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*Synthesis of Mono~, Di-, and Polynitroxides. Classification of ESR

Spectra of Flexible Dinitroxides Dissolved 1n_Liquids.§nd Glasses

" P, Ferrues,! D, 6111,2 M, P. Klein, H. H, Wang,3 G, Entine,’ and M, Calvin

: taboratogx gz Chemical Biodynamics..Lawrence.Radiatidn Laboratory and

- Department of Chemistry, University of Cslifornia, Berkeley, California

94720°

Abstract" ‘The ayntheais of flexible biradical sttain-gauges which could
be anchored onto two siCes of a deformable biological structure had been
attemptgd. Qualictative relationships between the possible conformations
of thg‘biradicala and the obsefved ESR épectra provide guidelines for
fufther a}ncho:ic work., Some of the nitroxides syntheeiied'and
characterized are: R-Co-ﬁ (CHZ) EZCO-R where R 1is l-oxyl -2,2,6,6~

tetramethyl pyrroline bonded at the 3-position, ne 2,3 and Rl 2 = =H;

-C18H37; -cnzcoou- ~CHyC00C2Hs 5 -cnzconu(cuz)zu(cn3)2. -cnzcoun(cuz)zu+(cn3)31

-CHZCO-imidazolide.
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Introduction -

Spin 1abe11ng6‘8vis one of the reporter group techniques ofvmolebulgr

biologyg'ih which atéBle free r#dicals'afe exftiﬁsically appiiedlfo
biological speciﬁeﬁs which are‘then sﬁudied by ESR‘apéctroscopy. The
atable free-fddicalslo most éommonly'used for sﬁin.iabeling are the
nethyl-prbﬁectéd iminokyld6’9-11 ("nitfoxides"), in which chemical
stability 1s combined Qith aimpliéity of thé ESR Spéctrum; |
' Pairwi§é apin interactions have'beenvmanifesﬁ in the ESR apecﬁré
of biradigéie b§ the #pﬁéaraﬁce of new comﬁonent line314917 and a
correépondéhéé'hae beeh found between fhe intensity of the spin intef-
actions and.thekconformation cf flexible bifadicals.12’21 |
Biophysical.applicationa, in which conférmations can-be.deduced
from the features of ESR spectra which dépend on the intensity of the
pairwiae'spin‘1nteractions, have been proposed and demonstrated;22‘24
The ptesént authors have pfoposedza a fléxible Biradicalvstrain-
gauge (geometrical probe), which would be attached to a bioldpical
gample gﬁ_sgg_gointé, deform together with the éﬁpporf, and:transduce
the strain into:the'interaéﬁi&n-deﬁendent features of the ESR spectra.
The preparétion and application of the stréiﬁ-géuge biradicals |
required the preliminary work reported here:
(a)‘the synthesis of several biradicals, each equipped with two
- functional groups for covalent, non-covalent or 1onic.bonding to
biological samples; | |
o (b) hodeling of the gpectra expected from the biradical straine .
gauge, and
(c) the synthesie of mono-, bi-, and polyradicals not directly

related ﬁo the strain-gauge project.

‘s
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Outline of the Preparative Chemistry

Nicrozyl radicals in the piperidine series. Stable free radicals

.derived from suitably substituted l-oxy1-2,2,5 S—tetramethyl piperidine

have been useful in etudying~mp1e¢ular ordering in nematic mesophases.lsg

17.18020925i2§ In these studies the long molecular axis of the solute

radical is;rqquired,cp coincide with one of thevpfincipal axes‘df_che :

gnisotropiévéﬁin 1ntéractions. Some radicals fitcing chis description:
(Table 1, IV-VI) have been synthesized.

| Selective.acylatiqn-of,the primary amino groups of 2,2,6,6-tetra-
hethyl-é-gﬁin¢ piperiding (1) Wiﬁh p?octyloxybeﬁioic-acid,by the carbo-
diimide ﬁeth§d27 gavé tﬁe expected 2,2;6,6-tet:hﬁethy1-4-(p«dctyloxy) |

benzoylaminopiperidine25 (11):
. ' ~H20

P-CgH, y0C¢ H;, COOH + HaN- “H (1) ————y p-csnuoc(,n,,coun-_ -H (II)

Selective acylation of (I) with tefeﬁhtalbyl‘chloride gave N,N&bisod- N

(2,2,6, 6~te:ramechy1) pipetidyl terephthalamide (III):

P-C6H4(COCI)2 + (I) ---) HV@—NHCG-@-CONH—< N-H (III)

The catalytic oxidacionzavof (11) pave radical (IV) (Table I), the

chemiatry of which has been described elsewhere.2 The catalytic oxida-

 tion of (iII) gave a mixture of the radical (V) and the biradical (VI)

(Table 1), These two latter radicals can be separated easily since

- only (V) is soluble in acidic aqueous solutions,

_ Nitroxyl radicals in the hydrogenated pyrrole series.’ We prepared

a number of'mbno-, bi=, and multiradicals deriving ftom substitu:ed

1-6xy1-2,2,6,6—ceframethyl pyrroline,28=31 These radicals have been

used to study nerve membrqnea.24
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- Table I, Piperidine-derived.monOrnitroxides (IV, V) and a dinitroxide (VI),

No, :  >.. Name

Structural Formula

IV l=oxyl-2,2,5,5-tetramethyle
4= (p~octyloxy)benzoyl -

amino-piperidine??

'V Neb-(2,2,6,6-tetramethyl)
_piperidy1~N'¥4-(laoxle’
2,2,6,6-tetramethyl)

piperidyl terephthalamide

VI N N'-big-b=(l=oxyl~2,2,6,6~
tétramethyl)piperidyl

terephthalamide

o - I

ESR of (IV)=(VI) in nematic solvents,25°26 as well as simulation by space=-

- f1lling models indicate that the ring assumes an average planar cbnfigura:ion in

which the N-0 bond direction is nearly parallel to the long moleculai axis,

Conformational exchange is not possible between the nitroxide subunité of

VI becauéevtﬁe molecule is xigid;‘ Dipolar interaction, however, is evident

in the broadening of the "three-line" spectrum of VI in dilute solutions.

E

.«
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A, Monoradicals

A radical was obtained bv coupling 1m1dazole wich 1-oxyl-2 2 6 6—v

G

tetramethyl-3-carboxypyrroline (VII), the lactet obtained . by the procedure_

. . of Rozautqev:and-Krinitzkayaozs

4\?19'—“’3%} A

(vii) : o (VIII)

N-(l-oxyl=2,2,6,6~-tetramethyl pyrroline~-3-carboxy)imidazole (VIII)

Wevqsed 1-etﬁyl—3-(3-N,N-dimethylaﬁiﬁopropyl) carbodiimide hydrocﬁloride
as the coupling agent, The same producﬁ ﬁay be obtained from (VII) and
N,N'=carbonyl diimidézole,32'but>§ith a lower'yield."‘ |

| Due to the general reactivity of the carboxylic acid.imidazolides
towards primar& and secondary amines, alcohols and phenols, radical
(VIII) ia'a-Qery useful chémical intermediate as well as a potential.
spin label for biological systems. For example, fhe condensation of
(VIII) with 81§cine results inithevhew radica; acid (IX).

