concept of the gradient and its strong 
dependence on the nucleophilic residue of the medium (actually on the nucleophiiic potential of 
this residue). The residue in these media is the same, namely an oxygen atom, and although its 
nucleophilic potential is expected to vary, due e.g. to variation in the hydrogen bonding ability of 
the medium, the resistance to the formation of a carbonium ion carbon atom is too large and 
thus the development of charge on carbon cannot be greatly influenced by these trends. Similar 
considerations apply to the effect of the increased electrophilic action of the medium on the leav- 
ing group being too weak when compared to the resistance of carbon to the development of an 
empty p-orbital. 

*** NOTE added in 'this reprinting: It is apparent that the above predictions of the unified theory, 
and the method used above in demonstrating, and estimating the magnitude of solvent lssistance 
(and t h ~ s  from already long available data) have since found latera their more recent verification 
and analogous treatment for estlmatlng this assistance. 
a. P.v.R. Schleyer, J.L. Fry, L.K.M. Lam, and C.J. Lancelot, J. Amer. Chem. Soc., 92, 2542 
(1970). 



do not provide evidence for carbonium ion intermediates in the most widely 
used systems of mechanistic interest (solvolysis of secondary derivatives) even 
in formic acid medium but suggest instead an intermediate with features sub- 
stantially different from those of a carbonium ion. Still, even today the forma- 
tion of a secondary (2-octyl) carbonium ion (solvated) even in aqueous dioxane 
is apparentyl accepted as a possibility.14" 

3. Evidence from kinetic data 

Kinetic criteria have provided some af the strongest arguments in favor of 
carbonium ion intermediates. Among these criteria the farthest reaching one, 
because of both its direct and indirect effects in developing the concept of car- 
bonium ions, is whether the rate of a solvolysis reaction is accelerated or not, 
beyond that from a salt effect, by the lyate ion of the solvent or by a strong 
nucleophile in general. Lack of acceleration has been used as evidence for a 
carbonium ion reaction. 

This criterion and thus the arguments derived from it rest apparently on the 
assumption that since lyate ions or strong nucleophiles in general behave as 
much better nucleophiles than solvent molecules they must do so to a more or 
less similar order of magnitude in the reaction under consideration as well. 

Before discussing this criterion further a comment that must be made is 
that even if attention is focused away from the nucleophilic contribution of an 
incoming group, the criterion does not distinguish between a carbonium ion in- 
termediate and an intermediate involving bonding to the leaving group, in- 
cluding covalency, a state different from that of a carbonium ion and even 
from an ion pair in some ways. What will be discussed below is that it does 
not prove either that fractional nucleophilic displacement is absent in the first 
step of the reaction, namely that the reaction does not proceed like a displace- 
ment reaction (involving nucleophilic attack on the reaction center and on 
hydrogen residues involved in a hyperconjugative sense) which somewhere 
along the reaction coordinate forms an intermediate.* 

A postulate reached in terms of this approach is that the ratio of the dis- 
placing ability of a lyate ion (involving direct bonding of the ion with the 
residue considered, e.g. carbon or hydrogen) over that of its conjugate solvent 
molecule should be a sensitive function of, among other factors, the extent of 
bond formation in the transition state between the residue and the ion. 

The extent of bond required for reaction with the lyate ion is of course dif- 
ferent from that required for reaction with the solvent. However, the com- 

* NOTE added in this reprinting: As seen in this (DEMO 2) and earlier papers (DEMO 1 and 
ref. 1) the ((unified mechanism)) comprises as one of its very features also the recent views on 
SN2 (intermediate) or ion-sandwich proposed fifteen years later. 
a. T.W. Bentley and C.T. Bowen, J.C.S. Perkin 11, 557 (1978). 
b. T.W. Bentley and P.v.R. Schleyer, J. Amer. Chem. Soc., 98, 7658 (1976). 
c. F.G. Bordwell, and T.G. Mecca J. Amer. Chem. Soc., 97, 123, 127, (1975); F.G. Bordwell, 
P.F. Wiley, and T.G. Mecca ibid., 97, 132 (1975). 
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parison is not between these two bonds, but with the corresponding bonds to 
another substrate as the substrate is changed. The ratio kslksa, where k 
denotes the rate constant of the reaction with lyate ion S and solvent SH 
respectively, should decrease sharply as the required bond formation decreases. 
In fact, beyond a certain point the solvent could possibly become a better 
nucleophile than its lyate ion. 

Another argument for the above postulate* from the classical viewpoint 
can be given in terms of solvation effects. In order for a lyate ion to form a 
bond to a residue (whether to carbon or hydrogen) it has to become less 
solvated. This loss is two-fold. One part is due to the blocking effect of the 
organic substrate hindering solvation on one side of the ion. This is a steric ef- 
fect. The other part is a loss associated with the bonding of the lyate ion to the 
residue considered. This bonding results in a decrease in the nucleophilic poten- 
tial (approximated by the charge) of the anion with a consequent decrease in 
the solvation energy of the ion. The ratio of the change in solvation energy 
over the percent of bond formation required to reach the transition state in 
each case is expected to increase with a decrease in this percent. This conclu- 
sion is based on the second power dependence of the solvation energy on the 
charge of the ion. 

In considering the ratio of the overall loss of solvation energy over the ex- 
tent of bond formation, ratio should start from a large value and decrease 
sharply as the extent of bond required increases. Even for very weak bond for- 
mation there still is large loss due to steric hindrance to solvation. On the other 
hand, if a solvent molecule is considered to function as a nucleophile, the trend 
should be reversed, that is the ratio of the energy required because of the 
charge developed on the solvent molecule and the hindrance to solvation over 
the extent of bond formation should start from a low value (the solvent 
solvates the polar bond of the substrate in the initial state any way) and should 
increase sharply as the extent of the required bond increases. There is thus ex- 
pected to be a region of extent of required bond formation where the solvent 
could be preferred over the lyate ion. What was said about lyate ions should 
apply to other ions as well but variations are expected** (because of solvation 
differences and other factors). 

* This postulate rewlts from the application of the unified approach to the concept of nucleophi- 
licity which has been discussed only br ief l~ .~  Since reactions are treated in this approach as mul- 
ticyclic p r o c e s s e ~ ~ > ~  a nucleophile cannot be ass~gned a fixed relative nucleophilicity because this 
is expected to be a function of a number of variables (suggested by the unified model) which va- 
ry greatly. One of these variables greatly affecting relative nucleophilicities is the extent of bond 
formation between the nucleophile and various centers of the substrate as well as that of bond r- 
upture between the nucleophile and the medium (extent of desolvation) required to reach the 
transition state. Thus even reversals of relative nucleophilicities as well as of leaving group abili- 
ties are expected with a variation of these and other factors. 

** The effect must be more pronounced with lyate ions, as e.g. those of water of alcohols, since 
these are expected to involve stronger partial bonds to the medium than many of the common n- 
ucleophiles. 
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It is difficult to cite experimental evidence for the above postulate because 
the reactions belonging to the region of the proposed reversal of relative 
nucleophilic reactivities are reactions which are termed carbonium ion reac- 
tions. However, some experimental support can be obtained by studying the 
trend in the ration kl,at,i,,lk,,l,,nt as the extent of the required bond formation in the 
transition state decreases and assuming that this could be extrapolated further to 
the region of small extents of bonding to the nucleophile. 

The k o ~ - / k ~ , ~  rate ratio for the hydrolysis of some esters and acid halides 
with hydroxide and water can serve for this purpose. These reactions have 
been shown to be bim~lecular .~~ The ratio koH--/k~p* is equal to 1010.4, 107e5, 
lO7es, and 106e0 respectively for ethyl acetate, acetyl fluoride, benzoyl fluoride, 
and benzoyl chloride re~pectively?~ but only 104e2 and 103a0 for methyl 
bromide and ethyl p-toluensulfonate. It is therefore obvious that the ratio can 
vary enormously (a ten million fold change from 1010.4 to 103). It is also ap- 
parent that the ratio is much larger for acyl halides than for alkyl halides. 

These data27 suggest** but cannot prove on their own that the major cause 
for these large differences is the variation in the extent of the bond to the in- 
coming nucleophile. T E  decrease of this ratio in the above sequence is what 
one might expect for a decreasing extent of bonding to the nucleophile. Thus, 
with respect to the leaving group, the ethoxy group for example is more dif- 
ficult to remove than chloride as is fluoride compared to chloride, so that the 
extent of bond required to the incoming nucleophile should be larger in the for- 
mer cases. The bond required is also expected to decrease in the order primary 
>secondary> tertiary as far as substrate structure is concerned. 

If the drop in the k o ~ - / k ~ , ~  ratio in going from RCOX to CH& 
hydrolysis is attributed mainly to-the difference in the extent of bond forma- 
tion, the magnitude of this drop would make it reasonable to expect that 
further reduction in the extent of the bond could result in a substantial still 
further decrease of the ratio, even though the substrate may still require the 
formation, of bonds (partially covalent) to nucleophiles in order for the reaction 
to take place. If fcrthermore the difference in the concentration of H 2 0  vs OH- 
is also taken into account (study of the ration ha-lkw , kw = k ~ , o  [H201) the 
decrease in the observed effect may be even more pronounced. Thus, the value 
of the ratio koa-/kw for the hydrolysis of ethyl benzene~ulfonate~~~ is only 11. 

* Where kHZO = kW/[H20], kW being the observed rate with water as solvent. 

** It should be noted that under the prism of the unified theory,=' the hydrolysis of esters or 
acid halides does not differ mechanistically in any qualitative way (it differs only quantitatively) 
from displacement reactions on saturated carbon. This allows the comparison of data between 
the reactions of the two types of substrates. 

The large decrease in the ratio from the RCOX compounds to the RX ones cannot be ~nter- 
preted in terms of a decreased selectivity of the substrate associated with a decrease in activation 
energy (although this factor plays its role also). Thus, e.g., the activation energy for the solvoly- 
sis of methyl bromide is not smaller but much larger than that for the solvolysis of benzoyl chlo- 
ride.26 
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The use of isopropyl benzenesulfonate should result in a decrease of this value 
on the basis of the postulate. Hydrolysis of this substrate (in 36.5% aq. 
acetone) is actually unaffected by the addition of hydroxidez8 and has been 
concludedz8 to be a unimolecular reaction on the basis of this criterion. This 
constitutes an illustration of the effect this criterion has had on the thinking in 
reaction mechanisms. However, on the basis of the previous considerations this 
reaction does not have to be unimolecular in spite of these observations. In 
fact, according to the theory, the reaction center in the intermediate formed in 
this reaction (specifically the first formed intermediate) is expected to be in- 
volved in extensive total bonding (including covalency) to its environment as 
well as in intramolecular bonds. The intermediate is expected to bear resem- 
plance to what is called an SN2 transition state. 

Emphasis has been placed above on the criterion of the effect of added 
nucleophiles on the rate of a solvolysis because other kinetic kriteria supporting 
the concept of carbonium ions are also based on this one: This was also done 
in order to suggest that in nucleophilic displacements_ lyate ions are not 
necessarily better nucleophiles than solvent molecules, and that'th'ere may also 
be other cases in which this may be so, as discussed, 'eg., in the~~olvol~s i s  of 
bridgehead halidesZ9 

The mass-law effect and the more general observation of the trapping of 
carbonium ions by strong nucleophiles constitutes another general kinetic 
criterion. This criterion is based on the appearance of. added strong 
nucleophiles in the product of a reaction and in their simultaneous lack of ap- 
pearance in the rate expression (other than as a salt effect) for the reaction. 
This is taken to suggest that a rate determining step preceeds the attack by the 
added nucleophile and it is understood that this step is an ionization step dif- 
ferentiated from the displacement one (the second step) because if nucleophilic 
attack were involved in this step the added nucleophile by being a much better 
one would appear in the rate expression. Thus, this criterion depends indirectly 
on the first kinetic criterion discussed above, and specifically on thh belief that 
if nucleophilic attack is involved the added anionic nucleophile has to be a bet- 
ter nucleophile than the solvent, which however was argued not to be valid. 
Thus, this second criterion as well does not necessarily prove that the first step, 
in all the cases in which the criterion applies, does not involve displacement 
proceeding to a limited extent and that it differs mechanistically from the se- 
cond one, namely that the first step is an ionization whereas the second one is 
a displacement one. The fact that the strong nucleophile is in some cases 
preferred over the solvent in the second step but not in the first one can be un- 
derstood without the use of a carbonium ion mechanism if it is realized that 
the transition state leading to the product by being further along the reaction 
coordinate than that leading to the intermediate should involve more extensive 
bonding to the incoming nucleophile. An enchanced difference in the reactivity 
between strong nucleophiles and solvent molecules in the second step over that 



in the first step is thus expected on the basis of the postulate discussed above. 
Below a certain extent of bond required in the first step the solvent may 
behave as a better nucleophile than the strong nucleophile. This, extent, 
however, may be considerable and need not be a mere solvation effect (it is 
suggested that the added nucleo.phile can displace the incoming solvent from 
the intermediate as has been suggested earlier1). 

That this criterion provides evidence for the formation of some intermediate 
but not necessarily of a carbonium ion is substantiated by the fact that the 
criterion is positive when applied to the solvolysis of substituted benzyl tos- 
~lates,~O* for which available evidence shows that it cannot proceed by a un- 
imolecular or carbonium ion r e a ~ t i o n , ~ ~ , ~ ~  a conclusion in agreement with the 
unified mechanism. 

4. Evidence from product composition. 

Several criteria for carbonium ion intermediates, both kinetic and 
stereochemical, are based on the expected geometry of a carbonium ion center, 
namely a planar one because of sp2-hybridization due to a vacant or more or 
less so p-orbital. Experimental evidence for the planarity of such intermediates 
has thus provided support, by a reversal of the above reasoning, to the 
possibility of formation of intermediates having a carbon center with the above 
features. Evaluation of whether this evidence does support a carbonium ion in- 
termediate in the cases in which the criterion has been used is not possible by 
means of a general discussion as the present one. However a general comment 
can be made. It results from the fact that the geometry at both an olefinic car- 
bon atom and at a carbon atom in the transition state of an SN2 displacement 
reaction is expected to be planar or nearly so. Thus even if the carbon center 
of an intermediate bears very little resemblance to a carbonium ion, namely 
even if it involves extensive bonding to leaving and incoming groups andlor to 
the rest of the molecule (e.g., partial double bonds to adjacent carbon atoms), 
planarity or near planarity would still be the preferred geometry by the inter- 
mediate. 

Some of the most direct evidence for the planarity of carbonium ions has 
come from kinetic data which have shown that carbonium ion reactions are 
greatly retarded if the reaction center is prevented from reaching plana~-ity.~,'O 
Thus bridgehead derivatives have been found to be very uncreactive to 
solvolysis reactions and this unreactivity has been attributed5~10 to the fact that 
a carbon atom having six bonding electrons is more stable in a planar form 
(sp2) than in a non planar one, the difference in energy between the former and 
a tetrahedral carbonium ion (sp3) being estimated theoretically to be of the or- 

* The reactions of benzyl derivatives have been a subject of several questions as to their mecha- 
nistic interpretation and their correlation with the Hammett e q u a t i ~ n . ~ ~ - ~ ~  This system and its 
reactions is an example illustrating the creation of unnecessary problems by the concept of car- 
bonium ions and the classical mechanisms. 



der of 24 kcal. This interpretation is based on the picture of a bridgehead car- 
bon atom bearing a unit or very large charge. 

The interpretation offered by the present theory and discussed elsewhere29 
is that the observed uncreactivity and trends in these derivatives are to be in- 
terpreted instead as being due chiefly to an increase in the charge forced to 
develop on the bridgehead carbon because of unavailability of rearside bonding 
to the medium (even a small increase in charge is argued to be greatly resisted) 
and to the strain associated with the requirement for planarity, this planarity 
however being required to some extent in order to help intramolecular 
nucleophilic contribution to the bridgehead carbon rather than simply because 
of an electron deficient carbon atom. In short the classical approach assigns a 
large charge on the bridgehead carbon proper whereas the unified one assigns 
a small fraction of unit charge to that carbon.29 

With respect to the evidence derived from the stereochemical outcome of 
reactions, little can be discussed in general terms except for the comment that 
many of the usual systems which have been used for mechanistic studies on 
carbonium ions such as saturated secondary systems or benzylic systems give 
on solvolysis mostly or essentially inversion of configuration a fact which 
speaks for itself against the concept of a carbonium ion intermediate. In 
general, stereochemical data do not support the concept of carbonium ions. 
Another general comment is that a number of reactions involving partial 
racemization may behave so by way of the formation of more than one inter- 
mediate differing substantially from a carbonium ion, as could be for example 
the case of some solvolyses in mixed solvents. Similar stereochemical results 
may be understood in some cases as a delicate balance between backside vs. 
front-side substitution again from an intermediate substantially different from a 
carbonium ion. This may be the case with, e.g., deamination reactions as dis- 
cussed at the end of this paper. The stereochemical outcome does not have to 
be necessarily associated with any one type of mechanism. 

Rearrangements make up a group of reactions on the basis of which the 
concept of carbonium ions was put on a firm foundation originally4. However, 
as has been pointed out a rearrangement (on carbon), just as many 
other observations interpreted in terms of carbonium ions, can be interpreted 
as a step involving displacement on carbon thus breaking various partial bonds 
(that to an incoming group or outgoing group, or to the rest of the molecule) in 
which this carbon atom is involved, thus not requiring the concept of a car- 
bonium ion for their interpretation. In general, a rearrangement, just as any 
other reaction process, is treated by the present approach as being the result of 
the operation of paths. In focusing attention to the section of the path contain- 
ing the residue (generally carbon) bearing originally the migrating group, this 
residue has to be supplied with extensive total bonding from intra and inter- 
molecular sources in order for migration to take place. The smaller the possiple 
intramolecular contribution the larger is expected to be the required inter- 
molecular one. This offers also an interpretation of the ability of 1,3- 
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interactions (hydride shifts and cyclopropane formation) to compete with the 
more exothermic 1,2 rearrangements and proton eliminations in deoxidations 
and nitrous acid deaminations as compared to the lack of their occurrence in 
solvolyses.8 Thus e.g. in addition to a possible effect of the energetics of these 
reactions and of the nature of their intermediate, the 1,2 rearrangement could 
be more dificult in deaminations as compared to solvolyses thus giving a 
chance to 1,3-rearrangements to take place. This happens because of the poor 
ability of the leaving group to contribute nucleophilically to the ,&carbon atom 
in the case of deaminations, and also tc. the deleterious effect to such contribu- 
tion by neighboring solvent molecules resulting from the positive charge on 
nitrogen. The difference of the effect of the leaving group in contribution (e.g. 
by the medium) to the y-carbon atom could be much smaller and so should be 
its effect on 1,3 rearrangements. 

These displacement - rearrangements are visualized as occuring in the un- 
ified intermediate complex and their rate may vary between extremes. The rate 
can be extremely large as concluded by the application of the mechanism to 
certain reactions such as those usually represented as proceeding by way of 
symmetrical non-classical  intermediate^.^^ Similarly, intermolecular displace- 
ments of these partially bonded groups are also normal reactions of the inter- 
mediate ~omplex,',~ their rates varying between extremes. 

B. The question of formation of intermediates. 

The comments made above on the classical criteria for the formation of 
carbonium ion intermediates, several of which may be obvious or not new, lead 
to the conclusion that the evidence for the formation of carbonium ion inter- 
mediates constitutes actually evidence only for the formation of some inter- 
mediate at the most but does not require that this intermediate be a carbonium 
ion. However, according to the unified mechanism, all usual solvolysis reac- 
tions proceed as a rule by way of an intermediate any way and if this is 
correct, then the above criteria do not even offer any mechanistic information 
other than simply information on e.g.whether the intermediate can be trapped 
with the particular nucleophile in the particular solvolytic system employed. A 
spectrum of possible experimental observations is possible depending on the 
system and nucleophile used, but this does not have to be interpreted in terms 
of different mechanisms. Thus, several cases can be distinguished: a) The 
nucleophile may not appear at all in the product. This means that compared 
with the added nucleophile, the solvent is a powerful enough nucleophile to 
provide the nucleophilic contribution required by the particular substrate to 
reach the first and second, and more demanding, transition states which lead to 
the intermediate and the product respectively. This nucleophilic contribution 
will be to the most demanding of the many points of attack on the substrate. 
b) The nucleophile may appear in the product but not directly in the rate ex- 
pression other than as a so-called salt effect. This means that compared to the 



added nucleophile the solvent is powerful enough for the nucleophilic require- 
ments of the first transition state but not so for those of the second one c) The 
nucleophile may appear in both the product and directly in the rate expression. 
This means that the solvent is not powerful enough as compared to the added 
nucleophile to provide even the nucleophilic contribution required to reach the 
first transition state of the solvolysis reaction. In employing more and more 
demanding substrates '(in a nucleophilic sense) in a solvolysis reaction, the dif- 
ference between the nucleophilic requirements of the first and the second transi- 
tion states is expected to become smaller and for this and other reasons (e.g., 
extent of the bond to the incoming solvent in the intermediate) the intermediate 
in the cases discussed above is expected to become progressively more difficult 
to be trapped until it may conceivably not be capable of being recognized ex- 
perimentally. 

