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ABSTRACT

The present study wes undertaken to determine if elec-
tron-transfer could take plece between enlons (D7) end s
variety of unsaturzted compounds (A)

D:” + A ——» D" + A"

Such electron-transfers would result in the formation of free

radicals end radical anions which, if steble, could be
detectcd by electron épin resonsnce.

The results obtained showed conclusively such electron-
trenster reactions take place with reletive eecse. The rete
end extent of electron-transfer bétween 8 veriety of snions
and electron ecceptors has been messured. The anions were
genereted from thelr conjugete =2cids bty treatment with potes-
sium t-butoxide in dinethyl sulfoxide-t-butyl e2lcohol solution.
The rete end per cent of eiectfbn-transfer wes followed by
wmeasuring the concentration of steble radlcal-rnions es s
function of time oy electron spin resonsnce. The structure
of toth snlons and electron acceptors were veried to cdetermine
the scopre of such transférs. The results showed thst usuelly
dianions sre better electron donors then monosnions. Of the
monoenions, carbenlions proved to te better donofs then mercep-
tide enlons, nitraniohs, or oxenlons, elthough exsmples could
te found of transfer from ell of these anions. Orgenometelllc
reagents, cyclopehtadienide-type anions, »nd phenone enions

were the best donors 1in the cerbanion serles. Althougnh it was
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not possible in most csses studied to sepsrate those effects
due to the rete of ionizetion from effects due to the electron-
trensfer, the results were consistent with the leest stsble
enion (as measured by tne pK, of the conjugete acid) giving

the most electron-transfer.

The electron scceptors used were & wide veriety of unsetu-
reted compounds. Among the most thoroughly investigeted were
ketones, azo compounds, olefins, arom#tics, heterocrometics,
iwines, and quirones.

Radical-snlons derived frod X -diketones end ezo com-
pounds were studied in detail. Steble radicel-esnions of the
cyclic X -diketones were formed by brse-catelyzed oxidetion of
the monoketones in dimethyl sulfoxide-&ebutyl elcchol solution
es well 28 by other methods. Differences between axisl =nd
equatorial protons in the X -position were otserved for the
4-t-butyl cyclohexyl compound end for ell rings lerger then
cyclohexyl. Using known theoretiéal relationships, the dihe-
drel eangles of the axiel and equstoriesl protons snd the spin
density 2t the cartonyl cerbon etoms wefe computed- Redlicel~
enions of l-phenyl-1l,z-dlketones were elso msde by oxldstion
of the corresponding l-phenyl-l-ketones under the 2bove condl-
tions. Electron-transfer was used to form redicel-snions of
heterocyclic & -diketones in ethenol. It wss found thst the

radical-enions derived from %£,2'-thenil end £,2'-furil geve

ldenticel spectre.



Radical-snions of e variety of azo derivatives and thelr
vinologs were.made by electron-trensfer from snions to the
‘azo linkesge, by the oxidetion of the corresponding dihydro-
compound, or 1in some cases by sponﬁaneous processes occur-
ring 1ln the presence of base.

moleculer orbltal celculetions were performed on seversl
X -diketones and azo radical-anions. ‘Excellent agreement
between experimentel.end celculeted splitting constents wes
obteined for the azotenzene redicel-asnion end ressoneble,
thougﬁ less successful correlations were obteined for the
radicsl anions of Z,<'-furil and l-phenyl-l,2-propcndione.

Thé.conclusion drewn from this study 1e thet electron-
transfer reactfons 1nv61v1ng certenions, nitrenlons, mercep-
tide anions or orgenometellic reagents is extremely wldespresd
and of greet, but currently unrecognized, importance 1ln orgenic
chewlstry. A considerstion of electron-transfer resctlons
can provide en explenetion of the mgchenism of meny orgsenlc
reections. Moreover, electron-transfer reactions of the type
studied in this work ere useful 2s e meens of genereting

redical-enions for spectroscopic gtudy or synthetlec use.
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I. TINTRODUCTION

Electron~-trsnsfer reactions asre & pert of the general

field of oxidation—reduction reactions. Indeed they meke up

the grester part of the field. Only those ceses 1n which the

electrons ere transferred by means of en atomic or ilonic shift

‘fell to fit eesily under this classificeation.

The'ﬁsanovitch écid—bese concept 1ls an excellent way of
regerding electron-trensfer reactions (1). From this view-
point the electroh donor is the Usanovitch bese, the electron
acceptor 1s ﬁhe Usanovitch acid, and electron-transfer 1is a
neutralizetion reaction;

The excellent work done by Hughes end Ingold on the Sy2
reaction seems to heve mesmerized orgenic chemists. Arrows
signifying a two-electron etteck ere drawn in explaining meny
chemical resctions. Quite often these reactions could be Just
es easlly written es two one-electron-trensfer resctions.
Matters hesve improved somewhathfrom the deys when Hey and;
Wafers, writing a review on free redicels which they obviously
fearéd wes too strong for their peers, timidly prefsced thelr
review with the statement,

It is undoubtedly true, however, thet free rsdlcals

are only produced in & smell minority of resctlons

in solution, for in most of the reactlions of orgenic

chemlstry one cean demonstrate thst ions must inter-

vene. (z)

Nevertheless, the wldespread occurrence of free redicels in

solution is still not fully appreciated.



The key to the recent advances mede in free radicsl chem--
istry 1s the discovery of electpon spiln resonance absorptlon
(e.s.r.). It is now possible to observe free redicals far
more directly than anions or cetions. Of course, cereful
stﬁdies must alweys be made to show that the rsdicsls cre a
necessary intermediete in the chemical resction resther then
products of e side resction.

The studles reported herein were concerned with one-
electron—tranéfer reections in which the donors were orgenic
anions, usually generated in basic solution and ususlly cer-
banions, and in which the sascceptors were unsesturzted linkages
of no or little polarity. The chief linkeges eXxasmined were
the X0=CZ, -N=N-, =K-, end =0 functions. The letter two
"examples sdmlttedly have soie poler charscter, tut nothing
comperable to a semipoler doutle tond. These functionel
groups were in generaly highly sutstituted snd/or highly con-—
Jugeted.

The transfer reactlons studied cen be divided into two
classifications. The more generel typé consisted of en
electron-transfer from & mono-. or dlanion to one of the pre-
viously stated bonds. A speciel cese, studied in some detail,
wes the cese in wnich the electron donor wes the dienion
derived from lonlzing the two-hydrogen-reduction product of
the electron ecceptor. Under the first clessification the

structure of the donor end the ecceptor was veried to deter-



mine the effect on the ease of electron~transfer.

Most of thé e.s.r. work thet hes been done previously has
been concerned with 6btein1ng structural informetion. Radicals
have been mede from meny claéses of compounds solely to com-
pare the experimentél results with theoretical predictlons.

It was decided to study two clessses of compounds from this
viewpoint. These groups were the redical-anions of azo-

compounds (I) and their vinologs and of o{-dlketones (II).

(1) l__ﬁ-l\’éN-Fﬂ' | (11) R-1=I_R<——>R_<£=i_-n

e -—

Azo-compounds.were of interest becsuse they éppeered to be
good electron accéptors, while {-diketone redicéal-snions
could possibly provide pertinent informetion towerd the
problem of the mechsanism of the'oxiéation of K -hydroxy-
ketones.

In some ceses moleculer orbltel calculetions were made
to coupere experi@ental spin densities with theoretical pre-

dictions.
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II. ELECTRON-TRANSFER REACTIONS BETWEEL ANIONS
AKD UNSATURATED ELECTRON ACCEPTORS .

A. Electron-Transfer Reectibns between
Conjugated Compounds and the Diesnions
of thelr Dihydro Derivatives

It is raether surprising thet no systemetic survey hed
been made, prior to this study, of electron-transfer reactions
between conjugeted systems &and enions derived from:their
dihydro derivetives. Dienions cen, in principle, be formed -
from the reduced specles, and one would expect 2 highly fevor-
able equilibrium due to electrostatic consideretions. There
| will be considereble repulsion between the electrons in a
poly-~-negatively-charged ion. The ilon cen relieve this stress
by the transfer of en electron to & suiteivle ecceptor. A
dianion must then be a better donor than e monoenion of sim-
ilar structure. Indeed, theoretical predictions made by Hush
ar.d Blackledge predict thet the equilibrium lies in fevor of
the redicel-snlon for mixtures of =2romztic hydroccarbons end
the corresponding disnions (3). (This prediction has been
criticized by Hoijtink et al. (4).)

There ere several other ressons for studying electron-
transfers of thlis type. First, there sre ceses in which the
dienion is belleved to ve a necessary intermediete in the
oxlcetion of & dihydro compound to the dehydro compound.

James &nd Welssberger have shown that the dienion is en inter-

mediete in the oxldation of durohydroquinone to duroguinone



(5). It is thought that the oxlidation of 1,4-diones to
enediones (6) and hydreszobenzene to azobenzene (7) proceeds
through a dianion. James and Welssberger have also suggested
a dienion es é possible intermediete in the oxidstion of
ben201n-fo benzil (8). Certainly 1nformati§n a8 to the esase
of electron-~transfer frou these dianions would be of great
help in elucidating the mechanism of this type of autoxlds-
tion. In the oxidation of durohydroquinone mentioned sbove,
electron-transfer from the dianion to the oxidation product,
rether then oxygen, 1s the rete-determining step. A direct

. connectioﬂ of this type cen, unfortunately, only be expected
in those ceses 1n which the reduction potentiel of the oxida-
tion product 1s more positive then that of molecular oxygen.
Secondly, this kind df electron~trensfer is a very slmple
method of generating fadical—anions. hmeny of the other tech-
niques for generating radical-anions entsil e considerable
emount of trouble. If one does an alkell metal reduction, 1t
1s necessary to prepare & sodium mirror end to work with a
vacuum line. Electrolytic reduction is a2 good methqd, but one
thet is limited to easilly reduced materisls. Reductions with
besic solutions of glucose or sodium dithionite heve drawbacks
in that glucose 1s not a very powerful reduclng agent and
ditnionite 1teelf gives & free redicel (9). In elmost all

of the cases to be discussed in which electron-transfer

ocecurs, therradical cen slso be made by oxidation in Eesic



.
solution with molecular oxygen, but even this method hes
limitations. If too much oxygen 1s sdded, the rasdical-anion
will be destroyed. Also there will always be dissolved oxygen
in the solution, and it hes been shown thet this csuses line
troadening in e.s.r. spectra (10). Electron-trensfer from
dianions to conjugeted systems can be performed reesdily under
anaeroblc conditions.

To.study electron-trensfer reasctions 1in generel, it seeméd
advisable to first examine simple systems. Since the best
donors are dianlons, an electron-transfer to 2 conjugested
system not derived from the dilsnion could in principle result
in two different redical-snions. This would meke it extremely
difficult %o interpret e.s.r. spectra. Electron-trensfer
from a éianion to an acceptor which_is the oxidized form of
the dienlion should give only one radical-enion.

To keep sentences from becoming unduly cumbersome, con-
Jugated compounés will henceforth be referred to as TTbom-
pounds, and the correspondlng dihydroderivetives will be
referred to as Twhg compounds. The resultent redical-enions
will be designated ss TI=. The aisnion derived from the TTHE
compound wlll be written as TT=,

Certein isolated examples of electron~transfer from TT=
anlons to _rrcompounds have been studied. The best known
occurs in the oxildetion of durohydroquinone to duroquinone,

cited previously (5). James snd Welssberger found e second
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order dependence on bese concentrafion sand also found the
‘autoxidation to be autocetslytic. Addition of duroquinone
enhanced the.rete es 1t should if autocetelysis were teklng
ﬁlace. The mechanism was expleined in the following manner.
The durohydroquinone wes doubly ionized. This dienion could
transfer electrons to oxygen, elthough slowly, to give duro-
duinone. Thls accounted for the initial dependence on oxygen.
With duroquinone, which has & more pqsitive reduction poten-
tiel thén oxygen, a very facile'electron-transfer~occurred from
the dianiqn to give'two dufosequﬁinone radicels. These resact
quite réadily with oxygen to éive duroduinone.

The edquilibrium constant for the above resction was
gctually messured spectroscopically by Baxendale end Herdy in
aqueous-solutions (11). They found the velue to be 1.28 in
the temperature renge 15°C. to 30°C. |

It 1s quite possible thet such a mechenism might be
operative in the oxldation of other hydroquinones. Von Euler
eand Brunius found 2 second order dependence on base concen-
tration in the pH range 7.08 to 8.16 1n the oxldetion of
hydroquinone (12). Unfortunately, in this cese and meny
others, matters are compliceted becsuse the quinone ring
itself is attackéd. The recent development of techniques for
messuring yefy fest reactlons made it poséible for Dlebler
et 21. to measure_the rafe of electron-transfer from hydro-

qulnone dlanion to {Lrbenzoquinohe (13). They found the rate
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constant to be 2.6 x 108 1l./Mol.-sec.

Another example of an electron-trensfer to a 1_Tbompound
‘arose from the studies of Welssberger on the oxidation of
benzoin (14). A purple color is observed in this oxidation.
This color is enhanced b& the saddition of benzll. Velssberger
proposed that this purple color wsess & bimoleculer compound
resulting frem 2 combinetion of the dielkall metel selt of
benzoin ﬁitﬁ benzil. He never did completely exclude the
possibility of the ketyl of benzil, however (15). The correct
explanation was due to Michaelis end Fetcher (15). They mixed
benzoln end btenzil enaeroblicelly and observed the purple color
in tne presence of base. By color intensity and concentretion
measurements they showed thet the pufple color was not due to .
e bimoleculer compound. They then proposed thet the purple
color srose from the radlcel-anlion and postulsted, though with-
out experimentsl data, that the oxidetion of benzoin to benzil
wes two-step, with the benzil radical;enion being tne inter-
mediste.

The next loglcel step wes teken by Ihrig end Caldwell,
who performed maghetic susceptibility measurements on this
system (17). They bubbled oxygen through e benzoin solution
until & purple color wes observed, messured the mognetic sus-
ceptibllity, bubbled oxygen through until the solution wes
colorless, ond measured the mesgnetic susceptibility egein.

They found a large megneﬁic susceptibility in the purple solu-



tion. They -also measured magnetic susceptibilities in solu~
tions of benzoin heeted with benzoyl peroxlde and benzoin and
benzil hested with benzoyl peroxide. The solution containing
both benzoin end benzil gave a higher initisl susceptibility.
Their concluslions were that a paramegnetlic specles was present
in the oxidation of benzoin to benzll and thet this apecies
was there in larger amouﬁts in the presence of benzil.

E.s.r. experiments on this system were performed by
Venketaraman end Fraenkel (18). They have used the radical
formed from benzolin and benzil4to check the sensitivity of
e.s.r. spectrometer. They did not stete whether the experi-
ments were done eanaeroblcelly, and the line width reported
differs from the one observed in this lsborstory. Recently
Dehl and Fraenkel obtained an improved spectrum of benzil
redical-anion by eléctrolytic reduction of tenzil in dimethyl
formemide (19). . ’

Another example of electron-trensfer in the [[-T[Hg
system 1s the reaction of the dipotassium salt of H ,, ',
« '~tetrakis-( ethyl sulfonyl)~+L~quino-dimethan in acetoni-
trile to gilve the redical-anion (20). The seme reasction takes
place between the dlanion of tetracyanoethylene and tetra-
cyanéethyleng (21).

Although dinltrodurene undergoes a two-electron reduc-
tion at the dropplng mercury electrode,.it wes found that the

dinitrodurene radlical-anion could be observed, presumably
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because of elebtron—transfer with unreduced dinitrodurene
(22). |

If one goes to nonpolaer solvents, & few examples of
radical-anion formatlon from dialkall metel adducts of olefins
and olefins have been reported. Cyclooctatetrasene very
readily adds two moles of slkell metel to give e dianion.
This dianion in turn undergoes electron-transfer with unre-
duced cyclodctatetréene to give cyciooctetetraene redicel-
anion (23). Although the eduilibrium lies fer to the left,
due to tne sensitivity of e.s.r., the radicel-enion can be
detected. The disodium‘adduct of tetrephenylethylene under-
goes the analogous resction with tetrephenylethylene, elthough
only in certain aprotic solvents (24). Such behavior is also
noted for dimetal sdducts of stilbene (£5).

The electron-~-transfer from the disnion to the oxidlzed
compound has actually been used to lsolate the lithium salt
of the radical-anion of azobenzene (26). Hydrszszobenzene
readily rescts with two moles of methyllithium to give s
dianion soluble in ether. When additionsl szobenzene 1is
_édded, the salt of the radical-anion precipitetes from solu-
tion. -

The experiments were performed in two different ways.
The eerlier experiments were performed on a flow system. A
mixture of the ]_Tand'TTH2 compounds was mixed with & solution

of base whosé concentration was twicé thet of the'TTHg com-
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poundﬁ All solutions were flushed with nitrogen fqr twenty
minutes before mixing. The solutions were in glass vessels
mounted above the cavity.. Figure 1 shows the'arrangement in
detall. vRadicals could be observed within thirty éeconds
after mixing.. After'the mixture was run, the T—Tand'TTHz
compounds were run separstely. If the amount of'radical in
the mixture was a2t lesst twlce as great es the sum of the
radical concentration in the separate runs on the'T—[and]—THg
compounds, electfon—transfer was Judged to have teken plece.
If the‘radical was long-lived, an sttempt wes made to resolve
all hyperfine interactions. If the experimental spectrum
coincided with that theoretically predicted or wlth the
experlmental spectrum of1~IT mede 1n en unambiguous manner,
then one could be cerpain:thet the electron-transfer gave the
expected product. All the trsnsfers clted herein conform to
these criteria. Specific descriptions of the radicals will
be given later.
An elternzte system was glso used. Solutions of W"Tand

T_THE compounds and bese were flushed with nitrogen in a
special apperatus (see Figure 2) oufaide the cavity. After
degessing, the cell was seesled, the solutions mixed, and the
cell pleced in the cevity. A radical signél'could usually be
found within two minutes sfter mixing. Although & radical
could not be observed as quickly as with the flow system, this

system proved superlior on many other counts. There were fewer



Flgure 1. Flow system used for initiel experiments
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joints with correspondingly fewer opportunities for elr leak-~
sge, and the smeller volumes made possible both better degas-
sing end a great saving of chemicsls end solvents. The volume
of 1iquid used wes 2 ml. and the volume of the appsrstus
epuroximetely 15 ml. Experiments could be perfqrmed with

from one to five milligrems of TI or JTHs.

The radical concentration was estimated by comparing the
peak-to-peak distance from the meximum to the minimum of the
overmoduleted first derivative éurves of the redicel end a
stendard solution of dipheﬁylpicrylhydrazyl (DPPH) at the
seme instrument settings 2nd in the seme solvents (27, 28).
The reproducivility wes # -20%, end the sccuracy + 50%. DPPH
has a long llne wildth due éo intersctions with two nitrogens.
Accurecy should be Ttest for those radicels which 2lso have
two nitrogern atoms while the concentration wes undoubtedly
overestimated for those radicels of short line width contein-
ing hyperflne interactlions with protons.

ihe e.s.r. spectre were obtained using & Veriesn V-4500
spec trometer equipped with 100 Xec./s. f{gld moduletlion and s
six inch megnet. Flat fused silice cells (Varisn V-4548 equeous
solution sample cells) were used for all experiments;

The following sets of 7T end TT Hy compounds esppesred to
undergo electron-transfer resctions when treested with potegsium
I-tutoxide in dimetnyl sulfoxide (80:)-t-butyl alecohol (20%):

azobenzene-hydrazobterizene, %, 3-diphenylcuinoxesline-1, 2~
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dihydro-2,3-quinoxaline, dlethyl azodiformate-dlethyl
dicerbamete, dibenzoyldiimide-1,2-dibenzoylhydrezine, N,N'-
diphenyl—4L-benzoquinone diimine—H,N'—diphenyl~fL-pheny1ene
diamine, Ls9’9'—bifluorene-9,9'-blfluorene, end ecridine-
acriden. Experiments performed bty E. G. Janzen show thet the
following systems undergo enslogous resctions: fluoren-9-
ol-fluoren-9-one, xsnthen-8-ol-xasnthen-9-one, 2nd tenzhydrol-
tenzophenone (22). A mixed experiment wes also performed
wlth azobenzene and ecridar to show the generslity of this
type of trensfer. The more comilete study of mixed transfer
will be discussed lster.

No trensfer could bte otserved under the zbove conditions
 for the following J_Tand"TTHg compounds: benzene-1,3-cyclo-
hexesdiene, naphthelene-1,4-dlhydronephthelene, enthracene-
9,10-dihydroanthrecene, pheranthrene-9,10-dihydrophenanthrene,
1,1,4,4-tetrephenyl-1l,3~-vutediene-1,1,4,4~tetrephenyl~2-
butene, tetrephenylethylene-1,1,Z,2-tetraphenyletherie, 2zo-
Q;g—isobutyronitrile—hydrazo-§l§-isobutyronitrile, 1l,&-kis-
(4-pyridyl)-ethylene~-l,z-ocis-(4~pyridyl)-ethene, 1,2-bls-
(2-pyridyl)-ethylene-1, 2~bis-(£-pyridyl)-ethene, phenylezo-
triphenylwethene-phenylhydrezotriphenylmethene, N-diphenyl-
methyleneanlline-N,1l,l-triphenylmethylemnire, I-benzylidene-
aniline~N-phenylbenzylesmine, snd phenanthridine-5,6-dihydro-
phenenthridine.

Electron-trensfer wes observed for the following com-
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pounds in ethanol conteining potessium hydroxide: benzil-
benzoin, &,z'-furil-%Z,2'-furoin, 2,2' pyridil—2 2'-pyridoin,
3,3',5,5'-tetra~-t~butyl-4,4'-stilbenequinone-3,3',5,5'-tetra-
t-butyl-4, 4'-st11benedidl end 3,3',5,56'~tetra~t-butyl-4,4"'-
diphenoouinone-‘ 2',6,6'-tetra~t- butylﬁf__F '-biphenol. In
all ceses growth was followed to & meximum (usuelly 5-10
minutes). The t-butyl derivetives were used to cut down
radical blenks.
The results which were obtained.are summerlized in Table

1. It cen be seen thet in most of the‘ﬂ'-T[Hgnsystems where
transfér 1is observed, there 1s a significant amount of redical-
anion. An zctusl equllibrium constent hss been mersured by
Russell and Koneka for the transfer resction between hydrezo-
benzene diasnion and azobenzene.* This 1s 2 particularly
favorable case, for the szzobenzene radical;enion geems ex-

trewely stable in dimethyl sulfoxide-t-butyl slcohol solution.
AThe method used wes to mix equimolear emounts of hydrezobenzene
and azobenzene under anaerobic conditions and mezsure the
concentration of radical. The bese ooneentrationlwas in-
cressed until no further growth of rasdical-snion wes observed.
The entirely reesonsble assumption was then mede thet all of

the hydrazobenzene was present ss the dianion. Under these

*G. A. Russell and R. Konaka Depertment of Chemistry,
Iova Stete University, Ames, Iowe. Privete communlcation
regerding eszobenzene redical-anion. 1963.
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Table 1. Extent of electron trensfer from dihydro compounds
' to thelr unsaturated anglogs

Per cent
Acceptor® Solvent trensfer®P
Azobenzene Dimethyl sulfoxide (80%)-
t-butyl a2lcohol (20%) 100
2,3-Diphenyl-
quinoxaline " 46
Diethyl ezodiformete " 0.04
Divenzoyldiimide " 0.025
N,N'-Diphenyl-p -
ben;oquinone dlimine " 6.5
29,927 _Bifluorene " 12.5
Acridine " 0.33
Fluorenone " 100
Xanthone " 100°€ a
Benzophenone " 4 x 1073
Z,2'-Furil Ethyl alcohol 10C
Benzil " 2.8
2,2'-Pyridil " 5.23
3,3',5,56'-Tetra~t~butyl- .
4,4'-stilbenequinone f 14
3,3!',5,5'-Tetro~t-butyl-
4,4'-diphenoquinone L 87
& I]= 0.01 ., (THg] = 0.01 k. [Besd = 0.0z L.

bper cent transfer

=] - 100/ [THy + [T -

¢ 1] = 0.087 k., [MHy = 0.085 L., [Bese] = 0.175 k.
d [TT]= 229 I, \jTHg] = 2.24 N., [Base = 4.5 L.

conditions the equilibrium constant for the resction (III)

w{PIK)+ )O=OF)

wes found to be 6. This velue 1s certeinly within 20 of

the velue given in Teble 1.
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The amountvof electron-transfer observed will be de-
pendent upon three things: the ézse of lonizetion of the
Tl Hz compound, the ease of reduction of the 7T compound, end
the ease of oxidetlon of T\ —. One cen obtain some idea 8s to
the magnitude of the first two factors, so explanstions of the
experimental results will be based soiely on these factors.
Although these effects 2re not easily sepersble, one would

expect them to be parallel, that is, the ease of lonization

’df the TYH2 compound will increese &8 the eagse of reduction

of the 7\ compound increeses. it would be wrong to carry this
reasoning too fer, for it has been shown thet if an anion is
extremely steble, 1t 1s qulite reluctant to give up an elec-
tfon (29, 30).