~~CONHCH, COOH
~C3HgN2

¥

 (VIII) + HyNCH9COOH

a;

N~(l-qu1-2,2,6,6-tetramethylpyrroiine-3-carboxy) glycine.(lx)

(58 4

'B. Biradicals
Coupling of the acid radical (VII) with a diamine-by the carbo-"

~ diimide method was found to be suitable for synthesizing a large number



of biradicals of varying physical and chemical properties:

. o co§-3~u-co
=CO
2 (VIL) + HN=R=NH  commmmuneg R' R"

k '

Birédicals obtained bj this method, with R' and:R"‘being H or alkyl groups
and R beingbén élkylene chain, are listed in Table II. The ESR spectra
-'of radicais (X), (X1), and (XIV) hhve been pﬁbiished pré91ouaiy.24 The‘
ESR spectra>of radicale (XIi)‘and (XIII) show varying dégreés of steric
interference ?ith collisional exchange similar to those reported in

Ref. 21¢_

Thé coupling of (VII) with the diethyl éster of N,N'-ethylenediamine?
N,N'-diaminédiééetic acid (XV) enabled us‘to to obtain biradical spin |
labels withvspecific chemical functions, Hydrolysis of the resulting
diethyl estér bf the N,N¥bis~(l-ox§1~2,2,5,5;tetramethylpyrroline-S—

. carboxy) ethyiene diaminé-N,N'-diacetic acid (XVI).yielded the free acid
(XVII).A This diacid biradical (XVII) was, in turn, coupled with |
2~dimethylaminoethylamine to giVe‘ité N,N’~bis-(2-d1methy1aminoethjl)-
~diamide (XVIII), Treatment of (XVII1) with methyl iodide finally gave
the correspon&ing bis-quaternary ammonium salt (XIX), The aforementioped
~reactions are summarized in Table III,

The three aforementioned radicals (XVII, XVIII, and XIX) are
expegted fo ionize in aqueous gsolutions, thus providing charged func~
tional groups. These charged groups are intended to provide coulombic

interaction with charged sites of biological structures,

e



Table II.

Lyonhylic nyrroline derived dinitroxides.,

No.

Name

Structural Formula

N,N'-bis-(1-oxy1-2,2,5,5-

methy1-3-carboxy)-piperazine

X f | o
. = : -—CONHCHZCHZu\d\.U-————'—_—
- tetramethylpyrroline-3- l //k’ C N
e o . v . . Hi' . - : \]\:./(
- carboxy)-1,2-diaminoethane ’ A' - o i
UKD NN -bis-(1-0xy1-2,2,5,5- | ‘ QCONH(cﬁz)3uHc0—r————f
R | | = . . '!—__t:]Y,
_tetrgmetﬁy]pyrro]1ne-3— ~; V//¥” o vﬁ7\\m
carboxy)-1,3-diaminoethane - ) ' 5
XIT | N,N'-dimethyi=N,N'-bis(1-oxyl- —CONCHZCHZNCO
2,2,5,5-tetram¢tny1pytro]1ne -4. A CHy Ch3 ~7\\ //(’
i3;carboxy)-1,2-diaminoethane_ 6' ' 5'
XIID N-D;octadecyl—N,N'—bis-(]-oxy]- ‘ -~C0hCH2CH2NHC0
| L [ |
2,2,5,5-tetrametnylpyrroline- //%— (CH )]7 ~7\\.//<’
3-c§rboxy)-],2-d1aminoethane- x' &H3 | O
X1V 1,4-bié-(]-oxy]-2,2”5,5-tetra- huO—f———_,

\,,/V

U

which separates the radical subunits,

indicate that the interaction weakens with the lenathenina of the

attachment to lipid matrices.

Comnarative measurements of the direct exchance in solutions o¢ X and XI

chain

XIII has a lono a]fphatic chain fof '
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Table 111, Pyrml'ine-derWCd dinitroxides equipped with a) tvo 1o‘nizab1e‘> .
aroups (XVII=XIX) which would hond ionically to chafned;sites on racros
molecules, and b) two 1midazo1ide oroups (XX) which,bqhd Cova1ent1y,ta, o

side chains of proteins,

- . .
No. o Structural Formula -
lkOH 5o
'xivu
- uooccnzwcuzcuzmcu cooa.
‘;\ /r’_._. .
gmp 1 ‘(_CHS)ZNCHZ(IZHZNAHCOCHZNCHZCHza‘fCHZQONHCHZQHgﬁ(CH3)2 :
XIX. 1 7(cua)SNSHZCHZNHcocazmcuzcr;zr\{cuzconncuzcuzn(caav)3
' I© : 00 S
XX
| N-w(l?
NQCHZNCHacHzNCHgCN 1 '
C=O .c=o
Nwh ,Egl

IContinuea on next nnna) .
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Table IIT1 (Continued)

B1rad1ca1 XVII is the startinq material for the synthe51s., Biradicals

XVIII XIX in aqueous squt1ons have d1snIayed an 1nterest1nn pH dependence ,

of the direct_exchanne interaction. Ion1zat1on introduces a repuIs1ve

E electrostatic force between the IonizabIe aroups . which brinos the
'n1trox1de aroups closer than in the neutraI molecule, a s1tuat1on descrlbed.

’-‘1n entny D of Table IV,

A reactive biradical with two imidazole-groups'at each end of the

_molecule was also prepared by reacting one part of the diacid (XVII)
'(Table I11) with two parts of imidazole in the presence of carbodiimide

'(ueing the‘same procedure as in the synthesis of VIII)., The diimidazole

(XX) of (XVII) was obtained as a sticky yellowisn oil,
C. Polynitroxides
A tetranitroxide has been constructed by condensing the radical

acid (VII) With'triethyleneutetramine by using the carbodiimide method.

"The'product was N N' N" N'Ltetra-(l-oxyl-2,2,5,5-tetramethylpyrroline~-

3-carboxy1)ftriethylene-tecramine (XX1).

. & b c d
CONH (CHy )N (CHy ) 2N (CHy ) 2HNOC™
C=0 .C=0 -
| Ny - o

Jo

The ESR spectrum of the tetraradical is shown in Fig. 9.



Table 1V.

and tumb11na rates in varxous solvents.

panl s am b

I

P

Qualitative corre1at1on of observed ESR Spectra of flexible d1n1trox1des with the conformations

Freedon of .
Turbling .

' Hindrance
of Tu<511ng

s At e i e e

Thermally Activated

Frozcn Conrormatlons

-the subunits.

: . T Bent -
Conformations Straight -
- No Exchange Exchange
A 8. 2 ..

"Five-line" spectrum. -
Spin exchang2 by ther-
mally activated confor-
mational collisions of

(Fig. 6,180°C)

"Three-line" spectrum.
No exchange because of
conformational hindrance.
Transforms into F upon
radual freez1ng.
Fig. I 40°C)

"Three-line® spectrum,
Transforms. into G upon
gradual freezing.

"Five-1ine" spectrum,
Exchange is assisted by
frozen, bent conformaticn
and weakens when straight
conformations are active-
ted. (Fig. 4, pH = 10.8).