In all the above cases, the mechanistic model has remained the same, the 
only thing that has changed are the species involved in the attacks and the 
relative contributions through the various paths. 

That an intermediate is expected to form in the usual solvolysis  reaction^^,^ 
follows from the principles of this approach and will be discussed in detail 
e l ~ e k h e r e ~ ~  as the postulate of the ccetiology for the formation of intermediates>. 
The formation of an intermediate is considered to be a consequence of two fac- 
tors, the one of interest in this discussion being that most chemical reactions 
are considered by this approach to proceed by the simultaneous operation of a 
multitude of paths of transmission of nucleophilic forces. Thus in solvolyses, 
((indirect paths)) (and ((side paths)A3 in certain substrates) are said to operate in 
addition to the ((direct path)) (displacement type) in order to decrease the 
energetics of the direct one. They are expected to reach their maximum con- 
tribution roughly around the point of the reaction coordinate of maximum 
energy requirement of the direct path (the transition state if the process were a 
pure SN2 process). The superposition of the curve representing the decrease in 
the energy of the system due to the contribution of the indirect paths on that 
of the energetics of the direct displacement reaction could be anticipated to 
result in an energy minimum. It is understood of course that the larger the 
number of the indirect paths and the easier their energetics as compared to 
those of the direct path the larger the energy dip. Thus the formation of an in- 
termediate in the usual solvolysis reactions is expected to be the rule whether it 
is detectable or not. 

C. The UniJied Mechanism for Cases for which the Carbonium Ion Concept is 
Applied. 

Extensive evidence for carbonium ion intermediates seems to be deduced in 
the chemical literature by the successful, as is believed, application of the car- 
bonium ion concept to a large number of problems of limited or general nature. 
These cases will be brought up individually in applying the unified mechanism 
to chemical data. This will allow for an evaluation of whether the concept of 
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carbonium ions and the classical mechanisms represent a useful approach to 
the study of chemical reactions. A large number of extensive discussions will 
be required for this purpose and thus what is dealt with in the rest of this 
paper represents an extremely limited application to experimental data. 

There is an ever increasing realization that various reactions assumedz3" to 
be carbonium-ion reactions are actually ion-pair reactions.23c A recent example 
is the solvolysis in acetic acid of a secondary sulfonate (2-octyl tosylate) which 
was assumed to be a carbonium ion reaction in terms of the usual criteria but 
was shown recently to proceed by way of an ion-pair mechan i~m.~~  

Such trends, apparent throughout the recent chemical literature, amount es- 
sentially to a correction of the earlier conclusions reached in terms of the car- 
bonium ion approach. Furthermore, these corrections represent a large volume 
of work since they deal with each chemical system individually. The problem, 
however, lies at the root, namely in the approach to solution chemistry in 
terms of the concept of carbonium ions and carbanions, and any ions for that 
matter. The above trends constitute also one step toward verification of the 
predictions of the unified theory which discards the use of the concept of 2ons 
in studying reaction mechanisms in solution and according to which even. 
deamination reactions - some of the most notoriously carbonium ion . 
 reaction^^,^" - had been argued as early as 1958l not to proceed by way of a 
carbonium ion intermediate but by way of the unified intermediate complex.* It 
has always been inconceivable, as far as this approach is concerned, that a 
secondary carbonium ion can be formed in acetic acid and that the first for- 
med intermediate in acetic acid can have the tosylate group removed. 

There has appeared recently a sudden precipitation of papers in which it is 
concluded that the chemical behavior of a carbonium ion may depend more 
than generally expected on the mode of its generation and the leaving group 
empl~yed .~ ' ,~~  Such conclusions, however, are essential features of the unified 
appr~ach, ' ,~  and constitute one of the reasons for having argued strongly for 
the substitution of the carbonium ion concept by that of the intermediate com- 
plex. 

The recent realization that the leaving group and the solvent can affect, in 
the so called carbonium ion reactions, the extent of elimination as compared to 
s~bst i tut ion,~~ as well as the type of olefin formed,38 and that the leaving group 
can compete with the medium for the abstraction of a 'proton from the inter- 

as well as the discussion of the factors affecting this b e h a v i ~ r , ~ ~ , ~ ~  
are also inherent in the. unified mechanism and had been discussed in the 

* With respect to the function of the leaving group, the ([intermediate  complex^^^^ resembles to 
some extent but only to some extent an ion pair. There are also objections to the term ion-pair. 
The term was introduced in the carbonium ion field to describe what it actually means, namely a 
pair of ions36 not involving covalency and it is its use which has changed its meaning to cover 
such intermediates whether they involve or not some covalency. Thus the term helps emphasize 
further the carbunium ion image y@ch has strongly influenced the thinking in reaction mechani- 
sms. 



248 G. A. GREGORIOU 

original publication1 and r e ~ e n t l y ~ , ~  and will appear in detail elsewhere. The re- 
cent conclusion39 that elimination may be another general reaction which may 
proceed by way of undissociated ion-pairs has long ago been predicted1 and 
has been inherent in the unified mechanism according to which the inter- 
mediate complex has been suggested to be capable of giving directly elimina- 
tion products.'-3 The factors controlling cis and tram elimination from the in- 
termediate complex have also been discussed1-3 in part and will appear in detail 
elswhere. 

Some recent work14 has led to the suggestion that some solvents such as 
dioxane and acetone called ((inert)), because they have been believed not to par- 
ticipate as reagents in solvolyses, may actually be functioning as nucleophiles. 
These conclusions, however, are inherent predictions of the present theory and 
have often been pointed out in various They follow from the anon- 
ionic)) concept introduced by the theory. Chemical systems in solution are said 
to use all possible means in order not to form a carbonium ion-like carbon 
residue. To prevent this formation, covalent nucleophilic contribution to the 
carbon center from both intramolecular and intermolecular sources is an- 
ticipated to a relative degree guverned by their energetics. On this basis even 
saturated hydrocarbons would be expected to function as nucleophiles if 
necessary (lack of other nucleophiles, forced formation of a species that could 
otherwise have a carbonium ion-like carbon atom etc). It is consequently in- 
coceivable, as far as this approach is concerned, that an oxygen containing sol- 
vent could allow the formation of such a carbon center without functioning as 
a nucleophile (acetone and dioxane could not possibly be inert). If this were the 
case it would amount to a violation of the concept of the ~grad ien ta~ ,~  because 
it would allow the development of substantial charge (actually of electrophilic 
potential) on a carbon atom without the development of the proper charge 
(controlled by the gradient in this system and by other factors) on the oxygen 
residue in contact with it, by way of covalency between the carbon and the ox- 
ygen atom. This would amount to a large and abrupt decrease in the charge in 
going from the carbon atom toward the medium. 

As was mentioned earlier in this paper the carbon center (and other 
residues of the reacting substrate such as hydrogen atoms) ((sees)) primarily, ac- 
cording to this theory, atomic residues of molecules of the medium, e.g. an ox- 
ygen atom of a solvent molecule, secondly the molecules to which they belong, 
and only thirdly the solvent as a whole namely as a medium having a dielectric 
constant. This picture is the reverse of that of an ionization process (formation 
of ions in a dielectric medium or of ions stabilized by dipoles). 

In general, the boom in the realization in the last few years of the impor- 
tance of the solvent in chemical reactions has been anticipated1-3 in terms of 
the present theory. The importance of the solvent and its specific effects con- 
stitute a direct consequence of the non-ionic concept and of the basic principles 
of the theory as will be illustrated in detail elsewhere. The lack of their earlier 
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realization is again claimed to have been the result of the classical approach it- 
self. 

Some recent data of the solvolysis of 2-octyl brosylate in aqueous dioxane 
and in methanolic acetone14 are in agreement with the unified mechanism but 
there is basic disagreement between the interpretation offered by the above 
mechanism and the one advanced by the authors.14 It was found that whereas 
the solvolysis of optically active brosylate in 75% aqueous dioxane gave the in- 
verted alcohol of only 77% optical purity, the same solvolysis conducted in the 
presence of a proper concentration of sodium azide gave the inverted alcohol 
(formed now in competition with the azide) in 100% optical purity. These 
results were interpreted as suggesting that the solvolysis reaction follows two 
distinct mechanisms in the SN1 - SN2 sense. One of them was said to be a 
one-step SN2 displacement by water giving the inverted alcohol and the other 
was assumed to involve the formation of an intermediate, believed to be either 
a solvated carbonium ion or an oxonium ion trapped when azide was added 
giving either racemic or inverted alcohol respectively. 

As mentioned more than once, according to the unified approach, although 
various reactants may be involved the solvolysis is expected to proceed by way 
of one mechanism giving rise to an intermediate complex which reacts further. 
In examining the possibility of an SN2 displacement by the medium, this ap- 
proach suggests that, because of the tendency of the system to follow a course 
with an energy minimum and because of the energetics of the direct path which 
are influenced by both steric effects and the fact that charge is developed on 
the incoming group, the reaction is expected to derive assistance from the 
operation of indirect paths. This assistance is further facilitated by the 
nucleophilic action of the leaving group on the rest of the molecule. The fact 
that these paths do operate is supported by the observation of a secondary P- 
isotope effect in the hydrolysis of P-deuterated isopropyl tosylate ( A M *  = 44 
~al/mole)~'* Because of the operation of indirect paths the formation of an in- 
termediate (the intermediate complex) becomes a reasonable expectation with 
the ease of its trapping expected to increase from ethyl to t-butyl if the series 
n-propyl, isopropyl, and t-butyl derivatives were under study. Thus, although 
attack by the medium is expected in the solvolysis the process cannot be a 
direct one but has to go through an intermediate. 

In examining the second mechanism suggested by the authors, i.e. the 
possibility of formation of a solvated carbonium ion, the unified theory 
suggests that the large resistance to the emptying of a p-orbital on carbon, 
combined with the limited capacity for covalent nucleophilic contribution 
through the indirect paths (only two methyl groups are involved) renders 
necessary the supply of substantial total nucleophilic contribution (involving ex- 

* P-Hydrogen isotope effects have been inter~reted'.~?~' by this approach as being the result of 
the operation of indirect paths which is in fair agreement with the hyperconjugation picture as 
the cause of se~ondary  P-isotope effeck4' 
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tensive covalency) to the carbon' atom from the leaving group and incoming 
solvent group. In short, the system does not have a choice to form or not a 
carbonium ion. This is so because of the requirement for extensive filling of the 
carbon p-orbital. Thus, if one wanted to imagine~hat the leaving group were 
completely broken off in the intermediate, the ((non-carbonium ion concept)) 
would require very extensive covalent bonding between .the carbon atom-and 
the solvent (since the supply by the two methyl groups'can be only limited) a 
situation which would automatically have brought the system far along the for- 
mation of the product and the reaction could not stop there to render it an in- ' 
termediate. There is another way of putting this argument: A reaction inter- 
mediate, according to this theory, and more specifically according to the 
resulting c(postu1ate of the etiology of the formation of intermediatesn, has in 
principle nothing in common with an ion and vice versa an ion has nothing in 
common with a reaction intermediate. The actual intermediate is the species 
corresponding to the energy minimum along the reaction coordinate and this 
minimum is, according to the postulate, formed by the superposition of curves 
which are in principle such that the nature of the corresponding complex has 
to be different from that of an ion. 

Thus, one mechanistic model, the unified one, has to be applied. This can- 
not be forced, as done by the classical approach, to be either a carbonium ion 
reaction or a direct SN2 one for either the total or a fraction of the reaction. 

On the basis of this theory, the simultaneous operation of an S N 2  and of a 
carbonium ion mechanism in borderline solvolyses is not a reasonable possibili- 
ty, a suggestion which is in agreement with some views on the subject13 and in 
disagreement with others.14 Room for something resembling duality would exist 
not in the borderline but in the extreme region in which the intermediate com- 
plex formed, by having a very small energy dip, would resemble a transition 
state so much that some molecules could possess enough energy to give the 
product directly. But such statistical deviations cannot be referred to as a se- 
cond mechanism. Besides, these would be systems for which the detection of 
the intermediate would not be easy anyway. 

The above dicussion is also repeating the suggestion made by this approach 
concerning the usual solvolysis reactions according to which they all give an 
intermediate complex capable in principle of a number of further transforma- 
tions to other intermediates or products. 

In the solvolysis of the above brosylate in aqueous dioxane, the inter- 
mediate complex whether formed with water or dioxane functioning as the in- 
coming nucleophile and acting on the carbon (or, one fraction with water and 
the other with dioxane), is expected when reacting further (either as such or by 
exchanging the incoming solvent molecule with another, water or dioxane, or 
by reacting with them directly) to give rise to the alcohol, possibly protonated, 

- from its reaction with water or to an oxonium intermediate from its reaction 
with dioxane. And whereas the former is the product (or could readily give it 
by loss of a proton), the latter requires further reaction with a nucleophile (e.g. 



solvent or the added azide ion ) at the seat of the original reaction before giving 
a stable product. Furthermore, the azide could possibly intervene in the inter- 
mediate complex state in addition to reacting directly with the brosylate. 

The more extensive the total bonding of the reaction center to its environ- 
ment in the intermediate complex of a solvolysis (incoming and outgoing 
groups combined) the larger can be the expected stereospecificity of the reac- 
tion. The large specificity observ'ed in the part of the reaction proceeding by 
reaction with water supports the existence of extensive bonding to the environ- 
ment and thus supports the arguments against the development of a substantial 
charge on carbon, and the formation of a carbonium ion intermediate. 

On the basis of the present considerations it is seen that the data do not 
necessarily support a dual mechanism* and that according to this interpreta- 
tion the difference is not one of mechanism but of reactants (water vs dioxane). 
Analogous considerations are expected to apply in the case of the solvolysis in 
ethanolic acetone although here the difference in the behavior of the two 
nucleophiles (alcohol and acetone) may be more pronounced than in the water- 
dioxane medium since the nucleophilic end of acetone is a ketonic one. 
However, the reaction with acetone is not necessarily a direct displacement as 
suggested14b and the formation of an intermediate complex is considered to be 
a reasonable expectation as the first step of the reaction. 

A class of reactions in which the concept of carbonium ions is manifested 
in its fullest extent are deamination reactions. Thus even ((freess (unsolvated) 
and c(hotng (non-resonating) primary, and essentially methyl" carbonium ions 
are postulated as reaction  intermediate^.^,^ Therefore the interpretation of 
deamination reactions should be a subject of large difference between the two 
approaches which should be most pronounced as the structure of the substrate 
is varied toward that suggested to form primary and methyl type carbonium 
ions in deaminations. 

The present approach suggests for deaminations the same mechanistic prin- 
ciples proposed for all reactions in general. And, although certain reaction 
courses can be rendered very unlikely there are uncertainties as to the exact 
course of the reaction. These uncertainties arise mainly from the possible in- 
volvement of two reactants acting on the substrate (the diazomium inter- 
mediate RN,X), namely the molecules of the medium and the anionic leaving 
group X. Some difficulty is also introduced by the presence of two leaving 
groups, the X and the N,. At first the possible courses of the reaction will be 

* While this paper was being completed, another publication by the some authors appeared4= in 
which some of the discussion presented in one of their earlier papers14a has been modified in the 
direction of what is proposed in this paper but not enough as to modify the mechanistic princi- 
ples suggested previou~ly.'~ Thus the S N2 reaction has not been excluded and the suggestion of 
a dual mechanism apparently still remains in effect although it is not used in the discussion of 
their new data ((for reasons of simplicity and symmetry)). Furthermore a difference is obviously 
implied between the formation of the intermediate referred to as an ion-pair and the process i- 
nvolving nucleophilic attafk on the starting material. 
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examined* when solvent and not the group X functions as a reactant. 
The reaction course that has been argued against1 on the basis of the un- 

ified mechanism is that involving the formation of an intermediate having a 
carbonium-like carbon atom (cchob and unsolvated or carrying a unit positive 
charge or anything approaching that kind of magnitude). This constitutes the 
main objective of the discussion on deaminations which follows. The suggestion 
of a possible definite course for the reaction is a means to this end. 

It follows directly from thz principles of this approach that such inter- 
mediates can not to be formed.* 

Instead, the final intermediate responsible for the formation of products by 
the C-N bond rupture, is suggested to be, for the usual substrate structures, a 
species involving only partial C-N bond rupture (referring to the intermediate 
complex suggested1 to accompany the C-N bond rupture reaction). This will be 
briefly discussp~ further. Attention is focussed on the course of the reaction in- 
volving rupture oi the C-N bond. The part involving rupture of the N-X bond 
and whether this is partial or complete is not the focal point of this discussion 
on carbonium ions. 

This subject has been discussed in 195B1 and it was suggested that the 
reaction could be expected to proceed by way of an intermediate complex in 
which the carbon-nitrogen bond is only partially ruptured.* The rupture of the 
carbon-nitrogen bond is expected to be accompanied by nucleophilic contribu- 
tion to the carbon atom by way of the direct and indirect paths.* 

This operation of a multitude of indirect paths is reasonably expected to 
result in the formation of some intermediate complex on the basis of the 
postulate of the ccetiology for the formation of interrnediates~,3~* and the 
postulate of the gradient which stands behind it. 

* The present discussion on deaminations refers to those which proceed as non-radical reactions. 
Although most deamination reactions are considered to be of this type43 further study is needed 
especially since there are systems such as deaminations in p ~ n t a n e ~ ~ ,  where the data are not tho- 
se expected by the application of the unified mechanism to a non-radical process. 

* One reason for this is that a gradient in the nucleophilic or electrophilic potential which incl- 
udes charge is said to be established as a rule in all directions. Thus, the occurence of a chemical 
phenomenon with such a large deviation from the optimum gradient for the particular medium 
and structure of the substrate employed, as would be the case if these ((hot)) and unsolvated car- 
bonium ion intermediates were formed, is not an acceptable possibility, at least in principle. 

* If this proves to be the case it will add further arguments, against the thinking behind the con- 
cept of ion-pairs (see p. 26); it will also add support to the postulate of the etiology of interme- 
d i a t e ~ ~ ~  according to which an intermediate is not to be associated with the concept of ions or 
with that of preconceived fixed types of structures as done by the classical approach. 

* If this were not so, the postulate of the gradient (occurence of the reaction so that the gradient 
in the nucleophilic or electrophilic potential along the paths, intra- and intermolecular, be as clo- 
se as possible to the optimum for the particular system) would be violated. 

* This postulate provides information on the probable structure of the intermediate and its posi- 
tion along the overall reaction coordinate as well as on which one of the two steps (the one to 
the intermediate or that to the product) is the probable rate determining one. Similar conclusions 
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Therefore, these postulates suggest that this intermediate complex is, not a 
carbonium ion and that in certain aspects (for example in the C-N bond 
elongation or in the ratio of the total intramolecular bonding of carbon, in ex- 
cess of three, over its total bonding to its environment, outgoing and incoming 
group included, the suggested intermediate complex in deaminations may 
deviate from being or behaving as a carbonium ion more so than the inter- 
mediate from the corresponding solvolyses (of, e.g., the tosylate). This possibili- 
ty follows from the nature and partial positive charge of the leaving group and 
its effect as suggested by the postulate of the gradient. The above possibility 
would render deaminations more concerted (in some respects) and less car- 
bonium ion reactions than the corresponding solvolyses, which turns out to be 
the reverse of what is b e l i e ~ e d . ~ , ~ , ~ ~  

In the case in which the anionic X group may function as a reactant (while 
still associated with or partially broken off from the substrate) it could do so at 
the above discussed intermediate complex stage or at the diazonium inter- 
mediate stage (prior to the severance of the C-N bond). The former case is 
covered by the previous discussion (the same intermediate is formed). The lat- 
ter possibility will not be detailed here, specifically whether the formation of an 
intermediate is expected or not. It will be discussed elsewhere in applying the 
unified mechanism to the reactions referred to as SNi. In either case, however, 
the intermediate is not allowed to be a carbonium ion. 