Focusing on the results in ethsnol first, if we teke the
per cent electron-trsnsfer as e measure of the reduction
potentiel of the acceptor, the results show that the order of
incressing reduction potential is pyridild{ tenzil<{ 3,3',5,5'-
tetre-t-butyl-4,4'-stilbenequinone{ 3,3',5,5' -tetra-t-butyl-
4,4'-diphenoquinone < furil. While the experimental uncer-
teintles esre such ss to preclude & lineer reletlonshlp, one
could hope thet experimentsl reduction potentisls would be in
the seme order. The reduction potentierl is & function not
only of the structure of the reductant but slso of the solvent
end pH. The ease of reduction usually decresses with lncreas-

ing pH. Since 1t was lmpossibtle to find deta for the very
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high pH's used in our systems, potentisls ere compered et
pH = 7, ignoring the difference in solvents. The potentlels
~are pyridil, -0.57 v. (31), benzil, -0.27 v. (32) and for
3,3, 5,5 ~tetra-t-butyl-4,4' -diphenoquinone, 0.65 v. (33).
The velue for 3,3',5,5'-tetra-t-butyl-4,4'-stilbenequinone
can be estimated from the values for 4,4'-diphenoduinone and
4,4'-stilbenequinone, 0.954 v. 2ud 0.854 v., respectively
(34). One errives et a value of 0.55 v. It should be noted
tnet the vealues for pyridil snd the qulnones are for two
electron reductions. The order predlcted 1s thus the experi-
mental one. Unfortunetely there is no good way to estimete
what the reduction potentiel of 2,2'-furil is. If we do
sssume thet ease of reduction of the TV compound perellels
eese of lonlzetion of the'ﬂ'Hz compound, there is evidence
that furil ought to be more easily reduced then benzil,
lWeissberger et al. heve shown that the rzte controlling step
in the oxidetlon of benzoins in tasic solution is 1on1zation
(35). They found thet furoin wes oxidizcd 44 times es rapidly
es benzoin. From electronegativity consideretions orne elso
would expect furil to te rniore easily reduced. One would not
expect, however, that furil 1s more easily reduced then the
qulinones.

It hes been shown by Russell snd coworkers thest many
extremely weak aclds cen e lonlzed with potassium-t-butoxide

in dimethyl sulfoxide (36). Cream end coworkers heve found
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rete enhancements in racemization experiments of the order of
109 for & reaction performed in diméthyl sulfoxide 28 opposed
to tne seme experiment performed in methanol (37). It is
thought that enhancement of the basicity of alkoxide lon in
dimethyl sulfoxide stems from & lower degree of solvetion of
the alkoxide ion (37, 38). In fact there is some. evidence
that in the sbsence of hydrogen tonding alcohols are reslly
quite week acids, with acidities of the order of triphenyl-
methene (39). Dimethyl sulfoxide thus e2llows the true
bssicity of alkoxide ion to Ee detected.

As 1in ethanol,.the per cent of electron-trensfer for the
reactions in dimethyl sulfoxide-t-butyl slcohol should re-
flect the ease of ilonizetion of the T{Hg compound, the ease
of reduction of the T| compourd, end the ease of oxidetlon of
the T\~ compound. Agein i1t will ke most convenient to corre-
late per cent electron-trensfer with literaturs reduction
potentiels 1n neutral solution, since more dete is avellsble.
In generel these comperlsons will be for different solvents,
however. From the electron-trensfer experiments 1t can be
predicted that the order of incressing reduction potentiel is
venzophenone dibenzoyldiimide< diethyl ezodiformate< seridine
< K, N! -diphenyl-_p ~benzoquinone diimine< A S,9'-bifluorene <
2,5-diphenquuinoXaline<fazobenzene, fluorenone, xanthone.
The literature values for the reduction potentiels sand the

number of electrons sdded are as follows: scridine, -0.31 v.
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(1) (40); azobenzene, -0.46 v.(2) (41); quinoxeline, -0.64
v.(g) (42); fluorenone, -1.00 v.(1) (23); A ©:%'_bifluorene,
-1.08 v.(1) (44); cenzophenone, -1.29 v.(1) (45); and
xarnthone, -1.30 v.(2) (46). Quinoxsline wes chosen 2s 2
nodel for diphenquuinoxaline, but the diphenyl derivétive
should reduce more ezg8ily. It is quite 2pperent thet there
is no good correlation.

There ere both speclallzed end generel recsons for the
dlscrepancies noted. 1In the'case of direnzoyldiimide it is
kKnown thet the T compound 1s rapidly destroyed by besic
hydrolysis (47). The esuthor has observed nitrogen 2=volution
when diethyl azodiformate is rescted with base, while it hae
been shown that benzophenone rescts repidly witn dimethyl-
sulfinyl carbanion,'present in these mixtures to some extent,
to form an edduct (36, 48). Furthermore both redicel-znions
are reactive and undergo further reections. The resdicsl-
anlons observed in these cases definitely ere not the result
of edquilibrium processes.

It elso eppecers thet tne besiq postulete ss to esse of
lonization correlating with esse of reduction breeks down.
Acridine supposedly reduces much more eesily then fluorenone,
tut fluorenol 1s certainly more esslily ionized then acriden.
It must te remembered, howe?er, that these reduction po ten-

tiels are determined in a veriety of solvents.

The other possiktle correlation would te with the eese of
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lonization of the TV Hy compound. If we look 8t the first
ionization constant, ther. we would predict thet fluorenol

and xanthydrol would te the best donors. This 18 what 1is
found éxperimentally. No difference can be found between the
eglcohols and hydrazobenzeﬁe, presumebly beceuse the poorer
acidity of hydrezobenzene 1ls mzde up for by the more positive
reduction potentiel of azobenzene. The dquinoxaline derive-
tive, however, ought.to trensfer es well.as the azo-derivative
so this difference is unexpected. From ecidlty conslderastions
cne would expect N,N'-diphenyl-4l—phenylene diamine snd 9,2'-
bifluorene to trensfer es well as hydrszobenzene. The pKg's
of tnese compounds ought to resemble those of diphenylsmine,
fluorene, and aniline, respectively. Those pKa‘s ere 23, 295,
and £7 (49). It may be thet tais is & cese of an snion being
too stable to lose &sn electron éasily. Russell and Smentowskil
heve found thet aniline undergoes base~catalyzed oxidation in
dimethyl sulfoxide more reedily than diphenylemine.* Fluorene
oxidizes readily under these conditions, however (22). 1In the
cese of 9,9'—bifluopene steric effects, due to the slze and
non-plenarity of both the 7TV end TVH, compound, may cut down
oh electron-transfer.

Further experiments which might be done are of three

¥G. A. Russell and F. J. Smentowski, Depertment of Chem-
istry, Iowa State University, Ames, Iowe. Privete communics-
tlon regerding oxidation of eromatic smines. 1961.
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typee. First of all, the TU compounds ought to be reduced
polarographically in dimethyl sulfoxlde or ethernol to see if
these poteﬁtials would follow the per cent electron-transfer
noted. Next, pKg's of-the?T'Hz compounés should te determined
in the given solvent. This would be rether difficult because
these compounds oxidize in base easily. Finelly, ettempts
should be mede to see 1f monoanion, diesnion, or both are the
principle electron donors. Although discussion of the results
has been based on the premise that the dienion 1s the donor,
no proof has been brought forth. It will be shown leter that
monoanions cean in some cases be good donors. Dienion ere
proberly better, tut there ere undouttedly meny more mono-
anlons then disnlions present under tnese conditions. The
experiments should be repeeted using monoelkylated donors

sucn &8 N-methylhydrezobenzene, btenzoin methyl ether, etc.
Substitution of e methyl group should not chenge the acidities
of the donors too much. If such substitution cuts down
electron-trensfer sherply, then the disnion probetly is the
princlple donor. If electron-trensfer is elmost the éeme,
then a monoenion 1s the mein donor. Finally, by studies per-
formed st a verlety of base concentretions, it should be pos-

sivle to obtain vslues of K, (IV). Such experiments will

K..
(IV) T +T1° &= 2T~

allow these J| =, TV systems to te understood feirly well.
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B. Electron-Transfer Resctions between Conjugated
Compounds and lMono- and Dienions

The loglcal step proceeding from lnvestigetion of elec-
tron-transfer between T[ Ho and T\ compounds wes to attempt
to find electron~transfer from monoanions to unsetureted sys-
tems. Also electron-transfer from e dienion not derived from
the unsatureted system wss examined. This latter exsmple
coﬁld have been qulite complex in principle becsuse two radil-
cel-sanions can be produced. In prectice it proved to be much
simpler.

The unsetureted compounds used s ecceptors were as
before of the nonpolar double bond type, although the =C=N-
eand >C=0 functions, which have some polerity, were elso 1n-~
vestigated. Concurrent investigetlons were cerried out by
Janzen (£9), using semipolar double bonds es scceptors. His
results will be cited here, as they tell a great desl sbout
which systems make good electron acceptors.

It eppeers tnat Schlenk et al. fifst recognlzed the
transfer of an electron from & cerbenion to an unsatureted
organic compound (50, 51). ' They found thet tritylsodium
reacts with benzophenone and other dieryl ketones with cher-
acteristic color changes to give trityl peroxide snd plnecol
after hydrolysis and gir oxidation. Presumably the trensfer
resulted in the radical-snion and the triphenylmethyl radicel.

The radicel-anion dimerized to give the pinscol disnion.
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Considerable sttention has been given to the reduction
of benzophenone to tenzpinacol or benzhydrol. When trityl
Grignerd reegents were used, Bachmann found trityl redicel
and tne ketyl present (52). He also otserved this process
for xanthone, fluorenone, end benzil. The entire process has
been attrituted to reduction of the ketone by megnesium (53),
by megnesium (I) halide (54, 55), by electron-trensfer from
the inciplent carbanion to the ketone (52, 58), end to the
decomposition of en initielly produced 2ddition product (57).
In view of the work to be discussed, the electron-trensfer
explansfion is undoubtedly correct.

Tritylsodium has been found to reduce cyclocctetetrsene
(58), while the dianion of cyclooctatetrasene will trensfer
en electron to 2,4,6-trimethylpyrylium sslts (52) end pos-
8ibly bénzophenone (58). Bechmenn founéd tnst the "di-
Grigﬁerd“ reggernt of hydreszobenzene reduced benzil to benzoin
with the formetion of ezobenzene (52).

” Electron-transfer is more prone to occur from enions
derlived from the hesvier elements of 2 group. Triphehyl—
stannylsodium reduces carbon dioxide, sulfur dioxlde, oxygen,
or benzophenone to sodium oxalete, sodium dithionite, sodium
peroxlde, or benzophenone Ketyl (60). From electronegativity
considerations one would predict-thet egse of electron-transfer

from en anion would decrease £8 one goes ecross the perlodic

'table, It 18 interesting to note thet lithium cyclohexylamide
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reduces 3- or 8-methylfluoranthene and anthracene to the
corresponding radicsl-enions (61, 62), while the very power-
ful electron acceptor, tetracyanoethylene 1s reduced by iodlde
ion (63, 64). | X
It has Tbeen found by Russell and coworkers thet nitro-

benzene cetalyzes the autoxidation of fluorene, benzyl elco-
hols, nitroalkanes, alkylpyridines, and phenones.* Such
catalysis has teen attributed to the formetlon of nitroben-
zene redical-eanion by electron-trensfer from the anlon to the

catalyst (V). Thils effect hes also been observed in the
(v) RH;;:E:R‘; R + ArNOp — ArNOg™ + R.; R* + Og —>R0,*

oxidation of benzoin (14), hindered phenolé (65), and mer-
captens (86). Smentowskli investigcted the resction of mer-
captans with such orgenlc acceptors in besic solution end an
inert etmosphere end found sizesble yields of disulphides
(67). Besed on the yleld of disulphide, he found the follow-
ing decreasing order of oxidizlng power: szodicarbonamide
nitrosoktenzene maleilc anhydride scrylonitrile nitrobenzene.

The most striking example of electron-transfer from an
enion to en unsatureated compound stems from the work of

Russell snd Jenzen (68), who found thet 2 large number of

#G. A. Russell, E. G. Janzen, E. J. Geels, and 3. ek,
Departuent of Chemistry, Iows State University, Ames, Iowa.
Privete communicatlon regarding catalysis of oxidetions.
1962.
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' f:and g-nitrobenzene derlivetives sponteneously produ’cethe
radicel-snions of the unionized nitroaromatic in besic s0lu-
tion in the sbsence of oxygen. This has been ettribdted to
electron-transfer from the anioh, or & cherge-~trensfer col-
plex of.the anlon, to the psarent nitro compound.

| Foster snd Mackie have done extensive work on the
Zimmerman and Jenoveky resctions (62, 70). In these reactions
Ketones conteining ionizeble hydrogens =sre trested with the
nitroaromatic in casic solution. Verious colored products
ere formed, and electron-transfer mey pley en lmportsnt pert
in these resctions.

Amines are 1soelectronic with cerbernlons, so one might
expect thet they might undergo electron-trensfer similer to
carbenions. Electron-trenefer products heve been okserved
between aliphatic smines end 1,3,5-trinitrcbenzene (71),
tetracyeroetnylene, 2nd tetrscyeroquinodimethen (72). How-
ever 1t hes peen concluded by Erlegleb end coworkers that
electron-transfer does not occur in the mein step of the
reection tetween emines end di- or trinitrokenzene (73).

Electron~-transfer 1s s distinct possibtility in meny
cherge-trensfer complexes. The theory of these complexes,
first discovered by Senesl and Hildebrend (74), is due to

. hulliken (75,76). lulliken stated thet the ststility of
these complexes wes due to resonence cetween ¢ stste in which

the two moletles were bonded bty Vsn der Waszals forces 2znd a
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state in which complete electron-transfer had taken.plece.
The-lower state, in which the Van der Weals attrection 1g im-
portant is & singlet, while the triplet state, in which com-
plete electron-transfer has taken place, 1s normally an excited
state. If the electPon affinity of the acceptor is greater
than the lonization potentiel of the donor, the triplet state
can become the ground stete. This wes firet shown by Bijl
et sl. who demonstrated thet certaln solid charge-transfer
complexes vere peramagnetic (77, 78). Natsunaga end McDowell
actuslly detected the presence of two different redicels (79).‘
Mulliken classified donors into 7V -type, n-type, or ionic
type according to whether the electron came from a bonding
molecular orbltel, a non-bonding molecular orbital, or from a
negetively-charged ion. Acceptors were J| -type, v-type, or
d-type according to whether the electron went into a TV
orbital, a vecant orbital, or would dlssoclate the molecule.
Exauples of paramagnetism in the 77 -7[(77, 78, 79, 80, 81,
8z, €3, 84, 85), T1 -4 (85, 87, 88, 89), n-v (71, ©0), and TT -v
- (91, 9z, 93, 94) types of charge-trensfer complexes are now
known. Some of these paramagnetic solids dissociste in polar
solvents to give the radical-snlons end -cetlons. Examples
are the tetremethyluéggphenylene diemine complexes with
qulnornies or tetracyanoquinocdimethen which dissoclete in polsr
solvenfs to the redical-ions (84, 95, 96). Usually complexes

with tetracyesnoethylene esre diesmegnetic (21), but in poler
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solvents the complex of tetramethyl-aLephenylene dismine with
tetracyanoethylene dissociétes into redicsl-ions (27).

The first thing to be tested in the present work was the
postulate that monoanions could indeed transfer 2n electron
to sultable scceptors. Since this was found to e true, the
effect of verylng the structure of the cerbanlon on the
amount of electron-transfer was exsnlned. The electron
accéptor chosen wes ezobenzene in the solvent dimethyl sul-
foxide (80j)-t-butyl elcohol (£0%). Potsssium t-butoxide was
used to generste the carbeanions. Azobernzene was qulte s
desirable double-bond acceptor, for the radicsl-snion wses
stable under tne resction conditions for meny hours, there
was no.e.s.r. silgnel in tne absence of donor snion, and the
chersacteristic line width made 1t possitle to identify the
redical-snion when resolution wes impossible. The degsssing
appar&atus and procedure described esrlier were used. The
concentrations of donor, acceptor, and trse ere given in
Table «.

Electron~transfer was elso studled using fluorenone es
an acceptor in dimethyl sulfoxide (20/%)-t-butyl 2lcohol
(805). The results for & variety of cerbenions ere given in
Tevle 2. For experiments using azobenzene es en acceptor the
growth of redical wes followed to & maximum. Ko trensfer was
observed for the anions of n-butyl merceptan, thiophenol,

toluene~3,4~dithlol, nitroethene, nitromethsne, Z-nitropro-
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Tatle 2. Extent of electron-transfer of carbanlons with
azobenzene and fluoren-89-one

% ®lectron-transfer (time)®

Donort Acceptore Azobenzened Fluoren-9-one€
Solvent blank 0.01% (1 hr.) 0.3% (1 hr.)f
Cyclopentsdiene 0.4 (12 hrs.) 5.6 (1.4 hrs.)f
Indene 3 (4.8 hrs.) 74 (5 min.)
Fluorene 56 (5.7 hrs.)8
Diphenylmethane 2 (8 hrs.)
Triphenylmethane 1.6 (12 hrs.)
Acetophenone 50 (1.3 hrs.
Propiophenone 34 (18 min.) 1.4 (2 hre.)¥
Isobutyrophenone 3 (6 hrs.)
Hydrszobenzene 142 (5 min.) 72ﬁ (5 min.)
Fluoren-9-ol 1008 (5 min.) 147 (5 min.)
1,4-Diphenyl-1,4-

butanedione 9 (54 min.)t
9,10-Dihydroenthrecene . 243 (5 min.)
n-Butyllithium 1.6% (5 min.) 50><98% (5 min.)

85ee footnote ¢, Teble 1.

bo.0z5 M in the presence of 0.056 N potassium t-butoxide.
CAcceptor = 0.005 k.

d1n DMSO (80%)—§fbutyl alcohol (£04%).

€In DMSO (20/%)-t-tutyl slcohol (80%).

fRadical growth not followed to meximum concentretion.
€Spectrum not consistent with scceptor redicsl-snion.
Rpredominant spectrum is thet of fluorenore ketyl.

1In ethenol containing 0.05 K sodium ethoxide.

JRedical concentration decreasing. |

KTn tetrahydrofursn (75%)-n-hexzne (25%).
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pane, ethyl escetete, benzhydrol, or S-phenylfluorene. In
every experiment an ettempt wes msde to obtain meximum reso-
lution of the radical in order to obtazin unecuivocsl evidence
88 to the nature of the resdical-anion.

It is interesting to compsre results using semipolsar
double bonds as scceptors. Teble 3 gives the results of
Janzen for thé acceptors_niérobenzene snd m-dinitrobenzene.
Nitrobenzene gave large blsnks 1n e solvent contsining meinly
dimethyl sulfoxide, so the solvent system used in this cese
was dimethyl sulfoxide (20%)-t-butyl alcohol (80%). For
ar.elogous reasons experiments performed with m-dinitrotenzene
were performed in ethyl alcohol.

Typical graphs of tne r=te of electron-trensfer from
several dlfferent anlons to azokenzene ere given in Figure 3.

Electron-transfer was also studied #s a2 function of the
structure of the acceptor. ©Six different donor systems were
studied with meny different zcceptors. These results cre
glven in Teble 4. HNegative results were obteined when the
enlons frow proplophenone, 1,4-diphenyl-l,4~butenedione, or
9,10-dlhydroanthracene with MN-diphenylmethyleneeniline,
l,l,4,4—tetraphenyl—l,B-butadiene, l,8-diphenyl-1,3,5,7-
octetetreene, perylene, tetrsphenylethylene, phenesnthridine,
<-methyl-Z-phenylindan-1-3-dione, £, 5diphenyl-3,4-benzofursn,
benzothlazole, or benzooxezole.

Some acceptors which cre known to be eesily reduced geve
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Table 3. Extent of electron-transfer of anions with
nitroarometics

% Electron-transfer (6 min.)®
Donorb AcceptorC Nitrobenzened m-Dinitrobenzene®

Solvent blsnk 0.1 (10 min.) 0.1 (20 min.)
Fluorene 13 - 40,80 (20 min.)?!
9-Phenylf1uoreneg p

2

Indene
ElO min.) 2.6,10 (1 min.)

(v
o @

Cyclopentadiene
Diphenylmethane
Phenylacetylene
Diphenylacetonitrile
Phenylecetonitrile
4-Picoline-N-oxide
Acetophenone
Proplophenone
Isobutyrophenorie
1,4-Diphenyl-1,4-
butanedione
Cyclohexanone
Acetone
Ethyl escetete
Dlethyl meloneate.
1,3-Indanedlone
Bindone
Benzoin 100h

3 -
o
[ ] L]
o

10 min.)
10 min.)
£0 min.)

N~

DO, o

oo

w
HE GO O & -3

~3 O
OO0 O OOOMOWO

O

QOO0 N OH

2Extent of trensfer = [resdicel-anion] (100/0.005); the
concentration of radicel anion wes estimeted by comperison of
the observed e.s.r. pesk heights with those obteined from
known concentration of dlphenylpicrylhydrazyl in the ssme
solvent.

bDonor substrate = 0.025 i, [bese] = 0.05 M.

CAcceptor = 0.005 M.

dIn DuSO (204%)-t-butyl slcohol (80%) conteining potessium
t-tutoxide.

€In ethanol contelning sodium ethoxide.
fSpectrum not consistent with scceptor radical-anion.

€Doror-substrete = 0.013 M.

hSpectrum dominated by radicel-anion from donor.
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Table 3. (Continued)

% Electron-transfer (5 min.)

Donor Acceptor Nitrobenzene m-Dinitrotenzene
Fluorene-S-o0l 100k
Xanthen-9-ol. 1.0 (10 min.)
Benzhydrol 0.1
1,4-Hydroquinone 401 | 100t
2, 6=Di-t-butyl-4-

methylphenol 0.1 0.5 (20 min.)
Thiophenol 0 £ (30 min.) 0.5,2 (8 min.)
3,4~Dimerceptotoluene 11 . sf
n-Butylmerceptan 0.3 (20 min.) 12t
Nitromethane 0.4 (20 min.) 2
Nitroethane 0.6 (20 min.) 2
Z-Nitropropene 0.2 (20 min.) 0.3,2 (40 min.)
Nitrocyclohexane 0.1 (20 min.)
N-Hydroxybenzene-

sulfonamide - 92 10f (10 min.)
Hydrazobenzene 2 (40 min.) 7.5% (2 min.)
Triphenylmetasne 2.7 (10 min.)
Diphenylamine 0.1 (10 min.)
Carbazole 0.1 (10 min.)
Indole 0.1 (10 min.)
Benzophenone ketyld 100, 6.3 (3 min.)
n-Butyllithiumk 64

1Two recognizable redical-anions present.