E.‘

The ideal doubly-anchored
-biradical strain-gauge

(geom°tr1ca1 probe).

K
Powder patcernaspectruﬁ
~identical to that of di-
luted monomitroxide fro-
zen in a glass.

1 (rig: 3, 26°C.)

" Powder superposition of
spectra, the hyperfine
components which are
split by d1po1ar xnter-

- action, :
- (F1g. 5, ZO?C) ‘

H.

-0t~ |

The spectrum consisting
of one broad line with
two weak and broad satzl- -
lites is contributed by
all the interacticns pra-

-sent in biradicals.
} (Flg 6, 24°C;, Fxg. 7).

The rows characterize the tumb1inn mot1on of the biradica] moTecu1es as exther free or frozen.

'gross1y specify the conformat1on as stra1oht (larne r) or bent (smali r).

-

A further 5ubd1v1510n relates to

The columns

the internal denrees of freedom which fac111tate direct snin exchanne by the overlao of the swngly occuoled

o
‘e o

orbitals in the bent biradical, _
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The radical ihidézblide (VI11) wgébuséd‘és:aﬁ acylating reagent to

;Obtain‘radical poiy@ersd Iq'fact,‘tteatment of'suitaﬁie maéromqleéﬁlar'_

: éompoﬁn&s;contéiniﬁg .Qcylable functions with (VfiI) iﬁ exceés regﬁltsiin

IV ' almost compieﬁé acylation wifhouc side reacc;ons.  fhé resulﬁing_fadi¢91 

polymgr ié gasily pu;ifiea ffom ;midazolé and the éxcgéa-of (VII1), as

well as frbm]fadical acid (VII)>which may'be‘formeﬁ as a side préduct by the.
bhydrolysis of a part of (VIiI)_when the reaction is performed in an aqueous
“medium, |
| By,the.ébové.method, we havé-prepa:ed_polyme(LfoyleZ,2,5,5~;e;fa-

| '}methylﬁyrrqlinem3-carboxy) éthyleneiﬁine (XX1I): .v | N

e

= ' - % C,H,N - :
: - ¥38472
(~CH,CHoNH~)_ + x (VILI) » | ~CH,CHN~-
VRN IR v 2 -
S . } l (XX1I)
C=0 -

/ .

-~

kn/

' o
- %

‘We have #1@6 prepared polyoom(l-oxy1~2,2,5gs-ﬁétfamethﬁlpyrro}iﬁe-3- '
_ carbOxy)-L;tffoaine (XXIII) and poly-N«(léoxylnﬁ,z;S,S-cgtramethﬁl-
pyrrolineo34catboxyl)-LnlysineV(XXIV)S
: - x CaH,N, - ‘ -
(wNHCHCO'v)x +=x (VILI) > { ~NH~CHCO=

i

CHy

(XXILII)
= _
l

N

- 0C0 P
_\\J/
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.= x C,H, N — -
: e 3.4 2. ~NHCHCO~

(-NHCHCO-) _ + x (VII1)
} : o

l ‘ I . - I ' <

NH, | NHCO— ey |-
R | '\L\\ ‘, N P

Experimental

7

NJNibis;ha(2,2,6,6~tétramethyl) piperidylterephtalamide (III). A
solution of 2,03 g terephtaloyl chloride in 40 ml chloroform Qas added
dfépwtsevinté a stirred solution ofv3.l2 g of (1) in 35 ml chloroform,

 ¢601ed at icd,:emperature. The reaction mixture was stirred 1 hour while
warming at room temperature, aﬁd‘then refluxéd for a few minutes, After
cooling, the white dihydtochloridébof (iII) was filtefed Qnd dissolved

in 300 51 of aquecﬁs 0;5'§.hydfochloric acid, The base was then precipi-‘
tated wi;h'éxcess of sodium hydroxide, filtered and recrystallized from
isopropyl,alcohélo | | |

M.P.: 308-310° (dec). - B

Yields 3.0 g (68%).

Anai&siss N, 12,772 (C¢H42N405 contains N 12,66%).

Neliom (Le-0xy1e=2,2,6,6=tetramethyl) piperidyl=N'-4=(2.2.6,6-tetramethyl)

piperidylterephtalamide (V) and N, N'-big=4=(lwoxyl=2.2.6,6=tetramethyl)

piperidylterephtalamide (VI). One ml of 30X hydrogen peroxide solution

was added to a stirred suspension of 0,25 g 6f (1), 0.05 g EDTA and 0,05 g
sodium tungstate in 10 ml methanol, After stirring at roo@ temperature |
for 7 days, the mixture was poured into 150 ml of 0.5 N aqueous hydro-
chloric acid. The resulting suspension was then extractedlls times with

40 ml portions of chloroform,



-13-
v The aqueous phase was filfered and made alkaline with sodium
: hydroxide. The resulcing precipitate was recovered by filtration and
dried ‘to give 0.03 g (11.5%) of (V)B which was then recrystallized from
methanol. ' |
M.P.; 298-301° (dec). ‘
Anaiyaiss C, 67.76%; H, 9 ,19%; N, 11,94% (C26H41N403 contains
€, 68.232%; H, 9, o3z N, 12.24%). ‘
The organic phase was washed with'dilutéd hydrochloric acid;rwatef
_and saturated sodiumbéhloride solutione before drying over anhydrous.
sodium sulfate@. Thevsolvent‘was theﬁ’rembved 12{35522 to give‘0.21 g'
(78051) of V1), which wasirecrystallized with some losses from ieopiofyl
a],i:ohole : B |
M,P.:'»274-276°l(dec).
Ahalysis; C, 66, 222' H, 8.28%; N, 11,90% (C26H40N404 contains
c, 66, 07Z H, 8, 53%; N, 11.86%),

1~(1-oxy1 2 2 5 S-tetramethylpyrroline~3-carboxy) imidazole (VIII)

A solution of 0, 92 g of (VII), 1 15 g of 1-ethyl-3~(3,N N—dimethylamino-
propyl) cgrbodiimide hydrochloride* and 0,34 g of imidazole in 30 ml
| chlbroforﬁ was stirred at ice-temﬁerature.for 1 houf, follbwed by 81hqurs
of s;irring'whilé warming at room temperature, The yellow mixture was
filtered and'extracted 2 times with 50 ml portions of water,‘thehkdriéd
’ A;oVer anhydrous sodium gulfate, After filtration to reﬁnﬁe the drying
'agént, tﬁe.aolution-qu concentrated iﬂ.!ﬁ&&ﬁ to yield'l.lb g (942) éf
*In the deﬁgfiptiona which follow in subseqhent ﬁreparations the term. 