Another possible special feature of deamination reactions to consider is that 
the nature and charge of the leaving group may render frontside nucleophilic 
contribution (by the leaving anion X acting directly or through solvent 
molecules) competitive with backside contribution. This possibility is suggested 
by the cyclic nature of reactions suggested by the unified mechani~m.~ ,~  On 
this basis, any lack of stereospecificity in the reaction could not necessarily 
mean, and be used as evidence for, the formation of a carbonium ion inter- 
mediate. In fact, a delicate balance between frontside and backside bond for- 
mation with a noncarbonium ion intermediate can explain* such results. 

An evaluation of the predictions of the non-carbonium ion concept vs those 
of the carbonium ion concept with respect to dearninations can be obtained by 
an examination of available experimental data. 

The stereochemistry of substitution in deaminations is said to support the 
carbonium ion mechanism for these reactions.43 The stereochemical results 
however can also be understood in other ways, one of which is the delicate 

are arrived at by the appl~cation of the postulate of the gradient. These postulates suggest also 
that the greater the resemblance of the structure of R to that of a primary system the greater the 
deviation of the intermediate in these deaminations from that of a carbonium ion structure and 
the greater its similarity to the transition state leading to it. Thus the intermediate might even be- 
come of no practical significance in extreme cases and the system may behave as undergoing a 
direct displacement reaction. 

* The leaving group X and the solvent, in addition to the structure of the substrate, should play 
an important role with respect to this ((delicate balancs)). 
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balance between frontside and backside bond formation mentioned above. In 
fact an examination of the stereochemistry of the substitution product in the 
alicyclic series reveals a high degree of stereospecificity. Thus, in the cyclopen- 
tane series the results obtained vary from extensive inversion to predominant 
retention.45 In the steroid series the reaction proceds with 100% retention of 
configuration (in 50%'aqueous acetic acid) from either equatorial or axial 
a m i n e ~ . ~ ~  In the decalin series the reaction proceeds with 100% retention from 
the equatorial epimer and with about 90% inversion from the axial e~ imer .~ '  
The above data are understandable in terms of a non-carbonium ion inter- 
mediate.* The change in the stereochemical outcome of the reaction with the 
system studied without loss of stereospecificity supports the view of the possi- 
ble existence of a delicate balance and thus of this being the possible cause of 
the apparent racemizations in some systems in the acyclic series rather than 
the formation of a carbonium ion intermediate. 

The formation of elimination product in deaminations has been assigned a 
carbonium ion mechanism and ground-state control from this ion is said to 
provide an adequate interpretation of the data.43 However, the data in the rigid 
cyclohexane series (in the decalin and the steroid series) do not support this in- 
terpretation. Thus equatorial amines yield no elimination product whereas axial 
ones give a large amount of olefins (50% to 100%)46,47 Here, as contrasted to 
the acyclic series, ground-state control from a carbonium ion could not explain 
the difference in the behavior of the two epimers since there is no question of 
rotation. The carbonium ion from either epimer would be expected to yield the 
same amount of olefin (assuming of course the formation of a planar car- 
bonium ion). The above difference in behavior is however, anticipated1 by the 
non-carbonium ion interpretation. The intermediate from the axial amine, due 
to the larger proximity to coplanarity** (smaller dihedral angle) between the 

* Whether the data are understood better in terms of the intermediate complex having a partially 
ruptured C-N bond or the diazonium intermediate itself will not be argued in this paper. Tt e 
main interest here is the comparison with the carbonium ion intermediate. 

** Elimination reactions have been argued'-3 in terms of the unified mechanism to depend mainly 
on two factors. The first and very important one is the complanarity between the carbon-leaving 
group bond and that of the P-carbon-hydrogen bond in the intermediate complex or the unified 
m0de1~3~ in general, and not necessarily on a tram arrangement of these iroups. This importance 
and its extent has recently been shown for bimolecular el imination~~~ (a measure of coplanarity 
is the dihedral angle between the two bonds, being larger the smaller the deviation of this angle 
from O0 or 180"). The second factor has been said to be the extent of interaction and affinity of 
the leaving or incoming groups with the corresponding p-hydrogen atoms in the intermediate 

This second factor could also be expected, as discussed earlier,' to work against eli- 
mination from the equatorial amine due to the N, leaving group which is a very poor base (can- 
not interact with the axial p-hydrogens) as compared to solvent molecules and has actually an e- 
lectrophilic potential which would not facilitate the removal of a proton in its neighborhnod. Al- 
though unlikely, the first leaving group X (from RN,X), when it is still attached in the interme- 
diate, could conceivably introduce uncertainties in this argument. Another complication could 
stem from the fact that both factors seem to hinder elimination from the equatorial amine rende- 
ring difficult an exact prediction as to which one, and to what extent, is the more important one 
in this system. The factor of coplanarity should generally be the more important one. 
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carbon-leaving group bond and the C-N bond as compared to that of the inter- 
mediate from the equatorial amine, is expected to yield more olefin (the transi- 
tion states should resemble these intermediates). 

Considerably different behavior* is observed in the solvolysis of the 
epimeric 4 - t - b ~ t ~ i ~ ~ ~ l 0 h e ~ ~ l  tosylates in either formic or acetic acid, or in 60% 
aqueous acetone.49 Here there is small difference in the extent of elimination 
from the two epimers, the axial tosylate yielding about 85% of olefin and the e- 
quatorial one about 70%. This difference between the deamination and the sul- 
fonate solvolysis supports the previous suggestion that the former may deviate 
from being a carbonium ion reaction even more than the solvolysis of sul- 
fonates. 

The deamination of a- and y-methylallylamines in acetic acidg" is of in- 
terest. The two amines did not yield the same acetate product mixtures as for 
the silver ion catalyzed solvolysis of the corresponding halides in acetic acid, 
but yielded largely the unrearranged allylic acetatr: (80% from the primary 
amine and 67% from the secondary). To reconcile these data with the car- 
bonium ion interpretation of deaminations, as much as 50% of the reaction 
was arguedga to proceed by way of a non-resonating or ((hots carbonium ion 
intermediate in which the p-orbital at the a-carbon forms an angle with the 7c- 
orbital of the double bond carbon atoms (this amounts to suggesting that an 
intermediate carrying a full positive charge on carbon is formed). Such a cchotn 
ion was considered to yield only non-rearranged allylic acetate, the rest of the 
reaction proceeding by way of a resonating carbonium ion intermediate. Exten- 
sive racemization in the deamination of optically active a-methylallylamine 
provided evidence for the carbonium ion mechanism?" The limited rearrange- 
ment, however, can be understood by a non-carbonium ion nature of the inter- 
mediate in the usual deamination reactions. Also, a competition between for- 
mation of the bond to the nucleophile with retention or inversion can account 
for the observed extensive racemization. Thus the data are interpreted by this 
approach without the need to invoke carbonium ions. 

Another source of evidence for the formation of carbonium ion inter- 
mediates in deaminations is argued43 to be the multiplicity of products ob- 
tained, but this behavior, as argued earlier in this paper, does not necessitate 
the assumption of a carbonium ion intermediate. The ground state control of 
migration in deaminations4' is also understood in terms of the suggested non- 

* The behavior of the sulfonates as compared to that of the amines can be understood in terms 
of a greater deviation in the former system of the structure of the non-carbonium ion intermedia- 
te from that of the starting material. These deviations result in such a product determining tran- 
sition state that the dihedral angle between the axis of the leaving group and the CB-H bond in 
the solvolysis of the equatorial sulfonate is decreased compared to the angle in the deamination 
reaction. In the case of the axial derivative, the deviations result in an increase of the same an- 
gle. Both these'factors favor the observed difference in the behavior between deamination and 
the sulfonate solvolysis. The second factor affecting eliminations (interaction and affinity for the 
P-hydrogen atoms) would also favor a similar trend and thus one cannot argue convincingly that 
the behavior is due mainly to the first factor. 
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carbonium ion intermediate since the greater the resemblance of the inter- 
mediate (and thus of the transition state) to the starting material the greater the 
expected ground state control. 

There also seem to be some difficulties within the ((hots and unsolvated car- 
bonium ion interpretation of deaminations itself anyway. On one hand this ion 
is concluded to be capable of very rapid intramolecular rearrangement prior to 
its reaction with the medium even in the case of a p r i m a r ~ , ~  thus unhindered 
system. On the other hand, such an ion formed without need for intramolecular 
contribution is postulatedgb to explain the classical carbonium ion nature of the 
intermediate in d e a m i n a t i ~ n s ~ ~ , ~ ~  and its behavior as s ~ ~ h ~ ~ , ~ ~ ~  (successful com- 
petition of substitution product formation with rearrangement). This successful 
competition of product formation compared with rearrangement in secondary37 
and relatively more hindered and rigid systems, such as the norbornyl 
system,37a cannot be reconciled with the unsuccessful competition of product 
formation with rearrangement in the case of primary and unhindered acyclic 
ions. In these acyclic substrates product formation would be expected to gain 
in importance over rearrangement as compared to the former systems, namely 
the reverse of what is observed, if these species were of the same type, that is, 
free and hot as suggested in the literature. 

The highly exothermic nature of deamination  reaction^^^^,^^ is apparently 
the basis for the acceptability of the formation of ((hot)), ((free)), and highly 
energetic carbonium ions in deaminations. However, according to the postulate 
of the ccetiology for the formation of intermediate~),3~ the nature of an inter- 
mediate is not controlled so much by the overall energetics of the reaction but 
mainly by the relative contribution of the direct path as compared to the other 
paths involved. Thus, the important factors are the structure of the substrate, 
the nature of the leaving group and its effect on the gradient, and the nature of 
the medium, whereas the ease of breaking the carbon-leaving group bond 
results as playing the lesser role (it all follows from the postulate of the 
gradient as well). 

The very exothermic nature of deamination reactions is substantiated in the 
literature by estimates of the energetics of the reaction RN', - R+ + N, which 
for R = sec-alkyl and in the gas phase gives A H  = -3,6 ev.37a This number 
would be expected to be considerably smaller if a ((hots carbonium ion (not in- 
volving internal resonance stabilization) or primary8 or, even more, methyl 
typeg carbonium ion were formed (the difference in the ionization potential bet- 
ween a sec-alkyl radical and a methyl radical is ca 2 ev). In considering 
deaminations in solution the substrate is not necessarily the RN', species but 
may have only a partially ruptured N-X bond or be an ion-pair RN; X- es- 
pecially in the usual deamination medium, acetic acid.44 Even if the inter- 
mediate were to be the solvated RN:, in view of the large values of solvation 
energies, solvation of the R+ would also be necessary in order for the reaction 
to remain exothermic. 
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However, according to this approach, the solvation model of a charged 
atomic residue (carbon here) involves extensive covalency and thus the R+ 
would have to be non-((hot)). This example illustrates also the misleading in- 
fluence of solvation models and of the pitfalls in the classical approach due to 
the approach itself. 

The above lead to the conclusion that the formation of c(hots, ((free)), andlor 
primary carbonium ion intermediates may deviate greatly from being a highly 
exothermic process. 

One of the interesting areas of application illustrating the difference in the 
results obtained from the non-carbonium ion vs those from the carbonium ion 
concept is that of the field of non-classical carbonium ion intermediates. The 
description of the intermediate not as an entity (a carbonium ion or an ion pair 
in which the cationic part is generally treated as an entity interacting with the 
anionic counterpart by a geometric arrangement expected from a pair of ions, 
namely symmetrical) but as the unified intermediate with its mul- 
titude of fractional and speczjk bonds and bond ruptures, renders the inter- 
mediate automatically unsymmetrical (as described1-3, and thus the representa- 
tion of the intermediate system by a single mesomeric symmetrical species 
emerges in principle as unjustified. This has been sugge~ ted~ ,~  to apply as a 
rule to intermediates formed in the usually employed systems and media 
whether the group forming the bridge is a hydrogen atom, a simple alkyl 
residue, or a phenyl group (some special considerations of a difference in 
degree have to be made here) and whether these are considered in the aliphatic 
or in the aromatic series. Another way of expressing this is by saying that the 
first formed intermediate, from these and other systems discussed elsewhere,33 
has to be, as a rule, unsymmetrical. On the basis of this approach, even if the 
chemical behavior of a system suggests the formation of a single symmetrical 
intermediate the system still has to be described by unsymmetrical ones. 
Whether in addition to these unsymmetrical ones the symmetrical structure 
represents an intermediate or a transition state as well as a detailed discussion 
of this subject as a whole and evidence for these conclusions appear 
elsewhere.33 

One interesting correlation between the above subject and deaminations is 
the following. One of the reasons for arguing against the concept of a single 
mesomeric non-classical intermediate is the refusal of the present theory to ac- 
cept the carbonium ion picture and study of intermediates. On this basis the 
larger the deviation of an intermediate obtained from a substrate having a 
given carbon skeleton (e.g. by a change in the leaving group) from the picture 
of a carbonium ion, the larger may be expected to be the deviation of the 
behavior and of the resemblance of this intermediate from that of a non- 
classical intermediate, and more specifically from that of a single mesomeric 
symmetrical intermediate. Actually more factors, such as the intramolecular 
cyclic interactions of the unified model enter into the picture.33 On this basis 
and on the basis of the suggestion that deaminations may deviate from being 
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carbonium ion reactions even more so than solvolyses, coupled with the poor 
function of the N, leaving group in intramolecular cyclic inter at ion^,^^ 
deaminations should deviate more than solvolyses from behaving as proceeding 
through a symmetrical non-classical intermediate. Experimental data on 
deamina t i~ns~ ' ,~~  are in agreement with this prediction. 

One of the most inner features of a carbonium ion and thus a minimum 
prerequisite for such a species, is that the relative and absolute charge distribu- 
tion be governed and thus determinable by quantum-mechanical principles con- 
cerning the ion itself. On the other hand, the representation of actual reaction 
intermediates by a unified intermediate complex is expected, because of the 
features of this complex,* to lead to a distribution of charge (both relative and 
absolute) substantially different from that calculated for a carbonium ion. This 
remains to be shown although it seems to be rather obvious. If even this is the 
case, there is little left for the concept and the picture of a carbonium ion to 
stand on since it is difficult to find any feature of actual reaction intermediates 
that is really characteristic of a carbonium ion, and only of a carbonium ion, 
or any feature that suggests that these intermediates are entities (referring 
always to the usual reaction intermediates and not to some exceptional struc- 
tures). The only feature that seems to be common to such reaction intermediates 
is that they carry some fractional charge on their organic skeleton but this is 
also a feature of the transition state of many apparently direct displacement 
reactions as well as starting materials. 

The objective of the discussion presented in this paper was to overcome the 
obstacles to arguing against the intervention of carbonium ions imposed by the 
criteria which have established the carbonium ion concept. This was done only 
to some extent and further evidence will be needed. A strong emphasis is 
placed on the non-carbonium ion picture because it is one of the essential 
starting points, according to the theory presented, for reaching conclusions on 
reaction mechanisms. It will be shown in future papers** that the abandoning of 
the picture of ions and the use of the unified theory provide an answer to most 
past and present problems of reaction mechanisms as has been suggested 
before. 

* Extensive covalencies and specific and fractional bonds. 

** In the remterpretation of organlc reactions in the hght of the unified theory suggested in 1958' 
and carried out r e ~ e n t l y ~ ' ~  any aspect of the field which was not In agreement w ~ t h  the pre- 
d~ctions of the theory has been questioned regardless of how well estabhshed it was. This had as 
a result the questioning of a large number of reaction mechanisms covering organic solution che- 
mistry, of mterpretations, and of concepts of the classical approach as they were estabhshed In 
1958. It will require several years in order for these conclusions to appear in p r ~ n t . ~ '  
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IN VITUO RADIOIODINATION OF NUCLEIC ACIDS WITH HIGH 
SPECIFIC ACTIVITY AND MINIMAL DEGRADATION 

D.S. ITHAKISSIOS 
Nuclear Research Center ~Dernocritoss 
Aghia Paraskevi Attikis, Greece 

Abstract 

A modification of Commerford's iodination procedure is described where 
iodine is incorporated into nucleic acids through a stable covalent bond as 5- 
iodocytosine. According to this method solutions of polynucleotides containing 
NaC10, are heated at 60•‹C in the presence of thallic trichloride plus iodide at 
pH 4.7. Sodium perchlorate is used to maintain single strand denaturation 
during the iodination procedure, whereas TlC1, catalyzes the reaction. A se- 
cond hearing step at pH 7.5 follows the first one and this facilitates the re- 
moval of unstably bound iodine. Factors affecting the iodination reaction are 
discussed in detail. Several physiochemical studies using iodinated as well un- 
creacted DNA indicate that the iodination reaction does not induce significant 
alterations in the macromolecule. 

Introduction 

In the seven year period following 
procedure (1-2) for the in vitro iodination 

the publication of Commerfod's 
of nucleic acids, this method has 

been employed in a wide diversity of applications (3-5). Our interest for radio- 
labeled polynucleotides arose frpm preliminary studies showing that 1311-DNA 
and 1251-DNA accumulate in a variety of tumor tissues and have the potential 
for a useful tumor-imaging agent. In order to investigate further these results, it 
was necessary to have at hand a labeling procedure which could be applied to 
a wide variety of polynucleotides, would provide high specific activity, avoid 
degradation of the native nucleic acids and produce radioiodinated products 
with high in vivo and in vitro stability against dissociation of the label. Com- 
merford's method has been reported to be associated with some not well under- 
stood factors resulting in undesirable properties for the purpose of our studies 
(6-7). 

In thig work a modif!cation of Commerford's labeling procedure (1) is 
described whirh minimized the damage to native nucleic acids while maximi- 
zing the extent of iodination. A detailed discussion and experimental data are 
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provided for several factors that affect the iodination efliciency. The physico- 
chemical properties of iodinated and unreacted nucleic acids are compared. 

Reagents and solutions 

All reagents were analytical grade. The water used was doubly distilled. 
Nucleic acid denaturing solution, 0.1 M acetate buffer, pH 4.7, containing 

10 M sodium perchlorate (NaClO,). The solution was made by dissolving the 
NaC10, in a mixture of equal parts of 0.1 M sodium acetate and 0.1 M acetic 
acid, and adjusting the pH to 4.7. This was stored at 4•‹C up to fifteen days 
and filtered through 0.22 pm Millipore filters before use. 

Thallic trichloride (TICZ,), reagent grade, was stored at 4OC in 0.1 M sol- 
utions. These were replaced monthly. Working solutions were made in 0.1 M 
acetate buffer, pH 4.7, and filtered through 0.22 pm Millipore filters before use. 

Potassium iodide (KI) stock solution 1 M, was stored at 4OC. Working sol- 
utions were made in 0.1 M acetate buffer, pH 4.7. 

Radioiodine, NalZ5I, 350-600 mCi/ml, containing 1.8 X l t 4 M  iodine at a 
concentration of 400 mCi/ml, and carrier free Na1311, 600-950 mCiJml, were 
obtained from New England Nuclear Co., Boston, Mass. Each shipment was 
tested for radionuclide purity, and in addition the buffering capacity per unit 
volume of solution was determined by titrating the amount of base in a small 
aliquot with bromcresyl green indicator solution (0.04%). Prior to use in ra- 
dioiodination the pH of the radioiodine solutions was adjusted close to 4.7 by 
adding predetermined amounts of an acidification reagent made of a mixture of 
3 m1 0.3 M HNO,, 5 m1 0.1 M sodium acetate buffer (pH 4.7) and 4 m1 water. 

Dialysis buffer was made by mixing 0.4 M NaCl and 2x l t 4 M  ethylene- 
diaminetetraacetic acid in 0.01 M phosphate buffer, pH 7.5. 

Heat-denatured DNA was prepared by heating at 100•‹C for 5 minutes a 
calf thymus DNA water solution of 10 mglml and fast freezing at -20•‹C. 

Methods 

PuriJication of nucleic acids. A solution of nucleic acid (0.2 mglml) was 
shaken two times with an equal volume of freshly distilled phenol saturated wi- 
th 0.01 M potassium phosphate buffer, pH 7 (approximately 35 g of buffer per 
100 g phenol). The final aqueous nucleic acid layer was extracted 3 times with 
4 volumes of diethyl ether followed by bubbling dry nitrogen through until it 
was free of ether fumes. After the nucleic acid was precipitated by adding 5 M 
lithium chloride, the gelatinous residue at concentration 10 mg/ml was suspen- 
ded in 0.15 M sodium chloride - 0.015 M sodium citrate buffer, pH 7, and 
centrifuged at a cesium sulfate qtep-gradient at 35,004 g for $24 hours at room 
temperature (22OC) in a Spinco SW 65 rotor (8-11). Following centrifugation 
the nucleic acid band was recovered, dialysed overnight at 4OC against 0.1 M 
NaCl, lyophylized and stored at -20•‹C in the dark. 