JProduced from dissoclietion of satureted solution of
benzpinscol.

£y i n-Butyllithium ir. tetrshydrofuran (75%) hexane

(25%), no further hyperfine reosolution of the nitrogen triplet
observed. -

very lerge blanks. Such acceptors were trens-1,z-dibenzoyl-
ethylene, duroqulnone, tetrescyanoethylene, penchlorofulvalene,
tetrachloro-ﬁl-benzoquinone, cenzil, 3,3', 5, 5'-tetre~t-butyl-
4,4'~stlilbenequinone and 3, 3', 5, 5'-tetre-t-tutyl-4,4"'-



Figure 3.

Electron-transfer between szobenzene (0.005 M.) in
dimethyl sulfoxide (80%)-t-butyl slcohol (20%)
containing 0.05 M. potassium t-butoxide snd selected
donors (0.025 lu.) et 25°; sbscissa is time in
minutes; ordinste is concentration of zzobenzene
redicel-enion times 10-4 in moles per liter



P S A T R St B 45 BT e e s R e

oz¢ 082 Obz 00z 0ol ozl 08 ovd O
T ] T _ 1

_usosv,io:_o.ﬁl,vl ° \\. Imﬂ

Qo9 — ON
/

2149 SUA% o+0.u %/\o




Tacle 4. Electron-transfer from & selected group of csrbasrions to & veriety of
unsatureted systems

Acceptor® % Electron-trensfer (time)P
: n-Butyl-
€,10~Dihydro- n-Butyl magnesium
anthracene Propiophenone lithium bromide
Donor (Cowucn.): (0.025 N) (0.025 M) (0.05 M) (0.25 M)
KOC(CHz)3 KOC(CH3)3 ‘
Base (Concn.): (0.10 K) (0.05 i
. DNSO(80%)~t- DmSO(80%,-t- Tetrehydro-
butyl alcohol butyl slcohol furan(75%) - Tetre-
Solvent: (20%) (20%) n-hexsne(25%) hydrofuran
-N=N~ .
Phenazine 46 (z4 min.) 22 (218 mic.) 76 (20 min.) 2.5
Azobenzene 25 34 (23 min.) 2.7 0.011
Benzo-[c]-cinnoline 14 (183 min.)C 0.3 (123 min.) 2.0 (28 min.) 60
Benzofurazan 2.5 5.4 (10 min.)¢ 0.55 8.4C
Z,3-Diphenyl-
quinoxaline 1.7 (1192 win.)® 6.1 (65 min.) No trensfer

8Concn. of ascceptor = 0.005 k with 2,10-dihydroanthrecene, propiophenone and
1,4~-diphenyl-1,4-butanedione as donors; 0.05 M with n-butyllithium and n-butyl-
magrnesiuc tromide; 0.01 k with dihydro-derivative.

Disx. otserved conen. of radicsl-enion, 5 min., unless otherwise noted. Extent
of trensfer = ( [redicel-eniof] /[ecceptor] )-:-100 except for transfer with dihydro-
derivetive where extent of transfer = ( [radicsl-esnion] /2 [Bcceptor] )-100.

CRgdical concn. not followed to mex.

Le



Table 4.

(Continued)

Acceptor

% Electron-transfer (time)

N,N'-Diphenyl-p-
benzoqulnone
diimine

Diethyl
axodiformate

—C=C<

A2,9' Bifluorene
1,2-Bie-(4-pyridyl)
ethylene

X=1-
Acridine
=0

Fluoren-%-one
Benzophenone

©=al

»

1,4,5,8-Tetrachloro-

arithraquinone
-k=0

Litrobenzene
Azoxybenzene

d

o) transfer

2.8

d

No transfer

--a

Ho transfer

No trensfer

No trensfer

No trsnsfer

dProhibitive blank in 2bsence of donor.

30

0.46

2.0¢

0.93¢

507 < 98
9.5

14

0.08

o transfer

. Mo trensfer

0.28
0.70

4.7(93 min.)

151%



Table 4.

(Continued)

Acceptor

% Electron-transfer (time)

Donor (Conca.):

Base (Concn.)

Solvent:
—=k-

Phenazine
Azcbenzene . _
Benzo-[cl-cinnoline
Eenzofurezan
=,3-Diphenyl-
cuinoxsline
N,X'-Diphenyl-p-
tenzogquinone
diimine
Diethyl
azodiforuate

1,4-Diphenyl- Dihydro-
1,4-butane- derivetive
dione Propiophenone of scceptor
(0.025 ki) (C.025 L) (0.01 M)
KOC(CH )3 KOC(CHz) ¥X0C(CHz )3
(0.1 m? (0.05 ?) (0.02 1)

DMSO( 40};) ~t-
butyl alcchol
(80%)

DMSO(20%)-t-
tutyl elcohol
(80%)

DMSO(20%) -t~
tutyl elcohol
(209)

£0C (11 min.)®
0.16 (13 min.)T

No trensfer’

No transfer

-8

No trensfer

€Predominart spectiruw of scceptor.

TPredouinent spectrum of donor.

€icceptor not solutle.

1.5 (188 min.)

Vo transfer
o trensfer
0.1 (70 min.)

--£

ko transfer

100

6%



Table 4. (Continued)

Acceptor % Electron-trensfer (time)

" XC=C<
Agag'—Bifluorene
'1,2-Bis~-(4-pyridyl)

)C

(0]

.8 (87 min.) 12.5 (75 min.

ethylene o trensfer Yo trensfer I'o trensfer
C=Dh-
Acridine lio trensfer Yo trensfer 0.33 .
=0
Fluoren-9-one 76€ h 1.4 (120 win.)T 100 1
Benzophenone 1.8 No trensfer .004
[0=0}
1,4,5,8~Tetra-
chloroanthra- ]
quinone 110° 8.8
~N=0
F 4
Nitrotenzene 91
Azoxybenzene o trensfer I'o transfer

0%

hRadicel-snions frou both donor end ecceptor detectable.
1Benzophenone = 2.29 h, Benzhydrol = £.24 b, Bese = 4.5 M.

JSpectrum not consistent with 1,4,5,8-tetrachlorosemiquinone.
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stilbenequlnone and 3,3',5,5'~-tetra~-3-butyl-4,4'-dipheno~
quinone.
The date of these tebles reflect the contribution of

four different processes: (e) the degree of ilonizetion to

.give the donor monoanion or dianion; (b) the rate of electron-

transfer from the donor snion to the acceptor; (c) side reac-

tions.which could consume either donor or acceptor without

“producing free radicals; or, (d) reections which might consume

the redical-anion after it is formed. BSo fer as szobenzene
and flubrenoné are concerned, process (d) is probably unimpor-
taht since redicel concentrations of between 50 and 100% of
the theoretical were found to persist over very long periods
of time. Whether process (c¢) 1s importent has not been in-
vestigeted. One might expect proplophenone, for example, to
undergo base-cetalyzed condensstions. Of course, the con-
denseates themselves might be good donors, end there is no
evidence to show that this 1s not whet is going on. This,
however, would be outside of the definition of process (c).

- With these reservetions, the amount and reste of electron-
transfer will now be discussed &s & function of the structure
of the cerbenion under the assumption thet only processes

(a) and (v) are important. It would be helpful if the loniza-

tion process could te separated from the electron-transfer

‘process, for then the prediction could be mede from the oxida-

tion results clted earlier (29, 30), thet the least stable
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anion should undergo transfer more eesily.

In one case the effect of aclidity possibly cen bte sep-
srated, for scetopnenone, propiophenone, 8ard isobutyrophenone
ere probebly entirely ionlzed in dlmethyl sulfoxide. The
order of incresesing smount of trensfer is isobutyrophenone <
proplophenone< acetophenone. We thus have the greetest trens-
fer with the primery cerbanion, supposedly the most statle.

On the tasis of cerban;on stabllity the order expected 1s
acetophenone<fp;opiophénone<fisobutyrophenone. If we examline
only the initiel reste of electron trensfer, iﬁ increesing
order we find isobutyrophenone< acetophenone< propiophenone.
Now the primary and secondery cerbanions °re in the theoreti-
cel order, althougn the tertiary cesrbsnion legs behind. This
may be because the assumptlon of complete lonizstion is wrong
in the case of 1isobutyrophenone, the least ecidlc, or it may
be that steric effects in thne electron-trensfer reaction are
playlng e part, since isobutyrophenone is the bulkiest of'the
three.

Even though complete lonization can not hesve teken plece'
for the two series fluorene, indene, cyclopentadiene and
diphenylmethane, triphenylmethene, the theoreticsl expectation
of more electron—transfer'from the leest steble ccrbenion is
realized. Thus fluorene, the least acidic, transfers to an
extent of 56, while indene trensfers 3% and cyclopentediene,

the most acidie, 0.4%. Also diphenylmethane transfers 2%
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while triphenylmethane transfers only l.6/%. In the latter
case, the differences are not outside the hrange of experi-
mental error. Thils order holds only within the given series,
for on this criteris diphenylmethene ought to give the most
transfer while fluorene actually does. This'd19crepancy
undoubtedly erlses from the differences in acidity of the two
compounds .

The results show also that compounds which can be doubly
ioidlzed transfer to a grester extent then monoanions. Here
transfer 1s spperently governed by the emount of disnion
rether than the stability of the dianion, since the lesst
steble dianion, thet of dihydroanthracene, renks last 1in per
cenf electron~transfer.

As one goes to less powerful solvent systéms, one would
expect the amount of electron—trénsfer to be lncressingly
dependent on the amount of cerbenion rather then the stebillity
of the carbasnion. If we examlne tae nitrobenzene results on \
the basls of stablllity of the carbanion, the order of electron-
transfer should be fluorene>indene}Q—phenylfluorene} cyclo-
pentadlene. The actusl order is indene > fluorene>, 9-phenyl-
fluorenej>cyclopgntediene. The amount of transfer 1s governed
nelther by the stabllity nof the amounf of carbanion, but by
e cowblration of botn effects. Since diphenylgcetonitrile
transfers more than phenylacetonitrlile, we mey assume that

here the amount of cegrbanion is the governing factor. In the
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phenone series, the secondary carbsnion, thst of propio-

- phenone, gives tne most transfer. The difference between
th;s.compdund end escetophenone and lsobutyrophenone is much
more pronounced then wvhen szobenzene is used =28 en scceptor.

Examinstion of the results with m-dinitroberzene 1in ethen-
ol shows no cléar-cut trends. The order fluorene ) cyclo-
pentediene indene is observed. This is consistent nelther
~with trends to be expected from stebility of cerbenion ror
from smount of cerbsnlon.

Comparison of the four ecceptors 1s possible even though
they were not used 1n the seme solvent systeus. 1,3-Indan-
dione should be lonized equelly well either ir. dimethyl
sulfoxide-(20%)-t-butyl e2lecohol (80/%) or ethanol. Since
trensfer was observed ornly with m-dinitrobenzene, tnls com-
pound must be e better acceptor then nitrobenzene. Compari-
gson of fluorenone and nitrobenzene 1ls more difficult since
the sanmount of transfer wss meesured for & longer perilod of
time for fluorenone. The date with proplophenone seems to
indicete thet nitrobenzene 1s the better acceptor while the
indene dete indicate the opposite. Since tne nitrobenzene
deta were gethered over o shorter period of tiue and since
the nitrobenzene radicel-anion concentretion cen te meessured
more eeslily than thet of fluorenone ketyl, it 1é the suthor's
velief thet nitrobenzene is 2 better acceptor then fluorenone.

There 1s little doubt thet ezobenzene is worse then el ther.
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Reduction potentials successfully predict that m-dinlitro-
benzene ought to be the test acceptor (98), but they fail
miserably in predicting the order of the other three.

The results obteined in varying the electron accgptor
show electron acceptbrs are not limited to the four Jjust
cited. Figure 4 shows typlcal rates of transfer for propilo-
phenone with several ecceptors. Electron scceptors are found
in the functionel groups -N=l-, >C=C{, XC=N-, =0, snd [0=0} .
It must be admitted thet the most unamblguous results are
found with the azo linkege and 1ts vlinologs, however, an
example of at leest one accebtor cen be found for esch of thé
functional groups. As before, attempts were made to obtain
mexlmun resolution in every experiment. The radical-anions
elther were previously known, or else the spectrum wes consis-
tent with thet to be expected from the one electron reduction
of the'acceptor. The spectre will be discussed 1in detell
later. o

Shifting our ettention beck to the cerbanion momentsrily,
we see thet in dimethyl sulfoxide (80/)-t-butyl slcohol (20%)
dihydroanthracene proves to be & better donor then propio-
phenone, in dimethyl sulfoxide (20%)-t-butyl elcohol (80%)
1,4—diphényl-l,4-butanedione is & better donor than proplo-
phenone, &nd in tetrshydrofuren n-butyllithium is s better

donor than n-butylmegnesium tromide, although there are some

anomalies.



Figure 4.

Electron-tranafer between propiophenone (0.025 K.)
in dimethyl sulfoxide (80%)-t-butyl slcohol (20%)
containing 0.05 li. potassium t-butcxide and
selected acceptors (0.005 M.) at 25°; abscisss

is time in minutes; ordinate 1ls congentrastion

of ecceptor radicel-anion times 10* in moles

per liter

A
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If we compere results in dimethyl sulfoxide (£0%)-t-butyl
elcohol (20%) with dihydroanthracene as donor we find the
following order of electron-transfer: phenazine) szobenzene>
: bénzo- [c] -cinnoline ) benzofurazan 2,3-diphenylquinoxaline )
acridine)>l,2—9;3—(4—pyr1dy1)-ethylene. One would expect here
& dependence only on the reduction potential of the acceptor.
The reduction potentials stzted before for szobenzene,
quinoxaline, and acridine were -0.46 v. (2), -0.64 v. (2),
~and -0.313 v. (1). Ohe might guess thet the reduction poten-
tial of %,3-diphenylquinoxaline would be zbout -0.54 v. (2).
The reduction potentiel of benzo-{cl-cinnoline =t pH 7 is
-0.72 v. (2), interpolszted from the dsts of Ross et 2l. (99).
Reductlion of benzofurezen 1s & 6 electron reduction, corre-
sponding to reduction of the perent compound, o-nitroaniline,
end g-quinone-dioiime (100). Subtracting the reduction poten-
tisl of g~-nitroanilirie, we obtain a2 reductlon potentiel of
-0.40 v. (2). By interpolatio:, the reduction potentiel of
1,2-bis-(4-pyridyl)-ethylene 1s -0.71 v. (2) (101). Finslly,
the reduction potentiel of phenazine is -0.38 v. (2) (102).
The order thus predicted 1s escridine phenszine) benzofurazand
azobenzene) 2,3-diphenylquinoxaline > 1,2~bis-(4-pyridyl)-
ethylene Y benzo-{cl-cinnoline. The proplophenone dete seem
to indicate that benzofurazan gasve enoma2lous results wiﬁé
dihydroenthrecene snd really is e better scceptor then

tenzo-{cl-cinnoline. Even with this chenge the reduction
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potentials do not do a good Job of predicting the order. Con-
sidering experimental uncertainties of 25 to 50 per cent and
the closeness of the various litersture reduction potentiels,
thiis result is not too surprising.

The large concentrations of radicel-anions found when the
acéeptors were treated with orgsnometallics 1s quite inter-
esting. Freedman gt al. first discovered thet polynuclear
aromatic hydrocerbons (e.g., anthracene, tetracene, pyrene)

. ylelded the corresponding radlcal-znlons when trested with
n-butyllithium (103). These results were dupliceted end

" redical-anions weré made by this method from 1,%Z-benzenthra-
cene, perylene, l,l,4,4-tetraphény1-l,3—butadiene, chrysene,
and p-queterphenyl. No cleer trend ls obvious from the dats,
but the phenomena of formetion of radlcal-snions 1ls undoubtedly
quite widespread.

For orgenometallic donors the mechanism of radicel
formation‘may be different from the other casse. One would
expect thet radlcal formation here hes the seme mechasnism as
the formetlion of redical from those acceptors which gave too
lerge blanks to be used. Brandon and Lucken explalned the
formation of semlquinones when duinones were trested with
alkoxlde as resulting from oxidation of?elkoxide to peroxide
(1L04), 2 rether ridiculous propossl. A more ressonsble ex-
planstion is that electron-transfer occurs from sn edduct

(VI). The acceptors which ere activated toward electron-
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(vi) W + B—> T\-B"; T1-B + T\— T~ + Y- B-
transfer are also.activated toward nucleophilic sttsck, so
undoubtedly most of the scceptors zre attacked by basse. The
ensuing adduct might possibly transfer an electron. The
resulting redicel would have more resonsnce stebilizstion then |
an alkoxy radicsl or an n-butyl radicel. 5Still snother possi-
bility 1s that electrori-transfer 1s going through 2 diedduct.
Such & diedduct would have & great tendency to lose an elec-
tron. It 1s Ttellieved thet the formetion of tetrecysnoethylene
radicel-anion from tetracyenoethylene end cyaride ion goes
through a disdduct (21).

By this reasoning it is now bbvious why there are no
cleer trends wlth the organometéllics. It is necessery thst
an acceptor be active towarc edcdition for recdicels to even te
formed. On the other hsnd, if 1t is too ective, none of the
acceptor will remein to be reduced by the adduct. This mey
account for some of the sméll emounts of transfer with resdily
reducible accéptors.

Ornie of the more puzzlirg aspects is the smell amount of
radicel. found when szobenzene 18 trested with n-butylmegnesium
bromide. Previous experiments have shown thet Grignerd re-
agents reduce szobenzene to hydrszobenzene with concurrent
formetion of resdical coupling products (105, 103). This is
an example where 1t might be thought that 2 true electron-

trensfer from the Grignerd resgent to 2zobenzene tekes place.
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The data show thils is not so. There may be an electron-
transfer, but the radlcal-anion must be reduced immediately.
Nitrobenzene 1s known to give some szobenzene when
treated with Grignerd resgents (107). This hae been attributed

to & radical process, and the data here are supporting evi-
dence.

Further experiments to be done lmmedistely suggest them-
selves. The most obvious thing to do is to 1dentify the
products of the reection when these experiments are performed
on & preparative scale. BSuch experiments have béen carried
out by Russell and Cheng.* They find that results ere clean-
cut when dienions eré used ¢s donors. A high yield of the
oxidized form 1s obtained. Dihydrosnthrecene with nitroben-
zene, for example, gilves a good yleld of enthrecene and azo-
‘xybenzene. The products with nionoanions as donors ere much
~m§re complex. Two products identified when fluorene reects
witn nitrobenzene are‘£;9:9'~bifluorene and 8 fluorenylnitro-
benzene. In genersl coupling products ere observed. With
regard to fluorene as & donor, it should be noted that the
predomlnant rsdical arising when azobenzene is trested with
fluorene 1ls not the radical-anion of szobenzene. A similar

pettern 1s observed when ﬁxg’g'—bifluorene s used as a donor,

*¥G. A. Russell and K. Y. Cheng, Department of Chemistry,
Iowa State University, Ames, Iowa. Privete communicetion
regerdlng electron~transfer. 1963.
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so the radicel i1s probebly the rsdical-anion of‘ZSg’gl—
tifluorene.

Here, too, 1t would be quite helpful to determine reduc-
~tion potentiels for 8ll the acceptors in the proper solvents.

Probebly the most frultful approach would entell the use
of ultraviolet end visible spectroscopy. MNany bright colors
are observed in these reactions, éolors which do not seem to
correspond elther fo the redical-anion or the cerbsnion.
These colors may be due to charge-transfer complexes. E.s.r.
can only glve one the concentration of the radicsl species
'present, but ultreviolet and visible spectroscopy could, if
peeks were widely enough sepersted, give one the concentration
of 8ll the specles present. Since in the cese of & dienion
donor, unlonized donor, monoanion, dienion, radicsl-snion,
acceptor, and s chahge—transfer complex could te present, 1t
1s doubtful thet 8l1ll these concentrations could te measured.
It might te possible to determine the emount of some of these
specles, however.

It cen be seen tnet the problem is 2 difficult one, but

it is elso & fascinating one.



53
III. RADICAL-ANIONS OF X -DIKETONES
A. Rgdicel-Anions of Ar'COCOAr!

8o fer es chemlstry is concerned, the chief intereet 1n
radical-anions of  -diketones étems from the observetion of
colors when the o£{~hydroxyketone in the aromatic and hetero-
cyclic serles are treated with tase in the presence of oxygen.
This represents & color test for aromatic ecyloins. Thus
benzoin gives a purple color (108), furoin a blue color (109),
and £,2'-thenoin a green color in ethanol (110). The evidence
that these colomrs come from free rédicals hags already been
summarized for benzoin. Presumably the same ressoning holds
for the heterocyclic scyloins.

uch of the work that has been done with e.s.r. hes
dealt with tne determination of molecular structure since the
hyperfine spllitting csn be related to the spin density st
verious positions. These spin cdensities can also be celcu~
l=ted by simple moleculsr orbitel theory. Adjustment of pere-
meters to glve agreement with experimentel results thus ellows
one to determine the values of resorance and Coulomb integrals
for heteroatoms reletlve to carbon. In view of the opportun-
ity to do all these molecular orbital cglculations, 1t 1s
quite surprising that only one o{-diketone has been studiled
in deteil. Dehl and Fraenkel hsve analyzed the spectrum

resulting from the reduction of benzil snd have performed
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molecular orbital calculetions on this molecule (19). Their
results will be discussed later. A brief description of the
spectrum of the radicsl-snion of furil was published by
Russell et al. (111), but a complete 2znslysis is now sveil-
eble.

Radidal—anions derived from diketones of the series
RCOCOR and ArCOCOR have not been reported snd sre interesting
both from the experimentsl end theoreticel viewpoints. The
cnemistry involved in forming redicel-enions of fully ero-
matic o(-dlketones 1is weli understood, so the only interest
lies in enelyzling the spectre end compsring the experimental
results wlth theoretical csalculetions.

Descriptions will now te given of the redical-anions of
the o{~diketones £,2'-thenil, 2,2'-furil, 2,2'-pyridil, end
benzil, with an anelysis of the spectras when possible. Fol-
lowing this, & presentation of the theory of nuclesr hyperfine
splitting in e.e.r. will te made. Finelly, experimental cal-
culetions will be compared to theoretical calculestions.

£,2'-Thenoin is difficult to meintain pure in the atmos-
phere as it oxldizes to 2,2'-thenil. It was decided tc let
this fact work for the suthor, for this meant that the '
radical-anion could be made by electron-transfer without the
necessity of the presence of oxygern.. The sbsence of oxygen

meant that higher resolution could be etteined.

Solutions of impure 2,2'-thenoin end potessium hydroxide,
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both in ethanol, were placed in the degessing spparatus and
flushed with nitrogen for 20 minutes. The concentretions
after mixing were 2.5 x 1073 M. in both bese zgnd acyloin.
Upon mixing, the solution turned bright green, and 2n e.s.r.
sigrnal was found. The spectrum conslsted of whet appeéred to
be & nmein quintet, bresking down on higher resolution to 18
peeks. This spectrum is shown in Figure 5.

