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ELECTRON DONOR AND ACCEPTOR PROPERTIES
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(Receied 9 Januury 1961)

Abstract-- The polar cflects of alkyl substituents in clectrophilic and nucleophilx chemical and
clectronic transitions is discussed - The question of the importance of hyperconjugation in the electron
donor properties of atkyl substituents 1s raised.  In view of the cogent arguments of Dewar, 1t 1s
doubtful whether quantum mechanical calculations embodying hyperconjugation comstitute proof of
this effect. That the art of quantum mechanics may not yet be sufficiently developed to be used as
proof for or against secondary resonance effects also is evidenced by the calculations of Simpson, who
found that an internal dispersion force model (1n which conjugation was neglected) reproduced the
properties of butadiene just as satisfactonly as the models embodying conjugation. The experimental
facts do not unequivexally support the hyperconjugation hypothesis and indeed are, at least in part,
contradictory to it In particular, the demonstration that the Baker Nathan Effect® may be due to the
influence of alkyl substituents on the differential solvation of ground and transition states casts doubt
on the interpretation that this experimental effect 15 due to a dominant role of C-H hyperconjugation

In nuclkeophilic chemical reactions, rate or equilibrium constants for para (or meta) alkyl defis -
atives are somewhat smaller than those of the corresponding hydrogen compounds A number of
authors have interpreted this i terms of a permanent clectron donor roke of alkyl substituents
(e g by hyperconjugation) relative to the hydrogen substituent. However, this static vievpoint of
substituent etfocts fails to account for the finding that p-alkyl substituents function as apparent electron
acceptors (relative to the p-hydrogen substituent) in appreciably lowering the energy of the nucleo-
phihc principal clectronic transition of phenol, amisole, aniline and N,N-dimethylaniline  These
results are qualitatively rationalized 1n terms of “substituent-polarizability™ and ¢lectronegativity.

The p-neopenty! substituent lowers the energy of both electrophiiic and nucleophilic electronic
transitions to an approciably greater cxtent than either the p-methyl or p-r-butyl substituent. This
extra stabilizing ctfect of the ncopentyl substituent on both eloctron deficient and clectron rich centers
may be due to aninternal dispersion foree interaction, since the geometry of the neopentyl compounds
18 particularly favorable for such an interaction.

IN recent years the electronic effect of alkyl substituents in chemical and electronic
transitions has undergone a thorough rcappraisal. The role of alkyl substituents as
clectron donors has reccived by far the most study and attention, and the first part of
this paper discusses the current status of the role of alkyl substituents as apparent
clectron donors toward clectron-demanding unsaturated systems. In the second part of
this paper data is presented which shows that under suitable conditions alkyl sub-
stituents may also function as apparent clectron acceptors relative to the hydrogen
substituent. A qualitative empincal treatment of polar effects of alkyl substituents in
terms of substituent clectro-negativity and *‘substituent-polarizability” is prescnted.

ALKYL GROUPS AS APPARENT FLECTRON DONORS
The many viewpoints and postulates regarding the clectron donor properties of
alkyl substituents scem to be roughly divisible into two categorics, a “hyperconjugative

! John Simon Guggenheim Fellow at the Laboratorrum fur Physikalische Chemie und Elektrochemie der
Technischen Hochschule, Stuttgart, Germany, 1960-1961.
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category” and an “inductive cffect category”. However, vanations of viewpoint
within cach of these categorics arc many, and all shadcs of meaning between the two
catcgorics can be read into the many words wnitten about alkyl substituent cffects.
The founders of the hyperconjugation viewpoint are Baker and Nathan, who first
postulated hyperconjugation (C—H) in 1935 to account for the Bakcr-Nathan Effect
in chemical reactions 1n which the alkyl substituent is presumably strongly called upon
to release clectrons.®> Among quantum mechanicians, the prime proponent of
hypcrconjugation is Mulliken, who has carried out numcrous LCAO-MO calculations
based on an acctylenic or ethylenic model for the alkyl group (e.g. H; C -X Yor
R,y .. C-- X=Y, in which onc of the bonds to the Hy or R, group is considered as a
pscudo a bond, labcled [a], and the othcr two bonds are considered as pseudo-r,
labeled (r,]) and [7,].%-* A similar modcl is used by Coulson!®. Othcr models include
those in which a methyl group is trcated as a single heteroatom.!'.!* Kreevoy and
Eyring, in order to explain what they considerced to be the particular effectiveness of
a-hydrogens on the alkyl group, used an *“x-hydrogen bonding™ model in which is
employed a non-zcro resonance integral of the a-hydrogen I's orbital with the 7-orbital
of the unsaturated system.!3

The inductive viewpoint in its cxtreme was expressed by Burawoy, who advocated
the idca that n-clectron resonancce is non-cxistent.! In keeping with thisidca Burawoy
and Spinner assumed a purcly inductive mechanism for clectron relcase by alkyl
groups.i®

Dcwar considers the evidence for dclocalization of bonds in polyenes (c.g. buta-
dicne), olefins (¢ g. propylene) and acctylenes (c.g. methylacetylene) to be inconclusive,
and has concluded that *“‘resonance is important only in molecules for which more than
one classical (unexcited) structure can be written™. All observable effects in the ground
statcs of conjugated and hyperconjugated molecules, such as “stabilization cnergy™,!¢
shortenings of single bond distances (c.g. the carbon carbon single bond of butadiene
and methylacetylenc) and polaritics (c.g. of propylence) are ascnbed to changes in
carbon carbon o bond hybridization.!” Howevcr, these conclusions were considered
not neccssarily applicable to excited clectronic states or to transition states of the
reactions of such molecules. Mulliken, in arguing against the Dewar proposals and

® The term Baker Nathan Fffect is used here in its experimental sense; that is, it refers to a tendency for
obscrved encrgics or heats of clectron-demanding transitions to take the order CH, -~ Et < 1Pr - tBu,
or for rate or equilibrium constants to take the order CH, - Lt “-Pr - tBu.

? The term “hyperconjugation’ for the delocalization of a-bonds to saturated carbon first appeared in &
publication by Mulliken and was suggested by W. G. Brown ¢’

¢ ] W Baker Myperconjugation, Oxford University Press, London (1933).

$ Confcrence on Hyperconjugstion, Tetrahedron S, 103-274 (1959).

* R S Mulliken, J. Chem. Phys. 7, 339 (1939).

