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Summary

The mitroxide radicals produced by treatment of a-ferrocenylcarbonium ions
with nitrosobenzene have been studied and characterized by ESR spectroscopy
and by chemical transformation to ferrocenyl-containing substituted anilines
Possible mechanisms for the formation of these nitroaides are discussed, and
their relevance to structural problems of the a-ferrocenylcarbonium ions con-
sidered.

Introduction

In synthesizing transition-metal complexes of otherwise relatively labile com-
pounds, we successfully utilized the unusual stabihity of a-ferrocenylcarbonium
10ns for the synthesis of iron complexes of sesquifulvalene (pentaheptafulvalene)
and diphenylcalicene (diphenyltrniapentafulvalene) [1] However, a simnilar ap-
proach [2] aimed at preparing an 1ron m-complex of the unknown benzopen-
talene failed because the hoped-for [ 3] diamagnetic a-ferrocenylcarbormum ion
1, behaved as a diradical cation, 11, and underwent spontaneous dimenzation to
form a paramagnetic diferricenium derivative I11

The possibility that a-ferrocenylcarbonium ions I'V may generate the diradical
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cation structure V by internal electron transfer had already been suggested by
Rinehart and co-workers [4] tc explain the formation of 1,2-diferrocenylethane
upon treatment of ferrocenylmethylcarbinol with sulfunc acid
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Similar diradical cation species were postulated in the mechanism of the reac-
tion of 2-ferrocenylpropene with sulfuric acid to yield diferrocenylalkanes [5]
The unusual elimination of the elements of HOCI upon treating either ferrocenyl-
(trichloromethylymethanol or ferrocenyl(dichloromethyl)methanol with conc
sulfuric acid was believed [6] to occur via a radical mechanism invoiving the
diradical cation V In view of other reactions {3} in which a-ferrocenylcarbonium
1ons behave as closed-shell, diamagnetic species, the question arose whether this
apparent dualism in chemical behaviour might have a bearing on the unusual
stability of the a-ferrocenylcarbonium ions.

At the height of the debate on structural features of these carbonium 1ons
we proposed [ 3] that the exocyche carbinyl atom might be bent towards the
iron atom through a distortion of the substituted cyclopentadienyl ring An
extended Hiickel calculation of ferrocenylmethyl cation by Gleiter and Seeger
{7] generated a structure with about equal overlap population between all Fe—C
bonds in which the methylene group was bent towards the iron (a = 40°) and
the two rings were tilted. This structure was thought to be due to the interaction
of the filled non-bonding 3d,z orbital of iron with the empty n* orbital of the
fulvene molety leading to a weakening of the exocyche hond and thus facihtating
tne bending of the carbinyl atom towards the iron. Interestingly, these calcula-
tions also indicated that the bent structure shouid have a singlet ground state,
whereas retention of full plananty in the fulvene moiety should have a tniplet
ground state. The latter form was suggested [7] as possibly responsible for the
observed spontaneous dimenzation II - I1I mentioned above [2]

A subsequent [8] X-ray analysis of diferrocenylcarbonium fluoroborate con-
firmed that indeed the bond C;:H;—C 1s bent towards the Fe atom relative to the
plane of the cyclopentadienyl nng by a dihedral angle of ~20°, More recently an
X-ray analysis [9] of the carbonium 1on of the diphenylcalicene w-iron complex
{1] showed a bending angle for the same bond of ~15° and the neutral diphenyl-
fulvenechromium tricarbonyl complex [10] was found [11] by X-rays to exhib-
it a bending angle of 31°.

