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ABSTRACT:  The synthésis of seven stable nitroxide biradicals has been
cdmpléted..“Five of thesevCOmpounds, namely, N-(1-oxy1-2,2,6,6-tetra-
.methy]piperidyl)jN'4(140xy1—2,2,6,64tétfaméthy]—43meth6xycarbohy1piperidy])
uréa§ ];oxyi-2;2,5,5ftetramethy1pykro1y1-4-N(;];o§y]-2,2,5,5-tet?ametﬁ
pyrrolidy]-3-methy1ene)carboxyamide; 1-oxy1-2,2,5,Sétetramethy]pyfro]idine_
3-N-(1-0xy1-2,2,6,6-tetramethy]piperidy]-4)cafb0¥yamide§'1,2-bis(1foXy1-
2,2,6,6-tetfamethy1;4-meth0xycarbony1piperidy]-4)0xa]ic acid diamide; and
1,2-bis(]-oxy1-2,2,6,6—tetramethy]piperidy1-4)suc§inic acid diamidé,
fulfill the two conditions which are postulated for their app]iéation

as a flexible strain Qauge in biological material: " a distance of 7 to

11 A.bétweén the two radicé]-units in order to guarantee an interactidn |
betWeen,the tw0’unpairedvé1ectrons and-a qertain rigidity in the connect-

_ihg chain in order to achieve a high resolution of the e.s.r. spectrum.
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In this paper we describe the synthesis of new stable biradicals in

“the class of nitroxides of pyrrolines, pyrrolidines and piperidines. Stable

biradica]s have been propoSed as a flexible strain gauge, which would be
attached to a b1o]og1ca1 samp]e (membrane or macromo]ecu]e) at two points,

deform together with the support and transduce the strain into the inter
4,5

'act1on-dependent‘features_of the e.s.r. spectrum

According to earlier resu]tss, we are concluding that such a biradical
should fulfill tWo conditions regarding its e.s.r absorption:
1. It should have a distance of 7 to 11 A between the two radical units

(nitroxide’groups) to uarantee an interaction "J" in the order of magnitude
g

of “aN" where J is the exchange interaction between the two unpa1red electrons

'and ay is the 1sotrop1c hyperf1ne coup11ng constant in the biradical. The

e.s.r. spectrum of such a biradical can then be accounted for in terms
of the sbin-Hami]tcnian proposed by Reitz and weissman6 and appiied by R. Briere

7 as well as by Glarum and Marshall.®

and coworkers
2. The chain‘ which connects the two radical units, should haVe'a certadn
r1g1d1ty in order to. exper1ence on]y a small fractional change in J express-
1ng 1tse1f in ]onger 11fet1mes, narrower Tines, and thus resu]t in better

resolution and higher sens1t1vty of the e.s.r. spectrum.

SYNTHESES

1,2- B1s(] -oxy1-2,2,6,6- tetramethy] -4- cyano-4 d1am1noethane(I) This'bi-'

. ,rad1ca1 1n the class of the - b1S(a 1m1noac1d n1tr11es) was obta1ned by a modi-

o fled synthes1s accord1ng to Strecker w1th ] oxy] -2,2, 6 6- tetramethy1 4-p1per-

1done and ethy]ened1am1ne
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NC._ , NH—CHz—CH,—NH ( O

I is very easily hydrolyzed back to its start1ng materials and is, therefore,
not useful for b1o1og1ca1 applications. |

1 0xy1 -2,2, 5 5- tetrame;hy}pxrro]y] -4~ N(fl -oxy1-2,2,5,5- tetramethy]-

Eyrro]1d¥] -3~ methy]ene)carboxyamlde (III) Th1s compound was prepared by acy]at1on

of 2,2,5,5- tetramethy] -3~ am1nomethy]pyrro]1d1ne (V) with ] -oxyl1-2,2,6,6-tetra-
methyl-3- ch]oroformy]pyrro]1ne (IV), fo]]ow1ng oxidation. V is obta1nab]e
by reduct1on of 2,2,5,5- tetramethy]pyrro11d1ne -3-carboxyamide w1th 11th1um :

a]umlnum hydr1de

| CONHZI | . - CHZNHZ N
o L "
I . I ..
H. v M 0 Iv
‘L—I-CH -—NH—C I—l H202 J—\—I- CHZ—NH—EI—:]
- N
' ]
R ¢ § . ,'

