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The ESR spectra of the radlcal anlons of pyrldlne, H-plcollne,"
.3 5 lutldlne, 2 6 lutldlne, pyra21ne, pyrlmldlne, pyrldlne N- ox1de, =

_fh—plcollne N-ox1de, and 2 6- lutldlne N-ox1de have been observed in-

'*ﬂf'llquld ammonla. The data for: pyrldlne, pyraz1ne and pyrlmldlne can. be -

¥:gicomb1ned to evaluaue QN = +27 3, QNC —i-l 7 and QH -2& 5 gauss :

’*;bf“il-independently of molecular orbital spin dens1t1es. Good agreement 1s‘3af"

"f'Lbifound for’ the observed coupllng consbants for the N- heterocycllcs and

” i'.'v‘tvacLachlan theory W1th methyl group coupllng cons1stent with both Lew s {

J-fbkhyperconaugatlon equatlonStand w1th Qﬂgf %',25.7 gauss.~rThe-c0upllng |
constants 1“or the N oxldes are- 1n saclslactory agreement w1t an‘u'

. arbltrarj setb of molecular orbltal Daraneters.

. UCRL- 17304
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1. IKTRODUCTION =~ .

There’haS'been'considerable interest in the‘electron-spin resonance

(LSR) spectra of radicals derived fron nltrogen heuerocycllns The

. technlques used to produce these radicals 1nclude chemical reduction,

electrolytlc reduction, and pnotoly31s. A recent arolcle by Henning (l)
~-rev1ews much of heoretlcul and experlmental work deallng with the
N-heterocyclic radical-anions. In spite oF the large volume of data
'avallable, there are some Slgnlflcaﬂu gaps nar+1cularly in the series

of single ring compounds; t was to help fill these gaps and. hopefully

'i'to clarlfy the question of hyperflne coupllng dependence on spin den31ty

o dlstrlbutlon that the present work was - undertaken. :

Many attempts have been made to observe the radecal.anlon of
.pyrldlne by ESR Kuwata (2)jreports_the evolutlon of gas and the
_appearance of,a single broad line in the ESR‘when_pyridine is treeted_
E with sodium in tetrahydrofuran (THF) Voevodskii and Solodovnikov- |

Kv (3, h) obtalned a multl llned ESR snectrum by redu01ng pyridine w1th =

pota881um in dlmethoxyethane (DME), but they did not anaLyze the hyper- v

fine spllttlng. Others including Ward-(5a), Markau.and Maier (6), and‘

ACarrington and dos Sentoé Veiga (7) have identified the ESR spectrum

dbtained'upon'reduction of pyridineewifh an alkali metai in THF or DME

as that of the L,h'-dipyridyl radical anion. Similarly a spectrum of
- greater width and complexity ﬁhan_would be predicted has been observed
when'pyrimidine is treated with alkali metal in THF or DME (5b, 7). The

radical formed was th identified.




On the brighter side, Dodd and his co-workers (8) heve reported the

ﬁfaviolet‘absorbtidn'(UV)‘sPeéﬁra of the radical anions of pyridine,

pyr;mldlﬁe, pyra21ne, pyr1da71ne, and 4,4'-dipyridyil. These were formed
by brlef conuact of a THF soluulon of the parent compound with a sodium

nirror. Boeth the ESR (9) and UV {10} spectra of the 3,5-1utidine radical

anion have been observed.  In each case theé .parent compound was reduced

"by potassium or sodium in DME.

Using the technique developed by Levy and Myers (ll) for p*oductlon

of radical anions by cont;nuous plecwolys*s in liquid ammOﬁla, we have
. . o ,
obtalned uhe ESR spectra of the radloal anions of erldlne, pyrlmldlne,-

, »several mpuhjl subs ituted erldinPS, and the corresnondlng amine

N-ox1des.
2. EXPERIMENTAL
2.1 Chemicals

Réageﬁt grade.pyridine_was refluxed over BaO, distilled at atmos-

pheric pressure onto CaHz, and transferred on a vacuum line, .after

-_degassing, to a‘capiliary tube of.éppropriaté volumé (2 to 8 ul). This

f'sample could then be dlstllled into the electrolytlc cell

T ALY other compounds were purchased from the Aldrlch Chemical Co.

Pyrimidine and pyrazine were uSed without further_purification.
4-picoline and 3,5-lutidine were stored over CaHz, distilled once at’

. atmospheric pressure and once on the vacuum line. Pyridine N-oxide

afrived as a soupy solid and is ahout as,hygroscopic as KOH pelleﬁs..'It'

was dried for about .a week over CaClz in vacuo. No further purificaﬁion
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~was attempted. L-picoline N-oxide was recrystallized from benzene. The . .

2;6-lutidine N-oxide arrived as a brown highly viscous tar. It was

stored over Ba0 at about 100°C overnight; ‘Distillation at atmdspheric

pressure resulted in apparent decomposition, therefore the tar was placed

f on the vacuum line and about 0.75 cc were collected in a liquid nitrqgen-

" trap after 24 hours. This sample'was a clear colorless liquid at room

temperature. Due to the low vapor pressure this compound was transferred

' to the electrolytic cell with a microliter syringe.

2.2 General-Procedure and Remarks

- For each radical observed, an ammonia solution saturated with

- tetramethylammonium iodide and containing 10 to 100 micromoles of parent .-

coﬁpound pef ld ce. of solution was cooled to about -75°C. Currént‘was
péssgd through the cell starting at 1 ua, gradually’being increased -
‘until ESR signais could be observed; Then the current was adjusted to
maximize signai intensity and resolution. It was often necessary for
the "solvated électron" conqentration to be so great as to produce the
_singlebintense signal that appears slightly to the high field side_of
tthé-center of the radical,anion spectrum in several of the figures.