S. Mulliken. C. A. Riecke and W. G. Brown, J. Amer. Chem. Soc. 63, 41 (1941).

S. Mulliken, Tetrahedron 8, 233 (1959).

S. Mulliken, Tetrahedron 6, 68 (1939).

A. Coulson, Valence, pp. 307-317. Oxford University Press, London (1952).

' A. Matsen, J Amer Chem. Soc. 72, 5243 (1950).

A Streitwicser, Jr. and P. M. Nair, Tetrakedron S, 149 (1939)

M M Kreevoy and H. Fyring, J Amer. Chem. Soc. 19, 3121 (1937); M. M. Kreevoy, Tetrghedron 8,233
(1959).

6 A, Burawoy, Trans. Faraday Soc. 40, 337 (1944); Victor Henri Memorial Volume Desocr, Liége (1948).

18 A. Burawoy and E_Spinner, J. Chem. Soc. 3752 (1934)

¢ Dewar has suggested the term “stabilzation encrgy’ to be used in place of “resonance energy' for the
observed cxtra thermodynamic stability of conjugated molecules compared with unconjugated ana-
logues.'’

"M ) S Dewar and H. N Schmeisng. Tetrakedron S, 166 (1939). 1bid. 11, 96 (1960).
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Electron donor and acceptor properties of alkyl substituents 201

for an important role of nm-clectron delocalization in *ordinary’ conjugated or hyper-
conjugated molecules scems to rcly mainly on the fairly consistent agreement of a
number of quantum mechanical calculations.®.®* However, he concedces that **Dewar’s
challenge has in any event made clear the importance of a careful re-cxamination of the
theoretical basis of conjugation, hyperconjugation and related phenomena™.?

Simpson also has raised the question of the relative importance of conjugative
intcracuon in butadicnc and higher polyenes. Neglecting resonance intcraction
altogether, he carned out quantum mechanical calculations based on a dispersion
force model for butadienc which satisfactonly reproduccd the stabilization cnergy and
positions of singlet singlet absorption bands and accounted for bond length alterna-
tions.'® Internal dispersion force interactions also are given considerable weight in
the calculations of Berry'®.

The experimental chemist finds himself somewhat at a loss to cvaluate to what
extent the necessanly approximate quantum mechanical calculations based on vanous
models can alonc be used as arguments for or against specific cffects such as hyper-
conjugation. However, the viewpoints expressed by Dewar and the calculations of
Simpson have at lcast given causc for reflection asto whether the quantum-mechanical
“evidence™ for hyperconjugation is sufficiently convincing. The neced of a theory of
hyperconjugation to explain certain experimental observations seems to be no longer
as urgent as once thought to be since these obscrvations are now also subject to
diffcrent interpretations.

Chief among the cxpcrimental observations cited 1n support of the theory of
hyperconjugation has been the Baker-Nathan Effect.? This cffect, which is usually
found in chemical transitions that call strongly upon the substituent for clectron
rclease, has until recently been universally interpreted as showing net clectron release
in the order Mc > Et - iPr > tBu and hence as meaning that C— H hyperconjuga-
tion is the main mcchanism of clectron release in these instances.® However, this
interpretation has been scriously questioned 2 2

By and large there has been a tendency to take expenmental results such as orders
of ratc constants or cquilibrium constants at face value; that is, to view transitions in
solution as if they were taking place in the gas phase. The possible effect of alkyl
substituents on the solvent stabilization of the states 1n a transition usually has been
omitted altogether from consideration, and in other instances dismissed with varying
degrees of arbitrariness as being of sccondary importance - Howevcr, the rescarch
groups of Shiner® and Schubert® * have found the Baker Nathan Effect to be
solvent dependent, in a manncr not cxplainable by the orniginal theory of Baker and

W T Simpson, J Amer. Chem. Soc. 73, 5363 (1951).

' R.S. Berry, J. Chem. Phys. 26, 1660 (1937), Ibid 30, 936 (19%9).

% Herliner has listed some forty rcactions 1n which the Baker-Nathan Effect 1s found and has concluded
primanly from the mere persistence of this effect that “hyperconjugation of C—H bonds provides the most
conuistent and satisfactory explanation™ %!

81 k. Berhiner, Tetrahedron 8, 202 (1959).

8 W. M. Schubert and W. A. Sweeney, J. Org. Chem. 21, 119 (1936); J. Amer. Chem. Soc. 76, 4625 (1954).

% W. M Schubert. J. Robins and J. L. Haun, J. Amer. Chem. Soc. 19, 910 (1937); * W. M. Schubert and
J Robins, Jbid., 80, 539 (1938), * W. M. Schubert, J. Robins and J. M. Craven, J. Org. Chem. 24,943
(1939)

4 W. M. Schubert. ). M. Craven, R. Minton and R. B. Murphy, Teirahedron S, 194 (1959).

¥ W. M. Schubert and R. Minton, J. Amer. Chem. Soc. 82, 6188 (1960).

® R. W. Taft, Jr and lewin C. Lews, Terrahedron 8, 210 (1939)