Concentrations of polynucleotides, exp~essed as molarities (l), were cal- 
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culated from the measured ultraviolet absorption of the polynucleotide stock 
solutions at pH 7 using the values for morar extinction coefficients reported in 
the literature (12-15). 

Modified radioiodination method. The concentrations of mucleic acids, KI, 
radioiodine, and TICI,, used are fiven in the text. Unless otherwise specified, a 
1 m1 reaction mixture (pH 4.7) containing 6M NaC10, and desired amounts of 
KI, NalZ5I or Nal3l1, polynucleotides, and TICI, was heated for 10 minutes at 
60•‹C immediately after addition of TlCl,. The reaction was cooled in ice; the 
mixture was chromatographed at 4OC on precalibrated Sephadex G-50 (fine) 
column 5Ox2cm; and eluted with dialysis buffer (pH 7.5). The iodinated 
polynucleotide- containing fractions were combined and concentrated overnight 
at 4OC by vacuum dialysis against 1 liter dialysis buffer solution. Then the 
buffer was replaced with preheated buffer at 60•‹C and both buffer and the 
mixture in the dialysis sac were heated for 1 hour at 60•‹C. Finally, the dialysis 
buffer was replaced with 0.9% NaCl and the nucleic acid was dialyzed for 12 
hours at 4OC and stored at -20•‹C in the dark. 

Commerford's radioiodination method. A mixture, 2 m1 volume, containing 
6-7 X 10-4 M (as nucleotides) polynucleotides, 2.5 X 1V4 M KI, 2 pCi of lZ5I, 
and 1.5 X lC3 M TIC1, in 0.1 M ammonium acetate - 0.04 M acetic acid 
(pH 5), was heated for 15 minutes at 60•‹C. Then the reaction mixture was 
cooled in ice, mixed with 0.1 m1 of 0.1 M NazS03 and 0.4 m1 of 1 M ammo- 
nium acetate - 0.5 M NH,OH to raise the pH to 9, heated for 20 minutes at 
60•‹C and chromatographed on Sephadex G-50 (fine), and eluted with 0.1 M 
ammonium acetate. The ultraviolet absorption at 260 nm and the net ra- 
dioactivity was determined for each fraction. The iodinated polynucleotide - 
containing fractions were combined and the polynucleotides were concentrated 
by vacuum dialysis. 

Speczsc activity and degree of polynucleotides. The specific activity of the 
radiolabeled products was calculated in dpmlpg. In cases where the concentra- 
tion of the iodinated product was too small to be determined spectrophotome- 
trically, the specific activity was approximated from the initial amounts of the 
polynucleotides added to the iodination reaction mixture assuming a complete 
recovery of the nucleic acid during the iodination steps (16). 

The percent of radioiodine incorporated into polynucleotides was determi- 
ned by measuring the activity of an aliquot of iodinated products and compa- 
ring it to the initial activity. 

The counting efficiency was determined by means of a calibrated lZ9I sour- 
ce and was generally 30-50%. 

Density gradient sedimentation equilibrium (8-11). Studies were carried out 
using 3-5 ,ug of nucleic acids, and 4 m1 of CsCl solution (1.71 glml) containing 
0.01 M tris-HC1 buffer, pH 7. The final density of the mixture was adjusted to 
1.71 g/ml. 

Melting temperature (Tm). DNA samples at a concentration of approxima- 
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tely 20 pg/mI were melted in stoppered 1 cm pathlength square cuvettes in a 
Gilford spectrophotometer with a temperature programmer to monitor the 
absorbance of four cells at 260 nm. 

The Tm values corresponded to the midpoint of the absorbance rise obtai- 
ned from a h e a r  plot of absorbance versus temperature increase values (17). 

DNase I - snake venom digest of iodinated DNA (18-19). Two m1 1311- 
DNA solution, 7x lW4 M as nucleotides, were digested first for 90 minutes at 
37OC in 5 mM MgSO, and 100 pg/ml DNase I, then overnight at 3I0C with 
0.5 mg/ml snake venom (crotalus adamanteus) at pH 9. The pH was raised 
using 1 M NH,OH prior to snake venom addition. The nucleoside digest was 
chromatographed on a Sephadex G-10 column (90x 1.5 cm) precalibrated with 
albumin, deoxycytidine, thymidine, deoxyadenosine, lZSI-deoxycytidine and deo- 
xyguanosine (20) and was eluted at a flow rate of 30 ml/hr, controlled by a pe- 
ristaltic pump, using 0.01 M citric acid - NazHP04 buffer, pH 3.5. Fractions 
of 3.0 m1 were collected, and the absorbance at 260 nm as well as the ra- 
dioactivity in cpm were determined. 

Results and discussion 

The iodination method described in this paper is a modification of that 
described by Commerford (1-2), where iodine was incorporated mainly into the 
position 5 of cytosine of polynucleotides, through the use of thallic chloride 
(TICI,) as an oxidizing agent to form a stable covalent bond (5-iodocytosine). 
Other iodination procedures such as those using lZ5IC1 (21) or N- 
iodosuccinimide (22) were found unsatisfactory for further study. The first me- 
thod required conversion of the nucleic acid into a salt soluble in organic so- 
lvents and led to  degradation. The second was inconvenient and provided low 
specific activity products. 

In summary Commerford's method involved heating at 60•‹C single- 
stranded polynucleotides in an aqueous solution containing KI, N a V  and 
TICl, at pH 5.0, chilling the mixture to O•‹C, and termination of the iodination 
reaction by reheating the mixture at 60•‹C with raised pH (-9.0) in the presen- 
ce of the reducing agent Na,SO,. Although this method was simple to perform, 
it has been reported that it is associated with some unknown factors which so- 
metimes may affect the specific activity, stability and uniform labeling of the 
iodinated products or in certain cases may introduce chain scission of nucleic 
acids as a consequence of the labeling procedure (1, 3-7, 16, 23-26). 

In an attempt to overcome some of these diff~culties, several changes were 
introduced to Commerford's method, which allowed iodination under milder 
conditions and produced increased specific activity and stability of radioiodina- 
ted products. a) The heat denaturation step required by Commerford's method 
for double-stranded nucleic acids prior to iodination was eliminated. Instead, 
the iodination reaction was performed in a concentrated sodium perchlorate 
(NaClO,) solution, which allowed continuous denaturation of nucleic acids 
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during iodination without interfering with the reaction. This change, in addition 
to simplifying the procedure, allowed homogeneous conditions of iodination for 

U a large number of nucleic acids irrespective of melting temperature (Tm) val- 
ues. b) The iodination reaction was terminated by cooling, raising the pH to 
neutral, instead of nine, and removing the unreacted iodide and other salts pre- 
sent by gel chromatography and dialysis. This step was not recommended in 
Commerford's procedure; however, it was introduced in order to eliminate un- 
necessary substances during the critical second heating step. c) The Na2S0, 
reducing agent was eliminated in order to minimize risks of deamination and 
deiodination of the polynucleotides. d) Finally, the second heating step was do- 
ne at pH 7.5, instead of 9, and the iodinated reagents were incubated in a dia- 
lysis bag in order to facilitate the removal of unstable iodine from the iodinated 
products. 

Table I shows a comparison of the amount of radioiodine incorporated into 
polynucleotides following Commerford's and the modified iodination method 
described in this work. More than 20% increase in the specific activity was 
obtained in the majority of the cases. 

Parameters Affecting the Iodiation Reaction 

Nucleic acid solutions. Contamination of nucleic acid preparations with 
substances capable of reacting with iodine, such as proteins, or with reducing 
substances which may inhibit labeling, such as sugars, is undesirable. As a 
consequence special precautions should be taken in the purification of polyn- 
ucleotides when radioiodination is to be performed. However, .purification steps 
should be performed with special concern for the fact that increasing the com- 
plexity of a procedure to purify nucleic acids also increases the tendency to in- 
troduce chain breaks (12). 

Several methods of purification were investigated and led to buffer satura- 
ted phenol extraction followed by salt precipitation with lithium chloride and 
centrifugation in cesium sulfate gradients (11-14, 23). The phenol reagent 
should be freshly distilled in order to eliminate oxidation products and other 
contaminants. Two extractions removed about 60-80% of 100 pg highly puri- 
fied iodinated human serum albumin (lZ5I-HSA) added to a control sample of 
RNA solution (0.2 mglml). Multiple extractions with phenol were avoided since 
the method is considered inadequate to completely remove proteins and, fur- 
thermore, may cause fragmentation of nucleic acids (27-28). The precipitation 
of nucleic acids with lithium chloride removed 30-50% the 1251-HSA that re- 
mained after phenol extraction, but RNA collected in the gelatinous residue 
was iodinated more effectively, increasing iodine incorporation as much as 5-8 
fold, indicating that some reducing agents may have been removed in this step 
(23). Additional purification by preparative sedimentation through cesium sul- 
fate gradients eliminated more than 90% of the Iz5I-HSA that remained after li- 
thium chloride precipitation from the polynucleotide bands. Under these condi- 



TABLE I: Iodine Bound to Polynucleotides in TIC4 Catalyzed Reaction* 
I 

Polynucleotides 

Native calf thymus DNA 4957 (3 115-6732)** 28470 (25861-32025) 
Heat denatured calf thymus DNA 22017 (18195-24411) 28363 (26371-30515) 
E. coli t-RNA 15176 (13268-17150) 20642 (18148-22972) 
Chicken 28s r-RNA 14458 (12822-16604) 19653 (17814-22863) 
Po~Y(A) 238 (125-361) 237 (115-311) 
Po~Y(G) 227 (162-414) 287 (186-409) 
Po~Y(C) 35922 (32378-38018) 42256 (40865-44376) 
PO~Y(U) 1521 (1215-1705) 2102 (1904-231 1) 

1251-Polynucleotides (dpm/bg) 

* Polynucleotides were iodinated as described in the experimental section using 40-50 kg polynucleotides, 2.5 X 10 M KI, 2 pCi, 12q? 

and 3x 10 M TIC1,. -3 

** Mean (range) four experiments. 

Commerford's 
Method 

Modified, 
Method 
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tions proteins remained near the surface of the gradient, whereas polynucleoti- 
des were concentrated in bands between l/, and '/, of the distance from the 
bottom of the tube. Comparative density gradient sedimentation equilibrium 
experiments showed no significant alterations of nucleic acids during the purifi- 
cation steps (10- 1 1). 

First heating step. Table I shows that native DNA solutions were poorly 
iodinated as compared to denatured DNA. Thus, initially double-standed n- 
ucleic acids were heat denatured at 100•‹C prior to iodination, as recommended 
by Commerford (1). Disadvantages of this approach to denaturation include 
the risk of chain scission (6, 7, 12), the different handling of single and double- 
standed polynucleotides in comparative studies, and most significantly heat de- 
natured nucleic acids with low complexity may renature during the iodination 
resulting in heterogeneous products in terms of iodination (6-7). DNA comple- 
xity is defined as the number of base pairs present in a nonrepeating sequence 
(29). 

In an effort to find an alternative method of denaturation, several denat- 
uring solvents (7, 29) such as tetraethylammonium chloride, formamide, dime- 
thy1 sulfoxide, or sodium perchlorate in varying concentrations were added to 
the reaction mixture of native calf thymus DNA in Commerford's method. The 
efficiency of iodination was determined from the specific activity value of iodi- 
nated products. It was concluded that concentrated solutions of NaClC,, 5-7 
M, allowed iodination of native calf thymus DNA in specific activities campa- 
rable to those obtained using heat denatured DNA solutions. Other denaturing 
solvents inhibit iodination. Table I1 shows the effect of NaC10, concentration 
on the incorporation of iodine into calf thymus DNA. The presence of NaC10, 
did not affect basic iodination mechanisms since in an additional experiment it 
was found that denatured DNA was iodinated identically in the presence or 
absence of this agent. Probably NaClO, acted simply as a denaturing agent 
during the iodination without further participation in the reaction mechanisms. 
Nevertheless, heat denaturation of double-standed nucleic acids was not neces- 
sary in the presence of NaClO, and therefore this step was omitted in further 
experiments except when it is specifically indicated that heat denatured nucleic 
acids were used. Commercial samples of NaClO, yielded solutions which va- 
ried widely in pH (30). Thus, working solutions of NaClO, were buffered to 
pH 4.7. It should be emphasized that some pH meters equilibrated slowly (2-3 
min) with concentrated NaClO, solutions. The buffer was fdtered prior to its 
me because lack of filtering resulted in lower radioiodination yields. 

The presence of NaClO, had no effect on the pH requirements of the 
reaction which lies between 4 and 5 (1, 5). It was decited to conduct the 
reaction at pH 4.7, which was close to the pK of acetate ion (pK = 4.76), in 
order to prevent the possibility of deamination, depurination or acid hydrolysis 
of the polynucleotides at low pH values (31). In this regard it should be noted 
that commercial radioiodine solutions included significant amounts of NaOH 
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TABLE 11: Effect of NaCIO, Solutions on the Incorporation of Iodine into' Calf Thymus DNA* 

NaClO, lZ5I-DNA NaClO, 1251-DNA 
(M) (dpmlpg) (M) (dpml~g) 

* Calf thymus DNA (51 pg) was iodinated as described in the modified method using 2.5 X 10 
MKI, 2 pCi '151, 3 X 10 M TIClj and apptopriate concentrations of NaClO, denaturing agent. 

which may change the final desired pH of the reaction mixture especially when 
the reaction is carried out in smaller than 0.5 m1 volumes. To overcome this, 
the buffering capacity per unit volume of the radioiodine solutions was determi- 
ned in each shipment and appropriate ammounts of acid were added to neutra- 
lize it. 

The relative concentrations of KI, TlCl,, and nucleic acids were found to 
influence critically the efficiency of the iodination reaction (24). Optimum K1 
concentrations were in the range of 2.5 X le4 - 2.5 X 1W5M. Concentrations 
higher than 2.5 X l e 4 M  decreased considerably the iodination yield. Optimum 
TlCl, concentrations were 3-12 times higher than the K1 concentrations. Final- 
ly decreased nucleic acid concentrations were found to increase significantly 
the specific activity of the radiodinated products. This increase in specific 
activity was difficult to explain, but it was expected to be related to the mecha- 
nism of the reaction and the extent to which the intermediate product 5-iodo-6- 
hydroxy-dihydropyrimidine proceeds to 5-iodopyrimidine with varing nucleic a- 
cid concentrations (32). 

Figure 1 shows that the iodination reaction was faster in concentrated 
NaCIO, than in H,O. Using Commerford's procedure, the percent of iodine in- 
corporated into polynucleotides depended on the temperature and incubation ti- 
me. Maximum iodination was obtained at 70-80•‹C and 60 min incubation ti- 
me. On the contrary using the proposed procedure iodination was complete wi- 
thin 5 min at 60•‹C with comparable yield. The advantage of short incubation 
time at lower temperature was the minimized risk of degradation of the nucleic 
acids. 

Reaction Termination. The iodination reaction termination step as descri- 
bed by Commerford (1) exmploys the addition of Na,SO, to the chilled 
reaction mixture, raising the pH of the reaction to 8-9, and reheating at 60•‹C 
for 20 minutes. The Na,SO, is co.nsidered as a safety step (3-5) which was 
mainly used to reduce volatile components of radioiodine (I,) to radioiodide 



FIG. 1. Effect of Incubation Temperature and Reaction Time on the Iodination of Calf Thymus 
DNA. 
Calf Thymus DNA (40 ,ug) was iodinated following Commerford's method at 40' ( - ), 500 (. 
- m). 600 ( - ), 700 ( - ), or 800 (@ - O), and following the modified method at 600 (X - 
X). The concentration of the reagents were as described in the legend of Table 11. 
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(1'). In the modified procedure, reported in this work, Na2S0, was eliminated 
because of the disadvantages associated with its use. First under mild condi- 
tions Na2S03 may convert cytosine to uracil by deamination (33), thus possi- 
bly alt&ing the nucleic acid primary sequence. Second there is a marked insta- 
bility of iodine atoms associated with uracil residues (1, 2, 24-26) and therefore 
Na2S03 treatment may result in greatly enhanced deiodination of the nucleic a- 
cids. This was confirmed in the study shown in Table I11 where dissociation of 
iodine from iodinated poly(C) was observed when 1251-poly(C) solutions were 
incubated for sixteen hours at 60•‹C in the presence of increasing concentra- 
tions of Na2S03. 

TABLE 111: Effect of NaJO, on the Liberation of Radiodine from '2sI-Poly(C) Solutions*. 

'ZJI-poly(C) 
(% radioactivity lost) 

* One milliliter of Na,S03 solution containing 10 pg of '2sI-poly(C) was incubated at 60•‹C for 16 hr 
and then chromatographed on Sephadex G-50 (fine) column. 

The pH of the reaction mixture immediately following the first heating step 
was found to be very important factor influencing both the amount of iodine 
bound to polynucleotides and the stability of the iodinated products. Table IV 
shows the effect of pH on the amount of iodine bound to polynucleotides im- 
mediately after the first heating step. The study was conducted by observing 
the percent of the total radioactivity precipated with polynucleotides in the pre- 
sence of trichloroacetic acid from solutions with pH 4 to 9 after the first hea- 
ting step. Control solutions of 1251 and carrier polynucleotides had less than 
0.1% radioactivity in the sediment, after precipitation with trichloroacetic acid, 
indicating that only iodine bound to polynucleotides was precipitated, whereas 
free iodine remained in the supernate solution. The results showed that in all 
cases the amount of iodine bound to polynucleotides was much higher in acidic 
versus neutral or basic solutions. At neutral or basic pH the percent of ra- 
dioactivity bound to poly(C) or DNA was constant and independent of incuba- 
tion time. In the case of poly(U) stable iodination products were obtained when 
the second heating step was performed at basic pH. Additional studies using 
dialysis and Sephadex chromatography after the first and second heating steps 
showed that about 60-70% of the radioactivity was eluted in association with 
DNA or poly(C) after the first heating step, but only 35-45% remained bound 
after the second heating step. This amount of radioactivity remained constantly 
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bound during prolonged additional heating at 60•‹C. In a similar experiment 
using poly(U) it was found that 40-55% of radioactivity was bound to polyn- 
ucleotide after the first heating step and this was reduced to less than 5% after 
the second heating at pH higher than 7. Thus, these experiments indicated that 
the steps immediately after the first heating one were the critical determinants 
for efficient incorporation of iodine into polynucleotides in a chemically stable 
form. In addition, unstable iodinc: bound to uracil bases required at least a 
weakly basic environment and 15-30 min incubation at 60•‹C to remove all un- 
stable iodine. Therefore, in order to have similar iodination procedures for both 
DNA and RNA, the second heating step was done at pH 7.5 and 60 rnin in- 
cubation time. 

TABLE IV: Effect of p H  on the Amount of Iodine Bound to Polunucleotides qfrer the Second 
Heating Step*. 

% of ~Adioiodine Bound to ~ol~nuheot ides  

* Solutions of poly(U), poly(C) and heat denatured calf thymus DNA containing 40-50 pg were 
heated at 60•‹C for 30 rnin in the presence of 2.5 x 1op4 M KI, 25 @Ci Iz5I and 3 X 10-~ M 
TICI,. The mixtures were then cooled; 2.5 X 10-2 M K1 was added2 to stop further iodination 
and the pH of each solution was adjusted from 4 up to 9 using predetermined amounts of 0.5 N 
NaOH or HC1. Then the volumes of the solutions were brought to 4 m1 by adding appropriate 
buffer and the mixtures were incubated at 60•‹C for up to 80 min. During heating 0.1 m1 aliquots 
were removed at 10, 20, 40 and 80 min intervals, mixed with 5 pg carrier polycucleotide, coun- 
ted and precipitated in 1 m1 10% (w/v) trichloroacetic acid at 4OC (15 rnin incubation). Therea- 
fter, the precipitates were collected on Millipore RA nitrocellulose filter, washed with 5% trichlo- 
roacetic acid and counted. The radioactivity of the precipitate (radioiodine bound to polyn- 
ucleotide) was compared to that of total radioactivity as follows: 

40 

radioactivity in precipitate 
% radioiodine bound = X 100 

total radioactivity of aliquot 

80 80 pH** 

** Buffer solutions with constant ionic strength (I = 0.1) and pH ranging from 4 up to 9 were: 
Acetate buffer 559 mM, pH 4, and 146 mM, pH 5. Phosphate buffer 81 mM, pH 6 and 66 mM, 
pH 7. Barbital buffer 23 mM, pH 8 containing 88 mM of NaCl. Basic glycine buffer 626 mM, 
pH 9. 