In general, no MI linewidth dependenée was observed. The apparent
variation in signal intensity betwéen the>high and lowvfie;d‘extréme in
‘some of the spepﬁra presented is due to a chénge ih'radical concentration
during the 20 tb 30 minute éeriod ofvthe'field sweep. It was often |
founa ﬁhat-the_best spectra were obtained undef conditions of precarioué
and‘shortvlivéd dynamic balance among the concentrationS‘of pafént

compound, radical anion, and "solvated electron” in the vicinity of the
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‘spectrun consists of 34 lihes groured in
. COnSLELE o175 pec.
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cathode. : The coupling constants corresponding tc the varir ;s radical

o ) . R S o
anions discussed in this paper aleng with relatea data'frrm other works

are listed in Table I. . Results pertinent to eacn anloo sbud'ed_are

discussed in the following sections. -

2.3 Mono-Nitrogen Radi cal Anions

-The pyridine radical anion is rirst observed at ~ 20 ua. The

m‘<

eﬁs of 3 a*u_h, The-number.

‘of lines obser d is less than the theore icalry uossrble 5h bece

he coupllpg constants A(J) and A(L) happen to oe'llnearly'dependent

on A(l) and A(2)  The individual 1iﬁewidthsvatﬂthis;low'current are’ o

.about 0.5 gaussl When'the current-is'gradually»raised-to max1mum of

2LO Ha (*he maxrmum cur*ent e 2s limited bJ uhe 110 volts available from

:f_ the power supply and by the conduct1v1ty of the solutlon) there is an

flnorease.;n 51gnal‘;nten51ty,and decrease of llnew1dth uo<0.15'gauss.

'_.After 45rminhtes qf‘conﬁinuousrelectrolysisvatthis"currehﬁ the.lines'

narrow further (80 milligauss or less) and additional splitting in some

" of the central lines:is‘observed; ‘This splitting corresponds to a

t

_Uresolution of the lihear'indepehdence of A(h); A'traee of the spectrum

.

P
[N

&
;.

recorded under these condltlons is shown in Flgure 1. Along with the

'Jflncreasea resolutlon, a 25% 1ncrease in conduct1v1uy is observed then”

' the s1gnal beglns to decay and is completely gone in lO to 15 minut es.v_s

TIf the voltage.is urned Of; zi g al reanpears reachlng a maximum

 intensity in about-S minutes. It then uecays thh a "half llfe of

-1 to 1.5 minutes. The "half 1iea" for decay at the 40 ua level is
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O.?B'minuteS-f ALL “haifvlives" are taken as:theﬂfime necessary for‘the.
signal inténsity té decrease by a factdr of t&o. .Quaﬁtitative studigs_
of aecéy rates'wére not undertaken. |

) It should be pointed out that curren£ levelé quobed sre ‘only
- qﬁalitatively reproducible. The exactfvalﬁes depgnd on such fagtofs_
- aé so}uté‘&oncentration and preéeﬁcevéf tréces of Oé; water, and.ofhér:-'
imﬁﬁfities., The exact valugé are mentioned Qﬁ;y to give an idea of the .

type of experiment performed. -

.ﬁ-PiQOlinev(h-Methylpyridine)A:

hfpicoline.behaves in much the saﬁe'way.as pyridine iﬁvliquid'l=
vammonia. Reduction is_obServed at ébouttl5 pa. There is-a.similaf
B increase in radi¢al conceﬁtratibﬁ and decrease in line width as.the
Currén£ is inéréased. The spectrum és.shown in Figﬁre 2 consists of
‘81 out of the theoretically possiblé_lOB liné. The strong central line,
not'expected‘iﬁ a radical conéaining aﬁ édd number of equivalent prétons;v
is due to the accidental,equality A(CHz) = 2A(N). Conbinued electroiysiéi -t'
at ma#imum’curreht'resﬁlts in decay andheyentuai disappearanée'of thé |
signal. After the voltage»is turned.6ff the-signal aﬁtains maximﬁmi
'strenéth within 5.to:8 minutes énd deééys'ﬁith a l ﬁinute t.'.half lifé,":»'

3,5-lutidine (3,5-Dimethylpyridine)

‘The' 3,5-lutidine radical anion.was pre?aﬁed'in brder to compare .- . “~
- results obtainéd in liquid anmonia Qith thosé obtained’by chémicalv ; - e
-»reducﬁioﬁ (9,'12). Signél ié observéd aﬁ 20vt§ 25 ﬁa-énd the best épecfrum .:
iS'obféined at approximéteiy 70 pa. This current is sigﬁificéntly-le;é-_ ‘ﬂ
'than thé'corresponding values fér the pyiidine and ﬁ-picoiihe radiéai ; .

.

o o




‘%-{1s shut off and then decays w1th a M mlnute "half llfe

o {;Pyra21ne (l h D1az1ne)

"anlonSa The- llnew1dth was decreased from O 5 to O 2 gauss, but could i

;‘; not be further reduced The spectrum ob azned 1s hown in Flgure 3
‘.:E.Only 50 of the 126 p0351ble llnes are resolved due to the falrly broad
jrllnes and the near equalltles A(N) 7 A(CH;) and A(E) 3A(CH3)
'”LQ{Contlnued elecfrolys1s at or above 70 Ha, causes uhe sngnal to decrease

'“5,ff,and,the conduct1v1ty to 1ncrease The s1gnal grows oack when the voltage :

n The observatlonsf

:Alndlcate that the 3 5~ lutldlne radical anlon 1s somewhat more stable o
0 f:thanvthe pyrldlne or plcolrnedradlcal anlons The dlfference.rn the.

f hyperflne coupllng conSuahts as measured in the two solvent systems

Q‘(see Table I) was au flrst cons1aeratlon surprlslng, espec1ally con51der1ng
TTE;the good agreement 1n the case of pyra21ue radlcal anion measured 1n a

- “tw1de varlety of systems Thls w1ll be dlSCHlSSQd 1n a later sectlon

”-2;§fﬁDifNitrogenfCompounds vglf’

ThlS radlcal too, was prepared in order to form a- ba81s for comparlng '

'—éresults obtalned in. llquld ammonla w1th those obtalned us1ng other
vtechnlques (l 5, 7, 9, l6 3& 35, 36) An observable quantlty of
'“_radlcal anion is: formed w1th only l wa of current. The best 31gnal is
."obtalned at 7 to lO ua.. Above 10 pa the 51gnal 1ntensiby‘decreases but-j
: returns to’ the orlginal level 1f the‘currert is reduced or‘set to zero |
'lThe pyrazlne radlcal anron 1s,qu1te stable in llquld ammonla. There 1s