 "carbodiimide" refers to this particular compound,



lbm
yélidwicrysﬁalline solid;.ﬁhichvwas rec:ystéilized from ﬁéhéxane.ﬂ
.Ye;iow neédies; | -
© mp.: 100-102°C, |
__Analeié: c, 61.36Z;VH, 7.16%Z; N, 17,98% (Clzﬂistoz cohtains | A
. C, 61,52%; H, 6.88%; N, 17,942). - | |
By gdding'(vti) at roém temperature to a slighf.excess‘of 1,1'-
_carbohyidiimidazole in chlorofofﬁ, stirring at.room temperature for
30 min and fﬁen working up the solution as previously desﬁribed,k

(VIII) is obtained in 75% yield;

N-(l-oxy1-2,2,SJS-tetramethylpyrroline«3-carboxy) g;ycine (IX).
A mixture of 0.300 g of glycine, 1.6 ml aqueous 10% NaOH and ¥ 1 g of -
1cevwas'£reated with 0,20 g of (VIII), The mixturé.wasvvigorously
stirred while warming at room temﬁerature until a clear solution was
obtained, then left at room temperature for 1 hour. The solution Qge
then acidified with hydrochlorié acid and extracted 3 times with §hloro-.
form, Afterldryihg with anhydrpus'abdium.éulfafé,vthe'éolution was
concentrated in vacuo to yield 0.085 g (40%Z based on VIII) of.yeilow
0il which 31§w1yvcrystallizes by rubbing under cold n-hexane. It was
recrystallized by diasblving in-the minimum amount of boiliﬁg éthyl
‘acetate/n-hexane 1:2 (v/v), chen.adding two more volumés of n-hexane
and keeping for awhile at room temperature., Yellow powder.

| M.P.: 130-131°C.
Analyeis: C, 55.09%; H, 7.21% N, 11.26% (CyqH,,No0, contains
C, 54,76%; H, 7.10%; N, 11.61%), |

N,N'=big (l=oxyl=2,2.5,.5~tetramethylpyrroline~3=-carboxv)=1,2-diamino~

methane (X). A mixture of 1.84 g of (VII), 2,30 g of carbodiimide and
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0.30 g of echylonediamine in 30 ml chloroform was stirred at ice teme
perature for 2 hours, followed by 8 hours of stirring while warming.
at room-tomperature. The yellow reaction mixture was filterod and
washed'wiﬁhiyarer, 2 E_aulfuric.acid, water, Sz.sooium chloride solurion
before aryiﬁg ovor anhydrous godium sulfate, After removiog the drying
agent, the filtrate was concentrated in vacuo to give 1,41 g (72%) of (X),
‘whicﬁ may berrecryétallized from chloroform/ethyi gﬁher. 2ale yellow
neédles. |
M.P.t 226-2z7°¢ (dec).
Analyéiozv C, 60.90%; H, 8,43%; N, 14,17% (czon32n404 contains
C, 61.17%; H, 8. 23%; N 14 27%).

N.N'«bis(l-oxyln2 2,5, S-teCramethylpyrroline-3-carboky)-1 3-dfamino=

propane jXI). A mixture of 0.92 g of (VII) 1.15 ¢ carbodiimide and

0 i85 g 1 3-propy1ened1am1ne in 15 ml chloroform was processed as pre-
viously_described. The produot was recrystallized from benzene. Yellow
powder. |

M.P.: 180°C (dec). \ | -

Yield: 0.5 g (49%7).

Analysis: N, 13,64% (Cp;3Hq4N,0, contains N 13,79%).

N.N'ddimethyl-N.N?~bis(1-oxy15232;5lS-tetramethylpyrroline-B-

carboxy)-l,2-diaminoethane (XII)., A mixture of 0,46 g of (VII), 0.57 g

carbodiimide'ond'o.li g l,i-bis(methylamino) ethane in 10 ml chloroform
‘was processed as previously described, The oroduct was recrystallioed
by dissolving in warm chloroform and diluting with exceas of ether,
Pale yellow powder,

M.P.t 260°C (dec),

Yields 0,31 g (61,5%).
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Analysis: C, 62, 35%; M, 8.45%; N, 12,97% <C22“36Na°4 contains

c, 62, ,83%Z; H, 8. 63%; N. 13, 322)

NynrOctadecyIAN,N'~bis(1-0Xy1-2J2J5,S—tetraméchylpyrroline-3é

: carbdxy)~1,2-diaminoethane (XI1I). A mixture of 0,92 g of (VII),

.1.15 g carbodiimide and 0,78 g of.N-g:octadecyl-l;2¥diaminoe§hene33
in 30 mi éhloroform and 30 ml pyridine was stifred'fdr 1 hour at ice .
tempeiatu;g, followed by 24 hdurs of stirring while warming at roﬁm
temperatugé;' The solution was then diluted further with 30 ml c¢hloro-
form;.fiitered and washed twice with water, twice withYZ E.acetic acid,
with water,iﬁith'cold.o;s g.aodiﬁﬁ.hydroxide, with water, and with
saturated sodium chlpride solution'before dryihg over anhydrous sodium
sulfate."After evapbracing the solvent 12.32552 the crude product was
a yellow oii.‘The oil was dissolved in warm n-hexane and left at room
température’for 2 hours. A crystalline solid, homogenédus by T.L.C.
(SiOZICHCI3)Yprecipinéted ouf'and was récrystallized from n-hexane to -
give 0.35 g (21.7%) of (XIII)., Pale yellow poﬁder. |

M.Pet 84-85° c. |

Ana;féis: C, 70.45%; H, 10,71%; N, 8,77Z% <C38H68N404 contains

C, 70.77%; H, 10.63%; N, 8.69%).

Llﬁ-his(i-oxyl-Z,Z,5.S-tetramethylpyrroline-3-catboxy) piperazine

XIV), A mixture of 1,67 g of (VII), 2,10 g carbodiimide and 0.39 g
of freshly recrystallized piperazine in 30 ml chloroform was processed
as described in the preparation of (X). The crystalline product
(1.45 g, 76.52) was recrystallized by.dissblving in warm chloroform
and dilut;ng with an excess of ether, Yellow needles.

MeP.t 260°C (dec).



Anelyeis' <, 63 16%; 1, 8. 13z- N, 13.39% (C22H34N40“ contains
c, 62 942 H, 8. 132 N 13.55%). ' -

Diethyl ester of ethylenediamine-N N'-diacetic acid‘LXV) A suspen~-

.sion of 5 g ethylenediamine-N N'-diacetic acid (purchased from K&K) in

350 ml absolute ethyl alcohol was saturated with gaseous hydrogen

chloride and refluxed for 10 hours. An almost clear—solution was

‘_obteined. The solution was filtered while hot and then chilled in an
ice bath for71 hour. The hydrochioride of (XV) crystallized out as

white leaflets and was recrystallized from absolutehethyliAICOholg

CM,Put 170°C (dec).
yield: 4.4 g (50%).

Analysis: N, 9, 00% (C10H22N204C12 contains N, 9, 182)

The above hydrochloride was treated in chloroform with triethylamine'

the aolution ‘was filcered and poured into excess diethyl ‘ether. After

filtration of the resulting triethylamine hydrochloride, by evaporating

. the eolven:s in vacuo, compound (XVI) wasuobtained as a clear oil. This

was used in the subsequent a:ep'withoot further purification,

Diethyl ester of N,N'~bia(l-oxyl-Z.2,SJS-tetramethjlpyrroline-3-

~carboxy) ethylenediamine-N.N'-diacetic acid (XVI). A mixture of 1.38 g

of (VII), 0,87 g (XVI) and 1.75 g carbodiimide in 20 ml CHClj was stirred

1 hour at ice temperature, followed by stirring 8 hours at room tempera-

ture, The reaulting clear solution was washed w:ltl_'n-i_mtm--p 2 N sulfuric
acid; woter; 5% sodium bicarhonate.solution, water and saturated sodium'.
chloride oolution.. After drying over anhydrooe sodium aulfate and | |
filtering, the solution was evoporated to dryness &5;32522 to yield

1.15 g (54%) of (XVI) as an orange-red oil, homogeneous by T.L.C.
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($107/CHCl4) which was directly hydrolyzed to (XVII) without further

purificatiqn."