On the assumption that the proposed diradical cation V may have a finite
even though brief, half-life, and since the X-ray data could not throw any light
on this aspect, we became interested 1n the possibility of trapping such a radieat



51

by chemical means In two brnief communications {12,13] we reported prelimi-
nary results on the reaction between organometallic cations and nitroso com-
pounds A more detailed description of this work and additional data are pres-
ented 1n this paper

e e
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Resulis
Previously we reported [12,13] that dichloromethane solutions of ferrocenyl-
phenylcarbonium fluoroborate (or other similar cations) and nitrosobenzene ex-
hibited an ESR spectrum which was ascribed to the nitroxide radical VII such as
might have been expected to form in a spin-trapping experniment * However,
only a hmited analysis of the spectra was possible because of rather poor resolu-
tion of the hyperfine structure anticipated for such a nitroxnide We have since
found that much better resolved ESR spectra can be obtained by mixing a well
degassed dichloromethane solution of the carbonium 10n precursor ferrocenyl-
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carbinol VI, rather than the ferrocenylcarbonium fluoroborate itself, with n.tro-
sobenzene

Usually a sufficient concentration of nitroxide radicals was present within
20—30 min to allow recording of well-resolved spectra at temperatures around
—20°C The ESR spectrum obtamned with diferrocenylcarbinol (VI, R = CgH;-
FeCsH;) as the carbonium ion precursor is shown in Fig 1 A computer-simu-
lated ESR spectrum gave a good fit with the hyperfine sphtting constants shown
in Table 1. The same expenment carried out with diferrocenyldeuterocarbinol
and computer-simulation of the ESR spectrum (Fig 2) provided the value for
the hyperfine sphitting constant (a(H¥) = 2 95 G) due to H?, the carbinyl hydro-
gen substituent The same value for H¥ was obtained for the mtroxide radical
generated from (ferrocenyl)(p-tolyl)carbinol, (VI, R = p-CcH;) To obtamn some
information on the effect of the gegenion, nitrosobenzene was treated with
ferrocenylphenylcarbinoi (VI, R = C;H:) and, separately, with the acetate deriv-
ative of VI (R = C4Hj). Identical ESR spectra were abtamned from both expen-
ments, the only difference being in the much quicker appearance of the nitroxide
signal (vide supra) with the acetate denvative. The acetate function being a much
better leaving group than a hydroxyl, it i1s rea.onable to expect quicker forma-
tion of the mtroxide radical, 1f the carbonium 1on species 1s involved

* For a review ol the spin-trapping technique see ref 14



Fig. 1 ESR spectnun of- (top) mtroxide radical obtained from reaction of ciferrocenylicarbinol and

mitrosoberzene and (bottom) the computer sumulation ohtained with hyperfine sphttirg constants
(Gauss) shown i formula.

Fig 2 ESR spectrum of (top) mitroxide radical obtained from reaction of diferrocenyldeuterocarbinol
and mtrosobenzene and (bottom}) the computer smulation obtained with byperfine splitting constants
(Gauss) shown in formulz.

—

The magnitude of the hyperfine splitting due to the carbinyl proton was also
determined directly. Nitrosodeuterobenzene was reacted with ferrocenylphenyl-
carbimol {(VI, R = CsH;) and wath ferrocenylmethylcarbinol {VI, R = CH,). A
simplified six-line ESR spectrum (Fig. 3) was obtaired wath both compounds
and the values for a(N) and a(Hf) as measured form the experimental spectra
e esn = TEe =,

The above results provided strong support for the assigned structure VII to
the mitroxides responsible for the observed ESR signals. However, in order to
dispel any suspicion that the observed nitroxide ESR signals might originate-
irom some non-organometalfiic artifact of the system, two additional sets of ex-
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periments were carried out. o Ls T



TABLE 1

HYPERFINE SPLITTING COANSTANTS OF THE NITROXIDES FORMED IN REACTION BETWEEN
FERROCENYL COMPOUNDS AND NITROSOBENZENE (Fc=CsHsFeCsH,)

Compounds Hyperfine sphtting (Gauss) g factor
Ferrocenyl precursor

aN) a(Ho p) a(Ho ) a(Hm)  atth

H

Fc—(’:-—CGHS 11 60 2 80 273 100 295 2 0067
NH—CgHjs
f"!