" no noﬁiceable decay of signal after two hours at zero current.
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'tnyrimidine'(1,3+Diazine)"

In contrast to pyrazine, pyrimidine radicalnanion is not observed'
untll the current is raised to 20 ua. Between EO’and 100 . ua the
_spectrum consists of nine broad lines wnich begin to show addltlonal
splitting as the lOO'ua level is approached; ‘Continued electrolysis
at 125 pa produces a well resolved spectrum conSisting of eleven equally rﬁ
spaced quartets.; ThlS 1s.shown in Figure ha. -

. The four lines of equal 1ntens1ty‘can be a831gned to the two non-’
edulvalent protons rn positions numoered 2 and 5. Eleven equally |
'tispaced lines of‘relative‘intensities l:2;3:h:5:6;5:hf3:2:l can be

_generated in two'vays from two.equivalent nitrogen_nucleiband.two
'equivalent hydrogen nuclei. If A(H) is equal to the observed'spacing
' thenvA(N) 2 A(H), or 1f A(N) is equal to the observed spacing then‘
iA(H)'= 3 A(N) ‘The latter cdse was chosen as the correct as51gnment
on’ the bas1s of the observed broadenlng of the hth and 5th groups . of
lines.' The comDuted spectra shown 1n Flgures Lb and hc show the effects
of unresolved 1nequallt1es for the two ass1gnments

Increa51ng the current above the’ 125 ua level resulted in a decrease>
of 51gnal strength. Orlglnal 1ntens1ty was restored when the current |
was dropped backvto_lQ) ua.l After several'hours of'ele0ur01y51srnew
“lines began to appear towards the centerVOf the'spectrum indicating the
.formation of.a new species,i’Thispsecond-spectrum was not intense'enough,'*lf" bt

.tovanalyze'or_identify.

<




e Rl o pae B T L

AR
A ot Y S n ol o e w7 -

L -
»

£

-r

S

“9- . ~ UCRL-1730k

. 2.5 N-Oxide Radical Anions

Pyridine N-Oxide

"Radical anion is produced in observable quantity at current as low

as 2 pa. This is in part due to a high concentration of parent compound
- {(about ten times that of most of the other compounds run). - The spectrum
‘consists of 14 lines each about 1 gauss wide. After several hours of

electrolysis at maximum current (150 ué) these lines resolve into

triplets with a line width of 0.20 to 0.25 gauss. This.spectrum is

shown in Figure 5. kvéntually the conduétivity of the solution increases

and the radical decays. The signal grows back when the voltage is

_turﬁed off and then decays with a "half life" of 2 minutes. Prolonged
v“.electrolysis;results in thé growthhof additional sharp lines towards |
- the center of thé spectrum. The separation of these lines ié the samé
. as for the cofrespondiné lines in the pyridiniﬁradical anion épectrum.

‘It has been previously.observed that chemical reduction of pyridine

N-oxide in liquid ammonia yields both pyridine and 4,4'-dipyridyl (13).

" 4-Picoline N-Oxide

At 5 pé a signal consisting of six triplets having a linewidth of "

‘about one gauss is observed. Increasing the current up to 100 pa has

no effect on the line width or resblution. Several attempts including

. prolonged electrolysis at various current levels and variation in

perent compound concentration failed to resolve the expected small --
triplet splittings or to remove the A(N) = A(CHs) equality. Continued
electrolysié at currents greater then 100 ua yielded a new spectrum which

could be identified as that of the L-picoline radical anion. Comparison
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with computed spectra indicate that it is reasonable to assume a small

<

unresolved triplet splitting of .25 to 0.30 gauss and a differen;e of - ‘-
up to 0.5 gauss in the values of A(N) and A(CHz). It was not possible

to decide which of the two is larger. The spectrum is shown in Figure 6.

2,6-Lutidine N-Oxide

. A signal consisting of eighteen lines of linewidth -1 gauss is

-observed at 5 to 10 pa. t was necessary to electrolyze at maximum

ccurrent (180 pa) for several hours before further splitting could be
resolved. The specérum is shown in Figuré 7. No decay of signal, i

increase in conductivity or production of 2,6-lutidine was observed.

2.6 ‘Discussion of Experimental Observations

In the liquid ammbnia electrolyses described abﬁve, most of the
‘interesting reactions occur in a small area above the cathodé (a platinum
béad sealed in the bottom of a 4 mm quartz tube). The volume involved
is roughly 2% bf the total solution volume. Thé pfoceéses of interest

aré équilibria,of the sort:

At et = AT (a) - B
AT + &7 = AF () - H
: . o .
AT+ A = 2A% (c)

o - | RV
AT+ A = A+AT (d) ) .

where A represents the parent compound of interest (and e* is the

"solvated electron™ in all its possible forms). Also to be considered g
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are the irreversible:decay processes such as: .

The producus are'ln'general, qkrowp‘ bhu uhe 1mporuance of these Drocesses'
1s to glve tne decrease ins concenuvataons OL A and A"* The concenuvatlono

.

*Fvofle_ can hevccnurolled by dﬁustingithe,cuhrent paesihgithhoughvtheah"'

bfh‘;* electrolyulc ce The pa ent - compound'conceptra 1oh‘aﬁf£heﬁcathode;ie:f
*determined a*nously by uhe ;nitial-Qoncentration;]fhelrate:aﬁgwhich.itﬁ:f‘ﬁ
His belhg used up and *he rate. o; l;f;uaion fom.uhe bulk solutlo*'inﬁo’
the cathode area.. Constants for”the ulllbrla (a\ '(c) are. ;unctlohe

‘ o the reductlon Dotentlahs anc olVa ion energleq of the spec1eeA‘.‘
ffﬁihvolveda |
U31ngvpreceed1nv.con31deratlons as ‘a.guide, ohe can propo

probable exnlanatlons of the phenomena observed durlng electrolyses of
Lhe varlous nltrogen heterocycllcs. The decrease of radlcal anion
concentration at-higher currenv levels can be'at vlbutea to dlanlon

formation. _An increase in electron concentration COupled with anf

L

1ncrease in the concentratlon of rad"cal anion and/cr a decrease in

s

'-hfparent compoundeconcentra ion in sufficient amouqt would favor reactlon
R u(b)-instead of (a). The dianion is also ajlikely species to yield
- monoanlon when the electron concehtraulon 1s dra 1cally reduced The

'#?" RO decay of the dlanlon could froceed e1 her bJ (b) reversed or by (c)

Both are pos31ble dep qding upon theﬁrelative_amount Of A. .