N,N'-bis(l-oxy1-2,2,5;S-tétramethjlpyrroline-3—carboxy) etﬁyleﬁediamine-

N,N'-diacetic acid (XVII). A mixture of 0,72 g of (XVI) and 2.8 ml of -

méthanolic'l N potassium hydroxide was sﬁirrede:hodrs.af 4060; water
(5 ml) was added and the mixtute‘waa refluxed 1 min.';Afcer cooling ahd
‘adding more water (15 ml), the mixture was extracted twice with ether,
and the ethefeél extraéts discarded, ‘fhe reaultiﬁg élé;r aqueous golu-
| tion was acidified with-ﬁydrochlorié acid and extracted twice with
cﬁloroform.- The combined chloroform éxttacts were washed with saturated
sodium chloride solution and'dried évet éﬁhydrous sodium aulfaté. .After
filtration to remove the'drying agenf the filtrate was eﬁ&porated to
dryneés ig‘xgggg.' The reéi&ue was dissolved in 25 ml of cﬁldroform/methanbl,
10s1 (v/v) andvthe soluﬁion poured in 400 ml bf ether/pétroleum ether,
i:10 (v/v) to yield O, 24 g (36. 3Z) of pure (XVIII). Pale yellow powder.
M.P.t 250°C (dec). - |
Anaiysis: C, 56.49%; H, 7.11%; N, 11.29% (C24H36N408 contains

C 56, 68% H, 7.14%Z; N 11 02%).

N,N’-big(g-dime:hylamino),echyldiamide of (XVIII), A mixture of 0.152 g
ef‘(XVII), 0,052 g 2mdimethylgminoefhylamine and 0,150 g carbodiimide-in
3 ml chlorofofm was stirred lAhéur at ice temperature followed by 10 hours
of stirring at room temperature. The resulting clear solution was dilutgd
| with 15 mi chioroform, washed with water, 6.1 E'sodiuﬁ hydroxide, Qatgr.
énd‘satu:ated sodium chloride before drying over anhydrous sodium
sulfate, The drying agent was remove& by filtration and the solution
Qas evaporéﬁed to dryness in vacuo to give a yellow oil which partly

crystallized by rubbing under n-hexane, The product was dissolved in

LY
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ether (about 5 ml) and poured in a large excess of n-hexane chilled at
O°C. This procedure was repeated cwice to yield O, 1 g - (42 67) of (XVIII)‘
'which softens at 63=65°C and melts'completely at 80-82 C. '
Anaiyaia: N, 16,932 (C32H56N806 contains N 17, 272).

Dimethiodide of<jXVIII), (XI1X). A solution of 0,08 g of (XVIII) in

_1 ml chloroform was treated with 0,1 ml methyl iodide and left at room

temperatute 1 hour with occasional stirring.. A precipitate was formed.

The suéoeosioo was diluted with 2 ml ether, and tho cryatolline (XI1X)

filtered and washeo thoroughly with ether. Yield: 0,110 g (95.6%).

The product_Begins to decompose at about l&OfC and melts completely Qith

dec0mposition at 205-210°C, | | ’ | |
Analysis. N, lI 772'(C ﬁ62N80612 cootaIns N 12,01%).

_JN' N N''=tetra(l-oxyl=2,2 SJ5-tetramethylpyrtoline-3-carboxy)

triethyleneﬁétramine (XXI). A mixture of O, 097 g triéthylenetetramiue,

0,491 g (VII) and 0,65 g carbodiimide in 10 ml chloroform was processed
as previously described in the preparation of the biradical X). Yield,
0.08 g (15,22) of a ctyc:alline producc_which may -be recrystallized-
from benzene.

M,P.: 216=217°C.

Analysis: N, 13.98% (C4yH (NgOg contains N 13.82%).

Poly=N=(l=oxyl=2,2 5, 5=tetramethylpyrroline=3-carboxy) ethylene=-

- imine (XXIL). Polyethyleneimine (0,06 g) of M.W,, 10,000 was dissolved

in 10 ml of a.dioxane-water mixture, containing the minimum amount of
water necessary to keep the polymer in solution, and 0,350 g.of (VIII)
was added, The solution was stirred two weeks at room temperature,

The reaction mixture was then evaporated to dryness in vacuo, the
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residue was dissolved 1n'aBaolute methénol.énd ﬁoured 1n£6 exéeés of
ether/petroieum ethgr; 1:2 (v/v). The precipiﬁated (XXII) is thqfoughly
waahea with ether and dried at roomv:emperatuie under_vacuum.‘. | |
 vields 0,325 g (80.6%). | .,

Analysis: N, 13,592 ([C;1Hy 7820, ], contains N 13.39%),
The an#lysis suggesés thht the degrée of écylaﬁion'is practically quanti-
tative (ﬁhe nitrogen content of polyéthyleneimine is 32.522).

Polgron(l-oxyl-ZJZ.5J5-cetramethylpﬁrroline-3-carboxy)-L-tyros1ne

(XXILI). Poly-L-tyrosine (0,150 g) of M.W. 100,000 was dissolved in
5 ml of anhydrous dimethylformamide and 0.3 g (VIII) was added. After
atirfingka8 hbura at room temperature the reaction mixture was poured |
into 50 ml ether. The precipitated (XXIII) was dissolved again in
dimethylformémide and re-precipitated with excess of ether, thoroughly
washed with ether and dfied at room'temperathre under vacuum, Yield:
0.095 g (97.4%). The producé neither dissolved nof swelled in aqueous
sodium hydfoxide; Thié indicafes that the écylation was précticélly |

quantitative.

Poly«N-(lnoxy1~2;2,S,Sutetramethy;pyrroline-3-carboxy)~L-lysine
(XXIV). Poly-L-lyeine hydrobromide (0.035 g) of M.W., 100,000 was dis-
dolved in 2 ml water, and the solution was made alkaline with 0,1 ml
triethylamine, Vhile stirring vigorously, C.1 g of solid (VII) was