WS LTIV A PN

Der1vat1ves of 2,2,6,6- tetramethy1 4-am1no 4-carboxyp1per1d1ne4§VIl
9

This amino acid (VI), wh1ch has been descr1bed by Rassat and coworkers”, seemed
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to be a useful precursdr»for the synthesis ofrbiradICaIs with functiona]

groups, which could easily be‘transformed into highly active groups such

as maleimides, acid anhydrides, isothiocyahates; or iodoacetamides in order

to be anchored to the corresponding functional group, such as sulfhydryl or

amino}grdubs, in bfb]dgica],materie]. Figure 1 gIvee a summary of the

derivatives of VL. | | | |

| We prepared three biradicals from VI, namely, the amides. IX, X and

X1, using thevmefhyllesfer of VI, (VII), as a key infermediate
1,2-Bis(1-oxyl- 2 2,6, 6 tetramethyl-4- methoxycarbo;y]piperldyl 4)oxa11c

acid d1am1de (IX) was prepared by acylation of VII with oxalyl chloride,

’ wh1ch yields the d1em1deIVIII. It 1s converted to IX by oxidation with hydro-
gen peroxide. Mild a]ka]fne’hydro]yéis yields 1 2-bis-(]-oxy]-2,2,6,6-£etra-
: methy] 4-carboxyp1per1dy1 -4)oxalic acid diamide (x).

“N-(1-oxy1- 2 2,6,6- tetramethy1p1per1dy1) N'- (1 oxy] -2,2,6,6~ tetramethyl-

4-methoxxcarbony1p1per1dy1)urea (XII). We obta1ned XII by se1ect1ve acy]at1on

of VII ‘with the carbamlc ac1d ch]or1de of 2 2,6, 6 tetramethy] -4- am1nop1per1-
dine and ox1dat10n of the unsymmetr1ca] N,N' d1subst1tuted urea XI with
hydrogen peroxide. W1th this acylation procedure, we-obta1ned 60% XI and 40%'
spiro[hydantoine-S 4'(tetramethy]-2' 2"6' 6‘-piperidine)]»(XIII)“'The inverse
procedure, namely, the reaction of the carbamic ac1d chIor1de of VI with
2, 2 6 6 tetramethy] -4- am1nop1per1d1ne gave only 30% XI and 70% hydanto1ne
(XIII)

We obtained the'hydrantoin XITI exclusiuer in our attempts to pre-

pare-the Symmetrical ureavXIV by reaCtion of 2 moles of VII and one mole

of phosgene, by. the method of Schotten Baumann, as weI] as under water free
'vcond1t1ons 1n ch]oroform-pyr1d1ne XIII was: a]so obta1ned by me1t1ng to-

gether 2 moles. of VII and one mole of urea. We did not get the urea which

(Y] I'n
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cou]d be expected from the reaction of 2 mo]es of 2 2,6, 6 tetramethy] -4-

am1no-4 hydroxymethy]p1per1d1ne (XV) with one mole of phosgene or urea,

but we did obta1n the oxazo]1don XVI in good yield.

Der1vat1ves of 2,2,6,6- tetramethy] -4- am1nop1per1d1ne (XVII)

I;Z-bls(l-oxyl-z 2 6 6-tetramethy1p1per1dyI 4)succ1n1c ac1d diamide

gXIX); We obta1ned XIX by condensat1on of 2 mo]es of XVII with one mole

of succ1ny1 chloride to XVIII and ox1dat1on of XVIII w1th hydrogen perox1de

S e e el e e st '1‘.. A O SV UG g PN SC S '..-'.. e e el el e 22 an e e

S S QWIS S e s s s e+

" Rozantsev obtained XIX by condensing $uccinyl chloride with 1-oxy1-2,2,6,6-
tetramethyI44-aminopipefidihelot 'This method has the disadVahtage”that'the
Iatter compound has to be prepared from XVIT over its acetate wh1ch adds

. two steps to the synthes1s of XIX

1- Oxy] 2,2, 5 5 tetramethy]pyrro]1d1ne 3 N- (J oxy] 2 2, 6 6- tetramethy]-

_p1per1dy1 4)carbo¥yam1de (XX) We- prepared'XX by acy]at1on of XVII w1th
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1-0Xy1-2,2,5,5-tetramethy1pyrro]idine-3-carbokylic acid and 1eethy]-3-(3fdimethy1‘

aminopropy1)carbodiimide, and oxidétion with hydrogen peroxide.