:Aﬁoﬁhéfquestisﬁ of'dntefesf'concefnSfﬁneefonﬁatdon of'pyfidine.and
) p;coline from the respecfiVe'N-oxides. The hiénicnirent'level_necesseryv
*1't0 Biing’ebout the deoxygenetion and the‘oosefvaﬁdon thatkprolonﬁed'v
":electrolys1s and current 1evels less than that necessary to form s1gn1-‘
f“flcant concentratlons of dianlon.suogest that“the dlanlon 1s an:~.

e 1ntermed1ate in thls process.

| The width of the-lines in an ESR spectrum can often give information':n'

fdabout the processes g01ng on in. a solutlon. If"the exchange feaétiOn

'(d) took place 11th a frequency on the order. of 106 oLt wouid make

'vd a. 31gn1flcant contrlbutlon to the llne w1dth of many organlc rad1Cal

'anlons (which typlcally have llnew1dths of 0.1 to 1 me). If the

B concentratlon of parent molecule were. to decrease by a large factor the

dexchange'rate would,also drop and_there would be a_correspondlng decrease-

in the linewidth of the spectrumf The decrease in'iinewidth.in'the
spectravof radical anionsfdn liquid ammonia observed at increasing

current levels is evidence for a linewidth contribution of this sort.

3. DETERMINATION OF NITROGEN HYPERFINE COUPLING PARAMETERS

‘1 The equatlons derived by Karplus and Fraenkel (lh) for the 1nterpre-3i};f’

:]tatlon of C- 13 hyperflne coupllng constants have been adap*ed to explalnA_

::{Nelh~coup11n in a varlety of: 31tuatlons (l 15, 16) To flrst order
'fln a 51tuat10n where the nltrogen 1s bonded to two carbon atoms uhe_-
ndN lh hype;flne spllttlng is. blllnear in pN (the electron spin dens1ty
on the nwtrogen atom) and pc + pC (the electron spln den31t1es on the.
ncerbon atoms bonded to thefnltrogen) and Can:be-wrltten"‘: N '

R

| UCRL-17304 -
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T SR A(N) (s + 20, @
. . ) . Ci. c o L.
where Sy represents the’ contrib'tionnof nonbonding“eiectronshincludinéd
the N(ls ) and the lone pair elecuro s.:.The eonstant'QCNN_representé

the contrlbutlon dte to eJchrong associated with the carbton-nitrogen

bonds‘ We shall replacr une ng ‘(:ity,-{&‘»!\I +2 ,ﬂN ) by'e“eingleisymbOl-
N

N e |
~Q, . since the two contr1but1 ns are not sepavable in.the present series
ST . : ; : ;.,; N

3 of'compounds and 1;1 Drobablv remain constant. T e quanulty Q\ ~would

v

f

L [

have dlfferent co onen*s and hence a dﬂf‘erent name rical value
'v“defived for a'nitrogen atom in e‘different moleeular'framework-and
‘Ajpossibly in very different solvents.”"
~One finds in the literature many determinations .of the parameters-
N N - e L o
’,QN- and Q . These are Summarlzed 1h 1ab1e II.. These>calculatlons

all 1nvolved data from molecules conta¢n1ng one. or more pos1t10ns of

unknown spin denswty The numbers presen*ed are therefore dependent
on the rellablllty of molecular orbltal calculatlons and on an estlmate
of QH’ the parameuer in McConnell’s (18) equatlon relatlng proton

'_hyperflne coupling to-spin density on_the adjacentvcerbon atom.»_

.

v'A(H)n; QHoC.hl .}t ' i:'le;ﬂf}- ‘(2?'

- Using only the couplingfconStants for pyvldlne, pyra21ne and pyrlmldlne‘

, . .
s o as . ' - o N
radical anions we have been able to calculate values for_Q and Q,
. _‘_"' B as well as detetmlnnng a value for QF.' The mador aesumot;on underlv1ng'
'this determination is the "alldl y of eouaulons (l) and (2) Our :

.

calculatlon 1nchJed the simultaneous eolut:.on o; eouaulons of the th
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A - o - ma(1)/e) + o (=) - (3)
'A(N) = %%N(;l - ZA(i)/Qh) +’QNCN(\ZA('-S)/__Q,H) o ('u)' o

‘,innere i”is summedfover ail carbon étoms in the.fing'end s is;summed over‘

:fhe carbon atons adaacent‘to the nltrocen atom in questlon. Equafion '

‘. ;,(3) applles to the pyrldlne radlcal anion and equatlon (h) applles to
iﬁthe pyra21ne and pyrlmldlne radlcal anlons ' The assumptlon that Zp3 l ‘
v'f(J summed over all atoms 1n the rlng) 1s 1mo11c1t 1n the derlvatlon of

BNC) ana (). ' | o

| In these equatlons one must know the s1gns of the A values wnlle

5 our ESR data only determlne thelr magnltudes It is well known that

'MJ'i_QH is negatlve and the 31gn of A(N) ‘appears to be p051t1ve (19, 20) in

'timost s1tuatlons. In the case of pyrlmldlne radlcal anlon 31mple Hucnel

-theory places a node at carbons 2 and 5,_but unrestrlcted SCF calculatlons -

'7.y1eld a. small negatlve spln den31ty | For pyrlmldlne we have assumed

‘}%that A(E) and A(5) are pos1t1ve o Thenonly other pos1t10ns where fhev

vsfs1gn of A 1s-questlonable are the~3 5opositions of pyridine. Hﬁckel»and
unrestrlcted SCF type calculatlons glve contradlctory answers. in-ﬁhis
case if. equatlons (3) and (h) are solved assuming A(3)>>O for Dyrldlne
ione obtalns Q N +27.7, Q N_ 6. i and QH = -17 5 gauss VWhile the‘
nltrogen Q values are reasonable,_QHv1s<n0u. On thevother hand, if

' A(3) < 0 for pyrldlne.then'one obtains the values listed'in Table 11

- togetner wi#h a‘very reasonable QH é.:éh.S gaussf.