F&’C—Fc 1090 295 273 100 295 2 0067
OH
D

Fc—#—?c 1090 295 273 100 2 0067
OH
l|'l

Fc—F-Cﬁﬂq—p-CH:; 11 60 2 80 273 100 295 2 0067
OH

H
i

Fe—C—CyHs 110 35
OH
H

I
Fe—C—CH; 110 20
OH

2 Nitroxide formed by in situ oxidation of the amine B Nitroso deuterobenzene used as reactant

TABLE 2

SECONDARY AMINES PREPARED BY LiAlH; REDUCTION OF PRODUCT FORMED IN THE
ORGANOMETALLIGC CATION—NITROSOBENZENE REACTION (Fc=CsHsFeCsHa)

Carbomum ion Nitroso compound Amno denvative
{Fe—CH—C¢Hs)™ CgHsNO Fe—¢H—C4Hs

NH—CgHj
{Fe—CH—CgHs1" DP-CICgH4NO Fe—GH—CgHs

NH—CgH4—p-Cl
{Fc—CH—CgHs1" P-CH3CgH3NO Fe—CH—CgH;s

NH—CgHg—p-CH3
(Fe—CH,1" CgHsNO Fe—CH2NH—CgHs
{Fc—CH—CgH;—p-OCH31" CsHs5NO Fe—GH—CgHg—p-OCH;

at NH—CgHs

CsHsNO

//T\\—?“;C“’

FeCOL, NH—CgHe
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Fig 3 ESR spectrum of nitroxide radicals obtarned 1n the reaction of nitrosodeuterobenzene with

ferroceny'phenylcarbinol (top) and ferrocenylmethylcarbinol (bottom) Hyperfine splitung constants
(Gauss) shown m formulae

Several a-ferrocenylearbonium 1ons were treated with a vanety of nitroso
denvatives on a preparative scale followed by reduction of the reaction mixture
with L1A1H,; The ferrocenyl-contamning substituted anilines, VIII expected from
the reduction of the mtroxides VII were 1solated and 1dentified by comparison
with authentic samples synthesized by mdependent routes. The data are sum-
manzed 1n Table 2.

In addition, availability of the amines VIII, enabled us to carry out in situ
oxidations with m-chloroperbenzmc acid, a reagent known to oxidize ammes to
nifroxides {151

The ESR spectrum of the generated mtrexide VII is shown in Fig. 4. The
hyperfine sphttmg constants calculated from the simulated spectrum are given
in Tabie 1.

The results Ieave no doubt that a ferrocenyl-containing mtroxtde is fonned
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Fiz. 4. ESR spectrum of nitroxide radical obtained from oxidation in situ of N-(ferrocenylphenylmethyl)-
aniline (lop) and the computer simulation (bottom left) obtained with hyperfine splitting constants

- {Gauss) shown in formula. The ESR spectrum of the radical produced in the reaction of ferrocenyl-
phenyvicarbinol acetate with nitrosabenzene is shown for comparison (bottom right).

from the interaction of a ferrocenylcarbonium ion and a nitroso compound. It
also seems certain that the nitroxide has the structure indicated in VII. What
cannot be indicated with certainty is the mechanism of formation of VII and

in Fig. 5 we present a choice of three different mechanistic pathways. We favour
the hypothesis involving spin-trapping of the diradical cation V by nitrosoben-
zene to form a charged nitroxide species which is then reduced to the neutral
nitroxide radical VII. The examples presented in the introductory paragrarhs
[3—6] provide support for this preference. Mention must also be made of a re-
cent proposal by Barton and co-workers [16] in which the tnplet cation was

“(Ph]C")‘ - 3 + ._. ._._-—- resoncnce ‘structures
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- envzsaged to react thh tnplet oxygen to form t.he du‘achcal catlon Wb!ch then

~reacts by 1, 4-add1t:|on w1th a conjugated dxene to form a perox1de (e.g. ergosterol

acetate peromde) .

g ,our case,’ formatmn of the d1rad1cal catxon V does not requu‘e hght exclta- -

on and could be chemxcally mduced (e.g. approach of reagent) ‘We have sug--
’ 1" for the pxctonal formahsm~ of
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Fig 5 Mechanisuc pathways for formation of nitrox de radicals in the reaction of ferrocenylcarbonium
1ons with mtrosobenzene

this type of intramolecular electron transfer However, at present, 1t 1s reasonable
to include the possibility of imitial nucleophillic attack by the nitroso compound
on the closed-shell structure IV, yielding the immonium intermediate, which 1s
subsequently reduced to the mtroxide VII Similarly, in view of the ability of
mtroso denvatives to act as electron acceptors we must consider the ikehihood
of direct attack by mitroso-anion radicals on the ferrocenylcarbonium 1on,
whether IV or V, to form the observed mtroxide radical VII