e V. J.Shiner, ., J. Amer. Chem. Soc 76,1603 (1954); * Tetrahedron, 8,243 (1939), ¢ V. J. Shincr, Jr. and
C. J. Verbanic, J. Amer. Chem. Soc. 79, 169 (1937).
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Nathan, and have suggested specific roles of the solvent. Thesc groups were led
independently to a consideration of the solvent role through a recognition of the fact
that the Baker -Nathan Effect, though often obscrved in electron-demanding chemical
rcactions, 1s rarcly encountered 1n mcasurements on other clectron-demanding transi-
tions, e.g.. in the jonization potentials and *“*principal™ clectronic excitation encrgics of
alkyl-unsaturated compounds.? #.# Thc Baker-Nathan Effect also is not found in
ground statc measurcments such as dipolc moments® bond lengths® and heats of
hydrogenation.® This inconsistency between the Baker-Nathan Theory and experi-
mental fact also was recognized by Burawoy and Spinner.!s They neglected the
possible role of the solvent, however, and attributed the Baker Nathan Effect to
“stenc hindrance to bond shortening™ in purely inductive clectron release by alkyl
substitucnts. The absence of the Baker Nathan Effect in highly clectron demanding
electron transitions was cxplained in terms of the Franck-Condon Principle; that is,
in the short time of the clectronic excitation process there is practically no movement
of atomic nuclel, hence practically no bond shortening.'> However, the hypothess of
Burawoy and Spinncr does not satisfactorily account for the solvent dependence of the
Baker-Nathan Effcct in both chemical and clectronic transitions.
Schubert and Sweency maintained that alkyl substituents stabilize clectron-
demanding unsaturated systems 1n the inductive order. regardless of whether the
substitucnt is faced with a large or small clectron deficiency. They postulated that the
Baker-Nathan Effect 1s duc to steric hindrance to solvation near bulky alkyl groups;
that is, that the solvent stabihization of alkyl unsaturated compounds is significantly
decrcased with increasing ability of the alkyl substituent to shield electron deficient
sites in its vicinity.Z This hypothesis lcads to many of the same qualitative predictions
for chemical recactions 1n solution as the hypothesis of Baker and Nathan, e.g. that
the Baker -Nathan Effect should be observed when the clectron deficiency (and hence
the requirement for solvation) created in that part of the reacting molecule containing
the substituent is large.® On the other hand, observations made on electronic transi-
tions, = such as the inductive order of the principal clectronic transition cnergics of
p-alkyl nitrobenzences and acctophenones in the gas phase and, the partial inversion of
this order in polar basic solvents, B2 arc consistent with the hypothesis of Schubert and
Sweency and inconsistent with the hypothesis of Baker and Nathan. The fact that the
solvent molccules are not fully oriented to the clectronic exaited states (Franck-Condon
Principlc) accounts for the mildness of the Baker Nathan Effect in this particular
instance and for its rare appearance in clectron-demanding clectrome transitions in
1 A hyperconjugative order of excitation energics in the gas phase has been found only for the low intentity
“B-band’ of alkyl benzencs at ca 2600 A (but not for the intens polar “principal” or “F -band” tranution
atca 2100 A)* What the substituent is called upon to Jo in this *almost non-polar tranution™**® g not
entircly clear.  The interpretation that the encrgy order 1s due to predominant ¢'—H hypereonjugation
in the excited state®® has been questioned and other explanations have heen advanged ¥

F A Matwn W. W, Rohertson and R. 1. Choake. Chem Rer 41, 273 (1947)

#% K. Bowden and k. A, Braude. J Chem. Soc 1068 (1932), * V. J Hammond. W. C Price, J. P. Teegan
and A D Walsh, Disc. Faradar Soc 9, 33 (19%0).

" C. P Smyth, Deleciric Behatior and Structwre Chaps. I1X and X. McGraw-Hill. New York (1959).

8 Sutton has concluded that “hyperconjugation 1< not clearly and ambiguously proved hy bond length
anomalies 10 exist in the ground state of molecules, although on the other hand its cxistence 1s not certainly
disproved™’. 1. k. Sutton, Tetrakedron $, 11R (1959)

% Turner has concluded that thermochemical results do not provide signihcant information on the nature of

the stabilization of unsaturated systems by alkyl groups (sce, however, ref 26); R B Turncr, letrahedron

S, 141 (19%9).
A typical example 13 the solvolysis of p-alkyl benrhydryl chlondes, for which the latter hypothesis,
however, accounts more satisfactorily for the order of observed activation entropies.?'.%
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solution in general. B -# Qualitatively considered, these results also are consistent with
Shiner’s suggestion that the solvent, through incipient hydrogen bonding with the
z-hydrogens of the alkyl substituent, may function to enhance C—H over C—-C
hyperconjugation.?”  Quantitatively considered. the solution data for the p-alkyl
nitro-benzencs and acctophenones were better accomodated by the hypothesis of
steric hindrance to solvation near bulky alkyl groups.®°

Most recently 1t has been found that the kinctic parameters (k, AH® and AS*) for
the solvolysis of 3-R- and 3.5-diR-benzhydryl chlondes (R H, CHy, and t-Bu)
vary with solvent composition and substituent in a4 manner consistent with the hypo-
thesis of Schubert and Sweency, and inconsistent with the Baker Nathan hypothesis,
cither as originally cnunciated or as modificd by Shiner.® Support for the stenc
hindrance to solvation argument was also found by Clement and co-workers in the
solvation cnergies of benzyl. p-methylbensyl and p-t-butylbenzyl chlondes in methanol,
determined from vapor pressures of the pure chlondes and the Henry's law constants
in solution.® Farlier, Shiner had found that the Baker Nathan Effect in the solvolysis
of p-alkylbenzhydryl chlorides is solvent dependent and concluded that the variations
in relative rates with solvent composition could be explained in terms of solvent
assistance to hyperconjugation or steric hindrance to solvation, or both.%¢

In view of the above considerations it is the contention of the authors that the
appearance of the Baker-Nathan Effect in transitions in solution docs not constitute
evidence for a C—H hyperconjugative order of electron release by alkyl substituents.
If this contention is correct, then € H hyperconjugation would have to yield in
importance to stabtlization mechanisms in the inductive order, such as the inductive
cffect itself, or internal dispersion forces,™ or C - C hyperconjugation. It is a moot
question whether hyperconjugation 1in general (both C- C and C- H) 1s important,
although the postulate thatitis a major factor scems now to offer no special advantage.

In conncction with the question of the total electron donor effect of alkyl sub-
stituents, 1t 1s interesting to note that there has been a recent tendency among those
favoring the hyperconjugation viewpoint to de-emphasize the relatise importance of
C H hyperconjugation and to assign to C- C hyperconjugation an important,
though gencrally lesser role. Thus Mulliken, who suggests the term “differential
hyperconjugation™ for usc in discussions of the Baker Nathan Effect. sees *no obvious
rcason” why C —C hyperconjugation **should be radically different in its effectiveness™
than C- H hyperconjugation.® In fact, Mulliken carly made no distinction between
C—H and C -C hyperconjugation ®* Perhaps the first to cxplicitly apply C— C
hyperconjugation, in a qualitative way, are Berliner and Bondhus, who held that the
ratc of molecular bromination of t-butyl benzene relative to benzene (kyy 7k - 115
for “'total™ bromination at 25°) 1s too great to be attributable to the inductive effect
alonc and hence must be determined considerably by C— C hyperconjugation.®
Howevcer, as de la Mare has pointed out, this is still a mattcr of opinion.¥ Recently,
varying degrees of effectiseness have been assigned to C - C hyperconjugation, upto a
ratio of C  Cto C—H hyperconjugation of about 0-8.2-% [t 1s to be emphasized that

M R.A Qement, J. N. Naghuadch and M. R. Rice.J Amer. Chem. Soc. 82,2449 (1960), R. A Clement and
J N. Naghizadeh, /bid. 81, 3154 (1939)

W E Berliner and F. J. Bondhus, J. Amer Chem. Soc. 70, 854 (1948).