-y
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Additional evidence for the probable Q values are shown in Figure 8.

‘Here the- three. radical anions, pyridine, pyrazine and pyrimidine are

N ~ N

1utilized,in pairs in equations (3) and (L) to solve for Q. and Q.

as a function of Qﬁ.. It-caﬁ'be seen‘that the pair pyrimidine'and'

pyrazine for QNN and pyrlmldlne and erldlne for QNCN give solutions.

'lrwhlch are largely 1ndependent of QH For thls reason we can»be-COnfident;

3 w1th1n the accuracy of equatlons (3) and (M), of the values of Q N ona ,
i :

NCN;’ A second palr, as shovn in Flgure 8, selects with some precision

flthe'exact value of QH -2h 5 gauss. Our value of Q is very,close to

I

.zero and thus’ we confirm the approx1mate determlnatlons ol references
(7), (9)5 (16) and (17) and do not agree with (5) and (1).  In his workvA-
" 'Henning (1) attempted to correct for the deviations from Hickel theory

" by. making consistent corrections. Since our determinations are

essentially independent of any molecular orbital:theory and are‘only a

test of equations (3) andh(h) it would seem that we have established the

best possible values for QNN and QNCNY for this type of nitrogen

heterocyclic.
b MOLECULAR'ORBITAL CALCUILATIONS

4.1 N-Heterocyclics

We have carrled out a number of molecular orbrtal calculaclons us1ng -
: both Huckel and McLachlan approxlmatlons (21 22) in order to see how
_well simple theory correlates w1th the experlmentally determlned splh_.

. dehsifies.} For the unsubstituted N- heterocycllcs the two necessary

learameters'are 5. whlch neasures the difference between the carbon and

N
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nitrogen coulomb integrals, and Tow the reduced caroon nlt“ogﬁn resonance
integral, both in units of the carbon-carbon resonance integral. Calcu-
lations reported in the literature for excited states and radical anions -

of similer molecules use values of .0 ranging from O. 2 00 1.0 and of

|
[9)]
(0]
=
o
3
jo1)
jas}
(O]
]
L]

from 0.8 to 1.2. Pari

Ton (23)_determined & semiemperical

value for B, = l-O?6BCC v fitting calculations to the electronic
spectra of benzene and s-triazine. Using a value of A = 1 for the

McLachlan pavamoter we bave balCL ated spin densities for 0.5 < 6NA< 1.0

[

and 0.8 < YCN 'i.Qn‘ t appears thg*‘the Pariser;Parr value for YCN-
_gives the best overail resﬁlts,.and 6N = 0.80 éeems épprppriate.v It was
oﬂserved that thevdifference in the Huckel and'McLachlan spin densities.
: corresponded to an bver-estimation of the importance of the splitting in
the lower."doubly occupied” orbitals. Since the McLachlan parameter A

is féirly-arbitrafy, ) was reduced to 0.75. This improves the égreement

between theory and experimént. In fact, any bf the ekperimehtal spih

;o : S v :

densities cgn’be reproduced very well indeed with only small Variations

from our faverage" paiameters.. Theoretical McLachlan‘spin densities |

'-along w1th uhose calculaued froq experimental coupllng constants u31ng

the Q Values prev1ously debefmlned are llSt°d in Table ITI. The agree-v

ment is excellent. | |
Therevhaﬁe‘appearedlin_the.lifgrature a nﬁmber of other SCF calculations

" treating pyridine, pyraéine'and pyrimidiné. Nishimoto (éhj lists wave .:-v.@e

qunctlons for pyridine, pyra21ne and s-triazine calculaued u51ng an

ICAO MO SCF framework in the form propos;d by Pople (25) with Yo = 1. 076

w;th core intégrals estimated from'ionization poteﬁtials and with tro

center coulomb integrals based on an inverse separation approximation.
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Nagaﬁura (2 O) has used these wave fuictions as a basis set for a

-

cbnfiguratiOn interaction: approximation & the orbitals for the pyridine

-radical anion. The CI calculation'has very little effect on the spin

dens1ty dlSurlbutlon, althougn 1+ does improve enercy calculatloﬁs.

Spin densities for the pYridine radical anion can be calculated from the

" lowest unoccupied orbital of the seb.determined by NlShlmOuO using the:

:so-called virtual orbital (VO) approximation. Mlller, et. al. (26)

'-have calculated spin cen51t1es for the pyrldlne and pyrimidine radical

‘~;anlons uslng both uhe VO appro i ation and an cpen shell (08S) calculationfv‘

based_on orbitals determihed for- the neutral mo olecules. Their neutral

3 molecule calcUlation differs from that of Nishimoto in the inclusion of

’ penetraulon 1ntegrals in tne estlmatloﬁ of dlagonal matrix elements,

: theoretlcal calculation of two cenLer coulomb integrals using Slater

type orbitals with adjustable exponent (semiemperically determined),"

- and an exponential expresSion for. B adﬂusted to fit the PariserAParr
:Vvalues for 504(1.39*A) and BCN(l 34 A) Bond distances were determined

‘fas a functlon of bond order and 1terated to self c01s1stency for the

neutral molecule. inchliffe (27) has calculated spin densities. for

: varlous radlcals 1nclud1ng the pyra21ne radlcal anion. He reports values

- obtained bpth from open shell SCF and open shell SCF plus CI approximations

using core integrals estimated from ionization potentials, B values and

two center coulomb”integrals as prOposed by Pariser and Parr (23) and

starting orbitals calculated by Hickel theory with 5 = 0.5 and YCN = 078.

The'various SCFspin densities are also included in Table IIT.



There are some reiefant bbservation§th;t'can 5é made_ébdut'the'

vaf&éus aéprpkimations. First it should,be pointed ouﬁ-that sﬁin :
.  dénsi£ies'calculated_fiom c1osed shéll scr wave functioné.uéing'VO'é‘
can’Be closely reprdauced!by Hﬁckeliérbitals.calculated with éoré
i integrals related.to these used in the SCF céiculétioﬁ. Configﬁratioh
. interaction séems to héVe:very liftle'effect on éﬁin dehsity_distripution
f ";in a closed.shell épproxihation, while Hinéhiifféis calculation seemé
" tQ-indicate‘that the correctioﬂ is in the wrong direction in an ‘open

;ashell basis. . Similarly ﬁhe open sheli caiculationvof'Miller et. al.