20 10 10 20 40 80 

Time (min) 

10 20 40 
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In the modified method iodinated nucleic acids were chromatographed prior 
to reheating in order to remove unreacted iodine and other salts present in the 
first heating step. This was found to improve the physical properties of the io- 
dinated products with respect to the melting temperature and sedimentation 
profile. Furthermore, during the second heating step iodinated polynucleotides 
were kept in dialysis bags in order to remove free iodide. 

Physicochemical Properties of Radioiodinated Nucleic Acids 

Ultraviolet-visible absorption spectra of iodinated DNA at pH 7 showed 
that the absorption profile was similar to that of unreacted DNA, but it was 
shifted toward longer wavelengths (10-20 nm) when more than 10% of the cy- 
tosine was iodinated. This shift was associated with a decrease in ultraviolet 
absorption a 260 nm and the appearance of ultraviolet absorption at 310 nm, 
an area where unreacted DNA did not absorb (34-36). This confirmed the 
previous similar observation by Commerford (1). Additional experiments indi- 
cated that the reduction of ultraviolet absorption at 260 nm was shown to be 
related to the stability of pyrimidine-iodine bonds. Thus, after the first heating 
step, where a good percent of the iodine was relatively unstably bound, there 
was as high as 15-20% reduction of the absorbance at 260 nm versus that of 
unreacted DNA. On the contrary iodinated DNA obtained after the second 
heating step showed only 2-4% decrease of absorbance. Both iodinated 
products had similar absorption at 310 nm which was 85-95% smaller than the 
absorbance at 260 nm, but it was distinct enough to be considered as a proper- 
ty of heavily iodinated DNA. Heavily iodinated t-RNA showed a similar 
absorption pattern. 

In a comparative study testing the influence of the iodination reaction pro- 
cedure on some physical characteristics of DNA, l3II-DNA samples were rein- 
cubated under the iodination reaction conditions of Commerford's method and 
modified iodination method, without labeled iodine. After reaction completion 
the sedimentation pattern (8-1 1) as well as melting profile (17) of the iodinated 
compounds were determined. Figure 2 shows a comparison of sedimentation 
profiles of 13'1-DNA before and after reiodinations. Reiodination by the propo- 
sed method provided a sedimentation profile similar to that of unreacted 1311- 

DNA, whereas Commerford's method provided a pattern indicating evidence 
of degradation (spread of radioactivity). 

Table V shows the melting temperature (Tm) values (37) of the unreacted 
as well as reiodinated lZ5I-DNA. These correspond to the midpoint of the 
absorbance rise when heated DNA solutions changed from double-standed 
structures (native) the denatured state (single-standed). Both unreacted and 
reiodinated 1251-DNA showed Tm values similar to native DNA (37). In addi- 
tion, they had close Tm values after renaturation and remelting processes. In 
the case of Iz5I-DNA reiodinated using Commerford's procedure a 4-5% 
decrease of the Tm values versus native DNA was found. 

Thus, the modified method provided higher iodination yields than Commer- 



FIG. 2. Influence of Iodination Reaction Method on the Sedimentation Profiles of I2TDNA. 
Four milliliters of a 1.71 glmlfinal density mixture of 3 pg ug2'I-DNA [obtained before ( 0  - 0 )  
or after reiodination by C o m m ~ o r d ' s  (A - A) or modwed method (v - v)] in concentrated CsCl 
solution was centrifuged at 45,000 rpm for 24 hr at room temperature (22'C). After centrifuga- 
tion fractions of two drops were collected through a holepunctured in the bottom of the tube and 
the radioactivity was determined. 

Frac t i on Number 
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TABLE V: Melting Temperature (Tm) Values of I3'I-DNA Before and After Reiodination*. 

Method 1st denaturation 2nd denaturation 
(Tm) (Tm) 

Uncreacted "'I-DNA . 86.1 83.9 
Commerford's 82.8 80.4 
Modified 85.8 83.1 

* "'1-DNA obtained before or after reiodination by Commerford's or proposed method was 
heat denatured as described in the experimental section and the Tm values were determined. Na- 
tive DNA under the same conditions had Tm= 86.7" after fust denaturation and Tm= 84.6' a- 
fter the second denaturation. 

ford's method (Table I). In addition iodinated products retained to a large 
extent similar physical characteristics compared to the unreacted parent com- 
pounds. 

Chemistry and Specz3city of the Iodination Reaction 

As previously described nucleic acids may be labeled with iodine by hea- 
ting in the presence of iodide and thallic trichloride. Not all polynucleotides 
react with iodide under the above conditions. As indicated in Table I only tho- 
se having cytosine bases were iodinated with high yields. Poly(U), poly(A) and 
poly (G) had very low specific activities. Poly(T) was unavailable. 

In another experiment lZ5I-DNA was digested by pancreatic deoxyribon- 
uclease (DNase I) followed by venom diesterase (18-19). The resulting nucleo- 
side digest was chromatographed on precalibrated Sephadex G-10 column as 
previously described (20), and the elution profile was recorded by measuring 
the ultrabiolet absorption at 260 nm and the gamma radioactivity. The ra- 
dioactivity was eluted as a single peak in the position where the iodinated deo- 
xycytidine was eluted during the calibration. In this peak the ultrabiolet absor- 
ption was weak probably because of the small concentration of iodinated deo- 
xycytidine. ' 

Deoxycytidine (9.8 X M) was iodinated by heating at pH 4.7 for 90 
min at 60•‹C in the presence of 3.5 X I t 4  M KI, 2.2 X lW3 M TICl,, and 5 
yCi of lZ5I. The reaction products were chromatographed on a precalibrated 
Sephadex G-10 column. It was found that the main amount of radioactivity 
was associated with a peak which was eluted in the identical way as the 5- 
iododeoxycytidine standard. In a simi ar experiment deoxyuridine was also io- 
dinated, but thymidine and other nucleosides substituted in the C-5 position of 
pyrimidines, such as 5-hydroxymethyldeoxycytidine, 5-methyldeoxycytidine or 
5-hydroxymethyldeoxyuridine did not react with iodine. 

Thus, these results confirmed Commerford's postulation that the 
unoccupied C-5 positions of pyrimidines and especially those of cytosine were 
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the main sites of binding of iodine during iodination reactions of polynucleoti- 
des. Furthermore as previously indicated iodine was bound to pyrimidines in 
two forms, one heat stable and another heat unstable. 

The mechanism of iodine incorporation into pyrimidines is unkown; ho- 
wever, it is expected to be qualitively similar to that proposed for pyrimidine 
bromination (32). Thus, the first heating step results in the covalent bonding of 
iodine mainly to pyrimidines with the formation of unstable 5-iodo-6- 
hydroxydihydropyrimidine derivatives. Reheating of the mixture at pH 6.0 or 
higher causes dehydration of the product and the formation of an iodinated de- 
rivative of the nucleic acid. 

Conclusion 

The method described in this work can be used to iodinate a variety of sin- 
gle and double standed polynucleotides irrespective of their melting temperature 
and conformation. The reaction proceeded at 60•‹C in a narrowly acidic pH 
range and required well adjusted reagent concentrations for optimum yields. 
The iodination proceeded only when the 5' position of the pyrimidine base was 
unoccupied. Iodine was bound in two forms: one, stable-and another unstable. 
Iodinated products showed a small U.V. absorption at<3 10 nm and a decreased 
absorption at 260 nm. Loosely bound iodine was eliminated by heating at 
60•‹C at pH 7.5. More than 95% of the stably bound iodine was associated wi- 
th cytosine. Comparative studies indicated that there was a considerable in- 
crease (>20%) of the specific activity of the iodinated products versus other 
previously reported procedures. The iodinated polynucleotides retained to a lar- 
ge extent their pre-reaction physicochemical characteristics. 
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Abstract 

The donor properties of the ligand 2-acetylpyridine towards the first row 
transition metalions have been investigated and the following new complexes 
have been synthesized: CrL2C13, CrL2Br3, MnL2C1,, MnL2Br2, FeL2C13. 2 
H,O, FeL4Br3. 2 H,O, CoL,Cl,. 4 H@, CoL2Br2. 4 H20,  NiL2C12, NiL,Br,, 
Cu (OH,) L3C1,, and Cu (OH,) L3Br3 (L is 2-acetylpyridine). The structure of 
the complexes has been deduced from elemental analyses, conductivity and ma- 
gnetic susceptibility measurements, and electronic and ir spectra. The proper- 
ties of this ligand are finally compared with those of 2-benzoylpyridine. 

Introduction 

In our previous communications1-3 we are concerned with the complexes of 
the first row transition metalions with 2-benzoylpyridi~e. As an extention of 
this work we studied the interaction of the same elements with 2-acetylpyridine. 
This investigation has been carried out in order to compare the donor proper- 
ties of 2-acetylpyridine with those of 2-benzoylpyridine, as well as its ability to 
from N, 0 chelates and to satisfy the maximum coordination number of the 
used transistion elements. The only complexes of 2-acetylpyridine reported so 
far are those of Ti, Sn, Hf, and Zr4. 

This kind of studies are very important because as it was pointed out very 
recently by Hughes et aP-7 that the reduction of the 2-pyridine carbonaldehyde 
(an analogous ligand) by N-benzyl 1,4-dihydronicotinamide (an analog of NA- 
DH) is metal ion dependent, and therefore the system studied may act as a 
biological model in reactions of the same type. 

As an extention of this work we studied the interaction of the same elemen- 
ts with 2-acetylpyridine. This investigation has been carried out in order to 
compare the donor properties ' of 2-acetylpyridine with those of 2- 
benzoylpyridine as well as its ability to form N, 0 chelates and to satisfy the 
maximum coordination number of the ured transition elements. 
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Experimental 

,Materials. Zacetylpyridine was purchased from Aldrich Chem. Co. and used 
without further purification. All the other chemicals used in this study were 
from Merck A.G. 

Preparation of the Complexes 

1. Dichloro-bis (2-acetylpyridine) Chromium (111) cloride, [CrL2Cl2IC1. 
CrCI,. 6H20 (2mmoles) was dissolved in ethanol (30ml) and to the obtained 
solution Zacetylpyridine (6mmoles) was added dissolved in ethanol (10ml). The 
solution was refluxed for 6hrs and the a brown compound was precipitated with 
excess ether. The precipitate was filtered, washed with ether: ethanol (4:l) 
and dried at 50•‹C under vacum. Yield 80%. 

The bromo analog, dibromo-bis (2-acetylpyridine) Chromium (111) bromide 
[CrL2Br21 Br, was prepared in a similar way starting with CrBr,. 6H20. 

2. Dichloro-bis (2-acetylpyridine) Manganese (11). [MnL2C121. MnCI,. 4H20 
(2mmoles) was dissolved in ethanol (10ml) and to the obtained solution was 2- 
acetylpyridine (4mmoles) dissolved in ethanol added dropwise (10ml). The yel- 
low precipitate formed was filtered washed with ethanol (20ml) and dried at 
50•‹C under vacum. Yield 85%. 

The bromo analog, dibromo-bis (2-acetylpyridine) Nickel (11) [NiL2BrI, 
Br21 was prepared in a similar way starting with MnBr,. 4 H20. 

3. Dichloro-bis (2-acetylpyridine) Iron (111) chloride dihydrate, [FeL2C121 
Cl. 2 H20. 
2-acetylpyridine (4mmoles) was dissolved in ethanol (10ml) and to the obtained 
solution was added dropwise FeCI,. 6 H 2 0  (2mmoles) dissolved in ethanol 
(10ml). The yellow precipitate formed was filtered, washed with ethanol (20ml) 
and dried at 50•‹C under vacum. Yield 75%. 

. 4. Dibromo-tetrakis (Zacetylpyridine) Iron (III) bromide dihydrate, [FeL,- 
Br21 Br. 2 H20.  

FeBr,. 6 H 2 0  (2mmoles) was dissolved in ethanol (30ml) and then was 
added Zacetylpyridine (8mmoles) dissolved in ethanol (10ml). The solution was 
refluxed for 3hrs and the compound was precipitated with excess ether. The 
dark-red precipitate was filtered, washed with ether: ethanol (4:l) (30ml) and 
dried at 50•‹C under vacum. Yield 75%. 

5. Dichloro-bis (2-acetylpyridine) Cobalt (11) tetrahydrate, [CoL2Cl,I. 4 
H,O. 
2-&etylpyridine (4mmoles) was dissolved in ethanol (10ml) and then was 
added dropwise CoCl,. 6 H 2 0  (2mmoles) dissolved in ethanol (10'ml). The yel- 
low precipitate formed was fdtered, washed with ethanol (30ml) and dried at 
50•‹C under vacum. Yield 80%. 

The bromo analog, dibromo-bis (2-acetylpyridine) Cobalt (11) tetrahydrate 
[CoL2Br21. 4 H20,  was prepared in a similar way starting with CoBr,. 6H20. 

6. Dichloro-bis (2-acetylpyridine) Nickel (11), [NiL2C12]. 
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2-acetylpyridine (6mmoles) was dissolved in ethanol (10ml) and then was 
added dropwise NiC1,. 6 H,O (2mmoles) dissolved in ethanol (10ml). The yel- 
low precipitate formed was filtered, washed with ethanol (25ml) and dried at 
50•‹C under vacum. Yield 80%. 

The bromo analog, dibromo bis (Zacetylpyridine) Nickel (11) [NiL,Br,I, 
was prepared in a similar way starting with NiBr,. 6 H,O. 

7. Aquo-dichloro-tris (Zacetylpyridine) Copper (11), [CuL,Cl, (H20)1. 
2-acetylpyridine (6mmoles) was dissolved in ethanol (10ml) and then was 
added dropwise CuCl,. 6 H,O (2mmoles) dissolved in ethanol (10ml). The 
green precipitate formed was filtered, washed with ethanol (20ml) and dried at 
50•‹C under vacum. Yield 80%. 

The bromo analog, aquo-dibromo-tris (Zacetylpyridine) Copper (II) [CuL,- 
Br, (H,O)I, was prepared in a similar way starting with CuBr,. 6 H,O. 

Physical measurements 

(a) The ir spectra were recorded in a Beckman model 2050 spectrophoto- 
meter in KBr pellets and in Nujol mulls, the position of the bands are given wi- 
thin + 2cm-l. (b) The UV-VIS spectra were taken with a Cary model 17D 
spectrophotometer. (c) Conductivity measurements were performed using an 
E365B conductorscope Metrohm Ltd. (d) The melting points were determined 
on a W. Biichi apparatus and are uncorrected. (e) The magnetic moments were 
determined by the Goy method takin into account the diamagnetic corrections 
at 25"C, 
Microanalyses: C, H, and N microanalyses were performed in the laboratories 
of the Hellenic National Research Foundation by Dr Mantzos. The halogens 
were determined gravimetrically. 

Results and discussion 

The analytical and physical data are given in Table 1 and show that com- 
positions agreed well with caIcuIated ratios. 

The molecular corrctivities in nitromethane and ethanol agree with the pro- 
posed formulae (See Table I). In water all complexes were found to be electro- 
lytes and attain in a short time high conductivity values. In the case of the Cr 
(111) and Fe (111) complexes the increase in the conductivity is followed by a 
considerable decrease in the pH ([CrL,Cl,] Cl, after 24hrs, A,,, = 498; pH= 
3.13. [FeL,Cl,I Cl. 2 H,O, after 24hrs, A,,, = 730; pH = 2.87). The increase in 
conductivity implies substitution of the coordinated halogens by water mo- 
lecules and the decrease in pH by further hydrolysis of the aquo species accor- 
ding to the general scheme: 

[ML,Cl,I C1 + 2 H1O [ML, (OH,),] Cl, 

H P  
- [ML, (OH,),-, (OH),] Cl,-, + xH,O+ + xC1- 

where M is Cr of Fe. 
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In the case of the Co(II), Ni (11) and Cu (11) complexes the only change 
observed was the increase in conductivities, which after 24hrs were stabilized in 
the following values: 
[CoL,Cl,I. 4 H,O, A,,, = 265; [NiL,Cl,I, A,,, = 232; [CuL,Cl, (OH,)], 11, = 
235. In these complexes, since the pH of their solutions remains neutral, the 
only change occured 'upon dissolution in water, is the substitution of the coor- 
dinated halogens by water.' 

The magnetic moments (see Table I) indicate that all :he complexes are of 
the high spin type. (with the maximum number' of unpaired electrons). 
ir spectra: The tentative ir assignements are given in Table 11. The complexes 
of Fe (111), CO (11) and Cu (11) showed a broad band at about 3400 - 3300 
cm-' which indicates the presence of waters. The weight lost by heating the Fe 
(111) and CO (11) complexes at l 10•‹C corresponds to two and four molecules of 

TABLE I: Analytical and physical data of the compounds. 
- 

Compound 

CrL2C13 

CrL2Br3 

MnL2C1, 

MnL2Br, 

FeL2C13 . 2 H 2 0  

FeL,Br, . 2H20 

CoL2C12 . 4H20 

CoL,Br2 . 4 H 2 0  

NiL2C12 

NiL2Br2 

CuL3C12 (OH) 

CuL,Br2 (OH3 

L= Zacetylpyridine 
D= decomposition 
* The numbers in parentheses earrespond to the calculated amounts. 



TABLE 11: Infrored spectra (cm-') 

L CrCI,L MnC12L, MnBr,L, FeCI,L22H,0 FeBr,L,ZH,O CoCI,L,4H20 CoBr,L,4H20 NICI,L, NiBr, CuCI,L,H,O CuBr,L,H,O Assmgnment 

0 -H  Stretching 

C-H Stretching 
"-H bending 
C - 0  stretching 
C=C and C=N 
stretching of the 
aromatic ring 
pyridine breathing 
motion 
pyridine deformation 
motion 

M-N or M-0  
stretching 
rmg deformation 

M-X stretching 
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water respectively and its easy removement suggests water of crystallization. In 
the Cu (11) complexes the water is retained after heating at 1 10•‹C, which indi- 
cates that it is coordinated to the metal. The presence of water in the above 
complexes is further confirmed by a band at 1630 - 1610 cm-'. Small shift to- 
wards higher frequencies of the most stretchings of the pyridine ring was obse- 
rved in all complexes prepared and this is common in the pyridine complexesg. 

The ligand exhibits a strong absorption at 1690 cm-', assingned to the car- 
bony1 stretching and is expected to shift to lower frequencies when the oxygen , 
is coordinated to the metal and to remain unchanged or to shift to slightly hi- 
gher frequencies in the case of N-only coordinati~n'-~,~. Thus, in the complexes 
of Cr (111), FeCI,, Mn (11), CO (11) and Ni (11) the vC=O is lowered by 30 - 
60cm-'(see Table 11), while in the other complexes it appears unchanged or at 
little higher frequencies (ca. 1Ocm-l). The observed decrease in the v C=O 
frequency upon complexation is explained by the synergic effect of simulta- 
neous N, 0 coordination. This is a good indication of the formation of N, 0 
chelate complexes. Where the band at 1690cm-' remains unchanged or is shi- 
fted to higher values it is assumed that the ligand in the complexes is 
monodentatel-,. 

The out of plane bending motion of the carbonyl group is not observed in 
the free ligand and this is possibly due to the overlapping by the strong ben- 
ding motion of the pyridine ring at 590 cm-' 4,ll. 

The strong band at 900 cm-' of the free ligand is assigned to the breathing 
motion of the pyridine ring and is shifted by 20 - 40 cm-' towards higher 
frequencies in all the complexes (see Table II), consistent with N-coordination1- 
4, 12. 14 

The band at 605 cm-' in the free pyridine is assingned to the deformation 
motion of the ring and is shifted to higher frequencies in its complexes with the 
first row transition metals14. The shifting is characteristic of the stereochemistry 
of the complex15 and of the element's group in the periodic tableI6. In the free 
2-acetylpyridine the two bands at 615 and 590 cm-' are assingned to the de- 
formation motion of the pyridine ring4. In all the complexes prepared a new 
medium intensity band is appeared at ca. 640 cm-' and this may correspond 
to those at 615 and 590cm-' of the free ligand, which colapse to one and shift 
to higher frequencies due to coordination. 

The free ligand does not show any bands in the region 550 - 400 cm-'. 
The appearance of a weak band at ca. 500 cm-' in the spectra of the comple- 
xes may be assinpned to the M-N or M-0 stretching motions4. 