.added; aECei a few seconds a precipitate began to appear, Dioxane
(6 ml) was then added in order to have a homogeneous mixture; a further
quantity (0,03 g, of (VIII) was also added and the resulting clgar
solution was at;rred at room temperature for 12 hours. The reaction

mixture was then poured into a large volume of water; the precipitated

i
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(XXIII) wés thofoughiy washed Vith water, dissbl#edviﬁ dimeth&l-forma-
: ﬁide and fe-precipitgtéd in ether, Aftef wagﬁing ée;etal fiﬁes‘with',
ether, th§ pdiymer waé.dtied at toom:tempetature under vacuum, Yield:
0.068 g (84;5%). The product'ﬁéithef dinaélved norvswelled in aduéods
hydrécﬁl@fié_acid.' This indicates & ﬁ:actically quaﬁtitative degree of
acylation, - o N ) |
ESR Spéé%f#i.v S : | .
| The'gpgétra described ﬁere have beeﬁ'taken at>*-band in a Vafian
. E-3'apectf6méter. C |

| Moné-nitroxides. The ESR spectra of isolated methyl-protected

nitr¢xidés‘boﬁsist of three component lines separated'by the anisotropic
hyperfine interactioﬁ'bétweeh the electron and the hucléar spin of |
nitrogen aﬁd centered at # fiéld valﬁe detefmined By the anisotrépic
g-tensbr.G“ll When the radicala'afé frozen in a gl#és; ﬁhé'ESR sﬁéétfﬁm
assumes a bfoad "powder ﬁatce§n0"3“ Molecular mbtion.harrows_thié
spectrum éhibh,uin'zhé'limit of rapid isotropic tumbling, consists of
three shafp lines separated by the igotropic avetége of the 14y hypere
fine tensor énd centered at a field value determined by the isotropie
average of»the g«tensor.34

Dinitroxides. Each of the dinitroxides described here contains

two radical grdups connected by a flexible saturated hydrocarbon chain
(Tables I-III). The electron spins of the ni;roxide subuniCS'méy:intet-
act in a way which markedly modifies the ESR spectra; the rsnée dependence
of tﬁe'obaerved interactions can be used in an inverse manner to deduce _-:

the conforﬁaticn of the biradical,l7,22,24
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This. proposition is complicaCed by the fact that the two known types
of pairwise spin incerations depend not only on the separation distance,
r, betweenvthe subunits but also on externallor on internal coordinates
not ﬁbviéuély related to r.

The dependence on r as well as on external angglar coordinates is

evideﬁc in the dipolar iInteraction which is effective inysplitting each
,hypeffine é6mponént of ﬁhe ESR spectrum when the tﬁmbling motidn of the
bi:adicalvis arrested, With this.condiéion fulfilled, the effective
range of dipolar 1nteréc£iona measurable by ESvaaﬁ be as iatge és

17 3.17°18 IWhen the molecule tﬁmblés isotropically, the interaction
does noc‘spliﬁ thg hyperfine components of the spectrum but does con-
tribute to cheir widths, |

The intramolecular Heisenberg spin éxchange interaction is brought

about by the direct overlap of the free radical subunits, due to confor-
mational collisions, 12“14 16 op indirectly by the diatribution of
uvnpaired electron spin density through che backbone of the biradical
moleculeo Indirect exchange usually prevails 1n biradicals in which

the numbet of bonds separating the subunite is ‘small and/or when these
bonds are cénjugated.ll This latter type of gxchangé is negligibly
small in the biradicals reported here.

Direct exchange occurs when the free radical subgroups physically

approach to within & range of 6 R or less.21 The conformations which
a flexible dinitroxide must assume in order to achieve intramolecular
“direct exchange occur by bending and, in addition, by twisting until

the singly-occupied Ny, orbitals of the nitroxide subunits are nearly

collinear.z3 The scalar exchange interaction does not depend on
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externa; an#ular,céordinates and is fully effective’in‘rabidly tumbling
molecules, On the other haﬁd, intérhalvéngulat'cdbrdinates not uniquely
felated to r arevinvolvéd 1nbthevptocéés. Ihspecfion of spaée-filling
CPK molecular mbdels. as well as the observation of ESR spectra, con-
vinéed‘us'tﬁatrneither one of the very flex;ble biradicéié X-XX would
be a good sﬁrain«gauge,:beééuﬁe the distance beﬁﬁeeg.fﬁe free rédical
sﬁbupité dﬁés not uniquely représent.the distance bétween two anchoring
grouﬁs. As a reéﬁlt-of the freedém?co twiat aBéut the -éHz-CHZ-bonds;
thé_modgia'indicate that.the radical 5ubunits,areblike1y to be in "trans"
conformations (observed in models). |
In spite of these shortcoming#, biradicals X-XX provided.partial“

answers to the following questions: (1) Can the merit of the‘doubly-
anﬁhored biradical'strain-gauge be inferred from the appearance of pair-‘
.wise 1n£efactions in the ESR spectra in solution?. (2) Which of the two
pairwisevinteractions, dipblar or exchange, would be more useful as a
conformational 1ndicator in a.doubly-anchored strainfgéuge? (3).Are thé
. ESR spectraldf frozen biradicals representative of the spectfa of the
same biradicals when double anchored tc a flexible support?

The common featu;e of most of the biradicalé (X, XII-XIII, XVI-XX)
is the =CONH-(CH,),~NHCO- connecting chain. This chain was found to
permit conformational spin exchange in solution. Later the birédicals
' vere applied»to deformable supports such as rubber (X and XIII), ion
exéhange‘resina (XVII-XIX), polypeptides (XX) and biological samples.
ESR spectra were taken while the supports were deformed, The spéccra
did not indic@ce any feature clearly ascribable to pairwise interactions

and did not transduce the state of strain of the support, Thus, the



-24=
,.performanrg Qf.the'annhored gtrain—géuge cannnt bé infgrréd from 1ts
spectrafin_501ution.’ o o

The linewidthg of the biradical Spéétrn in eolurion were broader
than thosn of the correnponding monoradicals and Qere sometimes.réggSEQ
in the anchnred biradicals. We ascribed the broadening in solution to
electron-electron dipolar fluctuations whicn subaided'when the biradicals
wvere anchoréd; Strong immobilization was then brought about by freezing
and the accompanying broadening was ascribed to secularx interactions.

The absence of exchange in the nnchored biradicals indicates that
nothing short of direct collision of the\NO subunits would permic.this
interaction. Dipolar interaction was nnt observed,.probably because of
the residual mobility of the biradicals, |

At this point it became clear that new strnctural.criteria have :A
be defined'forvstrain-gauge molecules,

Confbrmational inferénces from observed'biradicai spectra can be
vitiated by partial chemical destruction which would leave a surviving
population rich in monoradicals. This phenomenon  was encquntered in-
.pure formic acid, in heated glycerol and in numercus biological samples.
~ Intensity neasurements would, of course, identify chemical destruction.