P B. 1) dela Mare, Tetrahedron S, 107 (1939)

P D Banlctt, J, Chem. Educ 30,29 (19%3); N. N. Lichtin and P D. Bartiett, J Amer. Chem. Soc. 70,
854 (1948); * H. C Brown, J. D Brady. M. Grayson and W. H. Bonncr, J. Amer. Chem. Soc. 19, 1897
(1937).
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these “‘quantitative’ estimations are based on rate constants in solution and neglect
the possible effect of differential solvation on kcy /Ky, ratios.

ALKYL GROUPS AS APPARENT ELECTRON ACCEPTORS
1. Introduction

The amount of theorizing and cxperimental study that has been devoted to the
influence of alkyl substituents on nucleophilic, i.¢. electron nich, centers is much less
than that given to the influence of alkyl substitucnts on clectrophilic, i.e. electron

TasLr 1. NUCLEOPHIIIC RFACTIONS OF p-ALKYL COMPOUNDS

Relative rate

Ref. Reaction Solvent Temp. constants pValues®
H Me tBu
41a  Ethylbenzoates ' OH- 85°, EIOH* ! 25° 1 044 056 2s
4la Lthylbenzoates + OH $6°, Acetone® 25 1 041 031 23
4 {-menthylbencoates - CH,OH 40 1 048 0%y 26
OCH,-
41b  Neutral hydrolysis of 75°, Dioxanet  $8° 1 035 039 | 16
benzoic anhydnides
43 | Lthanolysis of bensoyl LtOH 0 1 087 067 153
chlorides
43 Bensylpynidinium ons - L1OH 20 1 030 069
Okt
43 2-Cl-S-alkyl-3.S-dimtro- Piperidine S0 1 018 031
: benzenes - pipenidine
41t 2-Bromo-S-alkylmitroben- Pipenidine 28° 1 015 017 49

/enes { pipendine

* Valucs of the reaction constant, p, are taken either (rom the original reference or from ref. 40.

* Given as percentage by weight of aqueous solution.

¢ Activation encrgies obtained from rate constants st two temperature are 176, 18 0 and 18:1 for p-H,
p-CH, and p-t-Bu compounds respectively. [t was cautioned that these values may be somewhat in error 4

¢ Activation energies obtained from rate constants at two temperatures are 121 : 08,132 . 06 and
129 . 04 for p-H, p-CH, and p-1-Bu compounds respectively.

deficient, centers. Nevertheless, rate or cquilibrium constants have been determined
for p-alkyl compounds in a number of nucleophilic chemical reactions 1in which
negative charge is fed toward the substituent. Most of the reactions in which para
hydrogen, methyl and t-butyl compounds have been compared arc listed in Table 1.
Thesc reactions have a positive value of the Hammett reaction constant, p. The rate
constants are somewhat smaller for the p-alkyl denivatives than for the corresponding
p-hydrogen compounds, in agrcement with the ncgative sign of the substituent
constants, g, assigned to alkyl substituents.>.40

% | P Hammett, PAvsical Organic Chemustry Chap. Vil McGraw-Hill, New York (1940).
¢ H. H Jaffé, Chem. Rec. 83, 191 (193)).



Electron donor and acceptor propertics of alkyl substituents 203

In the discussions of the decactivating effect of alkyl substituents relative to the
hydrogen substituent in nucleophilic reactions, a static viewpoint has been taken. That
is, the alkyl group is treated as a permanent clectron donor rclative to hydrogen,
i.e. it is considered as resisting negative charge, and the usual discussions of hyper-
conjugative vs. inductive electron relcasc are applied ¢!~ In most of these nucleo-
philic rcactions, the rate or equilibrium constant is slightly smaller for the p-methyl
than for the p-t-butyl denvative. This has been attnbuted to hyperconjugation, that is
to an clectron relcase order governed by C— H hyperconjugative clectron relcase 4 4
There is a certain inconsistency between this argument and that applied to electrophilic
reactions. For clectrophilic reactions, 1t 1s maintained that C—H hyperconjugative
electron release should predominate over inductive clectron relcase only when the
clectron demand placed upon the substituent is high. Why C—H hyperconjugative
clectron release should predominate in nucleophilic reactions, in which the clectron
demand placed upon the substituent 1s negative. 1s not altogether clcar.  Actually,
there 1s no assurance that the very small diffcrences between the rate or cquilibrium
constants of the mcthyl and t-butyl compounds reflect differences in the direct potential
encrgy cffects of the methyl and t-butyl substituents, or indeed. that these rate or
cquilibrium constant differences are duc to differences in heats of activation or
entropies of reaction. Heats and entropics of actination were determined for but two
of the reactions of Table 1., but in these instances the values obtained arc not rehable
cnough to permit a definite conclusion to be made. Furthermore. it 1s not known to
what cxtent differential solvation of ground and cxcited states may influence the rela-
tive rates of the compounds of Table 1. That differential solvation may be a factor is
evidenced by the inversion of the rate order for p-mcthyl and p-t-butyl compounds in
the basic hydrolysis of ethyl benzoates in **56°." acctone as compared to “85°."
alcohol.# In the absence of accurate heat and entropy data for the reactions of Table |
it may be premature to attribute the small rate or equilibrium constant differences
between the p-mcethyl and p-t-butyl compounds to differences in the direct polar effects
of the substituents. Presumably, the larger rate or cquilibrium constant differences
between the p-alkyl and p-hydrogen compounds do qualitatively follow the differences
in the polar cflects of p-alkyl and p-hydrogen substitucnts in these instances, although
this is not altogether certain.