Expenmental

ESR spectra were recorded on a Varian E-4 spectrometer, using a three-
pronged Pyrex semi-capillary vessel which allowed for degassing (ten cycles) and
seahng under vacuum prior to mixing the reactants NMR spectra were measured
using a Vanan T-60 spectrometer. IR spectra were obtained with a Perkin—
Elmer Model 237 grating spectrometer and mass spectra were recorded with an
Atlas CH-4 spectrometer. All solvents and reagents used were of analytical grade,
Nitrosobenzene and perdeuteronitrosobenzene were resublimed pnior to use
The ferrocenylcarbinols were prepared by published procedures [3]

General procedure for L1AIH, reduction of mitroxide radicals formed in the )
a-ferrocenyicarbonium ion—nitrosobenzene system i

A solution of the carbonium ion fluoroborate salt (1—2 mmol) and an excess

of mtirosobenzene in methylene chioride was stirred, under nitrogen, for 2 h at
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room temperature The solvent was then removed under vacuum and replaced
by anhydrous diethyl ether LiAlH,; was added and the reaction mixture stirred
at room temperature for 12 h Solid ammonium chlonde, followed by wet
diethyl ether and then water were added to destroy residual L1AlH; The reac-
tion mixture was extracted with diethyl ether (3 X 25 ml) and the organic layer
was washed with water (3 £ 25 mi), dnied (MgSO,,) and evaporated to dryness
The residue was chromatographed first on a dry basic alumina column and then
on preparative TLC. The secondary amines 1solated in this reaction are histed 1n
Table 2 In all the above reactions, the respective azobenzenes and azoxyben-
zenes, resulting from reaction of L1AlH; with nitrosobenzenes, were also 1soiated

Preparation of C.H;FeCsH ,C(C Hs)=NC.H;

A solution of TiCl, (3 5 g) in benzene (10 ml) was added to a cold solution
of benzoylferrocene (0 493 g, 1 7 mmol) and anihne (10 ml) in benzene (20 ml)
After stirming for 4 h at room temperature, water (50 ml) was added and the
mixture extracted with benzene (3 X 30 ml) The organic layer was washed with
water (3 X 25 ml), dnied (MgS0.,) and evaporated to dryness Chromatography
on basic alumina yielded orange crystals, which after recrystalhzation from
methylene chlonde/hexane had m p 145—146°C Yield 55% Analysis Found
C,7520,H,598,N, 367, Fe, 15 21, mol wt 365 (mass spectrum) C,;H,;NFe
caled . C,7563,H,5 24, N, 3 83, Fe, 15 29%, mol wt 364 6 NMR spectrum
(CDCl;) & (ppm) 4 1 (s, 5H), 4 4 (t, 2H), 4 7 (t, 2H) 6.7—7 4 (m, 5H)

Preparation of CsHsFeCH,CH(C.,H;)NHC H
NaBH, was added to a metanolic solution of the imine prepared above and

the mixture \vas stirred at room temperature for 4 h, then diluted with water to

destroy excess NaBH,; The solution was concentrated 1n vacuum to remove most

of the methanol The remaining aqueous solution was extracted three times with

methylene chlonde The organic extract was washed with water, dned (MgSO,)

and evaporated to dryness Chromatography over basic alumina gave upon elu-

tion with petroleum ether brownish crystals, m p 83—84°C Analysis- Found

75 16,H, 6.16, N, 3 82, Fe, 15 25, mol wt 367 (mass spectrum) C,;H_,NFe

caled . C, 7522, H, 5 76, N, 3 81, Fe, 15 20%, mol wt 366 6 NMR spectrum

(CDCl;) & (ppm) 4 18 (m, 9H), 4 7 (br, NH), 5.05 (s, 1H), 6.5—7.6 (m, 5H)

By following the same procedures as described in the two experiments above,

the following imines and amines were synthesized

(1) Cs;H.FeC,H.CH=NC/H;, orange-red oil, [17]

(n) C;H;FeC;H,CH,NHC.H brown crystals, m p. 75—76°C (hit. [18] m p.
85—86°C).