XX

XVII

EXPERIMENTAL

 Biradical I: Ethylenediamine (0.02 moles) is almost neutralized with
'HCT (pH 8) and 2.20 g (0.046 moles) NaCN added. After mixing, 5 ml ethanol

is added and the mixfufe cooled at -10°. Within 2 hr a saturated'so]utfon

~ of 6.84 g (0.04 moles) of 2,2,5,5-tetramethylpiperidine(1)oxyl in 90%

ethanol is added, while the reaction mixture is kept at -10° to 0°

and stirked The’resu]ting cTéar orange mixture'is stirred for 1/2 hr

with the same vo]ume of ice, whereby compound I prec1p1tates Affervthe

addition of 50 m1 of water, I is separated by filtration and washed w1th

water. The product is almost pure and has a m.p. of 126° after drying

- over P205 in vacuo at room temperature. It can be recrysta111zed in

benzéne.' : - ) , B _ ; N

- Anal. Caled: C, 63.15; H, 9.1; N, 20.1. Found: C, 63.14; H, 9.13;

N, 20.26. EREE - |
IR -NHy: 3300, C N: 2219 an”l.

| :Bfrad1¢a1 III i five grams of 2,2,5,5- tetramethy1 4 carbam1dopyrro]1-'

dene and 2.5 ¢ L1A1H4 are refluxed for 2 days in absolute ether. Water
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and solid KOH are added, and the solvent evaporated from the filtered reac-
tion'mixture;.the residue is fractionated jn_!aggg,' The yield was 3 g |
of a colorless liquid at 90-92°/12 Torr. -

IR: 3365, 3305, 3180, 1583 cm";h o -
IIl,a m1xture of 2, 2 5,5~ tetramethy] 4 carboxypyrrol1ne and
| 0 .1 ml pyr1d1ne in 3 m] benzene, is coo]ed to 0° and 0. 09 ml th1ony] chlor-
1de’are s]ow]y added After standlng at room temperature for 1 hr, the

so]ut1on of the acid ch10r1de is separated from the pyr1d1ne -HC1 w1th a

filter pipette and concentrated in the argon'stream, until the mixture

does not smell of SOC]2 anymore. The material is .cooled at 05,7and 155 mg of

2,2, 5 5- tetramethy1 4-am1nomethy1pyrro]1d1ne are added After stirring

.for 2 hr at room temperature, the precipitated hydroch]or1de is brought 1nto
so]ut1on by adding 1 M NaOH The organ1c layer is washed with water and the
‘solvent evaporated. The res1due is ox1d1zed with. hydrogen peroxwde w1thout

purification .

Yield: 250 mg raw product, ye]]ow need]es, m.p. 182.5
v(cyc]ohexane benzene) | ' S
~IR: 3448, 3360, 1664, 1615 (Doub]e bond) em”

~ Anal, Calcd: C, 64.14; H, 9.20; N, 12.51. Bund: C, 64.15; H, 9.22;

N, 12.60.

Aminoiacid ester (VII). ~Two g of VI are diSso]ved in 20 m1 absolute -
methanol and the mixture is satUrated with HC] gas. Methano] is removed
‘1n vacuo after 10 hr and the same procedure is repeated The res1due v‘
of the amino ‘acid methyl ester hydroch]orIde is made a]ka]1ne with 15%

KOH at 0°, and the free ester is extracted w1th ch]oroform After wash1ng
'w1th water, dry1ng and evaporatlng the ch1oroform, ‘the residue crysta111zes
in ]arge colorless crysta]s m.p. 88-89°  After recrysta111zat1on in

cyc]oehxane-petroleum ether, m.p. 91.5°, Y1e1d: 60% overall.



. Anal. Calcd. C, 62.03 H, 9.88; N, 13.13. Found: C, 62.08; H, 10.04;
N, 13.02. N | |
IR -NH: 3375, -NHy: 3300, C=0, 1725.