' Gradual freezing ofyche sample gave rise to three types of biradical
spectra: a) rhose showing no pairwise interaction, b) dipolarfsplit ones,
- and ¢) spectra of biradicals in which both interactions are operative,

We chose to summarize the'conformational significance of the cbserved
spectra in Table IV, in which the rows are descriptive of the external
anpular degreea of freedom (tumbling) and the columns enumerate the

conformational (internal) degrees of freedom. The arrangement of.columns
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is cohplicatgd because one first hés_to.distinguish‘ﬁepween la;geir
and sméli—r:conformations and theﬁ the small-r conforﬁgtions must be
subdivided 1nto those wﬁich are;“aﬁd'ﬁhqéé whichhare not, favorable to
Spin‘exchange. All the degrees of freedom are coarsely classified as
free §r ffozeﬁ, depending on whether or not they can be activated at
the témpefatufe ﬁﬁder whiéh the éiperimeﬁc is rﬁn; |

| Table 1V ié subdivided into the eiéht following entries (A-H)f

‘ At All the degreesvof freedom are fully Activated and fhé biradicals

undergo rapid and unhindeied tumbliﬁg and bending through conformations,
ﬁany éf which are favorable to spin ekchahge. Spin-exchanging encounters
of the nitféxide subunits are frequent, aﬁd the spéctruﬁ assumes the

“five line"ﬁappeatance répbrted by numerous an.u:horalz"'n’zl0 (Fig. 6,

- lowest apectrum),

B: The biradicals tumble freely but their internal degrees of
freedom are frozen in a etiff conformation of maximum y, in which
exchéngE does not occur and the dipolar in;eraction is minimal. The
spectf@ consist of three lines only and aré identical to.those of
rapidlyvﬁﬁmbliﬁg non~interacting mono~nitroxides. TypeiB spectfa
have been observed in three cases: a) in solutions of rigid molecules
in which fhe nitroxides are separated by a ring structuregls'za b) in

solutions of flexible biradicals, the bending motion of which is

hindered at low temperaturee;17 ¢) the solutions of flexible biradicals

which are stiffened by a specific interaction with the solventl2s15

(Figs, 1,2), Gradual freezing would transform the B spectrum into an
F -spectrum.
Lt The biradicals tumble freely while being constrained in a bent

(short~xr) conformation in which, however, exchange is weak because the
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radicalisubdﬁitd are not bvétlapping; The only way to distinguish the
c spectra from the B spectra il by gradual freezing, ‘as a result of
which B passes into F while C passes into G (Table IV). We do not
ﬁresent a typical'c apeétrum.

Dt The biradicals tumble freely while their inner degrees of
"~ freedom are frozen in a shortor conformation favorable to exchange.

The spectrum is indistinguishable from that of case A vet it may
differ frbm A in 1ts teﬁpérature &epéndence. The bent biradicals
would stréiéhten by thermal activation and theif exchangé would then

| decrease, or at least not increase at the same rate as in case A,

We have been able to demonstrate spectra which fit the description of
D.21 These are encountered in biradicals XVII and XVIII, each of which
has two ionizable groupa in addition to the free radical subunits.

The polar.groups can be ionized by diasolving biradical XVII in a base
or XVIII in an acid. The electrostatié repﬁlsion»of the {onized groups
constraing ihevrapidly tdmbling biradicals into.ahort-f‘conformacions
in which eichénge 1s enhanced (fig. 4, right),

E$ This entry defineé the attributes of the desirabievbiradical -
strain-gauge (geometrical probe), the tumbling motion of which 1is
arrested by anchoring, at two points, to a deformable support while
the 1nterna1 degrees of freedom are unhindered so that the flexions of
the biradical follow those of the support. Either one of the pairwise
interactions or the combination thereof would transduce the R value of

the biradical. A biradical meeting these specifications is still awaited.

F3 The_frozen counterpart of B. The biradicals are frozen in a stiff

conformation of maximum r. If the separation distance r is larger than
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~18 R, the apectra are similar to :hose of eon-interacting mono-nitroxides
frozen in a glass._ Spectra of flexible biradicals, stiffened by nolvent
interaction and frozen, are shown in Fig., 2, top,,and Fig. 3 top.

G The frozen counterpart of B or C. The only effective pairwise
interaction is the dipolar one, which splits each of the hyperfine lines
into two eomponents superimposed on a powder pattern spectrum. Fig. 5,
tob, shewe a repfesentativevapectrum, from'which‘r eodld be deri&ed'by
coméarisoﬁzﬁith computer simulated spectra.

- H: ‘The biradicals are bent ahd frozen and chevtwo tyﬁes of'pairwlae
interactiona are present, The ESR epecttum consists of a'Breed }ine
(?ig.’6, tep)‘ 'By bfoaély ﬁodulafing the reeonaeeerof'(x).in frozen
paraffin éax, we have observed two unreaolved, broad wings (Fig. 7).

We were uneble to observe the.Am~2 apin trielet transition at one-half
the magneﬁie field et 85°K;

The H-type specttﬁm; in whicﬁ the hyperfine; g-teeéor, dipolar and
exchenge 1nteractions.conttibute to ehe powder pattern, can be intexr-
preted only by computer simulation. o |

We conclude with a proposal for the structure of a biradical mole—
cule which, as far as mqleeular models indicate, could be a workable

strain-gauge (Fig. 8). The proposal draws from the experience of Heia?3

36

and Piette; Rassat and Rey,35 Kosman and Plette, and ourselves., The
weakly immobilized free radical subunit (Fig. 8a) bounces freely in the
solid angle accessible to it. Subunit (b)35 as Qell as the phenyl ring
woeld be aﬁchored to a biological sample by means of anchoring‘groups
extended ftoﬁ the two free carboxyls. With no strain applied to the

- carboxyls, the probability of spin exchanging collisions is high, This

probability decreases markedly whenv:ha carboxyls are pulled apart,
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- Spectra of polynitroxides, The synthesis and speétta of sevérgl

tetfafadicéléfﬁavé béén rébbrted in the litefatﬁfe;37i38 ‘in‘the c#sen
.reporcéd thg'inténsity of exéhange'ﬁaa equal forvali the nitrogen nuclei
bonded tetrshédrally in aymmetricai'tetraradicala._ In tetraiédﬂcaio of
lower aymmetty, the quoted authors discérned two different intensities
of exchange,

W¢ hévé dissolved tétraradical (XXI) inbl,Z-properneglycol which
is known £§ freeze the biradicals déedribéd here iﬁ:o a stiff conforma~
tion,vin hoﬁe'of observing differences Between';he‘ekchange'interactions.
The'expecta;ion did not matefialize and the 94comp6nent specérum indicative
of equality dfvexchange between thé‘four radicals was observed as shown in
Fig., 9. This will fequire some unders:anding, since an‘examiﬁatioh of
the struétd?al formula of the tetraradical clearly shows the presence §f
two differently situaﬁed radical fragments (XXIa and d, and XXIb and c¢)
whose pairwise interactions should not be equivalent, Wevglfeady have
some evidence for this in the facf that radicals (VI), (XIV), and (XVII),
whiph would‘model the pairwise {nteraction of (XXIb) with (XXIe), éhow
very little exchange (that is, they show a predominantly three-line
spectrum), The radical (XIII) may be taken as a model of the pairwise
interaction between (XXIa-and b) [also (XXI¢ and d)], and it.also shows
only a smgll amount of interaction, although somewhat more than the first
situation;' The fact that tetraradical (XXI) seems to indicate an equiva-
lence of the interaction of all.four radical sites implies a mode of
exchange transmission other than those which may go via pairwise inter=
action betweeﬁ (XXIa) and (XXIc) [also (XXIb and d)], and possibly

(XXIa) and (XXId) as well, 37,38
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. The'ESﬁiQﬁéctfa of’fhé densely laBeigd'polytytoéihé (XXIII) in
DMFbare sﬁ&ﬁn 1ﬁ Fig. 10 (abaorﬁtion‘aﬁectfa) and Fig.’ll (fit#t
derivatives of aﬁalogdus.épectré) at two temperatures, Cérfelations
of theée epectra.with other mécromdleculér piopert#ea,wtll be repprﬁed
elﬂgwhere.  | - |
Conclusions