(1) CsH. FeCsH;-1,1’-[C(CsH;)=NC4H;}., reddish oil, NMR spectrum (CDCl;)
6 (ppm) 4 55 (t, 4H); 4.75 (t, 4H), 6 5—7 5 (m, 20H) Molecular 10n (mass
spectrum) 544

() CsH,FeC.H,-1,1'-[CH(C,H;)NHC:H;],, orange oil NMR spectrum (CDCl,)
8 (ppm)} 4 3 (m, 8H from C:H, nngs and 2H from NH groups), 5 3 and 5.7
{m, —CH—NH protons), 6 6—7.9 (m, 20H). Molecular 1on (mass spectrum)
546.

{v) (CsH;FeC;H,),C=NCsH;, orange brown crystals, m p 157°C, NMR (CDCl,)
S (ppm) 4.26 and 5.26 (m, 18H); 6.65—7.60 (m, 5H); Molecular 1on (mass
spectrum) 473.
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(v1) (CsH,FeC,H,).,CHNHC.H., vellow-orange crystals, NMR (CDCi;) 6 (ppm)
4 00 (18H from C;H,; nngs, and 1H from NH), 5 05 (s, 1H), 6 60—7 40
(m, 5H), Molecular ion (mass spectrum 4735)

General procedure for the reaction of ferrocenylcarbonium ions with primary
amines
A simple method used for the preparation of a-aminoferrocenes was as fol-
lows
A five-fold eacess of a pnnmary amine was added to a solution of the ferro-
ceny lcarbonium 10n salt 1n methylene chlonde, under nitrogen After stirmng
at room temperature for 4 h, the mixture was evaporated to dryness under
vacuum. The residue was trniturated several times with CCl; and the combined
organic extracts were evaporated The crude product was chromatographed on
basic alumina The following amines were prepared by this procedure
{1) CiH,FeC;H.CH(C,H;)NHC_,H,-p-Cl, brown oil, NMR spectrum (CDCl;)
6 (ppm) 3 7 (br, NH), 4 2 (C;Hs, CsH2, 9H), 5 05 (s, 1H), 6 4—7.6 (m,
CeHs, C,H;, 9H), Molecular 1on (mass spectrum) 401
(n) CsH;FeCsH,CH(C,H;)NHCH,;-p-CH;, brown o1l, NMR spectrum (CDCl;)
8 (ppm) 2 2 (CH,, xx), 4 2 (CsH;, C,H;, NH, 10H), 51 (s, 1H),6 5—7 6
(m, C H;, C4H;, 9h), Molecular ron (mass spectrum) 381
(m) Cs;H;FeC:H,CH(C,H:)NHC(CH;);, yellow crystals, m p 82—83°C, NMR
spectrum (CDCl;) & (ppm) 1 05 (s, 9H),1 7 (br, NH),4 1 (m, C:H;,C.H.,
9H) 1 7 (s, 1H), 7.2—7.7 (m, 5H), Molecuiar 10on (mass spectrum) 347
(rv) C.H,FeC;H,CH(CH;)NHC(CH;),, brown o1l, NMR spectrum (CDCl;)
6 (ppm} 11 (s, C(CH,);, 9H), 1 45 and 1 55 (—CH, and 1NH—, 4H), 3.8
(—CH—, 1H), 4.25 (CsH;, CsH,, 9H); Molecular 1on (mass spectrum) 428.
v) {CsH;FeC;H,),CHNHC(CH,),;, yellow crystals m p 115—120°C, NMR
spectrum (CDCl;). § (ppm) 0.98 (s, C(CH,),, 9H), 3.80 (C:H,, C;H;, 18H),
4 00 and 4 60 (CH, NH, 2H).
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