The consideration of alkyl substituents as permancnt clectron donors relative to
hydrogen is a manifestation of a prevalent static viewpoint of substituent cffects in
general: i.c. the electrical influence of substituents are treated in terms of mesomenic
and inductive cffects in fixed directions. Contributing toward the crystallization of a
static viewpoint of substituent clectronic effects has been the assignment to substituents
of a-valucs of constant sign, if not of constant magnitude. Thus, a negative o is taken
as implying permancnt net electron releasc relatise to hydrogen and a positive g is
taken as implying permancnt clectron acceptance to hydrogen. Both Burawoy and

41 [ Berhiner, M. C. Beckett, E. A. Blommers and B. Newman. J. Amer. Chem. Soc. 74, 4940 (19%2);
* F. Berhiner and L. H. Altschul, /bid. 74, 4110 (1932); * E. Berhiner and |.. C. Monack, /bid. 74, 1374
(1952).

* M. S Newman and E. K. Easterdrook. J. Amer. Chem. Soc. T7, 376} (1955)

@ C. W. L. Bevan, . D. Hughes and C. K. Ingold, Narwe. Load 171, 301 (1933).

 This has been commented upon by Price and Lincoln, who sttnbuted the smaller rate constant for the
p-t-Bu compound i1n ""36 °." acetone to steric hindrance by the large p-alkyl group to solvation of the direct
reaction site (1.e the ester group) in the transiion state; C. C Price and 1> C Lincoin, J. Amer. Chem.
Soc. 73, 5836 (1931)
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Schubcert have questioned such a static viewpoint of substituent cffects. They have
prescnted evidence that certain substituents may function as either apparent electron
donors or as apparcent clectron acceptors rclative to hydrogen, at least in certain
clectronic transitions, and were led independently to a consideration of substituent
cffects in terms of the “polanzability™ of the substitucnt. Burawoy and Thompson
proposed that the apparcent electron releasc by p-halogen substituents in clectron
demanding clectronic transitions and the apparent clectron acceptance by p-halogen
substituents in elcctron donating clectronic transitions is determined by the polanaza-
bility of the a-clectrons to the substitucnt.$* Schubert and co-workers suggested that
the extent of clectron “release™ or “acceptance™ by a substituent in a given state can
be considered to be a function of both the magnitude of the clectronegativity difference
between the substituent and the site to which itis bonded and what will here be labeled
as “'substituent-polarizability™.# They applicd this viewpoint to a considcration of
the effect of para alkyl. halogen and other substituents on electron demanding transi-
uions and to the effect of p-halogen substituents on clectron donating transitions. 3.4
The substituent is viewed upon as being capable of being polanzed with roughly cqual
case in either a posttive sense (electron “'release™ by the substituent) or a negative
sense (clectron “acceptance™ by the substituent) depending on whether the site to
which the substituent is attached 15 more or less electronegatine than the substituent.
The vague term “'substituent-polanizability ™ skirts the question of the exact manner in
which the substituent is polarized but is considered to include cither or both direct
polanmzation of the bonding clectrons to the substituent (o and alvo #-bonds. if any) and
possible internal dispersion force polarization ' 4*

According to the treatment of substituent effects in terms of “'substituent-polariza-
bility™ and clectronegativity, alkyl substituents would be expected to lower the encrgy
of transitions in which a sufhiciently strong migration of negative charge toward the
substituent occurs. The authors therefore undertook to measure the cffect of p-alkyl
substituents on the encrgy and ntensity of the principal electronic transitions of
phenol, anisole, anihine. and N,N-dimcthylaniline ** These transitions, in which the
interaction with the electric vector of the hight 1s in the long axis of the molecule * can

% A HBurawoy and A. R Thompson. J Chem Soc 4314 (1956)

* This 1s equivalent to postulating that the encrgy, ). rcleased in the hypothatical reaction, A B (1dcal
corvalent) -+ A-B (actual molecule). 1s empirically a function not only of the clectroncgatinity difference
between A and B but also of the case with which interacting clectrons between A and B are polarieed, this
depending on the naturc of both A and B Pauling. 1n setting up an empirical scale of clectroncgativities,
assumed that 3 s 4 function of only the clectronegativity difference, specihically that 3 const. (x, —
.”)'; [14

¢! | Pauhing. The Nature of the Chemical Bond Chap 11 Cornell Lniveruity Prese, New York, (1944).

t0e W M Schubert, J. M. Craven. M Steadly and J. Robine, J Ore Cherm. 22,1283 (1937). * W M Schu-
bert. J M Craven and H Steadly. J. Amer Chem Soc 81,2693 (1939), ¢ W M Schubert, H Steadly and
1M Craven, Idid B2, 1V8) (1960); ‘W M. Schubert and J. M. Craven, Ihid. 82, 1357 (1960).

** The term “substituent.polarizability™ 13 not to be confused with polanizahiity as determined from molar
refractons  The “hond™ or group refraction of a substituent i1v a measure of the caw with which the
clectrons are polarized by an external electro-magnetic tield.*® and thus 1s not necessarily a measure of the
ability of the substituent to undergo internal polanzation in an electronic transition. However, a paralicl:
inm between the two types of polarization may exint, 33 evidenied, ¢ g . by the correlation between the
encrgics of the principal electronic tranutions and the molar refractions of p halo anisoles, nitrobensencs
4nd scctophenoncs ¢

$¢ K 1 ajancin Physucal Methods of Organic Chemistry (E dited by A. Weissburger) Part Il p. 116} Inter-
soienge, New York, (1949)

8! Preliminary results were reported 1n reference 24,

S W. T Simpson, J. Amer. Chem. Soc 78, 597 (1933). W. T Simpion and C W Looney, Ihd 76, 6293
(1954).
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be crudely represented by equation (1) (sec ¢.g. refs. 52, 53).% That the electron migra-
tion in these transitions is indecd away from the functional group and toward the
substitucnt is amply verified by the cffects of solvents on the principal clectronic
transition cnergics of such compounds. .53

z za
//J\ L
L 2™ ey m
R N
| - ("
R R
1 u

Z *OH OCH, NH, N(CH,),

11. Results

Gas phase spectral measurements on carcfully purified compounds were made 1n
20 cm Aminco quartz cclls at clevated temperature with a Beckman DU instrument
as previously described. 24 Measurcments in heptance were made in 1 cm stoppered
quartz cclls at 25 ¢+ 1°. Absorption maxima were located as previously descnbed.
Valucs of the transition moment length,® ¢, in heptance were calculated according to
cquation (2) from spectra mcasured in a Cary Modcl 14 instrument.