Anelysis of the spectrum i1s streight forward. There 1s
a m2in intersction with two equivelent protons, ay=<.2°2 geuss,
a second interaction with two other equivelent protons,
ay=1.84 geuss, and & minor intersction with two protons,
og=0.39 gsuss. (The error in a2ll these measurements 1s +
0.05 geuss.) The fact thet the smallest splitting is slmost
equal to the differcnce between tne two lerger splittings
ceuses the theoretical 27 lines to coelesce to 19 lines. The
ratio of peak heights for this essignment for the first half
of the spectrum theoreticelly would be 1l:2:1:2:5:4:1:1:6:10.
The experimentsesl ratios esre 1:2:0.8:1.6:5.5:5.6:1.2:0.6:5.3:
+415.7:0.8:1.5:5.5:5.7:2:0.9:12:1. The agreement, while not
perfect, is good enough to lesd one to bellieve that the
assignment 18 the proper one. The metching of splitting con-
stants with positlions in the thenll molecule cen only be done
by means of 1lsoteplc substitution. It seems likely, however,
thet tne smallest‘splitting 1s due to position 4, since no

normal resonance structures csn be dreswn with the electron at
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Flgure 5. E.s.r. spectrum of 2,2'-thenil readicel-enion;
generated by electron-transfer from «,£'-thenoin
to z,2'-thenil with potassium hydroxide in

ethanol, 1 cm. = 0.876 gauss
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that position.

The radical-anion of furil wes first made by Jsnzen.* He
observed a five peak spectrum when furoin was treated with
ethanolic potassium hydroxide. These five pesks under higher
resolution gsve evidence of further structure. To obtain
maximum resolution, it is best to use & minimum amount of .
radical under conditions where & minimum of spin exchange cah
take place. The author recorded a very well-resolved spectrum
wnen a thoroughly degassed solution of furoin was treated with
ethanolic potassium hydroxide. The concentration of furoin
wes 107€ M. Vhen the radicel is formed by electron-transfer
betwen furoin and furil, a derk blue solution results, but
the color of the degassed furoln solution conteining redical
is gray-green.

Surprisingly the shape of the spectrum snd the splitting
constaﬁts for the redical-anion of furil are exacfly théisame
" £8 thst for &,<'-thenil redicel-enion. This is sn astonishing
result end not without significence for quantum chemists.

The spectrum of the furil redicel-snion is shown in
Figure 6. Figure 7 shows this spectrum under highest resolu-
tion. Since the smellest splitting constant is not quite
equsl to the difference between the two larger splitting con-

stants, the center pesks should show further splitting. With

*E. G. Janzen, Department of Chemistry, Iowe Stete Uni-
versity, Ames, Iowa. Privete communicstlion regerding furil
radical-anion. 1961.
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Figure 7. E.s.r. spectrum of furil radicesl-snion under high
resolution; 1 cm. = 0.504 geuss
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a little 1maginatidn, one cean discern ail of the possible 27
peaks.

Smell emounts of redical were found when 2,2'-pyridoin
and £,2'-pyridil were mixed in the absence of 2ir end the
presence of base. In no cese did these yellow solutions give
enough redicel to te resolved.

Benzil radical-snion wes mede by behl end Fraenkel by
electrolytic reduction in dimethylformamide (12). They found
that reduction took place 2t -1.0 to -1.1 v. to give 2 Tblue
gsolution. In view of the drta on reductlion potentiele gilven
eerlier, it seems quite likely that two-electron reduction is
ectually teking plece, and the redicel-anion is formed by
electron-trensfer from tne dienion to unreduced benzil. The
splitting constants found were & _p=1.114 geuss, ag;_H=O.995
gauss and g p=0.396 gauss.

| Flgure 8 shows the spectrum obteined by the suthor from
2 thoroughly degassed solution 2 x 102 M, in benzil, benzoln,
end potassium hydroxide. The ethsnol solution wes purple.
Unfortunstely, resolution is not sufficlent to obteln the
splitting constants, but it eppears thet the lergest splittings
cre very close to those observed by Dehl and Freaenkel.

The theory of hyperfinevsplitting of aromatic-type pro-
tons is due to MecConnell (112, 113). He showed thet the
splitting should be given by the relstionship, &y = Qf’l:

where Q 18 a fundamental constent, good for 2ll aromstic-type



Figure 8. E.s.r. spectrum of benzil radicel-snion; generated

by electron-transfer from benzoin to benzil in
ethanolic potessium hydroxide, 1 cm. = 0.504 gauss
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protons (e.g., polynuclesr arometics, quinones, heteroero-
matics) and P 4 1s the spin density et the carbon to which
the hydrogen 18 attached. It only remains to determine & end
ei, and theoretical splittings cen resdily te calculsted.
(Excellent discussions of the theory of electron spin reso-
nance cen be found in tie books by Ingram (114) 2nd Streit-
welser (115).)

Jarrett calculated Q in 2 semlempliricel menner and
arrived at a value of 28 geuss (116). Since the spln density
at each»pbs1tion of benzene redicel-snion 1is one-sixth, Q
_ought to'beigqual to slx times the hyperfine splitting for a
proton in thaf radidél. When tnis radicel was finally mede,
the velue of Q wes found to be £2.5 geuss (117, 118).
kcLachlanchncluded, however, thet sultetle sgreement for
1arger‘ar0méf1c redicel-anlions could only be obteined with a
Q of Z24.% gaﬁss (112), while Ksarplus end Freenkel celculsted
23.7 geuss es tne value of Q (120). It eppeers fron theoreti-
cel considerations thet & 1is negative (113). The latter two
vslues of Q seem to be feshioneble st present. The splitting
of 2 hydrogen atom is 510 geuss (121}, so a & of 24 geuss
meens thet en unpalred electron in en a2romeatic system is et
the hydrogen nucleus only 5% es much &8s in 2 hydrogen atom.

Celculation of spin densities is not streightforwérd
elther. This quantity turns out to be the importsnt one so

fer es obtalning agreement with experiment. For common poly-
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nuclear aromstics spin densities cen be readily celculated by
eimple molecular orbital theory, and deBoer =nd Weissman have
found excellent agreement between such spin densities and ex-
perimental values (122). Problems arise even here, however,
becsuse of the pbssibility of neggtive spln density.

If one writes resonance strucfures for the radicsl-enion
of a polynuclesr arometic, there are certsin positions et
which i1t 1s impossible to put en unpalred electron without
drawing charge-separsted structure (e.g., the 4-position in
£,%'-thenil resdicel-anion). Simple Hickel moleculer orbital
theory (HMC) predicts 1little or no spin density at these
positions; nevertheless, e.s.r. measurements show that these
positions do give‘hyperfine splitting. Meesurements on peri-
naphthyl redicel showed that these splittings cen be quite
sizesble (123). |

Brovetto and Ferroni (124) =nd kcConnell snd Chesnut
(113, 1<5) showed that these splittings erose from negative
spin densities at the given positions. This means thet sign
of the spin et the mets positions in triphenylmethyl, for
exsuple, 1s opposlte to the sign at the ggﬁgg and psra poéi—
tions. BSuch dlfferences in gign cannot be obtained in HMO
theory, for the spin depsities are obtained by squering the
coerficient for the stom involved of the lowest anti-bonding
orbitel. McLachlan has developeaia.simple modificetlon of
HiO theory whereby 1t 1s possible to obtain negetive spin
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densities (119). Hié treatmént entails introduction of con-
figuretion interaction in sn approximete fashlon.
| Wher. a heteroetom (X) 1s a part of the systew, it is
impossible to make celculetions from first principles. To
use HMO theory the Coulomb integral (o£) for the heteroatom
and the resonance integral (@ ) for the C-x bond ere sceled
in terms of the given cerbon integrals, uslng pefemeters h
end k. Thus Ax = K¢ + h@sc_c 2nd @ cx = k@c_c- Usually
these perameters are veried to glve sgreement with theory,
even thougn the values obtained may not be reassonzble on the
basis of electronegetivity differences. Here also McLechlen's
modification of HMO theory gives the best results.
In@connection with theoreticel .celculetions, it should be
pointed out that these splitting constants e2re not necesserily
golvent lndependent. Deguchi found en incresse in the nitro-
gen splltting constent of diphenyl nitric oxide resdicel as
the dielectric constant of the solvent wes incressed (126).
Stone end Mhakl found changes in proton splitting constents of
semiquinones (127). In compering results in ethsnol-weter
mixtures with those in dimethyl sulfoxide they found increases
of 2.5/6 in the largest splitting constants in dimethyl sul-
foxide end decreases of ~~ 40% for the smellest splittings.
These effects have been studied thoroughly by Gendell et al.
(128). They arise from solvation of electronegetive atoms in

the radical. Theoretical calculetions should be most signifi-



67

cant for solvents in which there is 1little solvetion of the
radicals (e.g., tetrahydrofuran, dimethyl fbrmamide, dimethyl
sulfoxide, etc.).

With these limitations in mind, theoretical celculetions
were mede on the molecule, £,2'-furil. These cealculatlons
should also hold for £,8'-thenil. The molecule 1s described
by & reasl symmetric matrix. This metrix cen be multiplied on
the left and the right by & matrix such thet the product of
the multiplication is a matrix with non-zero elements only on
the disgonal (129). The diegonal matrix obtained is celled
the eigenvalue matrix, end in HkKO theory the dlsgonal elements
are the energles of the moleculer orbitals in terms of o g
and @ c* The matrix by which the input matrix wes multiplied
i1s celled the eigenvector metrix. In HMO theory the elements
of the eigenvector matrix sre the coefficients of the molecu-
l=r orblitels. The elgenvector metrix is the one from which
electron denslties are calculated, these densities beilng the
squares.of thne coefficients in the lowest anti-bonding orbil-
tal.

The dlagonelizstion procedure was carried out on the Iowa
State 7074 computer, using e standard matrix dlsgonalization
procedure.

The results of the HMO calculation were then used as the
basgsis of the lkclLachlan celculation. This calculetion involves

the use of self—consistent wave functions. These functions
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can be arrived at from perturbétion methods utilizing Hlickel
energlies and wave functions. In prectice ell one does 1s to
add the expression +2>\C§r @ c to esch disgonsl element of
the input matrix. The quentity W can be an adjustszble pera-
meter, but 1t 1s elways taken as 1.2. G, 1s the coefflclent
for the gilven etom in the lowest anti-bondlng Hicxel orbitsl
(2s read from the eigenvector metrix). The modified input
matrix 1s now dlegonalized by & computer es tefore. The spin
density for a gilven atom is found from the expression e r =
.Cgr + 5; (Céi - Cﬁr). This equation meesns, to find the spin
density for & given etom, add the squeres of the coefficilents
for the lowest antitonding Hickel orbital and the conding
isclechlan orbitels and subtraect from this the squeres of the
coefficlents for the tondlng Huckel orbitels. The spin
density obviously cen be elther positive or rnegative.

It tekes two computer calculetions to determine kcLachlen
spin densities by using only e simple matrix diesgonalizstion
program. A more sophisticeted progrem 1s certainly celled for
if a greet many celculstions are to be done. Johnson and
Gutowsky cleim thet McLschlen's reéults can bte obtsined for
many redicels merely by adding 2/3(C§r - P‘) to the Hleckel
densities, where ?‘ 1s the reclprocal of the number of atomic
fr orbitals in the system (130), The author has checked
this sprroximation on several radlcals and found it to give

very poor results. They sre correct, however, in thst the
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licLachlan procedure ususlly increeses spin density where 1t
is large and decreases 1t where 1t 18 small. Zero or smell
electron densitles derived from HMO celculstions are quite
often chenged to negative-spin denslties by the lMcLaschlan
procedure. |

The parameters which one would expect to give the best
results are those used by Déhl end Freenkel for bvenzll
redical-enion (19). These suthors reproduced the spin dens-
ities for btenzil rsdicel-anion by the lclLechlan procedure by
using the perameters Xy = Xg + lJES@C_c, @ c=0 = 1.6 Be-c»
and B gupit = 0.7 Bc-c- (Experimental spin densities were
obteined from the equation ay = =23.7 61.) The last para-
meter 1s for the bond between the carbonyl cerbon and the
ring cerbon. These paremeters are the same es those used by
Rieger and Fraenkel to reproduce the spin densities for
benzophenorie radical-anion except that B c-oX hes been
reduced from 0.2 to 0.7 (131). The latter authors stete that
.@ c—cX 18 & function of the non-plenarity of the benzene ring
with thg cerbonyl group (the grester the non-plansrity, the
smaller @ C_cx), but they do not clsim much physicel signifi-
cence for thls parameter. Results to be cited leter cesuse the
eauthor to emphatically sgree.

The only peremeters left to be introduced are the Coulomb
and resonance integrels for the furanyl oxygen, « :4 end

@ c_o- The values of h end k suggested by Streitwelser ere
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£.0 end 0.8 (115). Orgel et gl. in their celculetions on
dipole moments got excellent egreement with the parameters
3.2 end 1.4 (iSE). These suthors, however, used the same
value of K for toth cerbon-oxygen single and double bonds.
This does not seem reasonsble, and so a third set of pera-
meters suggest themselves, 3.2 and 0.8.

Molecular ortitel caelculetions were performed on £,2'-

furil (VII) using the psrameters of Dehl end Fraenkel slorg

43 E
(vt L)
SR

with the Streiltwelser peremeters, the Orgel psremeters, end
the modified Orgel paremeters in the lkicLachlen modification.
Only the modified Orgel pesrameters geve ressoncktle results.
The spin densities calculated zre e 3 = +0.088, 6’4 = -0.03€8,
and 6’5 = +0.103. From the formule 8y = 24.2 3 ve cen calcu-
lete splitting constants of 1.94, 0.87, end 2.42 geu-~s es
compared to the exXperimentel velues of 1.84, 0.32, end 2.29
gauss. The theoreticsl ratio of the two learger splitting con-
stants 1g 0.85 while the eXperimental retio is 0.80. A Q of
£e.5 gives velues of 1.98, 0.81, and 2.32 geuss. Sm2ll modi-
fications in the persmeters could undouttedly incresse the
egreement, but these results gre quite good for the larger
velues. BSince the spectrz wes determined in 2 complexing
solvent, only the larger values should glive good zgreement

with theory. It 18 ectuelly possitle to include the solvent
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effect in the molecular orbital celculation (128), but this
was not done.

This treatment predicts thet the smallest splitting is
from the 4 position. It also predicts that the largest
splitting comes from the & position. It should be noted that
the calculations with the Streitwelser and unmodiflied Orgel
peroameters predict the highest spin density at the 3 posltion,
although voth calculations dp predict thet the 4 position has
the least spin density.

It is obvious, of course, that these paremeters will
give analogous results for £,2'-thenil redicel-anion.

Usually thiophene 1s treated as a modified benzene ring
(133), but the differences between the splitting constants
of the thenil and benzil redicals show thet this is not suit-
able. Gerdil end Lucken found that the splitting constants
for dibenzothliophene radlcal-anion were considerably larger
than those for phenanthrene radicsl-anion (134). It would be
intéresting to test whether dibenzofuran redical-snion would
glve a spectrum ldentical with that of dibenzothlophene
radical-enion. This simllarity of sulfur and oxygen is unex-
pected, and 1t will be interesting to see how widespread it
is in the corresponding free radicals.

" The radical;anions of all these o{-diketones should also
be formed in dimethyl sulfoxide to observe whet, if any,

changes occur in the splitting constants. Presumably these
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values would correspond quite closely to those calculsted by

the licLechlan procedure.
B. Radicel-Anions of ArCOCOR

To the esuthor's knowledge, there 2re no published
examples of rediceal-anions derived from the system ArCOCCR.
.These cre of interest from o theoreticel stsndpoint for they
glve one a means of detecting and messuring the amount of
interaction between the electron and the slkyl group vy hyper-
conjugetion.

By analogy with the benzoins, one would expect to gen-
erate tne redicel-anions elther by reduction of the diketone,.
by oxlicetion of the acyloirn, or by electron-tranefer between
the two compounds. It was quite surprising to find, there-
fore, tnat compounas of the type ArCOGHzR would uncergo oxids-
tion wlth molecular oxygen in the preserice of potessium
t-butoxide ir dlmethyl sulfoxide (80%)-t-tutyl slcohol (20:%)
to give redical-enions of the corresponding o{~diketones.
Typicelly e solution 5 x 102 L. in ketone would be mixed
with en equel volume of 10-1 I.. trse after oxygen hed teen
bubbled through the solutions for two minutes. The solutions
would turn yellow on mixing, ernd redicals would te found imme-
distely. Eventuelly the solutions would turn red-brown.

The radicels eppeered to be steble for hours. The smount of

radical, however, wes only ebout 10'4 M.
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A solution £.5 x 107% M. in proplophenone end 5 x 10-2 M.
in potassium t-butoxide through which oxygen had been bubbled
for two minutes geve an e.s.r. signel. The color of the solu-
tion wes yellow at first. It changed to reddish-brown, but
this color could be discharged and the yellow color brought
back by shaking. Eventually, however, the reddish-brown color
could no longer be discharged.

The spectrum conslsted of a meln decet. On higher reso-
lution these ten peeks broke into triplets and still smaller
splittings could be observed. Figure 9 shows the spectrum
under nlgh resolution. The spectrum could be resdily anal-
yzed on the bssls of @ mein splitting from the methyl protons
and & splitting of half thst megnitude from the ortho end para
protcns. Thils accounts for the ten main pesks. Interection
with the two meta protcns then gives thirty pesks while the
additionel peaks srise from the differenceé between the ortho
and pare protons. The distances between pesks can be accouht—
ed for on the assumption thet &, =3.46 geuss, aél-H=l'84
geuss, &, _y=1.66 geuss, and e ;=0.53 geuss. Assuming exact
overlep (which is not the case) one-half of the theoretical
peak helght retio ere 1:2:1:3:6:3:5:10:56:7:14:7:8:16:8.

Since there 1ls not an exact overlap, the experimentel peesks
intensify ratios would be expected to be close to but some-
whet less then the theoretical retios. The experimentsl

ratios ere 1:2.7:1:2:4:1.7:4.7:10.7:4.7:8:14.7:5.3:7.3:18."7:



Figure 9. E.s.r. spectrum of l-phenyl-1l,2-propanedione
radical-anion; generated by oxidation of
proplophenone in dimethyl sulfoxide (80%)-
t-butyl elcohol (20%) conteining potessium
t-butoxide, 1 cm. = 0.876 gauss
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8:9.3:20:8.3:17:5.7:5.3:12:4.7:2:4.7:2:1.3:2.7:1.3. The
agreement, while not perfect by esny means, 1is certalnly good
enough. It was thus conéluded thet the radicel is the
radical-anion of l-phenyl-1l,Z-propanedione.

A redical was made from n-butyrophenone under exactly
the same conditions. The same colors were observed and the
radical wes presumebly l-phenyl-1l,2 butenedione radicel-snion.
The spectrum consisted of a mein octet, each peak of which
broke down into triplets. No further hyperfine splitting
could be observed. This spectrum is shown in Figure 10. By
enalogy with the ebove example, the msin intersction is with
the methylene group with 2 splitting of one helf the megnitude
from tne ortho and pers protons. The triplets then arise from
the mete interection. Since there is no further splitting,
one must conclude that the ortho and pare splittings =re
equal. On this besis the splitting constants zre gje=3.42
gauss, &y, pH=1-71 géuss end ep.g=0.53 gauss. The peek helight
ratios agree with the theoreticel ratios ebout es well 2s in
the cese of l-phenyl-l,Z-propenedione redical-enion. Since
the methyl and mets splitting constants egree with those from
the propanedione within experimentel error, it seems quite
unlikely that there should be eny change in the ortho eand pare
splitting constants. Probatly there wes no chenge, and the

equallity of the two splittings erises from a lsck of resolu-

tion in this particular case.



Figure 10. E.s.r. spectrum of redical-anion of l-phenyl-1,2-
tutanedione; generated by oxldstion of n-butyro-
phenorie in dimethyl sulfoxide (80/%)-t~butyl
alcohol (20%) conteining potassium t-butoxide,

1 cm. = 0.876 gauss
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In the light of these facts one would expect anelogous
results from phenylneopentyl ketone. The radical in this
case, however, was formed by oxidation of phenylpivsloyl-
carbirol. The concentrations, after mixing, of cerbinol end
base were 6.3 x 1079 M. snd 2 X 10~2 M., respectively. The
bese wes eggaln potessium t-butoxlide, end the solvent dimethyl
sulfoxide (80%)-t-butyl elcohol (20%). Nitrogen wes bubbled
through the solutions ten minutes before mixing.

The color of the solution after mixing was purple. An
e.s.r. signel viss found immedlately. A mein quartet wes
otserved (Figure 11) which broke into many partly resolved
peaks. The specings between the peaks of the mein queartet
were 1.66 geuss, while the spacing between the smaller peaks
were ~ 0.18 gauss. This smaller splitting probsbly arlses
from the t-butyl protons. The resolution is not goéd enough
so that oune can be sure of the mete splitting, although 1t
should ke sbout the same as in the other radicals. The large
splitting, of course, arises from the ortho end para protons.
One can be quite sure that the radical is the redicel-snion
of l-phehyl-S,S—dimethyl-l,Z—butanedione.

Acetophenone when trested under the same conditions es
proplophenone end n-butyrophenone gave & golden-brown color
tut no free redicel. Apperently stabilization of the radical
by hyperconjugatlon with the alkyl group is extremely impor-
tant. One mlight heve guessed this would be the cese since the
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Figure 1l. E.s.r. spectrua of the radlcel-onion of
l-phenyl-3,3-dimethyl-1l,Z-vutanedione;
generated by the oxidatlion of phenyl-
pivelylcartinol in dimethyl sulfoxide
(80;0)-t-butyl zlcohol (£0;{) in the
presence of potassium t-btutoxide,

1l cm. = 0.875 gauss
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alkyl splitting wes so lerge.
A theoreticsl treetment of this radicesl of neceqsity
entells use of the theories of hyperconjugetion within the
HMO fremework. The so-celled "conjugetion" model treets the
alkyl group es & modified vinyl group with sulteble chenges
in the Coulomb end resonance integrals (135). The best pare-
meters to use aré those of Coulson snd Crawford (138),
modified ty Bersohn (137). If we crll the methyl cerbon etom
Y end the three hydrogens astom 2, these reremeters afe Ky =
Lo~ 01 Bogr Ky =k -058, ,end Py =258,
After such e calcdlation is made, the theoretlicsl split-
ting due to tne methyl protons 1s obtained from the expres—
slon ey, = Qe e 3 (138, 139). 1In this expression e 1s
believed to be 27-30 geuss. BStreuss end Fraenkel propose e
value of 27.2 gesuss (140), en empiricsl velue obtsined from
Fessenden end Schuler's workx on the ethyl radicel (141).
Fessenden and Schuler heve recently corrected their results for
the effect of hyper—conjugation end errived st e velue of
- 29.25 (142). The velue of @, 1s teken et the cerbon ~tom to
which the methyl group is atteched. Good results heve been
schieved using the kclechlen trestment with 2 Gy, of 27 geuss (143).
Although oﬁerlap integrels should be included when hyperconju-
.gation is treated (115), so fer ss redicel célculetions are
_concerned, they have been neglected.

The obvlous calculation to ve mede on l-phenyl-1,2-
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propanedione radicsl—anion (VIII) thus involves using the

(VIII)

perameters of Dehl and Fraenkel, derived from btenzil redlcal,
for the diketone part of the molecule together wlith the
modified parameters of Coulson and drawford for the methyl-.
group. All this should be done within the fremework of a
lclechlan calculation. The only perameter which one might
feel some trepldation in using 1s Xy for this wes derived
for the case of methyl group attached to an aromatlic carbon.
When such celculetions =re performed, using 2lso a value of
@c—Y of 0.70, they fell miserably in predicting splitting
constents for either the ring protons or the methyl group.
There eppears to be too little electron density of the ben-
zene ring. Nodification of @ c_oX to 0.80, the value which
gave good results for benzophenone radicel-eonion, does give

sufficient electron density on the venzene ring. The celcu-

lated splin densltles are €1 +0.076, @ 5 = ~0.028, Ps=
0.08%, e g = 0.207. Using o Q of 24.2 splitting constants

~of 1.83, 0.68, and 1.98 geuss ere calculeted.for the ring
protons. A Q& of 2.5 gives 1.71, 0.63, 2nd 1.85 gauss. The
experimental velues ere 1.66, 0.53, end 1.84 geuss. The most
meaningful comparison is the retio of the two largest sp;itting
constents. The experimental retio is 0.902 while the theore-

tical retio is 0.924. Agreement for the methyl spllitting 1s




84

extremely poor. Uslng a Qﬁe of 22.25 one celculates 2 gplit-
ting of 6.00 gsuse es compared to the experimentel velue of
3.46 geuss. BSilnce the hyperconjugetion peremeters heve Leen
used meinly for methyl groups ettsched to zrometic systems,
it esppeers that the euthor's eerlier reservstions were Justi-
fied. They cen not te used for o rnethyl group eattached to &
carbonyl carbon without some modificetion, probebly & chenge
in the Coulomb integrel of the cerbbnyl cerbon. The ring
proton velues were very gbod, it is true, btut they 2re prob-
ably insensitive to the hyperconjugetion peremeters. An HNO
calculation for phenyl glyoxel, usiné the peremeters end Q
derived by Vincow end Freenkel for o-quinones (144), gives
values within five per cent of the experimentel values for
l-phenyl-l;2-propanedione redical-enion.