The free picolinaldehyde and 2-benzoylpyridine shows bands at 440 and 
445 cm-' respectively assingned to the deformation modes of the ring, which a- 
re shifted to higher frequencies by ca. 10 - 20 cm-' upon complexation2. In the 
spectra of the complexes of Cr (111), Ni (11) and Cu (11) a strong band appears 
at ca. 450cm-I assigned to the deformation motion of the pyridine ring, which 
becomes active due to complexation. For the same reason the medium to 
strong intensity bands in the region 430 - 400 cm-' are most possibly due to 
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the deformations of the pyridine ring, because a band of this kind appears at 
402 cm-' in the spectrum of the free pyridine, which is shifted to higher 
frequencies by ca. 20 cm-' upon c~mplexation'~. 

The tentative assingnement of the M-X stretchings in the far ir spectra is 
based on the comparison of the spectra of the chloro and bromo analogs of the 
same complex, where possible, and are included in Table II. In the complex 
MnL2C12 the strong band at 325 cm-' appears at 240 cm-' in the spectrum of 
the bromo analog and they are assingned to Mn-C1 and Mn-Br stretchings re- 
spectively. The complex NiL2C12 shows a strong band at 310 cm-' which is 
absent from the spectrum of the bromo analog and is assingned to Mn-Cl 
stretching. The same is true for the complex CuL,Cl, (OH,), which shows the 
Cu-Cl stretching at 330 cm-' 

Electronic spectra 

(a) UV region: The ligand exhibits an intence absorption at ca. 37590 cm-', 
which shifts to lower frequency (red shift) with increasing solvent polarity and 
is assingned to n* t n transition of the ring2. A bathochromatic (red) shift is 
also expected for this transition when the N atom of the pyridine ring is metal 
coordinated2. As Table 3 shows this occurs in all the complexes investigated, 
implying nitrogen coordination in all of' them. 

A second weak band at ca. 30770 cm-' which undergoes a hypsochromic 
(blue) shift with increasing solvent polarity is assingned to an n* - n transi- 
tion of the carbonyl group2. Coordination through the carbonyl group should 
cause a large hypsochromic shift of this transition, while non involvement of 
the carbonyl group in coordination must leave this transition unaffected2. Thus 
in the copper (11) complexes where the carbonyl group is supposed to be free (- 
from the ir data) this transition appears at the same frequency as in the free li- 
gand. The iron (111) complexes exhibit strong charge trannsfer transitions in 
this region preventing the obserbation of the n* +- n band. In all other comple- 
xes a shift to higher frequencies by ca. 776 to 977 cm-' is observed (see Table 
3) indicating C=O involvement in coordination, as also was concluded from 
the ir spectra. 
(b) Visible and near ir regions: The visible and near ir spectral data are given 
in Table 111. In the Fe (111) complexes the strong absorption at ca. 294 1 lcm-I 
is assingned to charge transfer of the ligand - metal type. This band prevents 
the observation of the (d-d) transitions in the visible region, a common pheno- 
menon for Fe (111) complexes2~ 17. Similarly, the d-d absorption spectrum of the 
Mn (11) complex was not observed, due to the low intensity of the bands2. 17.  

The [CuL,C12 (OH,)] complex, in methanol, shows two bands at ca. 12739 
and 6645 cm-'. These two bands are usually found in trigonally distorted 
octahedral complexes of Cu (11) and are assingned to the 2E2 + and 2A, - 
'E transitions re~pectively'~. 

The complex [CoL2CI,l, in methanol, exhibits two absorptions at ca. 19047 
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TABLE 111: Electronic spectral data (cm-') 

Compound K * - K  K * - n  d + - d  assingnement 

L 37590 30769 
CrL2C13 37313 31746 38461 4Tlg (p) 4A2g 

27397 4Tlg (F) C 4A2g 
12738 4T2g +- 4A2g 

CoL,Cl2 . 4H20 36036 3 1545 19047 4T2g (P) c 4Tlg 
7905 'Tzg - 4 ~ l g  

NiL,Cl, 36036 31545 253 16 3Tlg (P) C 3A2g 
14598 - 3 ~ 2 g  

7911 3 ~ 2 f  - 3 ~ 2 g  

CuL,CI, (OH,) 35971 30769 12739 =E, - 2E 
6645 ,A, - 2E 

and 7905 cm-' assingned to the transitions 4T,g (P) +- 4Tlg and 4T2g respective- 
ly in an octahedral environment2, 17, 18. 

The complex [NiL2C121, in methanol, show three bands at ca. 25316, 
14598 and 7911 cm-', assingned to the 3Tl, + 3A2g, 3Tlg - 3A2g and 3T2g + 

3A2g respectively in octahedral environment1'. 
The octahedral Cr (111) complexes usually show three absorptions at ca. 

14000, 25000 and 37000 cm-' assingned to the transitions 4T2g t 4A2g, 
4TIg(F) + 4A2g and 4Tlg(P) +- 4A2g respectively1'. In distorted complexes the 
first transistion is analyzed in two absorptions of lower intensity and the one of 
them in lower frequencies1'. The third transition is characterized by very low 
intensity and in many cases it does not show up because it is obscured by the 
intense UV bands of the ligand. The complex [CrL2Cl,l Cl, in methanol, shows 
a strong band at 27397 cm-' and two others of lower intensity at ca. 38461 
and 12738 cm-' assingned to the transitions 4Tlg (F) - 4T2g, 4Tlg (P) +- 4A2g 
and 4T2g +- 4A2g respectively. 

From the comparison of the Zacetylpyridine complexes of the first row 
transition metals with those of 2-ben~oylpyridine'-~ the following two brief con- 
clusions can be drawn: 
(a) The carbonyl oxygen of Zacetypyridine participates more easily in complex 
formation than the corresponding group of 2-benzoylpyridine, thus forming N, 
0 chelates with the most elements of the first transition series. This, most pro- 
bably, is due to the higher electron density which the methyl group induces on 
the carbonyl group. In the case of 2-benzolpyridine the oxygen atom of the 
carbonyl group is less basic due to electron withdrawing from the benzene ring. 
(b) The Iigand: metal ratio is higher in the most of the Zacetylpyridine comple- 
xes than the corresponding complexes of the 2-benzoylpyridine and this, most 
probably, is due to the smaller molecular volume of the first, and thus more 
molecules of it can be accomodated around the central metal atom. 
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'Ep~hsrfi0qoav ai 5167q~~5  h5 6020~  700 6no~araorarov 2-b~~~vhonvp18ivq T t p d ~  
ra iovra ~ i j q  nphrqq o~tptiq r6v o r o t ~ ~ i o v  p ~ ~ a n ~ h o ~ o q  ~ a i  napso~~vao0qoav ra 
ESqq vEa obpnhowa: CrL,Cl,, CrL,Br,, MnL,Cl,, MnL,Br,, FeL,Cl,. 2H,O, FeL,Br,. 
2H20, CoL,Cl,. 4H20, CoL,Br,. 4 H@, Cu (OH,) L,Br, (L= 2-b~~rvhonvpt6ivq). 

'H 6opq ~ 6 v  napaolc~vao~dvrov o v p n M ~ o v  Etqyfieq ~ a r o m v  orotxna~6v bva- 
hboeov, ps~pfloswv Byoyty6rqroq, rijq yayvqrt~ijq a b ~ h v  in t8~~r t~6rqraq  r6v ~ ~ ? L E K -  

rpovta~6v ~ a i  bnspMpov cpaoparov. T E ? L I K ~ ~  ovy~pivovrat ai 16t6~qmq ~ q q  2- 
b~~rvhonopt6ivqg pi: E K E ~ V ~ S  rijq 2-P~v<oBhonvpt6ivqq. 
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MODEL STUDIES OF THE FIRST HYDRATION SHELL OF N, 
N-DIMETHYLACETAMIDE USING CND0/2 VIEWED IN THE 
LIGHT OF NMR SPECTROSCOPIC AND OTHER EXPERIMEN- 
TAL EVIDENCE 

RAYMOND G. JONES* and M.G. PAPADOPOULOS 
Chemistry Department University of Essex Wivenhoe Park Colchester C 0 4  3SQ Essex, England 

Abstract 

CND012 calculations on the hydration of N, N-dimethylacetamide invol- 
ving up to three water molecules have been used to evaluate the most likely po- 
sitions of the water molecules in the first hydration shell. Calculated electron 
densities and bond order parameters have been examined in a comparison with 
experimental data. The model proposed can be seen to be compatible with the 
barrier to rotation about the central C-N bond and viscosity measurements. 
Carbon-13 chemical shift data correlate in part only and additional inter- 
molecular effects must be invoked to explain the results qualitatively. 

Key words: CNDOI2, N-dimethylacetamide, Hydration, First-Shell, NMR, proton, carbon 13 
viscosity, energy barrier. 

interatomic distance 
interbond angle 
bond order calculed for C-N bond 
deshielding 
shielding 
activation energy for rotation about C-N bond 
total energy 
equilibrium interatomic distance 
stabilisation energy 

Introduction 

The properties of mono- and di-substituted amides in aqueous solutions 
have been the subject of a number of interesting papers in which'viscosities,1~2 
densities1, volume heats of mixing2 phase diagrams2 and ultrasonic 
absorption3 have been measured as a function of the mole fraction of water. 
The use of amide-water mixtures as binary solvents or reaction media in che- 
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mica1 rate and equilibrium studies has been suggested as sufficient reasons to 
justify a critical look at the physical properties of such solutions. 

Viscosity and volume changes show maxima at low and specific mole ra- 
tios which have led to suggestions that stoichiometric compounds or complexes 
are formed1. Low temperature phase diagram work has been presented to con- 
firm this premise2. The emphasis in previous work has been on probing the 
extent of molecular association or hydrogen bonding and on possible changes 
in the water structure. It was not expected by these authors1 that a clear mo- 
lecular interaction mechanism could be inferred from viscosity, or similar, mea- 
surements alone. 

The subject of this present paper has been to present some new data asso- 
ciated with, N, N-dimethylacetamide water mixtures in an attempt to provide a 
more detailed picture of the intermolecular interactions. Three approaches have 
been made in following changes in approximate barriers to rotation about the 
central C-N bond, considering the carbon-13 chemical shifts of the four DMA 
carbons and in calculating the total energy in a ((united-molecule)) approach 
using the CND012 program. 

Carbon-13 nmr has been used to examine the intermolecular interactions in 
N, N-dimethylacetamide water mixtures and the results show some compatibili- 
ty with viscosity studies3. Barriers to internal rotation in simple amides have 
been determined using proton nmr but the quantitative nature of the results is 
in doubt especially where single parameter methods have been used because of 
the long-range coupling between protons which broadens the peaks4. However, 
the simplistic approach provides an indication in trends of results which, 
though lacking in accuracy, are distinctive and in keeping with the qualitative 
picture emerging from alternative approaches described above. 

The CND012 program has been applied in a critical way to specifically 
chosen configurations involving up to three water molecules for each DMA 
molecule. 

Similar work has been described for formamide-water interactions5, associa- 
tion between water and purine6 bases and hydration of peptides7. 

Experimental 

The amide was obtained commercially and purified by distillation at 
reduced pressure. 
Activation Energy E,. 

The experimental activation energies, E,, identified with the barrier height 
restricting rotation about the central C-N bond of the amide, have been obtai- 
ned from measurements of the rate of internal rotation at a series of temperat- 
ures, for samples containing the amide and water in different mole ratios. 

The spectra were obtained using a Varian A60A nmr spectrometer with a 
variable temperature controller. The effect of overlap of the components of N- 
methyl doublets was not taken into account and the apprbxi:mate values for E, 
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thus obtained came directly from the best straight-line through the seven points 
of each Arrhenius plot. The errors quoted are twice those given in the original 
paper and further undetermined errors arising from the approximate method 
employed would be expected to require exceedingly cautious use of these data 
in absolute terms. However, the changes observed between samples were outsi- 
de the measured error, as shown in Table I, and the relative values are of more 
interest here than the absolute ones. 

TABLE I: The trends in activation energies associated with the restricted internal rotation about 
the central C-N amide bond in acet-N, NI-dimethylamide and four mixtures including water. 

Composition E, (KJ mol-') 

aErrors were estimated from extreme gradients of the Arrhenius plots. 

Approximate activation energies have been obtained from a single parameter analysis of variable 
temperature H nmr spectra4. 

Carbon- 13 chemical shifts. 
The details of these results have been reported in a more general context in 

another paper8. 

Theoretical 

Models for the DMAlwater interaction. 

Past evidence from viscosity and phase-diagram studies, at low temperat- 
ures, of amide-water mixtures has been interpreted in favour of the stability of 
particular compexes even at room temperature2. It has been suggested that two 
water molecules can associate strongly with the two unshared pairs of electrons 
on the carbonyl oxygen in N, N-disubstituted formamides and acetamides, and 
in N-substituted pyrrolidones. The viscosity data, however, distinguished 
between the acyclic and cyclic amides because the former show viscosity maxi- 
ma for 3:l water-amide mole ratio while the latter exhibit maxima for 2: 1 mole 
ratio. This distinction may well hint at the spatial arrangement or the strength 
of attachment of the third water molecule for the N, N-disubstituted amidesl. 
The location and orientation of the third water molecule remains a controver- 
sial issue. The evidence which has been obtained here suggests that a predomi- 
nantly six-centred electrostatic interaction 
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- + -  
Q-C-N 
H-0-H 
+ - + 

is more likely than the weaker interaction between the water molecule and the 
sterically obstructed lone .pair electrons on the bubstituted nitrogen1. The 
experimental viscosity curves are skewed towads higher mole ratios and this 
has been interpreted as suggesting that higher am@exing ratios (>3:1) also 
occur1. Possible sites for solvation of the amides by water have been suggested 
which in40lve the alkyl groups'. The number of tpttlm&dl -sites for water asso- 
ciating with amide is therefore likely to be at least iix Ibnt it -will be shown that 
these are not energetically equivalent. The models d i d h  have 'been investigated 
are shown in Figure 1. 

Basis of the calculations. 
CND012 parameters. The CND012 method (~a~~3pket.e ,neglect of differen- 

tial overlap) developed by Pople and Santry is adeqrratdly described in stan- 
dard textsg. 

The main concern in this work has been with gaund state energies of inte- 
racting ccamide)) and water molecules as a basis far p$&tian of the ((first hy- 
dration shell)) characteristics. The difference in amgy between the calculated 
values when the molecules are well separated and at an equilibrium distance 
associated with a minimum energy has been taken a s  a measure of stabilisation 
of the complex (AE, in Table 11) and identified with an enthalpic dissociation e- 
nergylO. In some cases no such minimum was observed (Table 11). Illustration 
of three representative curves obtained by plotting E, against an appropriate in- 
teratomic distance are given in Figure 2. 

The calculated dipole moments provide a test of the molecular eigenvectors 
and hence of the electron density on each atom. This latter parameter is par- 
ticularly relevant to the carbon-13 measurements since significant correlations 
have been observed in other systems which indicate that C-13 chemical shifts 
are linearly dependent on electron density". The parameter recorded in Table 
I1 is nett atomic charge since we are primarily interested in the changes which 
take place. Further, it is possible to use the population matrix (generated from 
the eigenvectors) in the output from the program to obtain a measure of bond 
order12, (Table 111) and seek to correlate this with the changes in the activation 
energy E, (discussed later). 

The calculations were carried out by first choosing interatomic distances 
and inter-bond angles in accord with values listed in the literature13. These di- 
mensions were kept fixed for DMA throughout the calculations since any at- 
tempt to take account of changes leads to a hopelessly complicated model. The 
parameters used were as follows: (planar skeleton). 
r(C1-0) 0.121 nm, r (Cl-N) 0.135 nm, r (C2-N) 0.145 nm, r (C3-N) 0.145 nm, 
r (Cl-C4) 0.155 nm, r (C-H) 0.111 nm, ((QCN) 125.5', ((0 C1 C4) 117O, 
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FIGURE l :  Schematic diagrams representing the adopted models for DMAIwater interactions: 
Dashed lines for the OH bonds 0 indicate the water molecule is above the plane of 
the DMA molecule. Dotted lines ... 0 indicate the water is below the DMA plane 
and full lines are used for coplanar molecules. 
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<(C1 N C2) 120•‹, <(C1 N C3) 120•‹, <(HCH) 109O28', z(CCH) 10g028' 
H,O r(0H) 0.10 nm, <(HOH) 104'. 

TABLE 11: Total energies E, in Hartresst and nett atomic charges p calculed for the models in 
Figure 2 using the CND012 program. Equilibrium distances r, in nanometers and stabilisation e- 
nergies in Hartrees+ AEt determined for the same models. 

Model re h A& for r = re 

Amide - - - 
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Table I1 (continued) 

A B C D E 

XIV a 0.225 
b 0.30 
c 0.30 

XVI a 0.225 
b 0.18 
c 0.18 

-85.26 1 NO 1 0.3519Dk 
minimum 2 , O.1011Dt 

3 0.0945Dk 
4 -0.0898- 
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Table I1 (continued) 

XVII a 0.225 - 
b 0.225 
c 0.250 

XVIII a 0.180 
b 0.180 
c 0.225 

Footnote to table 2. 
The lower case letters a, b, c, where appropriate, refer to the relevant water molecules in the 
schematic diagram of Figure 1. 
* Nett atomic charge, p= 4-calculated electron density on the atom. 
+ 1 Hartree = 627.7 Kcal mol-' = 2604 KJ mol-' 
+ Small deviations from the corresponding neat amide value only. i.e. Aq>0.0010 - 

TABLE 111: Bond order parameters calculated for the C-N bond in Amide-water systems. Mo- 
dels I, II and III. 

0.18 nm* 1.07 0.25 nm* 1.143 0.18nm8 1.040 
0.25 nm 1.19, 0.35 nm 1.130 0.35 nm 1.1233 

P(CN) for DMA = 1.12 

P (CN) = Pi, 
Pij are the elements of the population matrix generated by the CND012 program 
*rE in each case. 

Discussion 

The choice of models shown in Figure 1 was constrained by computer time 
and by chemical intuition based on earlier arguments. Models I, I11 and V were 
suggested by the charge distribution both in DMA and in water, involving six- 
centre electrostatic interactions. Model V bears some relationship to the sugge- 
stion made that the water can hydrogen bond to the nitrogen through its lone 
pair and is justfied by the potential energy minimum observed at an equili- 
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brium distance of 0.18 nm (compare mod& I in Figure 1). Models I1 and IV 
portray the conventional hydrogen bonding situation and it is significant to no- 
te that the stabilisation energy in these c a m  is less than in the corresponding 
models above although no emphasis is 1aid:on absolute differences because of 
earlier qualifications. 

Models V11 to X represent situations which are less likely on energy groun- 
ds but which do have small stabilisation energies shown in Table 2 and repre- 
sented schematically for model V11 in Figure 2..Model X I  showed no minimum 
probably because of unfavourable steric interactions. 

The other models shown in table I represent. combinations of the basic mo- 
dels which are likely. No attempt was made toiextend the calculations to molk 
ratios greater than 3:l mainly because of computing time but also because the 
experimental results suggest 3: 1 to be a signifimt ratio. 

The nett atomic charge is reported for the m~dels  studied in Table I and 
the effect of the change at a particular carbon compared with its environment 
in the isolated amide is recorded as a shielding, S, or deshielding, D, effect. The 
carbon nuclei C l ,  C2 and C3 were observed to be deshielded when water was 
added to the amide. The Fourth carbon nucleus was not affected over the con- 
centration range studieds. 

Earlier evidence accumulated by other workers has been interpreted in 
favour of stable amide-water complexes even at room temperature2. These con- 
clusions are at variance with the results here since the more stable configura- 
tions chosen cannot explain alone the results observed. A dynamic system is 
more compatible with the chemical shift and energy barrier data. Hydrogen 
bonded systems exist on a time scale of the order of lW5 seconds in the case 
of carboxylic acids (dimers)14 falling to 1&'O seconds for weaker varieties15, 
The calculations suggest that model I is more stable than model I1 by some 30 
KJ mol-L although it shouId be emphasised that first this difference is probably 
exaggerated and second that it is an enthalpy difference. An additional and ve- 
ry important factor arises from entropy considerations. The closer approach 
and more restricted configuration of the water in model I must mean that the 
entropy change associated with that model (compared with the separate DMA 
and water molecules) is more negative than in model I1 (-10 to -20 ev)16. 

Consequently the free energy difference between models I and I1 will be 
less than the enthalpy difference (since AG = AH - TAS) and so the ratio of 
the two configurations at equilibrium may well be nearer unity than suggested 
by enthalpy alone although it is not possible to estimate it quantitatively. 