¢ 1109 - 10™®fedin) )

Representative of the principal band spectra of the members of cach of the scrics
arc thosce of the p-methyl compounds in heptanc. shown in Fig. 1. Each compound
also cxhibits a low intensity band (¢ - 1000) which has considerable fine structure and
appears around 280 mu. This evidently is the so-called B band, corresponding to the
260 mu band of benzene. The principal band of the anilines and dimethylanilines 1s
quite symmetrical, though overlapped shghtly by a lower wave length band, and ¥, 15
probably a fairly accurate measure of the transition energy. The principal band of the
phenols 1s considerably distorted through overlap by an intense lower wave length
band. This is also truc for the anisoles, but to a lesser extent. Thus. although the
values of v, are precise to 120-30 ¢cm ', the himits of accuracy of »,,,, for the
phenols and the amisoles are probably much higher than this. Table 2 lists the s
values found in the gas phase.  Table 3 lists values obtained in heptanc of v, ..
and ¢. For comparative purposces, values for p-alkylnitrobensenes arc included.

max

(ﬂl-l!'

L. Discussion

p-Alhyl vs. p-hvdrogen. Consider first the observation that p-alkyl substituents
lower the principal clectronic transition cnergy of phenol, anisole, amline and di-
methylarline (Tables 2 and 3). The lower excitation encrgy for the p-alkyl compounds
mcans that the quantity, E,,*  E,°, is greater than the quantity E,, - E,. where

8 N.S Baviissand L Hulme, Ausr. Chem.J 6,257 (1933); NS Baylissand F. (;. McRae, J. PAvs Chem.
A8, 1002 (1954), K Bowden and 1 A Braude, /. Chem. Soc. 1068 (1952).

# Obviously the use of single valence bond depictions for ground and excited states 1s merely for convem-
ence. and the deprctions 1 and [l are arbitranily chosen as perhaps the single best representatice structures
1t 13 understood that polar structurcs such as [l may also contrnibute to the ground state, but certainly not
to the extent as to the excited state.

Y G S Levinson, W. T Simpson and W. Curtis. J. Amer Chem Soc 79, 4314 (1937). G. Hereberg,
Molecular Specira and Molecular Structure pp. 381-383. Van Nostrand, New York (1930).
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F10. 1. Plot of the principal band spectra in heptane of the p-methyl
derivatives of phenol, anisole, aniline and N, N-dimethylanmihine.

TASLE 2 VALUES OF vy, (cm-') fror p-RC,HZ
IN THE GAS PHasE®

Zz H ! Me t-Bu NeoP

1
OH | 48470 46280  46300° 43480
1
OCH,* 46510 45500 45470 ' 44880
NH, 43590 42790 42970 42280

NMe, 41360 (41070)* (409001

NOy 41820 139970 39760 39490

¢ Average of three determinations at 150°, duphcable to
£ 20-30 cm-'. A temperature of 150° was used (0 insure the
absence of adsorption of the less volatile compounds on the
cell windowsy ™

* Also determined at 80°, with results within expernimental
error of those at 150°.

¢ Spectral peak highly unsymmetrical due to strong
overiap by a lower wave length band.

¢ Of doubtful accuracy duc to slow change of spectrum
with time and temperature

* Previously reported.™.?
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TABLE 3. VALUES OF vgq,, (CM™!), €gey X 10 * AND TRANSITION
MOMENT LENGTH, g(A), ror p-RCH,Z at 28
IN MEPTANE® (¢

Anisoles
' H ! Me " t-Bu ' NeoP

_ 430 ats0 assio | a0

=100 76 91 101 113

7 050 . 036 062 064

T Amlmcsl - )

Ymes | 42740 42230 42320 rno )

.10 . 90 9 107 116

q 066 _J 069 : 074 07
- __—_;..'*IDnmelhylamlmes o
_._,, -39830 39490 ¢ 39600 o

«-10° | a9 157 163 —

9 087 091 094
T Phenow
e 47430 4420 45500 44900

« - 10 $7 59 68 50

g P 05s

Nitrobenzencs

aad' 39700 37870 - 37670 37410
« - 10? 87 100 110 17
q ' 08 , 086 090 09s

® Values of vaq, arc averages of three determinations, duplicable
to : 20cm’ 1.

* Values of rae: also were determined for some of the com-
pounds on the Cary Model 14 spectrophotometer. The differences
Invaes values obtained this way were within experimental error
of those obtained on the Beckman DU.

* Values Of ¢mas X 10 ? are averages of two determinations,
duplicable to 2%,

¢ Values of ¢, equation (2). sre averages of two decterminations,
duphicable to : 1°,, except where noted.

* Duplicable to t 2°;. Choice of area under principal band
arbitrary due to overlap by lower wave length band.

7 Except for the p-ncopentyl derivative, the spectral band of the
phenols was quite unsymmetrnical due to strong overlap of the
principal band by a lower wave length band. This prevented ¢ from
being accurately determined

¢ Previously reported e ®




210 W. M Scuustrr, R. B. MureHY and J. Rosins

Ey* and E,° arc the cnergies of the excited states of the p-hydrogen and p-alkyl
compounds, respectively: and E, and E, arc the cnergies of the corresponding
ground states. This implies that the excited state 1s srabilized through p-alkyl sub-
stitution, 1.c. £, E,° positive and E,; - E,, less positive, 7ero, or negative; for
if onc assumcs that the excited state i1s destabilized by p-alkyl substitution, 1.c.
Ey* - E,° negative, then onc is forced to the unlikely conclusion that the much less
polar ground state is destabilized cven more by p-alkyl substitution, i.c. Ey — E,,
morc negative than Ey* Ey*. Since the electron migration in the principal electronic
transitions of phenol, anisole, aniline and dimethylaniline is away from the functional
group and tonard the substitucnt, i.¢. the excited state 1s clectron nich in the region of
the p-substituent, the results imply further that the p-alkyl substituents are functioning
as apparent clectron acceptors relative to the p-hydrogen substituent in the excited
state of these transitions