There 18 no reason to believe thet there should be 2
different velue of (3 o_oX for l-phenyl-1,2-propanedione
radical-anion than for benzil radical-anion. The fect thet
8 larger value hed to be used to give sgreement lesds one to
believe that tne only significence this integrel hes 1is to

glve an extra peremeter for obteining asgreement.
C. Radical-Anions of Aliphetic- -Diketones

In the examples of stctle redicel-snions from { -dlke-
tones studied thus far, every radical has teer conjugzted

with an aromaetic or heteroasrometic ring (IX). Exeamples of
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(I1x) Ar-i = g:R

purely aliphetic radicals, stable at room tempersture i@ go lu~
tion, are rare. The only such resdicals that readily come to
mind are tetracyanoethylene radicsal-anion (63), di-t-butyl
nitroxide (145), mono-t~butyl nitroxide (146), di-n-hexyl
nitroxide (146), t-nitrobutyl rsdicel-snion (147) and tetra-
wethyl-1,3-vuteanedione redical-anion (148). Xetyls of
hexamethyl- and pentamethylecetone have been prepered, but
these ere stsble only at very low temperatures (149).

In view of this 1t was quite surprising thast redical-
anions of cyclic { -diketones, stetle for hours in solution
at room tempereture, could readlly be made. Four basic
methods were used: 1) electron-transfer from the acyloirn to
the diketone in basic medis, 2) bese-catalyzed oxidation of
the ecyloin with molecular oxygen, 3) reduction of the dike-
tone with & cerbanion end 4) bese-cetalyzed oxldation of the
monoke tone . Since the monoketones were most readily evsil-
able, the lest method was generally used. In 8 typicpl ex-
periment, equal volumes of air-saturetion solutlons bf the
ketone (0.05 k.) and votessium t-butoxide (0.1 M) in dimethyl
sulfoxide (80/)-t-tutyl alcohol (20%) were mixed in the degas-—
sing apperatus. A yellow color immedistely developed, and
en e.s8.r. signal was found at once.

When g-hydroxycyclohexsnone 1s oxidized, a five pesk

spectrum is found in the yellow solution (Figure 12). The



Figure 12. E.s.r. spectrum of the radicsl-snion of cyclohexsne-
1l,2-dione; genereted by oxidestion of 2-hydroxycyclo-
hexanone in dimethyl sulfoxide (80%)-t-butyl slcohol
(20%) in the presence of potessium t-tutoxide,
1l cm. = 2.81 geuss
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beak height retios sre 1:3.8:6:3.8:1 (theoreticel 1:4:6:4:1).
An identicel spectrum can be obtained either by reduction of
1,2-cyclohexenedione with propiophenone or by oxidation of
cyclohexanone with tese and air. In all cases the peek sepa-
rations were 9.8Z gesuss. The interpretstion is simple. There
is &n 1ntera¢tion with four equivelent protons, end the most
reasongble structure for the redicel is thet of the radical-
anion of cyclohexane-l,2-dione. The splitting would erise
frou the four alphe protons. The redicel must either be
plenar or must not possess conformatlonel stebility within
the period of meessurement (spectrometer frequer.cy’VlO4
mce/8.).

Substitution of e t-vutyl group leesds to & truly spec-
tacular result. When the redical enion of 4-t-butvlcyclo-
hexeane-1,<-dione 1s made by oxidation of 4-%t-butylcyclo-
hexsnone, e severn line spectrum is now obteined (Figure 13);
This spectrum can bte reedil& erialyzed on the bese of en
interaction with two pairs of protons, with one peir splitting
exactly twice &8 much &s the other. On this btesis the
theoretical peak height intensities should be 1:2:3:4:3:2:1.
The experimental intensitles are 1:2:3:5.2:3:2:1, which 1is
reesonable egreement. The two splittirngs meesured are 13.10
geuss and 6.55 gauss. The averege of .these splittings is 2.82

- gauss, exactly the velue obteined for the four equivslent

protons in the unsubsgtituted resdicel-aznion. The obvious




Figure 13.

E.s.r. spectrum of the rzdical-anion of 4-t-butyl-
1,z~cyclohexanedione; genereted by the oxidatlon of
4-t-btutylcyclohexsnone in dimethyl sulfoxide (80%)-
t-butyl 2lcohol (20%) in the presence of potassium
t-butoxide, 1 cm. = 2.81 gauss’
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conclusion is that the only effect of the t-butyl group 1s to
lock the conformation, and the ébserved splittings sre ldenti-
cal to those of a rigid, unsubstituted cyclohexanedione
radical-anion.

" The greatest interaction with the TT -orbltsl in which
the unpaired electfon is locsted would certsinly be with the
exial protons. The larger splitting constent must then be due
to exial protons while the smeller vslue sarises froﬁ equator-
l1al proton splitting. These splittings cen be treated quenti-
tatively and will be deslt with later.

Substitution of methyl groups in the elpha positions
reroves all hyperfine lnterections. When & redicsl-snion 1s
mede by electron-transfer between 3,3,6,6-tetremethyl-c-
hydroxycyclohexanone and 3,3,6,6-tetramethyl-1l,2-cyclohexane-
dione, only s single peak ie observed (Figure 14). Since
splitting was observed in the radicel-anion of 3,3-dlmethyl-
l-phenyl-1, 2~-butanedione, 1t sppears that the removal of e
degree of freedom makes 1%t lmpossible for the methyl groups
to rbtate In such a manner =s to interact with the unpeired
electron. The experiment wes performed in the absence of
oxygen so there should have been no brosdening effects ssso-
‘cieted with dissolved oxyger. The line width of the pesk 1is
about 4.8 geuss. The line width of a typlcal peek from the
unsubstltuted cyclohexane redical is ebout 3.3 gauss. If

the extre width 1s assigned to interectlon with 12 methyl



Figure 14.
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E.s.r. spectrur of radicel-enion of 3,3,5,6-
tetramethyl-1, Z-cyclohexanedione (left, 1 cm. =
<.81 gauss); pencrated by electron-iransfer
from the ecyloln to the dilketone; Carbon 13
splitting in the readical-enion of 1,2-cyclo-
hexsrne dlone (right, 1 crn. = 5.78 gauss);
generated by oxidatlion of cyclohexanone;

toth spectra token in dimethyl sulfoxide
(80%)-t-butyl elcohol (20%) in the presence

of potessium t-butoxlde
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protons, this WOﬁld give & splitting of 0.1 gsuss per proton
which should be resol§ab1e. There mey be hyperfine inter-
aétions which could be resolved under better conditions, but
~these interactions ere certainly less then in a purely ecyclic
case.

One anomaly sppeared in the spectre of cyclohexanedione
radical-anion e8 formed by-bxidetion of cyclohexanorne. Three
smell pesks were formed beslde the three center peeks, about
midway betweer. the pesks. The spacing erd intensity of two
'of these peaks were the seme, but the third wes smaller and
closer to the éenter peak. Three explancstions come to mind.
Second order splittings might possibly be showing up. Extra
peaks due to this phenomena hzve teen found (142). Without
going 1lnto the theory, these extre splittings ere expleined
by using g more exact Hamiltonien thnen is usuelly used for
e.8.r. theory. It is predicted thet lines of unit intensity
will not be split which fits the experimentsl results. One
would expect the center 11nes~tb te split into tﬁo ecuel
peaks, however, which does not fit the results.

A second possible explanetion 1s splitting due to the
naturel abundance of 015 et the cerbonyl cerbton. One would
expect all filve lines to be Split; which 1s not the cese.

The most likely explaﬁation 1s that some overoxidation
1s teklng plsce, and & small amount of & second radical, pos-

slbly cyclohexsne-1,2,3-trione redicel-enion, 1is teing
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observed.

It should be possible to observe cl3 interaction, however,
if the magnitude of the splitting 1is greester than the line width
of the hypeffine components. Figure 14 shows what the author
'believgs to be such en interaction. The proton pesks are off-
scele snd the talier peeks ere undoubtedly due to readicels
formed by overoxidetion. The peaks marked with an errow are
probebly C13 satellites. The tellest peek is presumebly the
test resolved, and so the intensity ratlo can be tested here.
The theoreticel retio 1s 11 to 1000 while the experimentel ratio
1s 10 to 1050. The splitting is sbout 4.9 geouss, presumsbly due
to the carbonyl carbona. Hirots =nd Welssmen (149) and Ward (148)
heve found G1° splitting for cerbonyl cerbons of 49.6 end 5.0
gsuss, respectively. The value here compares well with Werd's
result.

This stabllity of radicsl-enlons of cyclic 1,2-dlketones
wes not limited to six-membered rings. The cyclic monoketones
from Cg to C;p and the Cy5 end Cjp cbmpounds ell geve radlical-
anions upon oxldstion. Moreover rings larger than C6 possessed
consldersble conformational stability. The results ere summs-

" rized in Teble 5 and will now be discussed in deteil.

Oxidetion of cyclopentsnone geve e yellow solution. A
five pesk spectrum was obtained which died out repidly (Figure
15). As the radical dissppeared, the solution turned brown.

There was no point in comparing experimentel peak height ratio



Tevle 5. Conformetion of cycloslkenedione radicel-enions

hethod _ 2a1phs-H(gsuss)®
of Ecua- b
Radical-Anion Frep. Axial toriel Axiel-H B! e =
Cyclopentene-l, 2-
dlone - ’ 1 L 14.16% (+27)22 17.8 0.30
4-t-butyleyclohex- ' :
‘ane-1,Z-dione 1 . 13.19 6.55 +13 13.8 .24
Cyclohexene-1,2- ‘ _ c e
dione 1,2,3,4 9.82 (+43)~ 13.8~ .24
Cycloheptane-1, - i '
dione 1 6.70 1.97 +3 or =50 6.7 or .11 or
16.7 .29
Cyclooctene-1,x~ £
dione 1 3.33~ (+30 or -60) 4.4 or .08 or
13.3 .23
Cyclononene-1, 2~
dlone 1 12.57 0.42 +11 13.¢C .22

2In DkSO (80%)--t-butyl alcohol (20#%).
bg = 58.5 gauss.

SFour equivalent protons.
a
e

~Assumed equel to B for t-butyl compound.

f
“Four nearly equlvalent protons.

=Radlcel-znion assumed plsnar end with geometry similer to cyclopentene (ref.lsm.A
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Table 5. (Continued)
) - 2
kethod Ejl-alphza.—H(g‘“‘;S)
of Equa-~ b
Redicel-Anion rrep. Axlel torial Axial-H B! e-— .
Cyclodecane~1, - 1
dione 1,2 8.33 0 <30 11.1 .12 ;
Cyclododecane-1, <~ o
dione 1 7.88 0 =30 10.5 18 3
Cyclopentadecane- ]
1,2-dione 1 7.23 2.07 +2 or -50 7.2 or .12 or
Camphorquinone 1,4 fyothyl-H = 2.668 17.5 .30 ;
©O {
~3 4

LThree equivealent protons, protebly the 7-syn methyl group.
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Figure 15. E.s.r. spectrum of the radical-2nion of
cyclopentene~1l,2-clone; genercted by oxidation
of cyclopentenone in dimethyl sulfoxide (80%)-
t-butyl aleohol (20/4) irn the prescnce of
potassium t-butoxide, 1 ca. = 5.78 gauss
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with theoretical values, for the raedicel diminished repldly
while the Spectruﬁ was being recorded. The splitting constant
neasured for the alpha protons wes 14.16 geuss. When a solu-
tion of cyclopentanone wag treated with bege after both solu-
tions were flushed six minutes with nitrogen, there was no
color change, and no radicel was found.

Cyclobutanone gave a2 yellow solutién on oxidetion but no
radical-anion. No suitable conditlions could be found for the
formetion of resdicel. In view of the results with the five-
memcered ring, this instebility of the redicel-snion ls to be
expected.

A nine pesk spectrum wes obteined from the oxldetion of
cycloheptandne (Figure 16). The lhterpretestion is thet there
is & mejor interaction with two equivelent protons end a minor
intersction with two more equivaelent protons. The values of
the two splittings =are 6.70 gsuss end 1.87 geuss. The experi-
mentel peck height r?tioé are 1:2.1:0.2:1.8:4.1:1.7:1:2:0.9
(theoretical ratio 1:2:1:2:4:2:1:2:1).

On woderate resolution a five pesk spectrum is found vhen
cyclooctenone is oxidized. It would seem that there is an
interaction wita four eqgulivalent glphsa protons. The pesk
separations ere not exsctly equeal, however, nor do‘the peak
helght rctios metch the theoreticel values. On high resolu-
tion the ring pesks split into triplets, as shown in Figure

17. Extre peéks due to nonequivelence of the glphs protons



Figure 16.

E.gs.r. spectrum .of the redicel-anion of
cycloheptene-1,2~dlone; generated by oxidation
of cycloheptenone in dimethyl sulfoxide (80%)-
t-butyl elecohol (20%) in the presence of
potassium t-btutoxide, 1 cwm. = 0.876 gauss
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Figure 17. E.s.r. spectrum of the radical-anion of cyclo-

' octane-1,Z-dione; generated by the oxldation of
cyclooctanone in dimethyl sulfoxide (80%)-t-butyl
alcohol (207%) in the presence of potassium
t-butoxide, 1 cm. = 0.876 gsuss
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would show up in the center, not at the wings. The most like-
1& explenction again is that a smell amount of overoxidation
has taken place.

- Seven peaks can be resolved when cyclononenone is oxi-
dized (Figure 18). The interpretstion is the ssme #s for the
redicsal-anion of 4-%-butyl-1,2-cyclohexanediorie. The two
gplitting constants, however, ere not exsctly in 2 retio of
2:1 but are almost in thet ratio. The velues ere 12.57 gsuss
end 5.49 geuss. The broed third and fifth peaks srise from
overlap of two peesks. Proper resolution cennot be obteined
probably because of the presence of dissolved oxygen. One
would expect the pesk height ratios for the third and fifth
peaks to be less than that predicted for exesct overlep. If
exact overlap 1s assumed, tne ratios predicted ere 1:2:3:4:35:
2:1 while the retios found sre 1.1:2:1.7:4:1.7:2:1.

The very simple spectrum obteined from oxidetion of
cyclbdecanone 1s shown in Figure 18. Apperently there 1is
interection with only two of tae four g;pgg protons. Extre
low 1ntensity'peaks ere found spesced between the new peeks in
the spéctrum observed 1in the oxidation of cyclodecsanone, tut
they have no consistent spacing 2znd probebly result from &
small amount of 6verox1dation.‘ The aocyloin end ketone gave
the same splitting constents.

The oxldation of cyclododecsne under the ususl conditions

geve a three peak spectrum with ap=7.82 geuss. Trece smounts
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Figure 18.

E.s.r. spectra of the radicesl-anions of
cyclodecene-1,2-dione (top, 1 cm. = 2.38 gauss)
and cyclononane-1l,2-dione (bottom, 1l cm. =

5.78 geuss); generated by oxidation of the
corresponding ketones in dimethyl sulfoxlde
(807%)-t-butyl slcohol (20%) in the presence

of potassium t-butoxlde
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of other radicals were present ags shown in Figure 19._ The
exberimental peek helght rstios were equel to those predlcted
frou theory.

Interactions with two psirs of protons give & nine pesk
~ spectrum (shown in Figure 20) when cyclopentadecanone is oxi-
dized. The mejor splitting is 7.23 geuse while the minor
splitting is 2.07 geauss. The experimental pezk helght roatlos
are 1:2:1.2:2.1:4.5:12.3:1.2:2:1 which is 1n good sgreement
with the predicted ret{ps.

It has been proposed thet the splitting due to hydrogen
on & cerbon adjacent to en elkyl rsdical should follow e
cos® O dependence, where © is the dihedral angle between the
H-Cx -C; end C, -Cp -p orbital planes (150, 151). Heller and
EcConnell propose thet the equatioﬁ oy = A + B cos® O holds
(151). They find that A~ 0. Since the splittings for hydro-
gens adjaceﬁt to the unpasilred electron in alkyl radlcals are
ebout 25 gauss and since the asversge O for 2 freely rotating
‘alkyl group is 45°, it follows that B ~ 50 geuse. Using the
best value of Q for methyl hyperconjugetion, 29.25 gauss, one
would predict B = 58.5 gauss. It should be noted that for a
cyclic rsdicel, the equation predicts thsat akiel protons have
8 greater splitting then equatoriel protons. -

The spplicsation of the above formula to the radicel-
anlons of cycloalkanediones is not stralghtforward for there

is no longer unit splin density et the carbon atom. We cen use



Figure 19.
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+s.r. spectrum ¢cf the radicel-anion of
cyclododecene~1,c~dlone; genereted by

oxidation of cyclodoéecenone in dimethyl
sulfoxide (807%)-t-butyl alcohol (20%) in

the presence of potassium t-butoxide,
1l cm. = 2.38 gauss
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Figure 20.

E.s.r. spectrum of the radical-enion of cyclo-
pentadecane~1,%~dione; genersted by oxldstion of
cyclopentadecanone in dimethyl sulfoxide (80%)-
t-butyl slecohol in the presence of potesssium
t-tutoxide, 1 cm. = 0.876 gauss
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& new equation, however, ay = B' qos2 9 where B' = p B.

There is no experimental way of messuring the spin density

( e) on the csrbonyl cerbon. If B' could be found, one could
then work beckwerds end find £ . This would entell the assump-
tion thet the ssme B thet holds for alkyl radicels elso holds
for the cycloalkanedione rsadicel-snions. Since this seems to
be true for semiquinones (152), 1t may not be en unressonsble
assumption.

B! cen only be evaluzted when & is known.. Fortunstely
in 211l ceses but that of thé cyélopentyl ring, two splitting
constents are known, which mesns that toth B! end © cen te
evaluated. These values of B' and © were taculated in Tsble
5. Two values of‘B' and 6., _y are obtzined by solving the
equations a__ . = B! cos? Oax_ end 8eq—H = B! cos® (gax-Hﬁ-uKPL
Unreslistic solutions (B! > 22.25) have not been listed. The
value of Oax—H for cyclohexanedione radicsl-zsnions is exactly
equal to that found by n.m.r. for cyclonexene Ly Sm}th and
Kriloff (153). (These workers use e dihedrel engle for axiai
hydrogens equivealent to QO-QQX_H).

The table shows thet B! veries with ring size. Trnis is
not unexpected. Br§Wn end coworkers heve shown thst there 1s
e veriation in the stabllity of exo =nd endo double bonds in
going from five-memtered rings to six-membered rings (154).
rerhaps en even clearer precedent comes from the work_of

Leonard and ieder (155). They performed u.v. mezsurements
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on e series of cyclic X -diketones, methylated in the alpha
positiorns. The values of >\mex. decressed in going from the
five-membered ring to the seven-membered ring, then increesed
again at the eight-membered ring. Such a trend is evident
in the values of B'. Leonerd and Mader attributed this shift
to a trend away from coplanarity of the cerbonyl groups. The
carbornyl groups ere cis-coplaner in the five-membered ring.
As the ring slze increases the carbonyls ere lncreesingly less
coplensr until e minlmum is reached 2t the seven-membered
ring. Here the two groups esre et an sngle close to 90°. In
tie larger rings the cearbonyl groups now become trans-coplanar.
Simller reasonlng cen be applied to the splitting con-
sterits. The greastest spin density will be on the cerbonyl
carbons in those cases when s planer four carbon system cen
be attained. Otherwilse the spin denslty willl be largely at
the oxygen stoms. Thus in the five-membered ring where the
carbonyl groups are cis-coplansr, the largest value of B' 1s
found. As the cerbonyllbecomes less coplenar, B' diminishes
until & trend toward ggggg—coplénarity eppeers. This reeson-
ing 1s not quite flawless, for B' for the ten-, twelve- and
fifteen-membered rings should be grester then or equal to B!
for tne nine-membered. Instead B! is lessg for these rings.
There seems to be a trend towsrd decressing B' from rings Cg

to C15- One would expect B' to eventually be constent with

increasing ring slze.
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The spin density at.thé cerbonyl cerbon for‘the cis-
coplener radicels will not necesssrily be the ssme as for the
transg-coplansr radicals. The experimentel deta seems to show
that the spin density at the cerbon is greatest for thae cis-
coplanar csse. |

If one ossumes thet B' = 58;5@, the cerbonyl carbon spin
densltles can be cslculeted. These ere tebuleted in Tetle 5.
The trend in e perellels the trend in B', of course.

Oxidetion of‘cemphor under the usual conditions also geve
a radical-eanion. In contrsst to the other radicels, it took
severel hours for a reasoneble concentratiocn to be ztteined.
Figure cl snows the. spectrum which 1s & quertet. O©On higher
resolution somne pyperfine sfrucfure is observed. The most
reesoneble interpretetion 1s thet the redicel is thst of
cemphorquinone, and the splitting is from & methyl group. One
would expect the most overlen with the methyl group in the
7-8yn position. Ko splitting from bridgeheed protorns or
methyl groups nes teen observed in triptycene—l,4-sem1qd1noﬁe
(156, 157), nor hes the author roticed hyperfine splittings
frou the bridgeheed protons in benzonorbmﬂmdiene—l,4—semi-;
quinone. Formation of rsdicels from X - and (3 -santenone-
qﬁinone ought to conclusively show which methyl group 1s
interacting.

Only trace emounts of radical-snions were observed when

norcamphor wes oxidized. The protons et the oridging position



Figure 21,
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E.s.r. spectrum of the radical-esnion of pivalil
(top, 1 cm. =.0.876 gauss); genersted by the
oxidetion of crude pivaloin in dimethyl
sulfoxide (80)-ethyl alcohol (20%) in the
presence of potassium t-butoxide; e.s.r.
spectrum of the radicel-anion of camphor-
quinone (bottom, 1 cm. = 0.876 gauss);
generated by the oxidatlon of cemphor in
dimethyl sulfoxide (B0%)-t-butyl alcohol (20%)
in the presence of potessium t-butoxide
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~apparently cen not intersct with the T -orbltal. This may
have something to do with the lack of stability. Agailn the
author found no splitting due to protons et the bridging
methylene group in benzonorbornadienb—l,4—semiquinone.

Correéponding stebility 1s not found smong the ecyclic
acyloins. Oxi&etion of scetoin, pronionoin, end butyroin
gave no radicels. Oxidetion of crude piveloin, pertially
degessed end mlxed with pilvelill gave e 15 line spectrum
(Figure 21). The splitting between components was 0.31 gsuss.
A reesoneble conclusion is that the redicsl 1s the radical-
anlon of pivelll, and the spectrum shows 17 of the expected
12 lines. An exemination of theoreticel peek heighf intens-
ities shows thet it would be impossible to observe the wilng
peaks. A ressonable way of expressing the theoreticel peek
height intensitles, since the wing pesks 2re not observable,
is in terms of the ratio of ell the peaks to the center pegk.
Concentréting on the seven center peaks, since they are fully
resolved, the theoretlcel ratios rre 2.62, 1.53, 1.11, 1.00,
1.11, 1.53 and 2.62. The expefimental ratios are 2.70, 1.52,
1.10, 1.00, 1.13, 1.60, and 2.85. This is qulte conclusive.
Unfortunately the experiment could not be repeated.