' compared'withvVO's calculated using the same parameters yields a-

- correction in the wrong direction for both radical anions considered. -

In light’ofvthese observations and the success of.McLachlan theory,

it would seem worthwhile tovcarry out calculations Such_as those done -
by Amos énd Hall (28) for thydrocarbon rédicals; using the unreStricbed’ 
oben‘shell SCF model. This‘model isfmore flexible ﬁhan the McLachlan};"
- approximations and_méy ac¢dunt for ﬁhe.small variafions iﬁ 6N' Itval§b

- takes into aCCouﬁt-the.spinrdependehcé of electron cofrelation negiécted'
“in the resfrictéd SCF calculatiéns;

It can ﬁé-éeen from Table I fhat methyl group substifution ﬁringé
about éppréciéble changes”in the spin,densiﬁy distribution of fhe;,
pyridine frameWork. Since ﬁhé.McLachlan fheory‘givés.é good deséription
lof ﬁhe ﬁnsubstituted radicai anians, it 1is logiéal to tfy td include
the effects of the methyl.groups in this type of calculation. We haVe

determined spin densiﬁies using a number of models. For the simple

'induCtive model we used &, = -O.l'and;-O.h for the carbon ztom to which"ri

c
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7nthe methyl group 1s attached ‘ For the hyoercongugatlon moael wlthoat'f”
"T.lnductlve effect we used the parameters of Coalson and Cravford (20)

0. 76 Yo 2 oo, 5., = -0. 1 and 6 = 70.5'whereﬁC'vlswthe

.:YCC" c
"methyl groub carbon atom and H is the pl tyne orbltal formed from the ’
‘.’hydrogen 1s orbltals ‘ For 1nclus*on of" the 1nduCt1ve efrect in the] 3
v'hypercongugatlon moaeluwe.used valueS'of 6C from-—O.l to -0.5. ‘It was
':found that the best agreement was ob alned Naen the changes in spin ;} o

'Hiden31ty dlstrlbutlon were predlcted usnng the hypercongugatlon model .

”1*f w1th SC =--O.2 These calculated spln den51t1es are 1ncluded in

et

',hTable . ‘:,{;b . S
- The calculatlon of methyl prouon hyp fine spllttlngs is Stlll the

: “I_>su03ect of’some controversy Mchachlar (30) has suggeSued that in the

»valence bond formallsm A(CH3) is proporulonal to the spln dens1ty on
u':iifthe pi- system carbon atom to which the methyl group is attached and he -
:?estlmated the proportlonallty constant to be 28 gauss The values used
;' :fi:to explaln varlous experlmental determlnatlons of methyl hyperflne' |
-coupllng range from 15 to 30 gauss uevy (3l) has derlved equatlons fori‘:
Eth:calculatlng the methyl and methylene prouon spllttlngs using spin-
xl:dens1t1es determlned by the hypercongugatlon model We have calculated
5{ methyl coupllng constants from Levy s equatlons us1ng the ranges of |
B

N’ and ® prev1ously dlscussed We also determlned the quantwty

C C

L Qe T
is the total spin dens1ty assoc1ated w1th the methyl group, i. e.

A(CH3)/pt, where A(CH3) is the calculated coupllng consuant and -

pt
l pH + pC, + pC._ For all of the methyl substltuted DPyridines studied

eff.

. QCH3«'varied by only 2 gauss'over the range of parameters used and’




"'t as I and Il . Although the dlmerlzatlon of 3,5- lutidine is made sterlcally

k)
—r

-"was'constant from molecule to molecule for equwvalent sets of ‘parame tersr,p

eff. | Lo

”NC

”';Q‘The‘value_ol QCHj predlcted by tnese calculatlons is 25 gauss An
' N .. N T
experlmental value can be determined us1ng our values for Q s Qo and -

- QH to calculate the spln den31t1es., For the L- plcollne radlcal anlon

ggf 27. 3 gauss and for the 3 5 lutldlne radlcal anion Qeff =:2A;l:

- gauss. Although the range 1S'greater than can be explalned by simple v v:r.j*w.
.hvtheory; the average of 25 7 gauss 1s in good agreement with, the predlcted H
.value,, The varlatlon could 1ndeed be an 1nd1cat10n of dev1at10n from
- the:relatlons assumed in equations_(3)_and (4). | | |
The variations observed in the.3 S-lutidinevradical anion coupling
constants in electrolytlc and chemical reductlon systems remains to be

v‘con31dered. It has been proposed (Sa, 32) that the dlmerlzatlon of

pyridine observed in alkall metal/ether systems 1nvolves complexes such

' unfavorable by the presence of the methyl groups ‘it is not unllhely that
a complex llke I would form in the presence of an alkali metal catlon

‘ Further ev1dence of a nltrogen lone palr‘electron---alkall metal inter-
action has been reported by Zahlan et.‘al. (33). They cbserved the ESR 'b’-'-i
spectrum'of a sodium 2,2'-dipyridyl complex which they suggested has the ;.

structure III. This type of interaction would certainly perturb:the
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svgn dea ity distridbution:and would dlso change the value Qf’G%

'that the py*az"ne ra d’ca*_an&on coupling censtants are independent of

itfcation, temperature, and choice of solvent. - Line-wigdth alteration and

. nitrogen lone pair electrons. -ThiS‘being‘uhe case, the.effect'on QN

limits on the vaiues of 8 and’ﬁo we have used relation (5) suggested

N

‘o

C R

a nitregen alkali matal hend Vould

theieffect of inecreasing .. With thi"s aI'l'i tion,

¥elachlan theory does in predict changes in spin density in the
appropriete direct;eﬁs.

On the cother hand, the system pyrazine/clkali metal/ether has been
-éxﬁénsivély'stuaiea 5y,a.ﬁﬁmber'ofvﬁorkefs (12, 34, 3%a,5). It is found

Y

other theoretical and experi
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proposal that the cation is above {or below) the plane of the radical

- anion rather than in the plane of the anion as is suggested for pyridine
“T;-epd 2,2 —d;Dy“lﬁ" . Calclations by :Atherton (36\ indicate that the

2L

interaction is predominantly with thé! pi-electrons rather phar with the-
' N

and on the spin density distribul ion vould “e considerably sma’ler..