Biradical IX: To'a solution of 107 mg amino acid ester (VII) in 2 ml
of Eh]oroform, OLOZ] mT_gxa]y] ch]orfde are added under argon at -5°. After'
Mzghh«at~0°”ahdm24ﬂﬁr?et 20° the white.brecipftafe'is separated by filtra-
tien and reeyrsta11ized‘ih petroleUm'ether and cyclohexane. Yield: 70-80%.
m;p; 179.5°. . | | |

. Aﬂng‘Calcd:.C; 59.9; H, 8.9; N, 11.65."1FeUnd: C, 60.03; H, 8.96;
N, 11.77. . N |
\ IX is obta1ned by the usual ox1dat10n procedure according to Rozan-

10

vtsev m.p. 231°.

13390, 1741, 1658 cn” .

~ Biradical X. A so]ut1on of 70 mg d1ester (IX) in 2.5 ml of 0.5 M |
NaOH and'Z'm] methdno]zis kept at 409 for 3‘hr'and then at 20° for an addi-
tional 3 hr. The reaction'miXture is acidified very CarefuT]y to pH 3 to 4
with HC1. 'The'bright yellew'diacid X precipitates and is'collected'by |
filtration and recrysta]11zed in acetone under pressure at 100° Yield:
70%. m.p., dec. at 230° , _

Anal. Calcd: C, 54.55; H, 7.48; N, 11.58. Found : C, 54.505 H, 7.39;
, 1137, S - | | |
IR 3200, 2500, 1720, 1670 cm 1;f

B1rad1ca] XI. To a mlxture of ]55 mg XVII 1n 2 m] ch]oroform under

argon, 0.8 ml of a,]2.5% solution of phosgene in benzene_are.edded at
-20°. The mixtdre is warmed up at 0° and after 10 min 214 mg of amino

acid}eSter VII in 1 m] ch]orofbrm are slowly ihjected. The reaction mix-
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ture is stirred for 2 hr at 0° and for 30 min at 70°. ‘Chloroform is
evaporated in vacuo, the residue is dissolved in 2 ml of 1 M HC1, kept
at 605 for.30 min, cooled to 0° and made alkaline to pH 12 with conc.
KOH. The white preéipitatevis ff]tered and washéd~with water. Yield:
200 mg with'a m.p. of 260¥270°;:_Oxidation witthZO2 and recrysté]]iza-

tion of the crude biradicél in methaho]—cyc]ohexane and benzene yields

120 mg of red needles, m.p. 242°.

‘Anal. Caled: C, 59.1; H, 8.95;VN, 13.15. . Found: C, 59.58; H, 8.73;

N, 13.50. |
IR: 3460, 3430, 3360, 1763, 1700 (s), 1507 cm™ ).
Biradical XIX. To 1.56 g XVII in 20 ml chloroform, 0.78 g succinoyl

chloride in 5 ml chloroform is added slowly. After 1 hr, the whité precipi- -
tate.fé filtered and 10% aquéoué NaOH solution is added. The free base is
extracted'with éh]ordform,‘the extract washed with saturated sodium chloride
soiution and dried with sodium sulfate. Affer recfyéta]iization7in iso- .
propahol; fhé'white amide dihydrate melts at 204°. Oxidatibn_with hydfogen
peroxide yields 90% XIX, m.p. 180° (1it: 178.5-180°).

Aﬁ Anal. Calcd: C, 62.7:iH, 9.50; N, 13.25. .Found; C, 62.75; H, 9.61;

N, 13.37.

Biradical XX. A mixture of 186 mg (1 mM) of 2,2,5,5-tetramethyl-4-
carboxypyrrolidine-1-oxyl, 200 mg (1.05 mM of 1-ethy1-3-(dimethylhminopropyl)-
carbodiimide HC1-and ‘155 mg (1 mM) XVII in 5 ml chloroform were kept

£ o

) overnight at 40°_under argon. After evaporation of the solvent the residue
was oxidized by the usual method'ovérnight with hydfbgen peroxide without
~any purification. The crude red biradical was recrystallized once in

benzene-cyclohexané : Yield: 30% overall, m.p. 179.5° =

?\ ;
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© Anal. Caled: C, 62.95 H, 9.54; N, 12.93. Found: C, 63.00; H, 9.60.
N, 12.94. | |

IR: 3425, 3332, 1667 cm”

Hydantoin MI by a $ub$titution Wwith urea. Two moles of VII and
1 mole of ukea are mixed together and.heatéd to 160-170° in 15 min. At 140°
the_mixturépstarts eVo]ving'NH3 and becomes turBid. ~After 30 min at 170°
the miXture 1sva white so]idQ'After cooling down, about 120 mg of étarting
material VII are exikacfed with"toiuené. The residue consists of pufe
hydantbihvXIII'(identifiéd by'compariéon of its IR.spectrum with the
IRspectrum: of hydanto1n obta1ned by a Strecker synthesis with 2,2,6,6-
tetramethy] -4-oxo0-piperidine).