The “activating™ cffect of p-alkyl substitucnts in the principal clectronic transition
of phenol, anisole, anitine and dimethylanihne is inconsistent with the current static
viewpoint of the clectronic effects of alkyl substituents, in which alkyl groups are
conwsidered as permanent clectron donors relative to hydrogen and are pictured as
resisting ncgative charge, c.g. by hyperconjugation (sce c.g. refs. 41 43). A possible
role of alkyl substituents as clectron acceptors relative to hydrogen also seems nowhere
to have received specific theoretical treatment, although Mulliken in a recent paper
has written: *'It secms to the wnter that the customary use of a symbolism such as
H'CH, CH -CH, and corresponding emphasis on electron release, without any
mention of an oppositely polarized 1onic structure and. cspecially of the long bond

structure H, C CH CH,. may be scriously misleading™ *

The flexible behavior of the p-alkyl substituents in functioning as apparent clectron
acceptors in the nuclcophilic principal electronic transition of phenols, ctc. and as
apparent clectron donors in clectrophilic clectronic transitions such as the pnncipal
clectronic transition of nitrobenzene or acetophenonc is qualitatively consistent with
the trcatment of subsutuent cflects in terms of “substituent polanzability” and
substituent electronegativaty. This trecatment can be graphically illustrated as in Fig. 2.
The ordinatc labeled D, the “*demand for clectrons™, represents the clectroncgativity of
A in the molccule A:X, where X 1s the substituent.  Stabilization cnergy (positive)
resulting from “clectron release™ by the substituent is given to the right on the x-avis.
Stabilization encrgy (also positive) resulting from “clectron acceptance™ by the sub-
stituent is given to the left on the x-axis. The plot for two substituents of differing
clectronegativity and differing “substituent-polanzability™, say H and CH,. has been
arbitranily made lincar. The ortgin of this plot is placed at the point of intersection of
the D-axis with the line for the hydrogen substituent. At this value of D the hydrogen
would ncither relcase nor accept electrons, i.e. the clectroncgativity of A and H in
A :H equal. For positive values of D.1c A in A'H morc clectronegative than H,
H would “relcase’ to A. For negative valucs of 1), 1.e. A less clectroncgative than H,
H would *“accept™ from A. The slope of the arbitrary line 1s inversely related to the
*substitucnt-polanizability™.

# The term “apparent’ electron acceptor 1s used here in recognition of the possibility that the stabilizing
eflect of the p-alkyl substituent on the excited state conceivably may be due at least in part 1o sn internal

dispersion force.'* a type of interaction that docs not involve a direct electron exchange between the
substituent and the rest of the molecule.
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The line for methyl has been given a smaller slope than that for hydrogen since
methyl presumably has the grcater “‘substituent-polanzability”. In placing the
interscction of the mcthyl linc below the ongin, the methyl substituent has been

assumed (0 be less electronegative than the hydrogen substituent. This is in accord
with the elcctronegativity order assigned by Walsh%’, Moftitt** and Bent®. It should be

0
H
Me
O\ t/-
-R (accept) /D R(release)
2
el - - = - W 03

F1G. 2. Arbitrary ekectron demand-electron relcase plot for the H and CH, substituents. The

D axis represents the electron demand placed on the substituent, X, by the varying group A 1n

the ideal covalent molecule A:X. On the x-axis R represents positive stabilization energy

resulting from electron release by the substituent and —R represents stabilization energy (also
posttive) resulting from electron acueptance by the substituent.

pointed out,however, that in theclectronegativity tables of Pauling*” and of Mulliken®,
tetrahedral carbon is assigned a greater clectronegativity than hydrogen, and that this
order has found more widespread use in the literature.

Consider now the principal electronic transitions of the phenols, ctc. in terms of
Fig. 2. In the ground state, the demand. D, placed on the p-substituent is neither very
high nor very low. If, e.g. thc demand is at D,* the ground state would be stabilized
through elcctron relcase in the order CHy > H. In the excited state the value of D is

$* A. D. Walsh, Proc. Rov Soc. A 207, 13 (1931)

8 W. Moffitt, Proc. Roy Soc. A 307, 74 (1951), 1bid. A 202, $)4, 348 (1950).

* H. A. Bent, J. Chem. Phys. 32, 1382 (1960)

S R.S. Mulliken, J. Chem. Phys 2, 782 (1934); /bid 3, 573, 586 (1939%).

* This 13 1n accordance with an clectronegativity order; O > H > C*°, for neutral atoms.*'.$¢
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probably quite low; i.e. the p-substituent is attached to a highly electron rich, electro-
positive center.® If D is sufficiently low, e.g. at Dy, the excited state of the p-methyl
compound would be stabilized sufficicntly over that of the p-hydrogen compound to
insure a qualitative order of excitation cnergies CHy << H, even if the hydrogen sub-
stituent were more clcctroncgative than the methyl substitucat. Similarly, for the
principal clectronic transition of nitrobenzene or acetophenonc, the very high D in the
excited state (i.c. the p-substitucnt attached to a highly clectron deficient, electro-
ncgative center)®® would also insure an excitation cnergy order CH; <2 H, even if the
hydrogen substituent werc less clectronegative than the methyl substituent.

With this treatment one could also rationalize why a p-alkyl substituent is **de-
activating™ in ordinary nuclcophilic chemical transitions although *‘activating™ in the
nucleophilic electronic transitions, provided the hydrogen substituent is indeeed more
electroncgative than the alkyl substituent. In other words, a higher D value (i.c.
smaller clectron deficiency at the p-position in the transition state of the nucleophilic
chemical transition as compared to the nucleophilic clectronic transitions)®® could
result in the order, H -2 CH,, for the activation cnergics. For example, if D in the
transition state is only at D, the transition state would be stabilized in the clectronega-
tivity order. If D in the transition state is below the intersection of the hydrogen and
methyl lines, the transition state would be stabilized in the substituent polarizability
order. However, unless D 1s sufficiently low, the transition state would be statihized
less by the p-methyl relative to the p-hydrogen substituent than the ground state
(ground statc D say at D;) and the activation cnergies would stull be in the electro-
negativity order.® A greater electroncgativity for the hydrogen than the alkyl substitu-
ent would also be consistent with the fact that alkyl substituents are activating even
in mildly clectrophilic transitions.

Effect of changing p-alkyl substituent. The cnergy order for the nucleophilic
electronic transitions is ncoP -2 CH,, t-Bu -2 H, with the p-methyl and p-t-butyl
groups having comparable cflects. In heptanc (Table 3), the vy, values of the p-methly
and p-t-butyl compounds lic within expecnmental crror of each other in the phenol and
anmisolc scries and in the order CHy -2 t-Bu in the aniline and N,N-dimethylaniline
serics. In the gas phase (Table 2) the p-methyl-p-t-butyl vy, order is clearly estab-
lished only in the aniline scries, it also being CH, -2 t-Bu.