This is m important point because it may mean that no one configuration 
dominates the equilibrium. The free energy change for models such as V11 the- 
refore may we11 be small or even positive and thus reduce the probability that 
these models contribute at all through specific interactions. The entropy change 
for model V11 would be expected to be less negative than for model 11. Refe- 
rence to Table I1 at this point indicates that model I does not explain the che- 
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mica1 shift data for C2, C3 or C4 through electron density b~hanges alone. It is 
necessary, in the context of the chosen .models, to invoke oontribhons from 
models such as V11 and V111 to explain the direction of the chemical shifts of 
C2, C3 and C4 relative to DMA when water is added. Models XVII and 
XVIII predict the correct direction of chemical shifts for C 1, C 2  and C3 in the 
3:l mole ratio case. The C4 carbon chemical shift can be ma&e to conform by 
including analogous models. These apguments omit contributions to the scree- 
ning constant from Vander Wads interactions and anisotropy effects. 

It should be noted that alternative sites for water molecules not involving 
DMA, for example (H,O), dimerq, cannot be discounted and may well account 
for the small chemical shifts obser~ed when water is added. The reasoning un- 
derlying this conclusion is based ,on the sensitivity of carbon-13 chemical shifts 
to electron density changes. The measured chemical shift change f o ~  a change 
in electron density by one unit in aromatic compounds has been reported to be 
150 ppm per electron". Preliminary calculations for a limited number of carbo- 
nyl containing compounds in this work suggest a higher sensitivity 2200 ppm 
per electron. 

Model I predicts a change in electron density for C1 compared with neat 
DMA of 0.08 electrons or a deshidding amounting to -16 ppm. The 
appropriate figures for modek %I and V11 are -2.2 ppm and -0.2 ppm re- 
spectively. Thus, either model II must be heavily weighted or if model I is incl- 
uded with comparable weighting there must be alternative sites for the water 
molecule which have little or no effect on the C1 chemical shifts. This is a hi- 
ghly complex problem because of the many contributions to the screening con- 
stant and no really satisfactory condusions can be drawn from from C-13 da- 
ta. 
The barrier to rotation about the C-N bond. 

The barrier to rotation about the cwtral C-N bond in DMA has been 
shown to increase when water is added (Table 1) and that the increase is maxi- 
mised for a mole ratio close to 1:l. The previous discussion led to a conclusion 
that model I is at least important in the dynamic model 2nd it is tempting to 
suggest that such an association would sterically inhibit rotation about the CN 
bond. This would be even more likely if the water molecule moved to the posi- 
tion illustrated by model V. 

A bond order parameter has been calculated (Table 111) from the popula- 
tion matrix generated by the CND012 program and normalised in the cases of 
ethane, ethylene and acetylene to the values 1, 2 and 3 respectively. It is clear 
that the approach of the water molecule in the configuration described by mo- 
del I acts to decrease this bond order parameter for the CN bond and thus to 
reduce electronic contributions to the barrier to rotation. The same parameter 
determined for model I1 showed an increase compared with neat DMA and 
therefore restricts the intramolecular rotation. The nett result of these inte- 
ractions could conceivably lead to an overall increase in the barrier to rotation 
but it could be argued that the barrier should continue increasing for mole ra- 
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FIGURE 2 :  Total Energy calculated using CND012 for interacting Amide- Water molecules as 
a function of interatomic distance in some of the models where minima were obse- 
rved. 
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tios beyond 1 : 1 when water is added to DMA, unless, the steric interactions in 
a ((layered)) structure of alternating amide and water molecules are dominant. 

Conclusions 

The models shown to. be stable by the CND012 calculations are as follows. 
The most stable involves the interaction between parallel amide and water mo- 
lecules with a minimum energy when 0.8 nm apart. There are two possible si- 
tes for water on the amide according t3 this model but transient stacking or 
layering may lead to an apparent 1:l ratio. 

The next most stable involves the conventional hydrogen bonding situation 
between the water protons and the amide carbonyl oxygen atom. There are 
two sites per amide molecule again here, and each water molecule is capable of 
hydrogen bonding to two amide oxygens, or one amide and one water oxygen. 
The evidence from other work (carbon-13 chemical shifts viscosity) suggesting 
a first hydration shell of three water molecules is therefore compatible with the- 
se CND012 results. The concept of electron density has been used to discover 
which changes are likely to occur in the change distribution of the N, N- 
dimethylacetamide when it interacts with water. The calculations show, in a- 
greement with carbon-13 chemical shift data, the greater sensitivity of C1 in 
comparison to C2, C3 and C4. The correlation between electron density and 
chemical shift which was sought did not emerge, not surprisingly perhaps, on 
detailed examination. However, no account has been taken of other con- 
tributions to the screening constant which may involve anisotropy and Van der 
Waal's factors. The dominant factor in determining trends in activation ener- 
gies can be interpreted to be steric in character and the picture where water 
and amide molecules alternate in parallel does explain the insensitivity of E, 
beyond the mole ratio 1:l. The overall picture can best be thought of as a dy- 
namic equilibrium between the different models and measurements made at the 
radiofrequency end of the electromagnetic spectrum reflect a time average of 
the environments of the amide molecule weighted ltccording to their relative 
stabilities. 

The use of liquid phase data in examining the trends of the CND012 resul- 
ts can be justified because the importance of molecular interactions in the 
liquid phase requires some attempt at an explanation not wholly based on 
speculation. The systems most likely to prove of greatest intrinsic interest do 
not lend themselves to vapour phase study or study in other conditions which 
may be regarded as aesthetically desirable. 

To npoypayya CND012 ~pqoq.~onoti$q~s yta zip yehizq z i j ~  rihhqhsni- 
Gpaoq~ TOO N, N-GtysOuhoa~~zaytGiou (AMA) p6 1 y i ~ p t  3 y6pta H,O. Cuvo- 
ht~dl ~ E ~ E T ~ ~ ~ ~ I C C I V  18 yovziha no6 fi Enthoyq z o g  Epvs p6 P a q  cpuot~a ~ a i  
~ q y t ~ a  ~ptrflpta. 
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APPLICATION OF NMR SPECTROSCOPY TO STRUCTURE DE- 
TERMINATION OF SYNTHETIC DYES: PART I - CERTAIN CA- 
SES OF SPIN COUPLING OF N+H PROTONS TO a-CARBON 
PROTONS 

DEMETRIOS BOROVAS 
Research and Development Department, NVIOCHROMJ) S.A., 
Aniline Dyestuff Industry, Aegaleo, Athens, Greece. 

Summary 
' 

Trphenylmethan, oxazine, thiazine and diazacarbocyanine dyes, do not show NMR 
NfH absorption and spin-spin coupling of a-carbon protons of N-alkyl groups in tri- 
fluoroacetic acid. Such peaks and spin couplings, useful in structure elucidation of the 
dyes, was observed when the dye was in the reduced form. 

Introduction 

Cationic dyes of triphenylmethane, oxazine and thiazine type, that contain 
amino groups in their molecule, do not show any NMR, NfH peaks and spin 
coupling of a-carbon protons to N+H protons even in TFA.'y2 It is obvious 
that there is no direct protonation of the amino group, as the positive charge is 
delocalized throughout the chromophoric system, and it is not localized on the 
nitrogen. It is apparent that such N+H absorptions and spin-spin couplings of 
a-carbon protons, could be very informative in the structure determination of 
the dyes. Valuable information can be obtained concerning the structure of the 
chromophore and the substituents that belong to it, if the a-carbon protons 
could be recognized. 

If instead of the dye, the reduced form is used, the charge is localized on 
the nitrogen and there is direct protonation of the amino group in TFA. In that 
case NfH absorptions are observed, as like N+H - a-carbon proton spin-spin 
couplings. The difficulty of the leucobase isolation, can be overcome by 
reducing the dye in the NMR tube by small amounts of zink powder and ta- 
king the NMR spectra, without previous isolation of the leucobase. 

Experimental Part 

Trifluoroacetic acid, Merck spectrophotometric grade Merck zink 
powder were used. 

The spectra were recorded on a Varian T-60 spectrometer (measured probe 
temperature 3S•‹C). 
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Commercial samples of dyes were purified by recrystallization and purity 
was checked by TLC chromatography. 

TMS was used as reference. 
Reduction Procedure: 

Samples of 20 to 25 mg of the dye, were dissolved in the NMR tube in 0,3 
m1 TFA. Very small amount of zink powder was then added carefully into the 
tube till the samples were completely decolorized. The tube was then left for 
some time, till an excess of zink powder was settled, before the spectra were ta- 
ken. 

Results and Discussion 

Proton NMR spectra of malachite green leucobase in TFA, shows a broad 
peak of N+H at 575 Hz, a pattern of aromatics between 460 and 410 Hz (I), a 
singlet at 340 Hz, which belongs to the proton of the central carbon atom, and 
a doublet at 200 Hz (IIa). This doublet belongs to the protons of the four men- 
thy1 groups which are spin-spin coupled to the N+H proton. If the N+H peak $ 
irradiated, spin-spin decoupling takes place, and the doublet collaplses to a sin- 
glet (IIb). If instead of the leucobase, the colour base of malachite green is dis- 
solved in TFA, the proton NMR pectrum is quite different. There is no N+H 
peak, and the four N-methyl groups give only a singlet. When the colourbase is 
reduced in the NMR tube with zink powder, the expected pattern of the leuco- 
base is obtained. 

In the case of oxazine dyes (111, X=N), and thiazine (111, X=S), when R,, 
R,, R, and R, are methyl groups, they appear as a sharp singlet when the dye 
is in the oxidized form. In the reduced form however, a broad N+H peak ap- 
pears at 536 Hz, while the N-methyl singlet, splits in a doublet. Irradiation of 
the N+H peak, collapses the doublet to a singlet. 

When R,, R,, R, and R, are ethyl groups, the a-carbon protons appear as 
a quartet (IVa) between 185 and 225 Hz, because of spin-spin coupling to the 
methyl protons of the ethyl group. In the reduced form, a broad N+H peak ap- 
pears at 475 Hz, which is far downfield from aromatics and can be easily inte- 
grated, and a second split appears in the quartet of the a-carbon protons (IVb), 
not so clear though as in the case of methyl substituents. This secodd splitting 
desappears, when the N+H peak is irradiated (IVc). 

Quite interesting is the case of another family of dyes for synthetic fibers. 
These dyes, known as diazacarbocyanine dyes, have a chromsphore of the ge- 
neral structure: 

Q-CH = N-N-Ar 
I 

R 
where Q is a heterocyclic or a heteroaromatic radical, and Ar is a substitued 
or unsubstitued aryl. R can be hydroze of alkyl group, and usually it is a me- 
thyl group. 
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The proton NMR spectra or these dyes in TFA, besides of aromatic, hete- 
roaromatic patterns, show a N-methyl peak at around 200 Hz, when R is a 
methyl group (V). When the dye is reduced in the NMR tube with zink 
powder, a broad N+H, peak appears at 503 Hz, which is far downfield from a- 
romatics and can be easily intergrated (VI). 

The N-methyl peak splits in a very clear triplet (VIa), which collapses to a 
singlet (VIb), when the N+H, peak is irradiated. 

It is apparent that reduction splits the chromophore between the two nitro- 
gen atoms, indication that there is double bond character between them. J val- 
ues were always at the range of 5 Hz. 
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'Eqappoylj zfc NMR paopazopwzopezpiac azdv 7tpoo&opzapd z fc  avvzci~~wc 
z5v aov8ezzlc5v ~pwpdzwv - M@oc I, MepzICE'c 7tepzrzOaezc 07th au~eLj@wc 26v 
N+H 7cpwzoviwv p2 zci rpqzdvza i o ~  a-Eiv8parco~. 

Xphpaoa oijq ~aoqyopiaq TOO zptcpatvvhop~0aviov, bkacivqq, Bnacivqq ~ a i  
6 t a < o ~ a p p n o ~ w v i v ~  6Ev napovota~ouv N+H bnoppocpqoq or0 NMR cpaopa 
oovq oE zptcp6opoo@co 656 En~t6Tj oi) npwoovto 6Ev ~Tvat EvrontopCvo oo6 &- 
< ~ T O ,  bhha ~aoavspqpivo oE 6ho 76 p6pto. C T ~ V  bvqypivq 6poq popcpTj Ep- 
cpavi<soat N+H bnoppocpqoq ra0wq ~ a i  oi)@v5q o6v m i v  z6v N+H pE zk 
npooovta TOO ~ - ~ v @ ~ K o s  o6v 6no~aoaooaz6v o6v ciptvopci6ov. ' H  Evoo~toq 
~ a i  6ho~hfipooq o6v N+H npoooviov, 6noq ~ a i  fi bvayvhptoq o6v npooo- 
viov TOO a-divepa~oq ~fvat  noMztpa o z o t x ~ a  yta oov npoo6toptopo oijq 60pijq 
TOO ~popocpbpo~. ~ f i  h f i ~ q  NMR cpaopazov ? L & V K O E V ~ O & ~ V  7T&~t&y~a(~&~at  
pia 6nhfi osxvt~Tj bvayoyijq TOO ~phpaooq ozov oohfiva TOO NMR pi: o ~ b v q  
W~uGapyljpou, ~ o p i q  va ~p&taQxat bnop6vooq oijq ~ E V K O E V ~ O E O ~ .  
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H EIIIAPAXH TOY AIAAYTH KAI THE XYI'KENTPQXHC XTIX 
IIAPAMETPOYX IIYPHNIKOY MArNHTIKOY ZYNTONICMOY 
IIPQTONIOY ('H-NMR) TQN MONOYAPOEY~YPIAINQN 

XAPIKAEIA IQANNIAOY-ZTAZINOIIOYAOY 
K h p o  lIupipzx6v 'EpsuvGv rAq&cpz~oq) 
'Ayia l Iapacrx~o~ 'AznxijS 

'Avahbovzal ~ a i  o~ohra(ovzat zd qaopaza N M R  z6v zpt6v povoi~6po~unupt6t- 
v6v oE CDCl,, DMSO-d, ~ a i  C,D,. Of psza$o?& z6v x q p t ~ s v  pszazonioeov no6 
napazqpofivzat ~ a z B  zqv hhhayfl 6tahbzq ~ a i  zflv pszapohfl zfiq ouy~8vzpooqq bcpsi- 
hovzat oE hhhqhsnt6paostq 6tahbzq-6tahwofi no6 psrazoni~ouv ziq ioopponis~ zauzo- 
pipstaq fi/ ~ a i  abzoobv6soqq. ' H  6kapzqoq &no zflv auy~ivzpooq ~ a i  zov 6tahbzq &h- 
hdl(st Z ~ V  oslpd Epcpav~qq 6p~pBvwv npozoviov, ~ a i ,  65 aidaq zfiq nohunho~6qraq 
z6v cpaopazov, pnops? V B  66qy~jo~t  0 6  hav0aopbvq dn66ooq z6v bnoppocp.ilosov. 

'An6 zflv y~hkzq z6v cpaoydlzov ' H - N M R  z q ~  nupt6ivq~ ~ a i  z6v napayb- 
yov 7q5 B p  n p 0 ~ 6 y ~ ~ t  8zt fi cprjoq zo6 6tah6zq Enqp~cic~t Bvzova zflv ,xqyt~Tj 
yszaz6ntoq ~ a i  oE yt~pozspo paeyi, 2% oza8~pBs obc&ucq~ z6v npozoviov 
~ 0 6  & T E P O K U K ~ ~ K O ~  6aKzuhiou. Oi y~zapohE5 0d5 cpaoyazl~i~ napayk~pou~ 
npoKaho6vzat &no EIGLKBS &hhqh&nt6pao&t~ z6v yopiov oz6 6tahuya no6 E& 

~ 0 0 6 ~  dp top6v~~  Ka~avdpd5 ~ 0 6  fihEK'Cp0~taK06 cp0pd0u ( 3 ~ 0  6aK~6ht0. 
Oi yovoB6po~unupt6iv~~ ~Ivat bC&opaot~oi ~ a z a h i ) z & ~ ~ .  CB ~azhozaoq &a- 

h6paro~ 6cpiozavzat 06 660 zauzoy~p~?$ yopcp85, zflv &yt6t~Tj Kai zflv iz~poa- 
poyancil. Oi i ooppon i~~  2-68po~~nupt6ivq (1) e2-nupt6ovq (2) Kai 4- 
66p6cunupt6ivq (3) ~ l c  4-nupt66vq (4) Ervat y~zazon toykv~~  np65 za 6 ~ c t a ~ ,  
Ev6 fi ioopponia 3-66pocunupt6ivq (5) e 3-nupt66vq (6) &at y~zazontoykvq 
n p o ~  za &ptoz&pa4. 'Ezot oi 6oyE~ no6 h ~ p a z o 6 v  ozi, 6tahuya &hat of 2, 4 
~ a i  5. 

IIapazqpGoays 6zt za cpaoyaza z6v  yovod6po~unupt6tv6v Enqp~acovzat 
- &no oflv cp6oq zoB 6tahdzq ~ a i  &n6 zflv ouy~ivzpooq. napa~azw q o h t a c o y ~  

z i ~  y&za~ohE~ z6v cpacryazt~6v napaykzpov o u o ~ ~ z i c o v z a ~  z y  yB z i ~  yopta~B5 
&hhqh&ntGpaosy ykoa oz6 6t6huya. 
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Obaia ~ a i  Atah6tq~ S pp, CA8 JHZ 

H-2 H-3 H-4 H-5 H-6 ppm 2,3 2,4 2,5 2,6 3,4 3,5 3,6 4,5 4,6 5,6 

2-6SpocunuptSivq 
CDCI, - 

DMSO-d6 - 
C6D6 - 

3-66pocunupt6ivq 
CDCI, 8,295 

DMSO-d6 8,105 
C6D6 8,200 

4-66po5uxupt6ivq 
CDCI, 7,590 

DMSO-d6 7,670 
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Summary 

The proton NMR spectra of the three monohydroxypyridines in CDCI,, 
DMSO-d, and C,D, are analyzed. The solvent and concentration effects on the 
chemical shifts are discussed in terms of solute-solvent interactions which per- 
turb the tautomeric and/or self-association equilibria. The concentration and 
soIvent dependence changes the order of appearance of some protons and, due 
to the complexity of the spectra, may lead to erroneous assignments. 
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FLOUR ASH CONTENT OF TWO MEXICAN VARIETIES 
WHEAT: YECORA AND SIETTE GERROS 

STYL. TEGOPOULOS, JOHN PROTONOTARIOS, MARY LAZARAKI and TRIAD. ALEX- 
IOU 
The consequent works have been performed in one of the laboratories of the Ministry of Com- 
merce. 

Abstract 

Greek legislation controls the wheat flours quality frxn its ash content, for 
fixed ((extraction rate)). Since the year 1977, two soft Mexican wheat varieties 
-Yecora and S. Gerros- have begun to be cult;vated in Greece. 

Certain wheat flour-mill owners expressed, during 1978, some complaints 
about higher ash content of flours, produced by the above mentioned Mexican 
varieties, in comparison with the Greek old ones. 

Our laboratories have undertaken to research the problem in question and 
to suggest the proper solution. 

In fact we have collected 55 samples, from about all Greek regions in whi- 
ch wheat is cultivated. These samples of wheat were milled at our laboratory 
flour-mill; its milling products and by-products were subjected to analyses in 
respect of the moisture, the ash and the starch. 

From their results, it is clear seen that the complaints of the wheat flour- 
mill owners were exaggerated and the flour ash content must remain at the sa- 
me limits, as previously. 

Introduction 

Two types of flours produced from Greek soft wheat and characterized as 
T55 and T70, must fulfill, among the other physical and chemical constants, 
the term of the ash content. It must amount to 0,45% and 0,50% correspon- 
dingly, for an ((extraction rates of 57% for the first type and 70% for the se- 
cond one and on 13,s - 14,5% moisture basis. 

The Experimental of the work 

For the performance of the work, in question, our laboratories have col 
lected, 
21 samples of Yecora wheat variety 
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20 samples of S. Gerros wheat variety 
11 samples of Greek soft wheat variety and 
4 samples of Greek durum wheat variety 

The above samples are representative of about the whole area, of Greek 
country, cultivated with wheat. 

Our laboratories are supplied with a laboratory flour-mill made by BUH- 
LER BROTHERS UZWIL-SWITZERLAND, Model MLU-201, in which the 
milling process has taken place. 

After preparatory Gork proceedings for cleaning the wheat samples, they 
were tempered in order to absorb the necessary moisture for milling, about 
15%. 