The oxazolidon XVI is made in)an analogous procedure with amino.

alcohol XV. | | o

Oxazolidon XVI by phosgenation of amino alcohol XV

Amino alcohol XV. Amino acid ester VII, 214 mg, and 115 mg LiATH,

aré"stirred in 5 ml ether for 15 min. Water (0.8 ml) 1s added, and then 30 m1

~of ether F11trat1on and evaporat1on of the so]vents y1e]ds 200 mg XV.

m. p 121 5° (petro]eum ether-benzene). _ |
Ana];.Ca]cd: C, 64.5; H, 11.8; N, 15.05..} bund: C, 64.85; H, 11.98;
CIR: 3620, 3340, 3160, 1580 cm™'.
Oxazolidon. ‘:To'a solution of 186 mg of XV in 1 mT ch]orofbrm,

are added 0.4 ml of a solution of 12.5% phosgene in benzene at 0°. After 1 hr

* at room temperature, the reaction mixture is made alkaline with 2 ml of 0.5 M

‘NaOH. The white precipitate isifiTtered and fecrysta]]ized in benzene at

120°’under pkessure; Additiona] oxazolidon can be obtained by extracting

thé‘wateriphase with ethyl acetate. Yield: 80 mg., m.p. 213°.
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Anal. Calcd: C, 62.3; H, 9.45; N, 13.2. Found: C, 62.05; H, 9.66;

N, 13.29.

IR (in Nujol): 1740, 1630, 1580, 1560 cm

E.s.r. spectra. The spectra'descrfbed here have been taken at x-

band in a Varian EQS spectrometer. Some preliminary studies were done
with differént solvents. The so]utioné were degassed and sealed off 9
in a vacuum line. Radical concentrations were sufficiently low to
eliminate intermolecular exchange broadening. The spectra were taken
at 20°. -

A_seTection of spectravof biradicals III, IX, XIX and XX is shown
in Figure 2. Figure 3 shows the spectra of biradfca] XI in five solvents
of different po]arities.' Biradicals I and X showed three sharp lines and
two broad lines in between. This type of spectrum has been discussed by
Ferruti andvcow0rkerss.‘
DISCUSSION

‘Except in the'cases of biradicals I and X we were able to observe
e.s.r. spectra with more than fiveklines in water, which indicates a
certain rigidity in the backbone.of the mo]eéu]e (which might eventually
stem from interaction of the biradical with water;. In the case of biradi-

cal XI, We were able to observe the "forbidden" S-resonances. It is remark-

able how sensitively the surrounding medium (solvent) is signalized by

the positjdn and shape of the S-resonances. The theory of the type of »\'
spectra'shown in Figures 2 and 3 is extensively discussed by several

) ‘ .
authors®8,

A more comprehensive discussion of the significanté of these
complex spectra with respect to the‘geometricaT re]ationships'between

the radicals in each of the biradical mo]etu]es and the changes in the
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vectorial'relationships between these radicals induced‘by solvent,

temperature and molecular binding, and their use as probes, will be

given in a succeeding theoretical discussion.

]-_

10.
M.
- York, N.Y., 1970.
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FIGURE CAPTIONS .

Figure 1 Synthetic scheme for derivatives of 2,2,6,6-tetramethyl-4-

éarboxybipéridfne VI.

fFigure 2 First derivatiVe e;s.r.”spectra of biradicals III, IX, XIX
o and XX in.different solvents. IX (a) in water-and (b) in
chloroform; IX, (c) ih water and (d) in chloroform; (e) III
and (f) XX in water. The'spectra of oxygen-free solutions

of III and XX in chloroform show the same resd1ution.

Figure 3- First derivative é.s,r.-spectra of biradical XI in:(a) water,
' (b) chloroform, (c) benzene, (d) carbon tetrachloride énd
(e) n-hexane. The J resonances ("side bands") are recofded

at 10‘times higher gain.
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