4.2 K-Oxides

The-calculaulon oL spin. denqltles 1n th, N—ox1de radi calvaniOns

‘inVOlves'thé‘evalu'tion of .a hurber of parameters. OnLy a few MO treat-

ments of the _u—ox;des are re po“tea in the 11te“auuvo and these generally

are attempts t expla*n uhe vnusual cherr-lca1 behav*or uf the pyridine
N-oxides.- Values used. for 6W range from 0.6 to 2. 0, for o £ from 0.75 -
to 1. O vhile 5 = 1.0 was cormon {37, 3°). In order o set reasonable
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:BA = déA - %[ZA(AAIAA)'4 (Cbléc)J:; A‘;{; ‘n€i.‘(5)1,:

f‘by_McWeeny:(39)lwhere atom A donates ZA electronS!to-thenpilSystem;

.Wd?de is theddifference inxelectron:affinlty,pf ehe.gore.atOm.A.from a

o benzene che»Carbon atom5‘and (AA}AAy'is the'codlomb:repulsion integral
'lbetWeen“two electrons in éne same SPatial\orbltalf rUsing the valence B
'-state 1onlzat10n potentials determlned from the tables Ol Prltcnard and.

Skinner (MO) and values of (AA[AA) calculaued by Orloff and SlnanOHlu

(hl) we have arrlved at the follow1ng estlmates

0.8

N .
1

'.""N(»»:Zi&‘f'a.-) -20.
}§5(120,=,if;'=.i.75l
| ,léc<lzol%v2%> =30

AIn the MO calculatlons 1t is assumed that the oxygen. atomldonatee tﬁo ‘l
Jelectrons to the pl system Thls effect is partlally cancelled by the
_ donatlon of nltrogen lone palr electrons to the oxygen in the o bond o
" formation. and one would expect the 6’s to lle between the extrenes of |
KZ l and Z = é | |

- hlshlmoto and Forester (hE) have worked out.equatlons relaulnc the

co

quantity YXY can be approximated»by'an average of YXX

. quantltles YCC’ YCN’ and Y., to the pi bond order Assumlng that the

and Y., ve have

vy

on‘the pi bond

‘worked out a similar relation forrthe_dependence of YNO
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order, Wluh the result that YVd should lie between l 1 and l 2 for bond

Zorders of + to 4. ﬂti,;

With the.semlemperieal‘predictions in mind we nave~determinedlspin
‘densities for the followfhg ranees-of paraneterS' 0.75 £ 5N"’?;O,fr
1.5<3,<2.5,0.8< <€ Ty S Lo with' YCN 1.0 and 1. 076 and using the .

Mﬂmethyl group parameters prev1ously discussed. At values of YNO l h
v‘fa low lying unoccupled orbltal with a node pa531ng tnrough the N-O bond
B {drons below the orbltal occunled by the unpalred electron thus plac1ng”
"{an npper llmlt on the value of YNO'.%It was necessary to approach this
‘llmlt in order to account: for the larce spln dens1ty observed 1n the
’ N 0 entlty, therefore YNofwas set equal to 1.2, With YCN = 1.076, the :T

o spln dens;tles in the L pdSItlons were much too largegdso a value of

",.l.OQ'WaS‘nsed. The choicé of b and B, was somewhat less well defined:

I”:Several'sets of (SN,_oo) in the ranges 1.0 £ 5N.$ 1.5 and”l.s'g Bb,s 2.0

B predicted reasonable spin;densities.. The vest description of the pyridine_ o

.;N—ox1de and the L plcollne N-ox1de radlcal anions corresponded to
N = lfl and 60 1. 5 but the agreement for the 2,6-lutidine N- oxide
VZradical:anion was'con31derably»1mproved by 1ncreas1ng 60 to 2.0. -The
I“~theoretlcal and experlmental spln dens1t1es are llsted in Table III
Katrlzky (h3) has concluded from NMR data that the electron den51ty'
in p031t10n 3 is greater than that in p051t10n 2 in neutral-pyrldlne_
N-oxide. Us1ng our parameters, "the calculated electron densities are in

agreement with this analy31s. Prev1ous workers have predlcted the

_reverse to be true.



‘_Part of the interestsin‘thewcalculation'of spin densities for the

1

N-oxide radical anions resulted from-a desire to examine the nitrogen

hyperfine coupling parameters. In analogy to equation (2) the nitrogen'-

coupling constant can be-written:

A<N) (S' * 2Q %on- )"N Q\ro Po ™ N( Cﬁ”"‘,‘_:’c,’.-), RO

' where S' represents only ‘the N(ls ) contrlbutlon and the other parameters _"

arers1m11ar_to those.of equavlon;(Q)w' We shall replace the quantity -
.".(Sﬁ f,EQCNN + QONy) by the symhol QN#ON slnce again the 1nd1v1duel
,quantities are not separable. v o i

We determrned QN»ON envaNoﬁ‘usrng the calculated. values of‘pN'énd
po'and the experimental velues of'péfiisted in Table III along withiour
value of QNCN andhthe‘experimental rslues‘ova(N) listed in Table I:
The vaiues ohtained are Qﬁ;ON'= 50 +8 éauss:snd QNON = 65 +25 gauss
The large uncertalnty is due to Part to the uncertainty in the: h plcollne
N-oxide coupllng constants and in part to the fact that the three A(N)
'.equatlons are nearly dependentf Tt would be of cons1derable value to
: determineLCOupiing constants for N—oxides not»so'closelyvrelated to
pyrldlne in order to remove tne near aependence and. allov a better
determwnatlon of ‘the Q values. |
and

Fraenkel (15) has determlned the correspondlno parameters @

N
Q‘NO"

NOo-

for the nitro group nltrogen ‘hyperfine coupling.. He obtalned

"QNOQN = $¥99 %10 gauss and QNO - ?36'£6 gauss. The quantity QONN

. v P * N . N . s ‘.'.'1
r_contrlbutes tm1ce to QNOQ; and only once to‘QN_)o and it must be fairly

d

B R N



large (in absolute magnitude) in order to account for either of the large

Q values to which it contributes. -Thus it is reasonable that the para-

meters. ¥ ana Q@ N are quite different. Some change in the value of
bers Qg o, BFE awd * e Change :