The node of formetion of these radicsls 18 not cleer as
yet. Redicels could erise from oxldation of the ecyloins in
the ssme manner &s proposed for the benzoins (16). This would

entall the fornetion of a dianion followed by two one-elebtron-
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trensfers to oxygen. It does not follow that oxldstion of the
monoketone goes through an escyloin however. Diketone could be
formed in gsouie manner directly from the monoketone, after
which radicsls could arise from electron-transfer from car-

banions undoubtedly present in the solution (X). The fact

' (X) R-COCH-R+0,—>RCOCOR; Rco‘?Hchocoa-——?Ri = i-R}—Products
0

that the observed amount of radical is fer less then the pos-
sible amount lends credence to thls btelief. The monoketones
should be oxidized, and the rrte of oxygen upteke meesured

to check this possibility. The growth of dilketone could slso
te followed by taking aliquots, quenching the resction, and
measuring the dilketone by u.v.

The stability of the redicel-anlion in tne cyclic case &s
opposed to the instebility of the radicel in the ecyclic cese
is somewhet puzzling. This quite possitly hes to do with the
fect that cerbanions of zcyclic ketones cen undergo condensa-
tlon reactions much more reedily then cerbanions of cyclic
ketones.

Obvious further experiments to do would te to extend the
reactioﬁ to more rigid ketones, such es steroilds, end to

observe the effect of mono- end di-substitution in the slphs
positions.
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IV. RADICAL-ANIONS OF AZO COMPOUNDS AND THEIR VINOLOGS

The electron-transfer experiments shoﬁed qulte conclu-
sively thet the azo linkege and the vinylogous azo linkege
were excellent electron-acceptors. The radlcels usually are
stetle under the strenous conditions employed and glve quite
chsracteristic spectra. Some of the spectra were dquite inter-
estlng in themselves so redicals of a varlety of azo-compouhds
were made, and thelir spectra were studied; Compounds of
interest zre listed in Figure 22. Radicals were made from
XITi, XIV, XV, XVII, XVIII, XXI, XXIII, XXIV, XXV, XXVI and
XXX. Russell and Konake® msde radicsls from XXVII snd XXVIII.
Compound XVI solvoyzed under the resction conditions while
the other compounds have not been tested as yet.

The first putlished spectras of e radical-enion of a
non-cyclic azo compound wes thet of ezobenzene redical-anilon
(111). During the preparation of this thesis snother spectrum
was published. This was the spectra of the radical-snlon of
ethyl szodiformate (158). Two spectra of cyclic azo-compounds
heve been reported, thet of pyridazine (159, 160, 181) end
phthalazine (161). There esre reports of spectrs of several
virnylogous cyclic aio-radical—anions in the literature. The

spectra of azo redical-anions will now be discussed in detail.

#*G. A. Russell and R. Konakes, Department of Chemistry,
Iowa State University, Ames, Iowa. Privete communication
regardlng azo radlcel-anions. --1963.




(XI)  R-NsN-R (XII) q}I\‘-:I\’-R(R:E-butyl)

(XII1) d)—l\‘:l\‘{b (XIV) d).@-b::nj{b

(xv) Et0,C-N=N-COoEt (XVI) (d}-bi:?_)g
(XVII) (XVIII):D Q N $

(XIX) (CH3)p-N-R=N-K-(CHz)p  (xx)  (D-Ne=C=n-(]

32'9

(XXIIIO\/::@ (XXIV) ©®

Figure 22. "Vinologs" of szo compounds
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(XXVI)

(XXVII) ' (XXVIII)

' - :E >|—(1)—pNM
(XXXI) A (XXXII) e2

Figure 22. (Continued)
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Azobenzene (XIII) radical-anion was first mede by
Jenzer. (29), both by oxidetion of the hydrazo compound end by
electron~trensfer from the hydrazo compound to the ézo com-
pound. The author investigated the spectrum thoroughly 1n
conhection witn electron-transfer reections. The spectrum wes
finally elucidated by Russell and Konska¥* by meesns of deuter-
fum substitution. The splitting constents were ay=4.84 gauss,
ap?ao-l=2'81 gauss, 8y_p= 2.08 gauss end aE;O.VB geuss in
dimethyl sulfoxide (80%)-t-butyl 2lcohol (20%). The differ-~
ence 1n the ortho protons 2srises tecause ezobenzene occure
in the trans form. The radicai spperently 1s 2lso trens.
A similsr exemple is found in the literature (162). Under
the conditlons used cis-azobenzene immedietely 1is convérted
to the trans-form. |

Cyclization of ezobenzene gives the molecule benzelinno -
line (XXV). E.s.r. spectrs of cinnolines have rot been re-
ported as yet. Fluorenone 1is reduced to the redicel-2nion
much more easily then benZOphenone but the enalogy does not
hold for benzcinroline and azobenzene. The comparison is prob-
ably not too fair, for g;g-aiobenzene would ve & Ttetter model.
In eny event, szobenzene is reduced eesily by monosnions,
while epprecliesble amounts of benzcinnoline redicel-anion are

formed only by use of the dianlon of dihyéroanthrscene. The
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color of the solution was a derk green.

On low resolution thirteen mein peaks were observed.
These appeered to bfeak into triplets in higher tesolution-
.These triplets hed further structure (Figure 23). This apec-
trum cen bte explained on the basis of a main nitrogen dulintet
interacting with four ‘equivelent hydrogens (probably at the
1,3, 6, and 8 positions) with s splitting of one half the
nitrogen splitting. This would give thirteen pesks. The
triplet then would come from en interaction with two more
protons, either the 4 and 5 or 2 .and 7 protons. A problem
arises 1in assigning the smallest splittings. The four main
protons ere certainly not exsctly equivalent, although thelr
differences are probably about 0.4 gauss. This means also
that ‘the msin nitrogen splitting cannot be exactly twice the
proton splitting. The smellest splittings could thus erise
elther from these differences showing up, or they could erise
frow the 1ntéfaction of two protons with small splittings.
The experimehtal values ere ap=5.54 gouss, al=a3%2.77 gauss,
89=0.7-0.8 with the smallest sﬁacings 0.2-0.3 geuss.

S5t111 ahbther interesting szo radicel-anion 1s thet

derived from 1,4,5,8—§1§-trimethy13nepyridazino-[4,5—&]— :
| pyridazine (XXVI). This redical would be expected to glve -
nine mein peaks from four equivelent nitrogens, easch of which
could be split into nine peesks from the elght methylene pro-

tons if there were no overlsp. ‘Figure 24 shows the spectrum



Figure 23. E.s.r. spectrum of benzo- ¢ -cinnoline redical-

enion; genereted by reduction with dlhydroanthracene
in dimethyl sulfoxide (80%)-t-butyl alcohol (20%)

in the presence of potessium t-butoxide, 1 em. =
5.78 gauss ’
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Figure 24.

E.s.r. spectrum of the redical-anion of 1,4,5,8-
bis-trimethylenepyridezino- 4,5-4 -pyridezine

(Teft, 1 cu. = 2.38 geuss); spontaneously generated

from the parent compound by treatment with
potassium t-butoxide in dimethyl sulfoxide (80%)-
t-butyl elcohol (20%); center peek (right) is
shown under high resolution
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obtained. The redical could be formed merely by treeting the
" -compound (0.0Z2 k.) ﬁitﬁ potessium t-btutoxide (0.1 M.) in |
dimethyl sulfoxide (80%)-t-butyl alcohol (20%). The color of
the solution under conditions of meximum rasdica2l concentre-
tion wes brown. As cen be séen, the spectrum is quite consis-
tent with that expected. The theorétical peak helght intens-
ities to tne center peek should e 1:4:10:16:12 while the
experimental peak height intensities 2re 1:3.4:11:15.2:18.4:"
15:11:3.4:1. The value of a, is 3.44 gsauss. The methylene
proton 8splittlngs are epproximetely 0.2 gesuss. Both splitting
constants are somewhat less than normel. Figure 24 elso shows
the center peak under higher resolution.

Redical formation probably occurs in the same manner sgs
radicel formatlon from p-nitrotoluene (XXXIII) (&8).

(XXXIII) TT-CHg- +B—> TJ-CH-; TV-CH- + T[-CHgp- —>
-CHo-TT* + TT-CH-

Difficulties were found in meking the redicel-enion of
"ethyl azodiformete (XV), srising meinly from the fact thet the
compound was prohe to decompose with the evolution of nitrogen
when treated with strong tese. A poorly resolved spectrum
could be obtained on treatment of the ester with n-butyl-
litﬁium, but the only good resolution was obtained by mixing
equimolar amounts of the hydrezo snd azo compound 1n‘the

presence of base and the absence of sir. The concentrations

after mixing were s8zo compound,- 0.01 M., hydrszo compound,
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0.01 M., end potessium f-butoxide, 0.0z M. The solvent was
dimethyl sulfoxide (80%)-t-butyl slcohol (20%). The radical
died out rather quickly, bgt 1t gave a <6 peek spectrum s8s
shown in Figure 24. This 1is interpreted es s main quintet,
arising from the nitrogens with apy=6.31, each peak of which
is split into duintets by the four ethoxy protons. This
splitting is 1.07 geuss. The splittings found by Zwelg and
Hoffmen by potessium reduction in dimethoxyethsne were eyn=5.9
gauss and aH=O.§ gaués (158). The dif:efénces in dimethyl
sulfoxide solution are in agreement with the results of
Deguchi (1£6) who found that"3p11t§ing constants for nitrogen
incressed with increasing dielectric constant of the solvent.
Dibenzoyldiimide is known to te decomposed very quickly
by bese (46), so one would enticipote difficulty in observing
1ts radicel-anion. Nevertheless, the radlcel-anlon can be
made by electron-trensfer from the dianion of 1,2-dibenzoyl-
hydrezine to dibenzoyldiimide. The experimental conditlons
were glven earlier. There 1s very little redicel in the
yellow solution, snd it decomposes qulckly. A typicel spec-
trum is shown 1in Figure £5. It eppears that there i1s a maln
Quintet with splitting of 1.2~1.4 geuss. This would be an
unusually low nitrogen splitting, particularly when the pro-
ton splitting at the anaiogous position in 1l,<-dibenzoyl-
ethylene radical-anion is 4.C gsuss. Low nitrogen splittings
have teen found as in phthsalezine (161), but this does not



Figure 25.

130

"ii
{1
f :;ll'
b
}\ i
| R
N o I! ‘,’iiﬂ ; | ’Mf |
[ | \ uﬁg'uﬁzﬂ i [dh "s
| l:;‘é' [ p“ “ gﬁ !
iﬂi% ﬁ“ '
boLn ’
i '1

e —
M_‘—‘.
2

E.s.r. spectrs or radical-snions of ethyl
azodiformete (left, 1 cm. = 5.78 geuss) and
dibenzoyldiimide (right, 1 cm. = 2.38 gauss);
generated by electron trensfer from the
dihydro compounds to the dehydro compounds

in dimethyl sulfoxide (80%)-t-butyl slcohol
(20%) in the presence of potessium t-butoxide
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appear to be a similar case. 1In view of the low concentra-
tion of radical, a good deel of the hyperfine structure 1s

" lost in the wings, and these splitting constents could be for
proton hyperfine splittings on the center peek of a nltrogen
quintét, the wing peaks being lost in the nolse.

The radical-anion of £,3-diphenylquinoxaline could be
made by oxidation of the 1,2-dihydro compound, by electron-
transfer from the dilanion 6f the 1,2-dlhydro compound to the
parent compounﬁ,‘and by electron-~transfer to the qulnoxalilne
from the dianion of dlhydroanthracene. In 8ll cases & seven-
teen line e.s.r. gspectrum was obtailned from the purple solu-
tion (Figure 26). Successive dilutions were performed to
attempt to resolve more hyperfine structure, but none of these
resulted in any improvement. The lnterpretetlon 1is that of &
mein quintet, due to two nitrogens, with ay=5.30 geuss, with
a further splitting by four equivalent ring protons. Since
the proton splitting is almost one-third of the nitrogen
splitting, overlap removes eight of the twenty-five theoreti-
cal lines.

The spacing between lines veries from 1.5 to 2.2 gauss.
It eppears that the average spacing 1s 1.87 gauss. There mey
actuelly be slight differences between the ring protons 1in the
aromaetic ring, but the resolution obtained is not sufficient
to distinguish this.

The experimental pesk height ratios (one half of the



Figure 26.

E.s.r. spectrum of the radical-snion of 2,3-diphenyl
quinoxaline; generated by electron-transfer from
the dihydro compound to the dehydro compound in
dimethyl sulfoxide (80%)-t-butyl alcohol (20%) in

the presence of potsssium t-butoxilde, 1 cm. = 1.56 gsuss
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theoretical ratlios sre 1:4:6:6:9:12:11:14:18)_are 1:3.2:4.4:
5.6:5.8:10.8:7.6:10.4:18.4:9.8:5.0:10.0:6.0:3.0:3.6:2.6:1.
TheseAratioe ere less than theoreticel 1n every cese except
for the centerline and the wing pesks which leads one to
believe that the other 14 lines are en envelope.

These values compare well with the previous results of
Russell et g1. (111).

The redical-asnion of dquinoxaline itself hes been mede by
Werd (1680) snd by Cerrington and Santos-Veige (163) by alkalil-
metel reduction ir dimethoxyethesne. Ward found thet an=5.7
~and ayg for the ring protons wes 1.5 geuss. Cerrington snd
Sentos-Velge found ay=5.64, and they could actually dis-
tinguish between the aromatic protons. The values obtained
vere £.32 geuss and 1.00 geuss. One should not expect too
great a correspondence between quinoxsline and 2,3-diphenyl-
quinoxaline. For example, ey 1s greeter for quinoxaline in
the less polar solvent. This must meen that there 1s gresater
electron density in the arometic ring‘in 2,3-diphenylquinoxe-
line. Certsesinly & difference of 1.32 gauss in the ring pro-
tons could heve been detected. Probebly this shift in spin
density tended to average out differences. In sn 2nalogous -
case Vincow and Freenkel found 211 trze ring protons in the
nonsubstituted ring of quinizsrin semiquinone equivalent (144).

Phenazine (XXIV) proved to be an excellent electron

scceptor. It reduced resdlly with snions in both dimethyl
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sulfoxide (80%)-t-butyl slcohol (20%) end dimethyl sulfoxide
(20%)-t-butyl alcohol (80%). The color of the redical solu-
tions was purple. - Figure 27 shows a épectrum in dimethyl
sulfoxide (20%)-t-butyl alcohol (80%). The gross structure
of 17 lines can be interpreted es wes the gpectrum of 2,3~
diphenylquinoxaline. All three possitle splitting constants
can be analyzed, however. The values are eapn=5.15 gauss,
ey1=£.03 geuss, and ayy=1.56 gauss for both solvents. The
values obtained by Ward (160) end Cerrington and Santos-Veigs
(163) by alkali-metal reduction in‘dimethoxyethene are 5.0,
£.0, 1.61 gauss end 5.14, 1.93, end 1.61 gesuss, respectively.
Stone and maki (161) mede this radicel by electrolytic reduc-
tion in dimethyl sulfoxide, ottaining splitting constants of
5.15, 1.80, and 1.57 gauss. The agreement obtained is cer-
telnly withln experimentsel error.

. An interesting veristion on the acceptorg used previously
was the compound benzofurazan (XVI). One would expect this
compound to be reduced quite easlily, for the addition of an
electron would give a radicel with & tenzenold structure.
Indeed, a stable radicasl-anion wes formed quite easlly with
anlons in dimethyl sulfoxide (80%)-t-butyl slcohol (20%).

The color of the solution was brown. A 22 péek spectrum was
otbserved (Figure 28). This could be easily explained on the
besis of ay=05.24 gouss, ay=3.33 gauss, and ey=2.0Z2 gauss.

Orie can not tell which of the two psirs of protons gives the



Figure 27.

E.s.r. spectrum of the redicsl~-snion of phenazlne;
generated by reduction with proplophenone. in dimethyl
sulfoxide (20%)-t-butyl alcohol (80%) in the presence
of potassium t-butoxide, 1 cm. = 1.56 gsuss
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Flgure 28. E.s.r. spectra of the rsdicel-snions of

benzofurazan (top, 1 cm. = 2.38 gauss),

formed by reduction with proplophenone, and
1,2-bis-(4-pyridyl)-ethylene (bottom,

1 cm. = 2.38 gsuss), formed by reduction
wlth dihydroanthracene; both spectras were
teken in dimethyl sulfoxide (80%)-t-butyl

alcohol (203%) in the presence of potassium
t-butoxide '
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- larger splitting, although one would instinctively feel that
the positions neerest the heteroetom ere the most llkely pos-
sibility.

The most difficult of the azo vinologs to reduce thst
could stilllbe reduced was the compound l,2—(bis-4-pyridyl)
ethylene (XXX). This compound could only be reduced using the
very powerful,dénor 9,10-dihydroenthracene in dimethyl sul-
foxide (80%)-t-butyl slcohol (20%). The spectrum obteined
from the colorless solution consisted of e mein triplet, each
peek of which broke into nine other pesks (Figure 28). The
splitting between the triplet components is 10,85 geuss while
the separation between the other components is on the average
1.07 geuss. The main triplet almost certeinly arises from the
ethylenlc protons. The nine-fold splitting could arise pos-
sibly from en intersction with eight equivalent protons or an
interaction with two nitrogens end four protons, 2il of which
are equlvaelent. The latter possibility seems the more likely,
but this cen be tested quite easlily by en exeaminetion of peek
height intensity retios. BSuch en exeminstion shows thet
neithér explancstion is correct. A closer examinstion of eech
. peak'of the triplet revesls that they consist of a2 triplet,
eech peek of which 1s split into & triplet. The splitting
for the larger triplet is 3.33 gauss. Each of these triplets
eppe#i's to heave a8 1l:2:1 pesk height ratio. One is thus lead

to the 1lnescapeble conclusion thet this spectrum srises from
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an interaction with three pairs of protons, with splitting
- constants of 10.95, 3.33, and 1.07 gauss. The other four
protons and the two nitrogens do not sppeer to split!

The most reasonable explanestion is thet we here heve an

example of a trans—plaﬁar radical, as with azobenzene (XXXIV).

(XXXIV) H

The main splitting thus would be due to the ethylenlc protons,
the secondary'Splitting would be due to two mete (with respect
to nitrogen) protons, while the minor splitting could come
elther from the other two meta protons or, less likely, from
two ortho protons. If these splittings arise frbm conjuge-
tion with the btenzene ring, it i1s qulte surprising that
intveraction with other protons or the nitrogens sre not seen.
The scen rate was sufficiently fest that e splitting of 0.3-
0.4 gauss might have been missed. It 1s possible thet an
interaction through spsce is taking plece, end there ls little
conjuéation with the ring; From the equatlon ay = 24.2 4 one
cen calculate that the spin deneglity on eech ethylene cerbon

is 0.452. Unless we assume ﬁhat there are qulte lsrge nege-
tive spin dens;ties present, wé find thet the total spin
.density is 1.268, an lmpossibility. This lends substence to
an assumption of s-spatial interaction. One cen meke all the

assumptions one wishes, but the problem can not be rigorously
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" polved without better resolution to uncover. edcditional split-
tings and without isotopic substitution to check t&e splitting
asslgnments.

One would expect the radicel-aznion of K,N'-diphenyl—ﬂl-
benzoquinone diimine (more simply known ss quinone-dianil)
to be qulte complex, en expectetion which 1s quite amply
reallzed. Figure 22 shows the spectrum ottazined by base-
caetelyzed oxidetion of K,N'—diphenyl-ég-phenylene dismine in
dimethyl sulfoxide (80%)-t-butyl alcohol (20%). A main quin- .
tet due to splitting from two nitrogens cen be readily dis-
tingulshed, but the spectrum Secomes quite complex after theaet.
Since there sre et least féur types of protons, two of one
kind and four each of all other types, this complexity is
qulte understandable. The value of ay is 5.35 gruss, snd 1t.
appesrs that at least one of the proton splittings igs~ 0.6
gauss.

Oxldstion of cyclohexaneosazone in dimethyl sulfoxide
(80;5)=t-butyl elcohol (20%) geve a dark-brown solution with
a strong e.s.r. signal. The spectrum wes complex (Figure 29)
extending over a distznce of 35 gauss. The radicel presumably
was the readlcel enion of XVII, but the possibility of 2 second
redicel's presence, formed perheps by lonizetion of the
methylene protons, cannot te excluded. Additional complexity
is possible due to non-equivalence of the ortho-protons. The

osazone l1ls undoubtedly of the anti-form, with 211 the ensuing



Figure 29.
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E.s.r. spectrum of the radical-anion of
N,N'-diphenyl-__-benzoquinone diimine (top,

1l em. = 2.38 gausse); generated by oxidetion
of N,N'-diphenyl-__-phenylene diamine in
dimethyl sulfoxide (80%)-t-butyl elcohol (20/%)
in the presence of potessium t-butoxide;

also e.s.r. gpectrum of the radical-anion
formed when cyclohexaneosazone wos oxidized

in dimethyl sulfoxide (80%)-t-butyl alcohol

(20%) in the presence of potessium t-butoxide
(bottom, 1 cm. = 2.38 gauss)

Lt b ks






145

complicetions as in the caée of szobenzene.

The celculation of proton splitting constants for azo
compounds 1s exactly the same as for & -diketones. Suitable
perameters are chosen for the nitrogen Coulomb integrel, the
cerbon-nitrogen resonence integrel, and the nitrogen—nitrogén
resonance integrel. A McLachlen celculation wes cerried out
for szobenzene, assuming the molecule to ke lineer. The pare-
meters chosen were those of Ward (160), &y = L *+ 0.5@c-c»
Qc-n = @c—c» and QN—N = 1.25Q¢_¢" The spin densitles cal-
culated for the nitrogen, ortho positions, meta positions,
end pera posltion are 0.268, 0.096, -0.034, and 0.116, respec-
tively. From the formula ay = 24.2(>1 one can celculate
splitting constants of 2.32; 0.8Z2, and 2.81 geuss for the
ring protons. Assuming thet the average of the two experi-
mentel ortho protons should be given by the calculation, the
corresponding experimental values sre 2.45 (aversge of 2.09
end .8l gauss), 0.78, and £.81 gouss. This egreement 1is
excellent end mey actually have some mesning!

Calculations on benz-[c]-cinnoline (XXV) were less suc-
cessful. ihe spin densities for the ring protons snd nitrogen
were celculeted using the gbove perameters. The values
otteined were el = 0.147, 62 = -0.038, P = 0.111, Pse =
0.222, and Pg = 0.249 (see Figure 22 for numbering). These
densities consliderably overestimate the experimentel velues.

Hickel calculations predict thst positicn 4 splits more than
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position 2. The proton splitting constants decresse as hp

is increesed, and a value of 0.75, as was used by Carrington
and Santos-Veiga for heterocydiié nitrogen radicel anions
(163), would probebly be more suitsble. It is not unresson-
able thet perameters sultable for 2 non-cyclic molecule would
not be proper for a cyclic molecule. It is true thet VWerd's
Values were used on cyclic molecules, but they were used in &
Hﬁckel rether than a lclachlan cslculstion. The differences
predicted between the two largest proton splittings léad one
to wonder if the triplets sttrituted to s third psir of pro-
tons may not insteed érise fron the differences in the two
larger splittings.

Severel sets of peremeters were used on benzofurezan
(XXI). They were the perameters of Orgel et 2l. (132), of
Rieger and Fresenkel for nitrobenzene (164), and combinstions -
thereof. None of these were successful in giving the proper
magnitude for the proton splitting, snd nc further sttempts
vere made to find a proper set.

lhcLechlen celculations weré performed on XXVI, neglecting
the presence of the methylene groups. The paremeters of Ward
were used. The calculations predict the largest electron
denslity &t the cerbons beering the methylene groups, end a
rather smell spin density on the nitrogens. This has been
~oocserved for a similer molecule, phthalezine (181}, but the

peak.height retios show that the nitrogens must be the chief



147

splitting nuclei. The calculstion thus gives completely
erroneous results.