1. _Pfocedures fot'che.pfeparacioﬁ of dinitroxide gpin labels

Vhave bveen‘eiaborate‘do

2, A qualitative corre@pbndence has been established between the
conformatioﬁs and the ESR spéctra of flexible diniftbxides in various
solvent s&scems (Table 1V), | | |

3, The 1ntramole§ular exchange interaction in.the nitroxides
Aescribed here is of thg direct type. It is effective only when the

bifadical-mqleculea flex until the interacting grqubs &re separated by

a distance shorfer than 6 &,

4, The.dipolar interaction introduces éplitting of each line in

the ESR spectra of frozen 3amp1eé. If the asaﬁmption is madé that

gradual freezing of a solution does not change the conformation of

solute biradicals, the diﬁolar_splittings permit the measurement of
the separation distance r between the subgroups of the biradicals., The
spectra appropriate for thia'analyais (which should be made by comparieon

with computer-simulated spectra) are described in entyy G, Tabie Iv

-_(also Fig.'S). The appearance of H-type spectra (Table IV) upon

freezing indicates that the biradical is cofled so that its nitroxide
subunits are lees than 6'X apart,

5; Noene of the biradicale desegibed hege is suitable for strain
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gﬁuge appliéations becéuse there is no unique correspondence between the
-strains on the functional groups and the sepatation distance between the 
nitroxide oubunics.: The ntrain gauge would be realized by restricting
the numbet of internal dagrees of freedom. - |

' 6, Deaign considerations for @ workable biradical straim gauge

are ouclineda
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FIGURE CAPTIONS
Fi:st,defivagive'ESR épectra 6f.b1radical‘x in n-bctanoi;‘ Thé
spectra A:,za‘c énd.40°c ﬁypiéélly r;pregenthcasé.B of.Tablé_iV,
in which the tumbling of the biradicals is rather free, while
tﬁé conformation is atraight and still frozen, The scréighcening
effect is typical of alcohol solvehtéo_ The qug "three line"”
appeafance of the spectrum at 60°Cbindicatés that indirect

exchaﬁge'through the backbone of the biradical molecule is

' negligible. Thé'chéngea in the Speccfa at 80°C and 120°C are

© due to direct exchange biought about by the thermally activated

bénding.of the bifédical. The addition of water loosens the
conformational stiffness in the alcohol, and lowers ﬁhe tempera-

ture at which exchange effects appear in the spectra.

.First detivativeAESR'spectré of biradical XVII in etﬁylene
glycdlo. |

a) The spectrum at -120°C‘represents case F 1n‘TableVIV because
it ié indistinguishabie from that of non-interacting moﬁoé3_
nitroxides frozem in a gléés, |

b) A‘B-type spectrum at room temperature.

vé);Exchange was observed only after fhe addition of'upvto ~30%
water and heating to 70°C, The straipghtening of chg biradicgls
by the '(CH20H)2 golvent haa been go firm that only the addition
of ~30% water and heating to 70°C could produce the exchange

effects in this figure,



Figg 3}'
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FICURE 'CAPTIONS (Continuéo)- h
First derivative ESR apectra of biradical x in glycerol. fhe
barrier which hinders tumbling is lower than that which hinders
bending, in analogy to solutions of other alcohola. The spectrum
at 24°C fits the description of F in Table IV, the 70-100°C N
spectra approximate casevB, and_the 150°C apectrum is of A type.

Heated giycerol chemically reduces the nitroxide radicals.

Firét derivative ESR spectra of XVII in water solutions at pH 2.6
(1¢f£) and pH 10:8 (riéﬁt);c At acidic oH (léft’ the carboxyl'
groupa are oeuttai and the Biradicéi asaomes‘confOrmatioos in
ohich the carboxﬁla are close and tho oitroxioe subunits are
ooparated; In tho basic environﬁent (right), the carbo#ylo
iooizé and repel eéch other.so that in tﬁe reoulting cooforms-
tioos the'ﬁitroxide subunits are ciose; .Ditoot exchaoge is thus
moto likely, ‘This 18 a striking illustration of case D in

Table IV,

ESR spectra of XIX in glycerol, The spectrum at 20°C is fepre-

sentative of case G in Table IV==i,e,, the powder pattern

8pectrum of dinitroxides in which intramolecular dipolar inter=

action 18 operative, The absence of exchange in the low=

 temperature spectra is evident because this interaction begins

to be activated only at temperatures above 100°C. The separa-
tion distance R between the nitroxide subunits cah be extracted .
from the 20°C spectra by comparison with cdmputérngenerated

spectra,
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" FIGURE CAPTIONS (Continued)

'First derivative ESR spectra ‘of biradical X in pnraffin waxX,

The spectrum at 24 C represents case H 1n Table IV “in which all

e

'the spin 1nteractions, including exchange, are present, The

effectiveness of exchange is evident in the straightforward .

“transition pf'tbe H spectrum into a type A spectrum upon melting

(80°C){

ESR spectrum of biradical X in frozen paraffin wax at room
témpetature, taken at a lafge (5 gauss) hodulatioh aﬁplitude.
Under these conditions the absorption at the wings is discerned.

In this powder pattern spectrum all the apin 1nteractione.

.1nc1uding exchange, are preaent.

_A broposed structure of a biradical strain-gauge, Subunit (a)

rattles ineide a cone and collides with (b) 1f the two cafboxyl

groups are relaxed. When the carboxyls are pulled apart, (b) is

no more accessible to collision with (a), The carboxyls can be

extended into the anchoring groupe outlined i{in Tables II and III,

.First derivative ESR spectrum of tetraradical (XXI) dissolved

in 1,2-propylene glycol at 180’0. The nine equa11§ apaced com= .}E
ponéﬁts indicate that because of the exchange inCerac;ion the

four unpaired electrons interact equally with four N4 nuclet,
The equality of interactions is also observed at room tempera-

ture, but the spectral components are broadened by the viscosity

of the solvent,
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FIGURE CAPTIONS (Continued)

_ Esﬁiabéorﬁtisn spectra of completely labeled polycyrosine
(XXII1) in solution in DMF at 24°C and at 120°C, In this
solvent the polymer is expected to be a rod-like a~helix in

‘ which'che spin exchangé interaction is limited only to nearest

_and next-nearest neighbors. The broad peak at 120°C can be

fﬁhscfibed to the fraction in the random coil conformation,

Fig, 11,

Firét derivative ESR spectfa of the labeled polytyrosine in

DMF at 100°C and 160°C, which suggest a superposition of

~ e=helix and random coil contributions.

13



ESR

-38-

SPECTRA OF BIRADICALA IN n-OCTYL ALCOHOL

' -—20 3230 ' +20 gOUSS

XBL 091 -4034

3 7 <
S o



L9

 +70°C

S _20 .. 3230 +_20-. "'--g.cu"‘s*sﬁ"-',g L

’ xBL69|O—5337

SO



_40-

 ESR SPECTRA OF BIRADICAL A iN GLYCEROL
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E‘SR.".S{PECT.R'A OF BIR'A:D'I'CAL;A_IN | PARAFHN -
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LEGAL NOTICE

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

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

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

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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