QNONiWOUld be-expected due to the differences in the N-O bonds, however

~a difference of 1k gauss seems unlikely. . Delermination ofIQNON in a

greater variety of cases might shed some light on the problem.
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Table I-

OBserved Coupling Constants for Radical Anions in Liquid Ammonia

- ,  Heterocyélic.CQmpognd(a){“ »”, Atbmlﬁ Heterocyclic - ‘ N—Oﬁidé
A(gauss) A(géuss)
Pyridine N 6.28 . 10.82
: ' . H(2) ' 3.55 - 3.0k
o H(3) - 0.82 . . 0.4y
- H(Y) - . 9.70 8.61
;ha Plcollne : v N 5.67 9.89 0.3 .
_(h-methylpyrldlne) '”.__ o OH(2) o 3.8 3.35 -
. oo H(3) . 0.60 0 0 <0.30 o
| | CHs(L) 11.38 . 9.89 7 0.3
3,5-Iutidine. . . < ow o :7;uo(b) . '
(3 5- dlmethylpyrldlne) . H(2) 3,19 L
, | Lo JCHs(3) 0 . 1.06 ) S
H(L) 0 - 8.98 ~ o
;ﬂ2 6 Lutidine -  ;-;.. N .h".: | (e) 9.85
,(2 6- dlmethylpyrldlne) -0 CHs(2) oo o hees
. - ‘ ‘ H(3)'W; L o.b7
Pyraz1ne ' ' ".i‘b”.‘gyu">jNv' {1;; rlv" 7.22<d) L :
(1,4- d1a21ne) ' . TR S RRR-T -~ B ————
Pyrlmldlne - - . » ;'v N "j:" _:-‘3.26: B -
(1,3-diazine) =~ = . . H(2) L 0.72. o aaal
~ e -~ H(W) o 9,78 ———
CB(5) o L3 NEETE

(a) Rings numbered by standard convention. See, for example, Handbook
: of Chemistry and Physics, Chemical Rubber Publlshlng Co., Clavelana

(b) Reference 9 obtained 6.21, hl 0.80 and 8. 96, resnectlvely, using
- —~alkali metal reauctlon in dlmethoxyeuhane '

(¢) A spectrum has been obtalned using 2,6-1lutidine as the parent compound o
but we have been unable to assign it. -

(a) References 1, 5, 7 and 16 have obtalnnd te similar values in a -
numoer of other solvents.
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- TableII .

. Nitrbgeﬁ-lH,QLValuésvin anjugéted Heterocjclicé

N LN,

f, Rgfeﬁence J j _ QN 'v:'u’ -QNC f:‘ff Rgdical'Anions

.. gauss .

“ Carrington .~ 425 + 2 R  pyrazine, 4 L'-gipyridyl,

- and Santos. v- L ©° "' quinoxaline, phenazine,

- Murrell (9) '{ 

o Veiga (7). L - . -tetraazaanthracine
Ward (5)»!. f.}h {2% .,:;:' 7 {pyraiine, E,h;-dipyridyl

Atherton, . +28.1 » 1.5 pyrazine, 3,S-lutidine'

Gerson and ..

V'AI:Henningi(l)j _"1+i9.i'=f  '.1-9}1'0 ;jipyra21ne, L,Lt -dlpyrldyl

‘1,lk- and 1, 5 dlazananthylene

i Stone and '.  ' +30.9'i'2' .2t E ' 'pyrazine, phenazine -

_ Maki (16) o
ereske'(l7): f';f<;3o.9)<a>: f,.-4 . g,g?édipyrimidine

s .vThis work(b) o +27.3 .7 'pyridine, pyrazine; pyrimidine

(a) Assumed value of Rﬂference 16

" (b) . Using only equatlons (3) and (M) and assuming that A(3) < O .

~ for pyridine which. gives Q = -24.5 gauss.
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Experimental and Thecrelical Spin Densities

“in N-Heterocyclic‘Radicai Anions

1

UCRL-1730k -

Radical - v PR . 'Theofy.
Anion .iPosition ‘_'Exptga>i- MCLachgp) thers = . -
YQ(C) yol®  ipsld)
“Pyridine R 0.247 0.275 0.273 - 0.228  0.206
- o - S 0.145 0.153 0.114 = 0.120 0.079
3 ©0.033 '0.007 0.074 0.071 0.082
L 0.395 qo.uo3 0.34  0.390 0.476
| v sl osar(®)
Pyrazine ° N ' 0(278» 0.291 ° 0.285 . 0.336 fo.379
o 2. ©.0.111 1 0.105 0.102 0.082 0.061
; o Cwoldt gsld)
© Pyrimidine = N 1 0.143 '0.151 0.181  0.187
' = - 2 ~0.029 -0.028 0.000 0.000
R . 0.398 0.4o2 0.318 0.313
5 .-0.053. - -0.078. 0.000 0.000
L4-Picoline. N °,   : 0.227 0.263
o 2 0.155 0.160"
3 . 0.024 -0.00k
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3,5-Iutidine - N | . 0.287 0.282
SRR - 0.130 0.163
- 3(CHz) - 0.0Lk 1 0.012
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N-oxide N } 0363 { 0.298
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3 0.019 0.015
L 0.351 °
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Figure 1. The ESR spectrum of the radical anion of pyridine in liquid
' ammonia near -75°C. The strong line is due to-the "solvated
electrons" present in the system under steady state electrolysis.
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Figure 2. The ESR spectrum of the radical anion of L-picoline. The
’ intensity variations from one end of this spectrum to the
other are largely due to variations with time.
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Figure 4. The ESR spectrum of tioe radical anion of pyrimidine.
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Figure 8. The determination of © values by pair-wise solution

of Equations (3) and (4).

~--- Pyridine plus pyrimidine
'— . Pyrazine plus pyrimidine
s—e«=+ Pyridine plus pyra2zine

e g P

S B i B S 5



This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

t
A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

oo

As used in the above, "person acting on behalf of the

Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee

of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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