A similar calculstion was performed on 1l,4-dimethyl
tetrazine (XXVII). Russell and Koneka* find that ayN=5.15
gauss and ape=1.56 gauss in the radical generated spontaneous-
1y by bese in dimethyl sulfoxide (80%)-t-butyl alcohol (20%).
The peremeters of Werd et 2l., as modified-by Bersohn, were
used. The spin density et the methyl-bearing cerbon was cel-
culeted as -0.072. From the equetlon &y,=29.25, one srrives
at sn experimental value of 0.0563.

The splitting due to e nitrogen atom 18 obtained from the
following equation (XXXV): .ay = Qﬁ Py + 5; QxiNN Pxy
Q§ = SN + EZ ngi. The splitting includes contributions from
both the spin density in the nitrogen p, orbital and the spin
dernsities in the p, orbitals of the atoms bonded to the nitro-
gen. The megnitude of theseicontribﬁtions 1s controlled by
the mégnitude of the spin polarization psrameters, Q. The
theory here waes first developed for ol3 by Kerplus and
Fraenkel (165). |

In principle the determination of the @ parameters is
straight forward. If two parameters have to be found, one

merely solves two radicsls of the particular type rigorouslyf

The spln densitles can then be found and with the messured

#G. A. Russell and R. Konake, op. cit.

e en L et ]
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nitrogen hyperfine splitting, one cen solve two equations with
two unknowns. These values should hold for sll similer
systems.

- The problem arises in the choice of the model radical.
It should be a radicel conteilning only one type of nitrogen
and protons et all cerbon positions. ‘The carbon spin densities
can be found from the equation ay = 24-2<>1, and the. nitrogen
spin densities can then be found from the normelizstion condi-
tlon. Usually, however, some cerbon atoms will not be bonded
to protons, end the nitrogen spin densities must then te found
by moleculer orbitel cslculations. This introduces s greet
deal-of uncerteinty.

For the szo linkege the eXpression reduces to ey =

'(SN + Q,NCN) Pu + Qo ec because the peremeters QY and
QNuNN ere equal end of opposite sigr. Stone and Maki (161)
have arrived at & value of £l.1 gauss for (S) + Q;CN) from the
splittings for sym-tetrszine redical-anion. They estimate
thet QCNN = =2 + 2 gauss., It 1s interesting to sttempt to
apply these perameters to sone of the.azo compounds previously
mentioned. Even though szobenzene spin densities are probebly
known quite well, one would not expect to be sble to calculate
the nitrogen spllitting because QNCN is very sensitive to bond
sngles. The quantity (¥ QNCN) was determined for & cyclic
molecule where the bond angles sre certainly different then

in szobenzene. One can sttempt to evslucste QNCN for azo-



149

benzene, however. The spin density on the carbon to which the
azo linkege 1s attached is 0.003, so the polerizetion due to
the neighboring carbon caﬁ be neglected. From the nitrogen
spin density of 0.256 snd splitting constesnt of 4.84 geuss,
we can calculate (SN + QNCN) for azobenzene ass 18.9 gauss.
The paremeter 5 should belinvariant, and Stone snd Maki
eveluate 1t as 11.3 gauss. This mesns thet QNGN for azo-
benzene is 7.6 geuss os comprred to the velue of 2.8 gauss
given by Stone and Mesxil for the cyclic radical-anions. The
value of QNCN for ezobenzene is elmost within the uncertainty
of tne value calculeted by Stone snd Maki.

One would expect this theory to work quite well for 1,4-
dimethyl tetraszine radical-snion. The experimentsl spin
denéity at the methyl-substituted carton is 0.053. The
mcLachlan calculation causes one to believe that the spin
density at the methyl cerbon 1s zero and at the hydrogens is
0.008. Presumebly both spin densities ere negative. The
nitrogen spih‘density ls thus either 0,280 or C.zZl, depending
upon whefher the cerbon spin densities ere negative or posi-
ﬁive. The pagameters of Stone and kekl surprisingly feil to
give the proper results. The quantity (SN + QNCN) ls supposed-
ly the most eccurete, so any errvor must derive from QCNN which
18 not known very well. If one essumes (SN «+ QNCN) is 21.1
geuss, the value of QCNN cen then be calculated. If the

carbon spin densitles are negstive, a value of +14.3 1s
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obtained, If positive spin densities are assumed, then QCNN
is found to be 9.2 gauss. In either case the constant 1is
positive when theory (165) predicts thet 1t should be negs-
tive. Thls anomaly cen not be explained es yet. Certainly
1l,4-dimethyl tetrazine redical-anion should te formed 1in pure
dimethyl sulfoxide, the solvent used by Stone snd kKakl, to see
Af the presence of t-butyl alcohol affects splitting con-

stants.
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VII. APPENDICES
‘K. Appendix- A - Other Free Radlcals

During the course of this research, the author had occa-
slon to study free redicals which do not fit under the cleséi—
.ficétion of radlicel-anions of £-diketones or 2z0 compounds.
Nevertheless, these rsdlcals sre quite often 1nteresting in
thelr own right.

Quite surprisingly no well-resolved spectrum has been
published for scridine redicsl-egnion. The lowest member of
the series, pyridine, 1s known to give 2 dimeric radical-enion
when reduced with 2lkali metels (166). Kuwata et 2l. okserved
a single brosd line when sodlium wes added to acridine in
tetrehydrofuren (167). harkau and leler obtained & 54. line
spectrum when sodium-potessium alloy wes sdded to acridlne
in tetrshydrofuren (168). They did not publish the spectrum
and seid that it could not be anslyzed. Cerrington end
Santos-Velga steted thet ecridine dimerized when treated with
potassium in dimethoxyethane (163). Although some dimeriza-
tion occurs waen acridine 1is redﬁced with alkell metels, the
reduction gives a sizeable amount of ecriden (169), presumetly
through a radical-anion Intermediste. Since dimethyl sul-
foxide does not solvate negative lons, there should be no more

hinderance to dimerizetion in dimethyl sulfoxide then in

ethereal solvents.
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The experiments cited earlier prove that a radical 1is
formed when acridine and acriden ere mixed in the absence of
e2ir and the presence of base. Figure 30 shows the well-
resolved 43 line spectrum obtained from the green dimethyl
sulfoxide (80/)-t-butyl alcohol (20%) solution. Also shown
(Figure 30) 1s the spectrum in tefrshydrofuran (75%)-n-
hexene (25%). In this cese the radicsl 1s made by reection
of ecridine witih n-butyllithium. The line widths sre approxi-
mately the same, 8lthough there is e slightly longer line
widtn -in the more highly-resolved spectrum, éan understandabie
result. Jenzen (£9) found the seme redicel when ecridsn wes
oxidized in dimethyl sulfoxide-t-tutyl a2lcohol solutions.

The questlions to te decided ere whether the redicsl
species 1s dimeric or monomeric end, if monomeric, whether
the redicel 1is indeed the e,cridine radicel-anion. Evidence
pointing to the existence of o monomeric specles was obtained
Ly treeting 9,9'—biacridahyl with potessium-t-butoxide in e
thoroughly deoxygenated solution of dimethyl sulfoxide (80%)-
t-butyl alecohol (20%). It hss been shown by Russell et 2al.
(111) thet compounds of the type H-T[-Tr-4 can be doubly
lonized in strong bese, the resulting dienion bresking up to
give two redicel-anions. If the monomeric radical-enion were
to be stable under these conditlions, then blecridanyl should
undergo the enalogous resction (XXXVI). The experiments

showed thet the same redical was found when biscridsenyl wes



- Figur‘e 30.

E.s.r. spectra of the raedical anion of scridine;
enerated spontaneously with n-butyllithium
top, 1 cm. = £.38 gauss) in tetrahydrofuran
(75%)-g—hexane (25%% end genersted by electron-
transfer from scridan to ecridine (bottom,
1 cm. = 2.38 gouss) in dimethyl sulfoxide (80%)-
t-butyl alcohol in the presence of potassium
i-butoxide '
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(XXXVI)

treated with strong base 8s when scridine and acridine were
mixed in the presence of strong base.

The question as to whether the monomeric radicsl 1is
scridine redical-snion can only be ansvwered by solving the
spectrum. ' One must be aware of the possibllity of nitroxlde
redical formation. Janzen found, for example, thet benzyl
aniline when oxlidized gave the nitroxide of btenzel sniline
rather than the redicel-snion (22). The formetion of the
redical 1irn the ebsence of oxygen precludes the possiblility of
such a specles 1in the cese of 2zcridine, since the electron-
transfer experiments described eerlier showed that the
nitroxide of benzal aniline cannot be formed in the sbsence
of oxygen. |

The complexity of the spectrum 1s such thet it can only
be solved by deutermlc or halogen substitutions. There sare
five different types of protons as well as e nitrogen present:
The.spectrum has not been solved up to the present time.

The compound [59'9'-bifluorene wes prone to give redicsal
spontaneously from bese when treated in dimethyl sulfoxide

(80/5)-t~butyl slcohol (20%). Furthermore, attempts to form
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the radical by oxidation of 2,9'-bifluorene in dimethyl sul-~
foxide resulted in large amounts of fluorenone ketyl belng
formed. A redical could be made, however, by electron-
transfer from propiophenone to 9,9'-bifluorene in 20% dimethyl
sulfoxide in t-butanol. The solutlion was yellow, turning
green as thé redical concentration increesed. The spectrum

is shown in Figure 31. It certainly 1s not the spectrum of
the fluorenone ketyl. Similar spectra could be obtained by
electron-transfer from 9,9'-bifluorene to A 929" _biriuorene

in dimethyl sulfoxide (80%)-t-butyl elcohol (20%) end by

carefully controlled base-catelyzed oxidation of ©,9'-

bifluorene in the same solvent system. The colors ranged
from yellow-brown to brange-red, but as the radical concentra-
tion lncreased, the color changed to green.

The spectrum observed consists of o mein nonet, each pesk
of which is split further. It appears that the center pesgks
eare spllit into at least seven peeks. The spacings between
the main pesks are 1.93 gauss while the sub-splittings ere of
the order of 0.26 geauss. A reasonable interpretation is thet
the mein splitting is from the elght protons in the 1,1',3,3',
6,6',8,8' positions. The smeller splittings may be due to the
-other'prétons or to differences in the 1.6 esnd 3.8 proton
splittings. The splitting constents 2re qulte small for an
~aromsatic h&drocarbqn radicai-anion and seem to 1lndicate a

-lerge spin denslity at the nine positions. It 1is not unreason-
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!
E.s.r. spectrs of the redicel-snions of AN _
bifluorene (top, left, 1 ecm. = 2.38 geuss),
3,3',6,5'-tetre-t-tutyl-4,4'-diphenoquinone
(top, rignt, 1 cm. = 0.876 geuss), 3,3',5,5'-
tetre-t-butyl-4,4'-stilbenequinone (bottom,
left, 1 cm. = 2.38 geuss), 2nd Z-methyl-2-
phenyl-l,3-indandione (?) (bottom, right,
1l cm. = £.38 geuss); generated by reduction
with proplophenone in t-butyl eslcohol (80%)-

‘dimethyl sulfoxide (20%), by oxidation of the

hydroquinones in elcoholic potassium hydroxide,
and spontaneously by treetment with n-butyl-
lithium in tetrshydrofuran (75%)-n-hexane (25%)
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able that there is not a grest deal of delocalizstion 1lnto the
benzene rings, for [59’9'-b1fluorene is known to be a twisted
molecule (170). Theoreticsl calculations slong with polaro-
grephic data predict that the two fluorenes are twisted 60°
(171), e velue not too likely to be different in the radicél-
anion.

It would be interesting to reduce in the ssme manner the
corresponding butediene and hexatriene compounds. Thelr reduc-
tion potentials ere of the same order of magnitude snd in
addition they ere planar molecules (170). A grester degree
of delocelization of the electron should be observed.

The radical-anion of 3,3',5,5'-tetra-t-butyl-4,4"'-
diphenoquinone was made by electron-trensfer from the hydro-
quinone to the quinone in ethsnol, by oxidetion of 2,2',6,6'-
tetra-t-butyl-4,4'~-biphenol, cetalyzed with potessium hydroxide
in ethanol, and spontaneouély by trestment of the quinone with
potassium t-butoxide in dimethyl sulfoxide (20%)-§-butanol
(80%). The t-butyl derivstive wss used in the hopes of elim-
inating spontsneous formetion in dimethyl sulfoxide by tlock-
lng the csrtonyl groups, an. sttempt which wes fruitless.
Blanks were not large in ethanol, however, 2rné meaningful ex-
periments could te performed in thet solvent. Figure 31 shows
the radicel obtalned by oxidation of the biphenol in slcoholic
potassium hydroxide. The peak heights sre those thet would be

expected, and the sepsration between components is 0.61
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gauss. The radical had been reported previously by Fairbourn
and Lucken a&s en intermedieste when 2,6-di-t-butyl phenol is
oxidized 1h alcoholic potassium hydroxide (172). These
authors report a splltting constant of 0.6 geuss. Natsunegs
" has reported & splitting constant of 0.78 gauss for the ring
protons in the analogous tetramethyl derivetive (173).

The radical-anion of 3,3',5,5'-tetre-t-butyl-4,4'-stil-
benequinone hes not been reported, nor hes the radlcel-enlon
of an& stilbenequinone for that metter. The radical was made
under 2ll the conditions thet the diphenoquinone radical-anion
- was. A ma;n triplet is observed 2t low resolution, sand on
~higher resolution at lesst 13 pesks are found (Figure 31).

A reesonsble interpretation is that the triplet arises from
the ethylene protons, end each component is then split into
five peaks, not all of which ere observed. The major split-.
ting constant 1s 1.90 gauss, and the minor splitting constent
1s 0.48 gauss. These values are for ethenol solution.

Sevefal attempts were made to test Z2-methyl-2-phenyl-
indsn-1,3~dione as an electron acceptor in dimethyl sulfoxide
solution. No electron-transfer was observed. This was prob-
ebly due to the low solubiiity of the compound rether than
any inherent low electron 2ffinity. The whole purpose of
testing this compound was to see 1f there might be extra
gstebllity imparted to the radical—ahion due to homoellylic

conjugation of the electron. No such example had been found
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previously. A rsdical wss finally observed when the compoﬁnd
was treated with n-butyllithium in tetrshydrofuren (75%)-n-
hexane (£5%). At low resolution it seemed s&s if o maln trip-
let were present in the orange solution. On tetter resolutlon
the octet shown in Figure 31 wes found. The spacings between
the centers of each line sre all 1.67 geuss while the spscings
between the centers of the msir. triplet components zre 3.3
gauss.

An explanstion which gives the correct spacings 1s s
major interaction wita two equivelent protons end o minor
interaction of one helf the magnitudé of the mejor with three
equivalent protons. The major interaction could be with the
ring protons at the 5 and 6 positions. Thils would mean a high
spin denslty at the substituted ring cerbons. Thus there
could be a strong spaciel intersction with the methyl group.
This would be & true homoellylic interaction end rot an inter-
action of the electron at the carbonyl group with the beta-
hydrogens, for the meximum value for such beta-interactions
18 ~ 0.5 gauss. According to tais ressoning the splitting due
to the ring protons et the 4 snd 7 positions is smell end not
resolved. Certainly et this degree of resolution splittings
of 0.8 gauss or less could be missed-_f

'Before speculating too much, however, ore should epply
some other tests. The theoreticsl peek height rstios ere

1:3:6:7:7:5:3:1 while the experimentsl values ere 1:2.2:0.6:
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2.5:10.6:2.2:1. The possiblility of the butyl cerbanion enter-
ing into the radicsel should not be overlooked elther. A final
Judgment can only be made efter.a better-resolved spectrum 1s
obtained.

A possible example of a pair of compounds which might
undergo electron-transfer were the compounds 1,4—d1pheny1-.
butane-1,4-dlone and 1,4-diphenylbutene-l,4-dione. It will
be recalled thet the dihydrocompound was ﬁsed as donor 1in pre-
vious experiments. Unfortunstely in dimethyl sulfoxide solu-
tions the dehydro compounds geve an unacceptable blank while
in ethanol solutlons only & trace of transfer was observed.
The redical decomposes quite swiftly in dimethyl sulfoxide
solution. Nevertheless, Filgure 32 shows 2 feirly well-
resolved quétrum in dimethyl sulfoxide (80%)-t-butyl
alcohol (z0%). The wain triplet, sy=4.9 gauss, wes undoubted-
ly due to tae ethylenic protons. There ere, at'the minimum,
56 pesks spread over a distence of 16.¢ geuss. No attempt
has been msde to explain the rest of theAspectrum-

It has been speculated that the reaction of 1,4-diketones
with base and eir to give the corresponding ehediones goes
through a radical-anion mechanism (8). As a test of this
postulate, the Dick-Alder adduct of 1,4Qnaphthoquinone end
2,S—dimethyl-l,S—butadiene_(XXXVII) wes mede. The base-
catelyzed oxldstlion of this compound wes to be run in the

e.s.r. cell. Unfortunately, the final product of such an



- Figure 32.

E.s.r. spectrum of the rsdicsl-enion of 1,4-
diphenyl-1,4-butenedione; genereted by
electron-transfer from the dlhydro compound
to the dehydro compound in dimethyl sulfoxide
(80%)-t-butyl elcohol (20%) in the presence
of potessium t-butoxide; 1 cm. = 0.876 gsuss
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(XXXVII)

oxldation 1is 2,3-dimethylanthraqﬁ1none. This meens thet there
are two possible rsdical-snion intermediztes, a nephthosemi-
duinone and an enthrasemiquinone. When the compound wes
oxidized with potsssium hydroxide in ethsnol, s red color
was_observed. A five pesk spectrum wes otserved which broke
into £1 lines (Figure 33). This cen be attributed to the
naphthosemiquinone. The mein quintet arises from the .four
methylene protons, ayg=3.47 gauss, with further splitting due
to the ring protons, ayg=0.71 gsuss. The methylene splittings
are in good agreement with the methyl splittings observed in
©,3-dlmethylnaphthosemlquinone although the ring protons
splittings ere larger (174). Four pesks =re spperently lost
thrbugh ovérlap. On higher resolution et least 41 pecks
appeer. These may be due to differénces in the ring protons,
or they may sten from the eppeesrance of the antaresemiquinone
radical.

In connection with these expepiments the semiquinone of
z,3-dimethylanthraquinone was msde by & glucose and bsase
reduction in dimethyl sulfoxide. A mein septet wes observed
which broke into 25 peeks (Figure 33). The septet was prot-
ably due to the methyl groups. The splitting for the septet
wes 1.18 geuss while the smellest splitting wes 0.39 geouss.
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Figure 33. E.s.r. spectra of radical-anions formed by
oxldation of the Diels-Alder adduct of
2,3-dimethyl-1,3-butadiene and 1,4-naphtha-
quinone (top, 1 cm. = 1.56 gauss) end by
rlucose reduction of 2,3-dimethylanthraquinone
%bottom, 1 em. = 0.876 gauss); reactions
performed in alcoholic potassium hydroxide
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A series of substituted anthraqulnones were run in order |
to check whether the of or ﬁL_positions in snthrasemiquinone
were the predominant splitting positions. The radical-anion
of anthraquinone was first mede by Adamse et al. (175). They
otserved only 13 lines. Vincow and Fraenkel made this radicel
ar.d observed all 25 lines (144). The suthor made the redical
by a glucose and base reduction in dimethyl sulfoxlide and
obsefved 17 lines. Vincow and Fraenkel predicted from molecu-

lar orbital theory that the_ﬁ_fpositions ought to give the

-lergest splitting. This was cheéked by substituting sulfonate

groups and found to be true. Anthfaquinone—z,6-disu1fonate
when reduced wlth glucose and sodium hydroxide in water gave
en 11 peek spectrum (Figure 34). This could be interpreted
as arising from & mein interaction of 1.44 geuss with two
protons end a minor interaction of 0.48 geuss with four pro-
tons. The posltions which give the lergest splittings ere
probsbly the 3 and 7 positions. The 2,7-disulfonate under
the same conditions gave a 21 peak spectrum (Figure 34). This
cen be lnterpreted as erising from interactions with three
pairs of protons, the splitting constants being 1.23, 0.74,
end 0.26 gauss. One would guess that these splittings would
arise from the 3,6:1,8: and 4,5 positlons, respectively.

A spectrum of anthraqﬁinone—l;B—disulfonete redical-anion
made by reductlion with glucése and base in dimethyl sulfoxide

1s shown 1n Figure 34. A main quintet is observed, consistent



"Figure 34.

E.s.r. spectra of the radicesl-snions of
enthraquinone-2,6-disulfonate (1in water),
snthraquinone-2,7-disulfonete (in water),
and anthrequinone—l 8-disulfonate (in
dimethyl sulfoxide); radicals generated
by glucose reduction 1l cm. = 0.876 gauss



183




184

with the highest electron density beling st the_ﬁi positions.
The splitting is 1.36 gauss. Spectrs of the anthraquinbne
o and @L sulfonete redicel-anions ere shown &lso in Figure
35, These spectra were elso obtained in dimethyl sulfoxide.
Note the main quertet with splitting 0.7 gauss ir the spec-
trum of the @Lrsulfqnete. Similaer results heve been abtained
by Elschner et al. (176).

The spectrum of the radicel maede by treating —X-amlno-
anthraquinone with potassium t-butoxide 1s shown in Figure 35,
as vell as the semiquinone of benzonorbtornadiene. The latter
redicel wes made by oxidetion of the Diel-Alder adduct of
cyclopentadiene and p-benzoquinone in tenzene with Triton B
as base. The splittings are about 2.8 gauss, of the order
of quinone ring protons.

The radical-anion of 1,4-nephthoquinone wes made by
reduc tion with glucose and base 1in ethanoi- Adems et gl. and
Wertz end Vivo observed only 15 lines. Vincow end Freenkel
observed 8ll 27 possible lines. The suthor heas seen £5 of

the theoretical £5 lines.
B. Appendix B - Chemicels Used

The dlmethyl sulfoxide used in'these studies was obtalned
from Crown Zellerbach. The solvent was distilled from calcium
hydride at reduced pressure et temperatures from 60-80°¢C.

The t-butyl elcohol wes avellsble from Esstman end wes

stored over anhydrous sodium sulfete tefore use. Tetrshydro-



Figure 35. E.s.r. spectrum of the radicsl-anion formed by
reacting l-aminoenthraquinone with potassium
t-butoxide in dimethyl sulfoxide (top, left,

1 cm- = 0.876 gauss); spectrs of the redical-
snions of snthrequinone-2-sulfonate (top, right,
1 cm. = 0.504 gauss) and anthrequinone-1-
sulfonate (bottom, right, 1 cm. = 0.876 gauss);
generated by reduction with glucose in dimethyl
sulfoxide; spectrum of the radicel formed by
oxidation of the Diels-Alder adduct of
p-tenzoquinone snd cyclopentadiene (bottom,
left, 1 cm. = 13.94 gauss) in benzene contsining
Triton B
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furan was ottained from Metheson Colewen & Bell end wes dried
over calcilum hydride before use. When this solvent was used
in making & Grignard reagent, however, it was distilled from
sodium and lithium aluminum hydride before use. The absolute
ethanol was avallable from stock.

Potassium t-butoxlde was either made by the reesction of
potessium with t-butyl 2lcohol or else wes purchssed from
nSA Reseerch. The bese was dissolved in t-butyl alcohol end
stored in & dessicator. The potassium end sodium hydroxide
were ottained from Msllinckrodt.

In performing experiments, whenever possible the chemicals
were welghed directly’info the degessing epperetus. Otherwlse
a solution of the desired concentration wes made up and stored
in the desslcator.