The duration of temperingp amounted to 40-60 seconds. After tempering, 
each sample was left to rest about 24 hours, for the uniform distribution of the 
moisture. Afterwards, it was milled by the following conditions: 
1. Distance adjustment between break rolls, 

50 10 8 
B1 = - mm, B2 = - mm and B3 = - mm 

100 100 100 

2. Distance adjustment between smooth rolls, 

I J 

O n C 1  = - mm till C3 = - mm 
100 100 

3. Sieve coverings, 
I. Break rolls compartment 

upper part: wire sieves 
No 30 34 40 
lower part: silken sieves 
8xx 9xx 9xx 

11. Smooth rolls compartment 
upper part from left: two wire sieves 
No 30 30 
directly down of them: three silken sieves 

9xx 1oxx l0xx 
and even down of them also three silken sieves 
9xx l0xx 1oxx 

The mill was adjusted in such a way to yield 3 kilos per 80-90 minutes. A- 
fter a number of tests, the above yield was found to be rather the optimum, for 
this variety of wheat. 

Our laboratory flour-mill produced six flour qualities, the brans and the 
shorts. All these products and by-products were subjected to analyses as re- 
gard the moisture and the ash. 

The brans, the shorts as well as the total flour, taken by mixing the above 
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six qualities, were subjected to analyses of the starch content, in order to con- 
trol the perfection grade of milling process. 

The results are calculated on 14% moisture basis flour, produced from 
wheat on 15% moisture basis. 

We also enumerated the peicentage of vitreous kernels, at wheat in the ini- 
tial condition and before tempering it. 

The table I gives this percentage of the whole number of wheat samples. 
The Fig. 1 gives the diagram of our laboratory flour-mill. 

The results 

The products of milling process, the results of their analyses and the corre- 
sponding calculations for three representative samples, are stated in tables 11, 
111, and IV. 

We have also drawn, in the Fig. 2, the relative plots which correspond to 
column 13 and 14 of the three tables. 

The steps on the extraction rate cooridinate were fixed by the successives 
additions of the six milled flours parts in order to increase ash content. 

TABLE 1: Number of vitreous kernels 

Yecora Vitreous S. Gerros Vitreous Greek soft Vitreous 
sample kernels sample kernels sample kernels 

No % No % NO % 
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TABLE 11: SAMPLE No 37 S. GERGOS 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 

Weight Moisture Weight on Ash Ash on Total Starch Flour Column 9 Total ash Extract- Extract- Ash content 
as ~t is % dry basis after dry ash % weight from-to from-to ion* ion* % 

temper- basis on 14% % % column 10, 
Initial After ing % moisture from-to 13 

tempering % basis column 12 

WHEAT3080  11,7 15,5 2602,6 1,11 1,31 
C1 570 14,3 488,5 0,35 0,41 2,OO 568,03 568,03 2,OO 1835 18,55 0,35 
C2 654 13,7 564,4 0,35 0,41 2,31 656,28 1224,31 4,31 21,43 39,98 0,35 
B2 270 14,l 231,9 0,41 0,48 1,11 69,35 269,65 1493,96 5,42 8,81 48,79 0,36 
B1 290 14,4 248,2 0,48 0,56 1,39 288,61 1782,57 6,81 9,43 58,22 0,38 
B 3 70 13,4 60,6 0,64 0,74 0,45 70,47 1853,04 7,26 2,30 60,52 - 0,39 
C' 366 12,3 321 0,63 0,72 2,31 373,26 2226,3 9,57 12,19 72,71 0,43 

SHORTS 336 11,8 296,4 2,34 2,65 7,85 43,44 344,65 2570,95 17,42 1126 83,97 0,68 
BRAN 440 12,7 384,l 3,74 4,28 16,44 18,92 446,63 301738 33,86 14,59 98J6 1,13 

TOTAL 2595,l 33,86 

% Ash content of Wheat from calculation = 1,31% 
Wheat weight on 15% moisture basis = 3061,88 
* From wheat on 15% moisture basis 
To flour on 14% moisture basis 
Losses = 0.29% 



TABLE 111: Sample No 35 Yecora 

Weight Moisture Weight on Ash Ash Total Starch Flour Column 9 Total ash Extraction ExtractionAsh content 
as it is % dry basis after on dry ash % weight from-to from-to % * % * % * 

temper- basis on 14% from-to column 10, 
Initial After tern- ing % moisture column 12 13 V) 

pering % basis 

WHEAT 3360 10,3 15,4 2842,6 1,37 1,62 46,05 
: 
C 

C1 776 14,8 661,l 0,38 0,45 2,97 768,73 768,73 2,97 22,99 22,99 0,39 r 
C2 740 14,6 632 0,4l 0,48 3,03 734,89 1503,62 6 21,98 44,97 ' 0,40 2 
B1 355 

L.. 

15,l 301,4 0,53 0,62 1,87 66,39 350,47 1854,09 7,87 10,48 55,45 0,42 
B2 250 

'il 
15,l 212,2 0,54 0,64 1,36 246,75 2100,84 9,23 7,38 62,83 0,44 P 

B3 62 14,3 53,l 0,75 0,88 - 0,47 61,74 2162,58 9,7 1,85 64,68 0,45 
0 
1 

C3 307 13,9 264,3 0,86 1,OO 2,64 307,33 2469,91 12,34 9,19 73,87 030  0 
z 

HORTS 311 13,2 269,9 3,21 3,70 9,99 34,25 313,84 2783,75 22,33 9,38 83,25 0,80 
BRAN 479 14,3 . 410,s 4,91 5,73 23,52 18,98 477,33 3261,08 45,85 14,27 97,52 1,41 3 

TOTAL 2804,5 45,85 p ?il 

S 

% Ash content of Wheat from calculation = 1,63% r 
P 

Wheat weight on 15% moisture basis = 3344,2 r 
* From wheat on 15% moisture basis P > 
To flour on 14% moisture basis 2 
Losses = 1,3496 4 

m 

2 
C 



TABLE IV: SAMPLE No 5a SOFT 

Weight Moisture Weight on Ash Ash Total -Starch Flour Column 9 Total ash Extraction Extraction Ash content 
as ,it is % dry basis after on dry ash % weight, from-to from-to % * % * % * 

temper- basis on 14% from-to column 10, 
Initial After tern- ing % moisture column 12 13 

- pering % basis 

WHEAT '2320 12,3 15,O ' 1972 1,52 1,79 35,30 

C1 609 . 
B1 355 
B2 214 
C2 382 
B3 53 
C3 107 

SHORTS 158 
BRAN 364 

TOTLA 

% Ash content of Wheat from calculation = 1,79 
* Wheat weight on 15% moisture basis = 2320 

* From wheat on 15% moisture basis 
To flour on 14% moisture basis 
Losses = l$% 
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FIG. 2: Ash change as a function of extraction (column 13 and 14 of tables 2, 3, 4)- 
1. Siette Gerros, 2 Yecora, 3. Greek Soft, 4. Greek durum. 
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Each sample wheat gives one flour curve, similar to the above, so we have: 
21 plots of Yecora, 20 of S. Gerros, l l of Greek soft and 4 of Greek durum. 

From these plots we find the values for some fixed extraction rate, on the 
basis of which we draw up the tables V, V1 and VII. The table V111 states the 
mean values, of ash for the. marked extraction and for every variety, taken 
from the three aforesaid tables. 

The four curves of the Fig 3 have been plotted from these mean values, 
which are the final ones to study the change of ash as a function of the ex- 
traction. Furthermore, we are forming, from the table VIII, the differences 
between ash values for the marked extractions of flours of the following pairs. 

Yecora minus Greek soft 
S. Gerros minus Greek soft 
These values, for every one pair, are stated in Table IX, from which we are 

finaly constructing the two curves of the Fig. 4. 

TABLE V :  % Ash content of your wheat: YECORA 

Sample Extraction % 

Total 7,966 8,063 8,163 8,396 8,823 9,589 10,315 
M.V. 0,379 0,383 0,3887 0,3998 0,420 0,456 0,49 1 
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TABLE VI: % Ash content of jlour wheat: S. GERROS 

Sample Extraction % 

Total 7,101 7,205 7,394 7,7 12 8,223 9,123 9,867 
M.V. 0,373 0,379 0,389 0,406 0,43 3 0,480 0,519 

TABLE VII: % Ash content of jlour wheat: greek sofl 

Sample Extraction % 

Total 3,518 3,554 3,656 3,789 3,995 4,549 5,406 ' 
M.V. 0,320 0,323 0,332 0,344 0,363 0,413 0,491 
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TABLE VIII: Ash mean values %, taken from tables 5, 6, 7 

Wheat variety Extraction % 

20 30 40 50 60 70 75 
Greek soft 0,320 0,323 0,332 0,344 0,363 0,413 0,491 
Yecora 0,379 0,384 0,388 0,399 0,420 0,456 0,491 
Siette Gerros 0,373 0,379 0,389 0,406 0,433 0,480 0,519 
Durum 0,548 0,581 0,618 0,661 0,720 0,805 0,861 

FIG. 3: Ash change as a function of extraction I .  Siette Gerros, 2. Yecora, 3. Greek soft, 4. 
Greek durum. 



TABLE IX: Ash dtrerence values 

Varieties Extraction % r 
difference 4 m 

G1 

20 30 40 so 60.- 7 0 '  71 72 73 74 75 76 77 7 % -  8 
Yecora minus S 
Greek soh 0,059 0,061 0,056 0,055 0,057 0,043 0,032 0,018 0,017 0,009 0 -0,012 -0,025 -4030 @ 

LI 
a 

S. Gerros minus F 8 
Greek soft 0,054 0,056 0,057 0,062 0,070 0,067 0,056 0,044 6,044 0,637 0,028 0,014 -0,004 -0,017 o 



FLOUR ASH CONTENT OF TWO MEXICAN VARIETIES WHEAT 



334 S. TEGOPOULOS, J. PROTONOTARIOS, M. LAZARAKI, T. ALEXIOU 

Discussion 

The study of the curves of Fig. 3 gives the consequent results: 
1. The content in metallic salts of the endosperm of the two Mexican varieties 
is, in fact, appeared rather a little increased, in comparison with the Greek soft. 
2. The three curves, corresponding to the soft flours, are almost similar in sha- 
pe, and show that the ash content increases little up to an extraction of 60% 
and a little more between 60% and 70%. Thereafter the curve of Greek soft ri- 
ses much more steeply than the other two. This causes a markedly greater rise 
in mean ash content, to Greek soft flour, which has as result the sort meeting 
of this curve with the other two ones, and before 80% extraction. 
This means further, that brans are mixed with clear flour much faster than in 
the case of the other two Mexican varieties. 

So, in this short range of extraction between 70 and 80%, namely just be- 
fore entering in the region of the clear bran, it compensates the initial differen- 
ces of ash content. 
3. All the three curves of soft flours lie much lower than the durun one. 
4. So, for an 75% extraction we are taking a flour with a content of ash 

for Yecora 0,49 1% 
for S. Gerros 0,5 18% 
for Greek soft 0,491% and 
for Greek durum 0,860% 

while for an extraction 70% the percentage of ash content is as following: 
for Yecora 0,456% 
for S. Gerros 0,480% 
for Greek soft 0,4 13% 
for Greek durum 0,805% 

Thus the difference between the above values and the percentage 0,50% is 
more than clear. In addition it must be said that this percentage is the permit- 
ted limit of the Greek soft flours for the 70% extraction. 
5. If we now pass to the other flour type T55, we are observing from the same 
diagram of Fig. 3 following: 

The elevation of the ash values for the accepted extraction of 57% are for- 
med as consequently 

for Yecora flours 0,414% 
for S. Gerros flours O,423% and 
for Gr. soft flours 0,358% 

Inversely, upon any flour, including such a sum of mineral salts, that gives 
an ash content of 0,45%, we are taking the following extraction values 
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for Yecora 69% 
for S. Gerros 64,5% and 
for Gr. soft 73% 

namely an average extraction value of about 68% for mixed grists of the above 
three varieties. 
6. The above conclusions become more apparent, from the table 9 from which 
we notice at first that the difference of the ash value of the two mentioned 
pairs, remains almost constant, inside the errors experienced, up to 60% ex- 
traction. 

There after Fig. 4 suggests the steep falling of the two curves from which 
the first arives to zero at a 75% extraction and the second one at about 77%. 

Therefore, we recognize from all the above, that the same results and con- 
clusions are also valid to the T55 flour type as to the T70 type. 

Final Conclusions 

The stated observations and remarks, inferred from the study of the curves 
of Fig. 3, and in general the whole range of our experiments, heve led us to the 
following decisions and results: 
1. The complaints of the wheat flour-mill owners were not 'based on reliable 
observations and experiments, and for this reason, we can say they were e- 
xaggerated, and 
2. Some modifications must take place either to the elevation of the ash for the 
admitted extraction, or to the elevation of the extraction, while the permitted 
values of the ash content must be kept to remain at the same limits. 

All the above are valid for the two flour types. 

17Epzmczzlcdz~g eig zippa z6v M&&rcavzrc6v ;rrozlczAz6v aizoo Yecora lcai Siette 
Gerros. 

' H  'Ehhqvt~fi voyoesoia EhLyxst ~ f i v  not6rq~a ~ 6 v  & ~ E ~ P W V  EK o i~ov,  Pa- 
OEt 245 ~ ~ E P ~ E K T ~ K ~ T T ) T ~ ~  T&V E[< dcppa 6td ~aeWptoy6~0 6pto & ~ O ~ O O E C O S .  

'Ano ~6 E T O ~  1977 Exouv 8pxiast vcl ~ahhtspyo0vzat siq zip 'Ehha6a 660 not- 
Kthisq y a h a ~ o 0  M E ~ ~ K ~ V ~ K O ~  &rov - Yecora ~ a i  Siette Gerros. 

MsptKoi &h~vpoP toy~~avo t  E&ppaoav napanova KaTB z6 gzoq 1978 6ta 
6~qh i lv  ~ E P ~ E K T L K ~ T ~ T ~  siq ~Ecppa T ~ V  660 &vwT'&)W 7t0tKtht6~ O ~ T O V  EV GUY- 

~ p i o ~ t  yE ~ i q  fin6 nohh6v E T ~ V  ~ahht~pyo6y~vsq  notcthisq 'Ehhqvt~00 yaha- 
c00 oi~ov.  Ta EpyaoTTjpta yaq E~ovv &vahaP~t ~ f i v  6tsps6vqoq ~ a i  h6otv 700 
npophfipa~oq. llpctyya~t, ouywsv~ph8qoav 55 Gsiyya~a 6nO 6 h ~ q  -dq otzona- 
payoyEq nsptoxk~ zqq 'Ehh6605 cai E~nov.iloap& zfiv napo6oa y~ktkq. T& 
6siyyaTa oizov &hLoeq~av siq TOV Epyao~qpta~6 pas yOho siq 62 Ta npoI6v~a 
~ a i  6nonpoi'ov~a BhLosog npoo6topioeqoav T) ~Lcppa, TO tiyuhov icai T) 6ypa- 
oia. 
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ALBUMIN MICROPARTICLE PHARMACEUTICAL COMPOSI- 
TION CONTAINING DNA-DAUNOMYCIN COMPLEX 

D. ITHAKISSIOS 
Nuclear Research Center ((DDernocritos)) 
Aghia Paraskevi Attikis, Greece 

To the Editor: 

I have attempted to develop a new pharmaceutical preparation for an anti- 
cancer drug consisting of a DNA-drug complex entrapped in an albumin 
microsphere matrix. Since the diameter of these particles can be made to vary 
from less than 1 pm up to 70 pm, the microparticles can be made to localize 
specifically in marrow, liver, spleen or lung (1). During biodegradation of the 
albumin particle the DNA-drug complex should be slowly released into the 
blood circulation. Because of the DNA carrier the complex should show higher 
affinity for tumor cells and other 'cells endowed with higher endocytic activity 
than the surrounding tissues. After intralysosomal digestion of the DNA the 
drug will become free to diffuse from the lysosomes and to reach other compo- 
nents or the extracellular space (2). 

I have put this theoretical model to an experimental test using the antibiotic 
daunomycin (3) which has considerable clinical usefulness, particularly in the 
treatment of acute leukemia, but which is cytotoxic, as are all the main anti- 
cancer drugs, and in addition which produces severe cumulative dose- 
dependent cardiotoxicity (4). Here I report the results of the preliminary experi- 
ments carried out to investigate first the feasibility of preparation of such par- 
ticles and second the retention of the antimicrobial and antitumor activity of 
daunomycin released from microparticles and diysociated from the carrier. 

Human serum albumin microparticles containing DNA-daunomycin com- 
plex were prepared at room temperature by adding dropwise 2 m1 DNA- 
daunomycin solution containing 5.08 mg human serum albumin into a rapidly 
stirred continuous phase composed of 200 m1 of the dewatering agent n- 
butanol, 2.4 m1 of the crosslinking agent formaldehyde (35% by weight in wa- 
ter) and 200 m1 castor oil. The dispersion was mixed for two hours at room 
temperature (20-25OC) to crosslink the protein matrix. The DNA-daunomycin 
complex, with a ratio of 11.7 to 1 on a weight basis, was made by mixing one 
volume of the daunomycin solution, 20 mg/ml, with 100 times its volume of 
the DNA solution, 2.34 mglml, which was heat denatured by autoclaving at 
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120•‹ C for 15 min and cooling rapidly. Both solutions were made in 0.15 M 
NaC1. Immediately after mixing a reduction of fluorescence at 580 nm indica- 
ted the formation of the complex (2). The resulting solid microparticles were 
collected by vacuum filtration. Residual oil was removed by washing repea- 
tedly first with n-heptane and then with ether. Dried microparticles were sized. 
More than 75% had diameters of 15-65 pm and contained more than 65% of 
the original drug complex- as estimated using radioiodinated DNA. For the in 
vivo and in vitro studies microparticles with diameters 10-25 pm were used. 

The daunomycin complex released from albumin microparticle preparations 
did not inhibit bacterial growth of Staphylococcus albus compared to control 
cultures incubated without the complex, whereas 1.5 - 2.0 pg of the drug obtai- 
ned after digestion of the carrier inhibited bacterial growth by 45-55%. This in- 
dicates that the activity of daunomycin is reduced by complexing which may 
be advantageous for reducing the toxic effects of the drug until its release at 
desired sites (2). The experiment was conducted by incubating at 37OC for six 
hours 0.5 m1 of the supernate from a suspension, 1 mglml, of microparticles in 
deionized water with 4 rnl bacterial suspension in BactoDextrose Broth (Difco). 
Bacterial growth was estimated by turbidimetry at 660 nm. The drug carrier 
was digested by pancreatic deoxyribonuclease prior to addition to the culture. 

The cytostatic activity of albumin microparticles containing DNA- 
daunomycin complex was evaluated in vitro using human KB cells and in vivo 
using tumorous mice (3). In the first study increasing amounts, 5-200 pl, of a 1 
mglml suspension of microparticles in deionized water were added to 5 m1 of 
nutrient medium containing about 106 KB cells. The nutrient medium was ma- 
de by mixing 80 volumes of a solution containing 0.5% hydrolysate of lactal- 
bumin, 0.1% Difco yeast extract, and 0.5% glucose with '20 volumes of calf 
serum. The mixture was incubated at 37' C for 48 hours and the cell protein 
nitrogen was determined by the method of Oyama and Eagle (5). A 50% inhi- 
bition of cell growth, compared to controls incubated with corresponding a- 
mounts of microparticles containing DNA but no drug, was found using 50- 
100 p1 of microparticle suspension. 

In the second study suspensions of microparticles 10 and 80 mglkg were 
randomly injected into the tail vein of R1 111Rho female mice implanted with 
adenocarcinoma TM. The injections started immediately after implantation and 
the treatment was repeated every second day for five times. Implanted control 
mice received saline injections. Ten days after the last dosing animals were 
sacrificed (CO,) and the solid tumors were removed and weighed. The percen- 
tage inhibition of the tumor weight was calculated from the equation: 
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C = average weight of control tumors 
T = average weight of treated tumors. 

A group of twelve animals per dosing was used. The results of the study 
showed that tumors in mice receiving the lower dose weighed 10-30% less than 
the controls and tumors in those receiving the higher dose weighed 29-55% less 
than the controls. 

The experimental results reported here encourage further investigation of 
preparations of albumin microparticles containing DNA-drug complexes. It is 
expected that use of these preparations will decrease the number of dosings 
required for treatment; it will maintain better control of the amount of drug cir- 
culating in the blood; it will decrease the toxicity of the drug; and it will increa- 
se specificity of tissue localization. 

Dionyssis S. Ithakissios 
Nuclear Research ctDemocritosn 
Aghia Paraskevi Attikis, Greece 
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