* Application of the Hammett equation*-¢® log kx — log ku z;_Tr (AFu® - AFx?) = 0xp, 10 the
principal ¢lectronic transition of mitrobenzene substituted in the p-position with substituents, X, having a
negative substituent constant, Ox. gives & p value for this rcaction of - 130 + 1-2. Prehminary estimates
of the p values for the nuclcophilic principal electronic transitions of p-substituted phenols, anisoles and
anilines are 14:3, 9 8, and 70 respectively.® Applying the criterion that the magnitude of the p valuesis s
measure of the nuclcophilic demand placed on the substituent, 1t 1¢ clear that the p-substituent 1s called
upon much more strongly to “"sccept’ electrons in the principal electronic transitions of phenol, etc., than
in the chemical reactions of Table 1. A large increase in polarnity in the excited state 13 also reflected in the
large degree to which the excitation energy 18 lowered 1n heptane relative to the gas phase (of the order of
3 kcal/mole), despite the unfavorable partial orientation of the solvent to the Franck-Condon excited
state ** The large negative p values for the prmcipal electronic transition of mitrobenzenes and aceto-
phenones also have a much greater magnitude than the p values found for electrophilic chemical tranw-
tions and are indicative of a stronger clectron demand on the substituent.

¢ James M Craven, Ph.D. Thesis, Univeruity of Washington (1939).

# Those who have maintained that alkyl groups function as permanent clectron donors relative 10 hydrogen
1n nucleophilic reaction gencrally have neglected to consider the ground states ,*! 43 . ¢. they have failed to
take cognizance of the possibility that the (presumably) greater activation energy for the p-alkyl com-
pounds could be the qualitative result of the greater ground state stability of the alkyl compound.
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The encrgy order in clectrophilic principal electronic transtions is neoP < t-Bu <
CH, -2 H (see Tables 2 and 3 for the previously determined v, values for the rutro-
benzenes). Thus, except for an inversion of the methyl-t-butyl order in some instanccs,
the effect of p-alkyl substitucnts on the energies of the nucleophilic electronic transitions
are quahitatively the same as their effect on the encrgics of the clectrophilic electronic
transitions. The qualitatively comparable cffects of the p-alkyl substituents in the two
types of transitions is consistent with the naive consideration of substituent effects in
terms of “‘substitucnt-polarizability™ and clectroncgativity, and indced, the instances
of the inversion of the methyl-t-butyl order could be rationalized in terms of a slightly
greater electronegativity for the p-mcthyl substituent coupled with a shghtly greater
“substitucnt-polanzability™ for the p-t-butyl substitucnt.® The values in heptane of
the transition moment length ¢, a quantity determined from the arca of the absorption
band (cquation 2) and considcred to measurc the extent of oscillation of the solute
dipolc during the interaction with the clectnic vector of the light being absorbed
take exactly the same order for the nuclcophilic clectronic transitions as for the electro-
philic excitation of nitrobenzene (Table 3). The order of g is neoP > t-Bu - CHy >
H, and 1s considerced to correspond to the order of *substituent-polanzability™.

It is 2 matter of conjccture as to just what specific mechanisms are operative in the
stabilization by p-alkyl substitucnts of the attached clectron rich site in the cxcited
statc of phenol, etc. One question that can be asked is whether substituent polanza-
tion occurs through space (internal dispersion force)™ or the bonding electrons, or
whether both modes of polarization are important. Polanzation of the bonding
electrons to the substitucnt mught include hyperconjugative clectron acceptance® (both
C—H and C -C) n addition to including inductomeric electron acceptance (i.c.
polarization of the a-bonding elcctrons between the substituent and the ring).

The fact that the p-ncopentyl substitucnt lowers the excitation energy, and increases
the transition moment length, of both nuclcophilic and clectrophilic clectronic
transitions to a greater extent than cither the p-methyl or p-t-butyl substituent 1s
difficult to explain solcly in terms of cither an inductomeric or hyperconjugative effect,
or both. An internal dispersion force interaction may be of importance in the total
cffect of the ncopentyl substituent. In molecular models a terminal portion of the
p-neopentyl group is held in close juxtaposition to one side of the aromatic ring in the
neighborhood of the p-position, in a particularly favorable position for polarization
through spacc. That s, the terminal portion of the ncopentyl group ““may be acting in
much the samc way as would an adhering hydrocarbon solvent molecule™®* thus
helping to stabihize either an electron rich or electron deficient aromatic ring in the
excited state.

The ncopentyl group also appears to be exerting an exceptional stabilizing cffect
on the ground statc of ethylenc. Whercas the heats of hydrogenation of propylene,
1-butcne, isopropylcthylene and t-butylethylenc are identical within experimental
crror (the values are --30-1, —30-3, —30-3, and —30-3 kcal/mole, respectively,
compared with —32:8 for cthylene), the heat of hydrogenation of neopentylethylenc 1s
sigmificantly greater (—29-S kcal/mole).®

4 /f CH, is less clectronegative than H, then the t-Bu group (having three x-methyl groups) probably should
be less etectronegative than the CH, group (having three a-hydrogens).

¢ Hyperconjugative electron acceptance could be labeled “anionoid” hyperconjugstion; sec, ¢.g. F. H.
Sicdold, Jr., J. Org. Chem. 21, 156 (1936), for the use of thus term.
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Effect of changing functional group. 1n Tables 2 and 3 it is scen that for the parent
compounds of each scries, or for the derivatives substituted with any particular p-alkyl
substituent, the excitation energies decrease and the transitiort moment lengths increase
in the order OH, OCH,, NH,, N(CH,),. The functional group effect is rather large.
For cxample, the difference 1in cxcitation encrgy between phenol and N,N-dimethyl-
aniline in the gas phase is 7110 cm-!, or 20-3 kcal/mole. Accompanying a decreasc in
excitation cnergy with functional group change is a decreasc in the cxcitation energy
spread between the p-hydrogen and the p-alkyl denivatives. For example, vy — vy,
in heptanc has the value 2010 cm ! (5-8 kcal/mole) for the phenols and decreases to
only 340 cm-! (1-0 kcal/mole) for the N, N-dimcthylanilines. A similar parallelism
between decreasing cxcitation cnergy of the parent compound and a decreasced sensi-
tivity of the excitation cnergy to the p-substituent has been noted previously for p-halo
phenols, anisoles and anilines, and is reflected in the order of the Hammett “‘reaction”
constants, p.%
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