Most chemlicals used were commercislly evallsble, end meny
were used without pgrification. Numerous compounds were
obtelined from workers in the group, in other groups, or were
available from organicAchemicals storege. Table 6 lists the

sources and/or -melting points or btoiling points.
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Table 6. Chemicsals

Chemical Purity &snd sources

Azobenzene hetheson Colemen & Bell
A (recryst.)

Hydrazobenzene Eastmen (recryst.)

£,3-Diphenylquinoxeline
1,¢-Dihydro-2,3-diphenyl-
duinoxsaline
Diethyl azodiformete
Diethyl dicerbamate
Ditenzoyldiimide
1l,2-Dibenzoylhydrezine
N,N!'-Diphenyl-p-benzoquinone
diimine
N,N!'-Diphenyl-p-phenylene
diamine
AS,9' _Bifluorene
2,9!'-Bifluorene
Acridine
Acridan
Benzene
1,3-Cyclohexadiene
lkephthalene
1,4-Dihydronaphthalene
Anthracene
2,10-Dihydroenthracene
Phenenthrene
9,10-Dihydrophenanthrene
1,1,4,4-Tetrephenyl-1,3~
tutadiere -
1,1,4,4-Tetrephenyl-2-butene
Tetraphenylethylene
Sym-Tetrephenylethane
Azo-kis-isobutyronitrile
Hydrazo-bis-isobutyronitrile
1,2-bls-{4-pyridyl)-ethylene
1,2-bilg-(4-pyridyl)-ethsne
1,2-ble-(2-pyridyl)-ethylene
1,2-bis-(Z-pyridyl)-e’nsene
Phenylezotriphenylmethane
Fhenylhydrazotripaenylmethane
K-Diphenylmethyleneaniline
N,1l,1-Triphenylmethylemine
N-Benzylideneeniline
K-Phenylbenzylaniline
Phenanthridine

N.P. 124-124.8° (177)

MeP. 243-145° (178)
K & X

K % K

N.P. 118-120° (179)
Aldrich

M.P. 184.5-186.5° (180)

K &K

lt.P. 179-183°, Cheng
Aldrich

Aldrich

Aldrich (recryst.)
lallinckrodt '
Hendry

B & A

260 (181)

M.P. 220-221°, Lee
Aldrich

Aldrich

Aldrich

Aldrich

k.P. 137-138° (18%)
Aldrich

Gllmen

Alérich (recryst.)
Chemicel Intermediates
Aldrich

Aldrich

Aldrich.

Aldrich

Welbel

Weibel

Gilman

Gilmen

M.P. 42-51°, Jenzen

" Eastman

Aldrich
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Table 6. (Continued)

Chemicel

Purlty end sources

5,6-Dihydrophenanthridine
Benzil

Benzoin

Furil

Furoin

Pyridil

Pyridoin »

3,3',5,5'-Tetre~-t-butyl-4,4"'-
stilbenequlnone

3,3',5,6'-Tetre-t-butyl-4,4"'-
stilbenediol

3,3',5,5'-Tetre-t-butyl-4,4"'-
diphenoquinone

2,2',6,6'-Tetre-t-butyl-4,4"'-~
tiphenol

1,8-Diphenyl-1,3,95,7-octatetreene

Perylene

z~lMethyl-Z-phenyl-1l,3~-indendione

2, 5-Diphenyl-3, 4—benzofuran

Benzothiszole

Benzoxezole

Fluorenone

Cyclopentediene

Inder.e

Fluorene

Diphenylmethane

Triphenylmethene

Acetophenone

" Proplophenone
Isobutyrophenone
Fluorene-9-ol .
n-Butyllithium

" 1,4-Diphenyl~1,4-butenedione
trans-1,2-Ditenzoylethylene
Duroquinone
Tetracyenoethylene
Perchlorofulvalene
Chloranil

n-Butylmercaptan

Thiophenol
Toluene-3,4-dithilol

M.P. 113-119° (183)
Metheson Colemen & Bell
Metheson Colemen & Bell
Esstman

Eastmen

Aldrich

Aldrich

308-310° (184)
2372400 (184)

237-232.5° (185)
187° (185)
Aldrich
Aldrich

M.P. 154-15850,

Young
M.P. 1270 (186)

Eestman

Eastman

Aldrich

Rettig

Aldrich (distil.)

M.P. 113-114°, Jenzen

Matheson Colemen & Bell
(distil.)

Metheson Colemen & Bell
(recryst.)

Matheson Colemen & Bell

Eastman

Eastman

M.P. 155-156°,

Foote Mineral

M.P. 143-146° (187)

Aldrich

K &K

Aldrich

Aldrich

Eastman

Bastman

Matheson Colemsn & Bell

Aldrich

Moye
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Teble 6. (Continued)
Chemicsal Purity end sources
Nitroethsene Eestman
Nitromethene Esgtman
&-Niltropropene Eastman
Ethyl sacetate Egstmen
Benzhydrol Eestmen
9-Phenylfluorene M.P. 147.5-148°, Noye
Phenazine Aldrich
Benzo-[c¢l-cinnoline n.P. 157-158° (188)
Benzofurazan M.P. 52-54° (18¢)
1,4,5,8-Tetrachlorosnthrzquinone Aldrich
Benzophenone Eestmen
Nitrokenzene Metheson Colemsn & Bell
(a1stil.)

Azoxytenzene Eestmen
1,2-Benzanthreacene Aldrich
Chrysene Eestman

-Quaterphenyl Eestmen
2, 2'-Thenoin &nd thenil (110)
n-Butyrophenone Aldricna
Phenylpivalylcsrbinol M.P. 41-42° (120)
Cyclohexanone Aldrich
3,3,6,6-Tetramethyl-2-hydroxy

cyclohexene end diketone Appleguist
2-Hydroxycyclohexenone Aldrich
Cyclohexane-1,%2-dlone Aldrich
4-t-Butylcyclohexanone Aldrich
Cyclopentenone Aldrich
Cycloheptenone Aldrich
Cyclooctanone Aldrich
Cyclononsnone Aldrich
Cyclodecanone Aldrich
<=-Hydroxycyclodecenone Aldrich
Cyclododecenorne Aldrich
Cyclopentadecenone Aldrich
Cyclobutanone Aldrich
Camphor Welsteed
Norcamphor Aldrich
5,8-Methano-4a,5,5,8a-tetrahydro-

1,4-naphthoquinone #.P. 683-66° (191)
Acetoin Aldrich
Propionoin (192)

. Butyroin Chemicel storege

Pivaloin NM.P. 76-780 (192)
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Table 6. (Continued)

Chemicel

Purlity end sources

Cyclohexaneosazone
Benzil disnil
1,4,5,8-bis-Trimethylene-

pyridazino- 4,5-d -pyrideazine

9,9!'-Blecridanyl
6, 7-Dimethyl-9,10~dlketo-
5,8,8a,9,10,10a~-hexshydro-
anthracene .
%Z,3-Dimethylanthrequinone
Anthrequinone
Anthraqulnone-i,6-disulfone te
Anthrequinorne-2,7-dlsulfonete
Anthraquinone-1,8-disulfonete
Anthraquinone-l-sulfonate
Anthraquinone-2-sulfonete

Welstead
M.F. 140-141° (123)

Stille
Gilmen (recryst.)

AN

M.P. 147-148°'(194)
N.P. £09-211° (194)
Esstman

Aldrich

Aldrich

Eestmen

Chemlicel storege
Eestman

l-Aminoenthraquinone Chemical storege
1l,4-Naphthoquinone Esgtmen

C. Appendix C - Experimental Deta for
Electron-Trensfer Experiments

Concentrstiaons for electron-treansfer experiments were
" estimated by compsrlison with standard concentrations of DPPH.
Typlcal procedures were as follows: Measurements of electron-
transfer runs were made on certsin chosen settings. These
were a moduletion amplitude (MA) of 1000, & response setting
of 2, a scan motor setting of 2, a fine scan settlng of 1,
a radio frequency power of 10 declibels, and e leskage setting
- of 300 microamperes. The slgnal level setting (meximum used
1000, minimum possible 1) was varied in such & msnner as to

keep the signal at & maximum but on the recorder paper.
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Occasionélly with extremely-concentrated solutions 1t wés
necessary to reduce the MA to below 1000 to keep the signel
on the chert paper.

The signal obser;;&mﬁnder these conditions wes very broed
with usuelly no hyperfine structure. The distsnce from the
maximum to the minimum point ﬁas measured, and theAconcentra-
tion"estimsted from the distence meesured for stendsrd solu-
tions of DPPH at thet particuler sighel level, in the ceme
solvent, and at the standerd settings.

The tebles followlng have these distances tebulsted 8s a
functlion of tine after mixing ané signel level. On those
occasions where an MA of less then 1000 is used, it 1s so
notgd- In e very few coses the dete esre presented olreedy
converted to concentretions. The very last tskle presents
the anelogous distances measured for DPPH, for concentretions
“w16™3 M., 107% M., 107° M., and 5 x 1078 M., es £ function of
signel level, determined in the solvent systems dimethyl
sulfoxide (80%)-t-butyl slcohol (20%), dimethyl sulfoxide
(20%)-t-butyl slcohol (80%) and tetrshydrofuran (75%)-
n-hexane (25%). It should be steted thet DPPH hed 2 finite
lifetime in these solvents, so-the measurements were taken
immedletely after mixing, the most dilute semples being run

first.
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Teble 7. Date for transfer of cerbanions to azobenzene
(0.005 M., base conc. = 0.05 M.) (solvent;
dimethyl sulfoxide (80%)-t-butyl alecohol (20%))

Donor Time (min.) Signal level Peak height
(0.025 N.) sfter mixing (concentration) (mm.)
Cyclopentadiene 33 min. 1000 16 mm.

" 41 1000 42
" 45 500 30
o .92 500 40
N 60 500 ol
" 74 250 36
" : 83 250 43
" © 110 250 60
, 124 o 100 24
" - 720 . o0 bl
Indene - . : 4 100 17
" T : 9 100 31
" 12 100 37
" 15 100 45
" 18 100 46
" 23 100 53
" 25 80 50
. : z9 50 32
" 32 50 : 34
" .34 50 35
" 37 ’ 50 37
n 40 50 39
i 43 50 40
i 47 50 42
" ’ 50 50 43
" 53 50 46
" 57 K 50 49
i 61 50 51
H 72 ' 50 o7
" 75 25 29
" 79 <5 30
" 100 . . 25 34
H 123 25 40
" 158 25 47
. . 2073 25 59
" ' 235 10 24
" 265 10 26

" 28& : 10 26



194

Table 7. (Continued)

Donor Time (min.) Signel level Peak height
(0.025 M.) after mixing (concentration) ()
Fluorene 6 250 =€

" ) 250 39
i 10 250 55
" 12 , 100 27
i 14 100 30
" 17 100 48
L 19 100 55
1 21 50 ' 31
" 23 50 40
" 28 510) 55
t <9 25 30
" 33 . 25 37
" 38 » 25 43
" 44 25 54
" 45 10 21
1 50 10 <5
" 53 10 28
" ' 50 10 3&
" 1564 5 43
" =34 5] 61
" 240 b2 25
. 6% < 7
f 280 2 28
t : 300 2 29
" 310 2 30
. 340 2 31
Dirhenylmetnane 8 1000 35
" e 1000 44
" < 500 30
" 18 500 35
" <0 500 44
" ' =& 500 o7
" r 4 250 31
" 30 £90 34
! 35 250 40
" ' 40 250 43
i 45 250 4z
" 51 250 o1
" 65 260 556
" oL : 100 , 20
" 70 100 25

H 80 : 100 26
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Table 7. (Continued)

Donor Time (min.)-  Signsal level Pegk height
(0.025 M.) after mixing (concentration) (mm.)
Diphenylmethane 90 100 30

" 100 . 100 33

" 120 100 37

" 140 . 100 473

u 161 100 46

L 185 100 53

U 189 50 27

L 213 . 50 30

" - £40 50 33

" 270 50 36

" 300 50 39
Triphenylmethene 4 1000 54

" i 500 30

L 9 : 500 34

" : 12 500 37

" 17 : 500 41

" c3 500 43

" 30 500 45

" - 40 500 51

" 50 500 54

" 60 500 59

L . 63 250 30

L ) al £50 31

. 20 . 250 38

" 120 250 40

. 150 250 45

" 180 250 49

" 73 100 39

Concentrstion

Acetophenone 1% 5 x 10-4

u 14 ' 7.4 x 10-4

n 17 8.8 x 1074

" 20 10 x 10-4

u 23 12 x 10-4

" : 27 13 x 10-4

. 31 15 x 10-4

" 36 18 x 10-4

" 38 : 19 x 10-4

. 42 20 x 10-4

" 45 £0 x 10-4

" 48 20 x 10-4
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Table 7. (Continued)

Donor Time (min.) Signsl level Pezk height
(0.025 MN.) after mixing (concentretion) (mm.)
Acetophenone 5% £2 x 10‘3

[ 55 22 x 107%
" 58 _ 23 x 104
n 71 23 x 10~4
" 80 24 x 10-4
Proplophernone 14 11 x 10~4
" 17 12 x 10~4
f 19 13 x 104
; 21 15 x 10-4
L 23 16 x 10-4
" 26 18 x 104
" 34 16 x 10-4
" 40 : 18 x 10-4
Isobtutyropnenone 8 0.5 x IO*E
" ' 10 0.2 x 10™¢
" 13 1.7 x 10-9°
| 15 3.1 x 10-E
! 18 5.3 x 109
" 20 5.8 x 10~9
. 23 7.2 x 1072
" £5 8 x 109
28 e x 107¢

" 31 1 x 1074
[ 35 1.2 x 10-4
[ 40 0.85 x 104
[ 43 0.23 x 104
.. 48 1 x 10-%
" ' 52 1.1 x 10-4
" 56 1.2 x 10-4
" 60 1.3 x 10-4
f 65 i.4 x 104
" : 69 1.5 x 10-4
"o 29 1.6 x 10-4
" 109 2.5 x 10-4
. 125 2.8 x 10-4
" _ 148 3.3 x 10-4
" 170 4.7 x 104
" , 194 5.4 x 10-4
" 3673 9.1 x 10-%
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‘Tatle 7. (Continued)

Donor Time (min.) Signal level Peak height
(0.026 l.) after mixing (concentration) (mm.)
Fluoren-9-ol 20 1 (M.A. 200) 61

" = ' 20 1 (M.A. 200) 61

Table 8. Deta for transfer of cerbanions to fluorenone
(0.005 M., base conc. = 0.05 M.) (solvent: dimethyl
‘sulfoxide (20%)-t-butyl alcohol (80%))

Donor Time (min.) Signal level Peek helght
(0.05 M.) after nixing (concentration) (mm.)
Cyclopentadiene 33 1000 33
. [ 41 1000 42

o . 45 500 30

. 52 500 40

" 60 500 51

" 74 250 36

" 83 250 43

" 110 2950 0

" 1z4 100 24

" 720 50 51

. : Concentration

Indene 12 3.7 x 10-3
" 14 3.4 x 10-3
" 45 2.6 x 10™7

Propiophenone 5 1000 45

" 7 1000 46

. | 10 1000 53

" , : 1 500 34

" 15 500 38

" <l 500 52

" ' 2c 250 _7

" 290 2950 ' 29

s 30 250 34

" . 40 250 46

" 44 100 19
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" Table 8. (Continued)

Donor Time (min.) Signel level Pesk helght
(0.05 M.) efter mixing (concentration) (mm.)
Propliophenone 5% 100 24

" 60 100 25

" 78 100 33

" ce 100 , 38

" 120 100 - 46
Hydrazobenzene 10 < 36

S 29 2 36. -

Table 9. Rate of transfer of propilophenone (0.05 k.) enions
(bese = 0.025 M.) to various azcceptors (solvent:
dimethyl sulfoxide (807%)-t-butyl elecchol (20%))

Acceptor Time (min.) - Peek height
(0.005 ki.) after mixing Signel level (mna.)
Phenszline 6 50 17

. 8 50 BR
" 10 50 25
" 21 50 44
" 7 o0 56
" 144 5 =2
f 215 5 25
Benzcinnoline 11 500 3z
" 14 500 35
" 1° 500 35
; <7 500 38
. 34 500 42
" 50 00 40
. 72 500 39
" 88 500 ’ 39
" 123 500 43

Benzofurezan 10 10 17
. " 11 25 47




Table 10. Rate of trensfer of dihydroanthracene (0.05 M.)

anions (bese

0.1l M.) to verious acceptors

(solvent: dimethyl sulfoxide (80%)-t-butyl (20%))

Acceptor Time (min.) Peak height
(0.005 M.) after mixing Signsl level (mm.)
Phenazine 6 2 25

. 13 2 26
" 4 2 25
-
Azobenzene 4 2 14
" 9 2 13
Benzo- (¢]l-cinnoline 8 25 28
" 13 25 32
& 53 25 55
. 88 10 30
" 113 10 - 32
" 183 10 41
Benzofurazaﬁ_ e 25 33 .
& 18 25 33
" 43 25 33
%,3-Diphenylquinoxsline 8 100 17
g 44 100 20
i 5¢ 100 29
" 69 100 26
" 81 100 31
" 119 100 42
1,c-bis-(4-Pyridyl)-
ethylene 7 100 10
" 33 100 6
Acridine ) 100 15
" 8 100. 156
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Table 11l. Rate of transfer of n-butyllithium ( 0.5 N.) to
various scceptors (solvent: tetrshydrofuran (75m)-
n-hexane (25%))

Acceptor Time (min.) ' Peak height

(0.05 M.) after mixing Signal level (mm.
Pheneazine 15 1 (i.A.=200) 38
" 1) 1 38
" 30 1 38
Azotenzene 10 3 41
" 15 2 32
" 34 z 27
Benzo-[c¢]-cinnoline 4 10 18
" 6 10 1z
" 21 50 34
" 8 50 - b6
" 40 50 51
Benzofurezan 4 10 3
& 7 100 <6
" 14 100 33
" 21 : 100 o1
" 33 50 27
<,3-Diphenylqulnoxeline 8 10 o7
i 23 10 83
" 35 5 30
" 65 . 5 : 32
N,N'-diphenyl-p-
benzoquinone diimine 14 1 (M.A.=500) 21
" 1S 1 20
Diethyl ezodliformete 8 100 46
" 16 100 44
1,2-bis-(4-Pyridyl)-
ethylene 7 10 ' 14
. 17 10 23
" 23 10 27
. 3L 10 34
" 53 .10 55
" 57 5] PA
] . . 69 5 35
" 79 5 38
" Q0 5 47
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Table 11. (Continued)

Acceptor Time (min.) ' Peak height
(0.05 M.) after mixing Signsl level (mm.
Acridine 7 10 10
Fluorenone 13 1 (M.A.=250) 53

" 18 1 o7

" : 24 1 61

" : 31 1 61
Benzophenone 10 5 49

" 13 5] 46

" | £5 5 41
Table 1. Rete of transfer of n-butylmagnesium bromide

( 0.25 k.) to verious scceptors (solvent:
tetrohydrofuran)

Acceptor Tiie (min.) Pesk height
(0.05 M.) after mixing  Signal level (mm.%
Pheneszine 6 10 28

n 1% 10 | 20

n 35 10 15 5
Azobenzene 5 1000 . 13

" , 14 : 1000 4
Benzo-[c]-cinnoline 11 1 (k.A.=250) 37

" 17 1 35

" : =0 1 29
Benzofurazen 10 10 15

" 1e 10 15

" 44 10 13

N,k'-Diphenyl-p-.
benzoquinone diimirne 8 100 7
" ) 10 100 33
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" Table 12. (Continued)

Acceptor Time (min.) Peak height

(0.05 K.) after mixing Signal level (mm.
Fluorenone 6 100 37
. 12 100 25
“ 38 100 11
Benzophenone 6 100 €4
f 16 100 57
f 30 100 54
Nitrobtenzene 7 10 18
" 13 10 22
f 22 10 28
. 31 10 32
" 45 10 42
" 61 5 26
" 70 . 5 26
" e3 5 28
" 118 5 28

Teble 13. Rete of transfer of 1,4-diphenyl-1,4-tutanedione
(0.025 k.) eanions (bese = 0.1 k.) to various
acceptors (solvent: dimethyl sulfoxicde (20%)-
t-butyl alcohol (80%)) :

Acceptor Time (min.) Pesk height
(0.005 M.) sfter mixing Sigrel level ' (mm.%
Phenazine 11 1 53

. 18 -1 52

" 31 1 55
Azobenzene 13 20 18

" 14 . 50 45

g 24 50 32

" 40 50 20
Fluorenone 7 1 35

" 24 1 38
Benzophenone 3 50 : 45

" ) 50 24

" 13 50 10
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Table 14. Rete of transfer of propiophenone (0.025 M.)
enions (base = 0.05 k.)

(solvent:

A to various acceptors
dimethyl sulfoxide (20%)-t-butyl
alcohol (80%))

Acceptor Time (uin.) Peak helght
(0.005 N.) after mixing Signal level (mm-%
Phenszine 3 1000 30
" 5 1000 37
" 10 1000 40
" 15 1000 50
" 20 500 26
" 30 500 41
" 40 500 49
t 62 250 35
" 83 2560 44
} " 135 100 28
" 188 100 38
Benzofurazan 3 1000 31
" 5] 1000 28
" 8 1000 23
" 15 1000 30
t <2 1000 30
i 53 1000 37
" 52 500 19
" 70 500 23
" 80 500 24
" 21 500 24
" 120 500 26
" 375 500 15
2959 _Birluorene 5 100 25
" 8 100 34
" 11 100 4.7
" 19 50 45
" 44 20 45
" 50 20 53
" 82 10 43
Fluorenone 5 1000 45
" 7 1000 46
" 10 10090 53
" 1lz 500 34
" 15 500 38
" 21 500 62
" < 2560 27
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Table 14. (Continued)

Acceptor Time (min.) Peak height
(0.005 MN.) after mixing Signel level (mm.§
Fluorenone 25 250 29

. 30 250 34

" 40 250 - 46

" 44 100 19

. 5z 100 : 24

" 60 100 25

t 78 100 33

" 96 100 38

" 120 100 46

Table 15. Peak heights of DPFH 2t verious signel levels and
concentrations

' : Peak height
Solvent Concentretion Signel level (mm.%

Tetrahydrofuren

(75%)-n-hexsane

(25%) 1079 L. 1000 19
" 10-9° 500 11
"o 10-4 250 48
L 10-4 200 32
" - 10-4 125 : 25
" 10-4 100 18
L 10-4 80 13
" 10-4 50 9
L 10-3 - 25 53
n 10-3 10 22
" 10-3 8 19
" 10-3 5 11
i 10—-3 z 5

Dimethyl sulfoxide

(20%)-t-butyl alcohol

(80%) 5 x 10-5 1000 ' 29
i 5 x 10-6 800 22
" 5 x 10-5 5G0 14

" A 16-95 800 60
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Tavle 15. (Continued)
. Pegk helght

Solvent Concentration Signel level (mm.

Dimethyl sulfoxilde

(20%)-t-butyl

slcohol (80%) 109 800 60
X 10-9 500 43
" 10-° 250 14
n 109 200 11
" 10~9° 160 9
" 10-9° 100 5
" 10-4 125 68
" 10-4 100 54
L 10-4 80 44
" 10-4% 50 27
L 10-3 10 54
n 10-3 8 44
" 10™2 5 27
" 10-3 2 11

Dimethyl sulfoxide

(805%)-t-butyl

alcohol (20%) 5 x 10-6 1000 g1
L 10-9 800 53
L 10-9° 500 29
L 10-9 £50 13
" 10-9 200 11
" 10~9 160 7
" 10-9 125 8
L 10-2 100 5
L 10-9 80 4
" 10-4 50 40
" 10-4 25 19
il 10—4: 10 6
" 10-7 10 57
" 10-72 g 47
n 103 5 28
" 10-3 2 11
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