new signal appeared, which consisted of seven equally
spaced lines with binomial intensities. The splitting is
evidently due to fluorine hyperfine interaction in the
ferrihexafluoride ion (FeFg)*~, Evidence for this com-
plex in aqueous solutions was previously obtained from
solvent extraction® data. Our esr results substantiate
this evidence and provide a more direct means for a
quantitative study of its properties.

Typical spectra, recorded at room temperature,
corresponding to solutions containing 0.04 M Fe(ClO4);
and varying amounts of NH,F are shown in Figure 1.
By comparison with simulated spectra the fluorine
hyperfine splitting was found to be 23.0 G. This is
very close to the fluorine isotropic hyperfine interaction
in (FeF¢)%~ observed® in the solids KMgF; (25.7 G) and
KCdF; (24.3 G). No satellites due to ¥Fe were ob-
served. The line width (peak-to-peak separation of the
derivative curve) of a single hyperfine component was
about 11 G and the g value was 2.0036. The esr
spectra of (FeFgs)®~ were sensitive to pH: at high
NH.F concentration (pH 8-9), well-resolved lines were
observed, but when the pH was less than 5 the (FeF¢)*~
resonance disappeared.

The spin Hamiltonian for the Fe#t sextet in a nearly
octathedral field is? (assuming only a small tetragonal
distortion)

5 = g BHS + D(S,2 - 3—5> + la<s,,4 S+

12 6
707
S,4 -
16>

In solutions the first term gives the position of the esr
line which is normally close to that of the free electron,
while the last two terms determine the line width, Mec-
Garvey! has shown that for Fe®+ the quartic term, q,
contributes very little to the electronic relaxation, and
the main effect on the line width arises from the
modulation of the zero-field splitting parameter D.
The relatively small line width observed in (FeFg)3~ is of
the same order as that often found in Mn%** com-
plexes,4%¢ For the latter case it was proposed!® that
the electronic relaxation occurs by distortion of the
symmetric structure of the complex viag collisions with
other molecules. If the same mechanism is also domi-
nant in (FeFs)®*, an upper limit for the root-mean-
square fluctuation of the zero-field parameter, D, may be
calculated from the equation*

1/T; = 6.4D%r

where T3 is the transverse electronic relaxation time and
7 is the mean lifetime between collisions (~2 X 10~12
sec).!® Substituting the experimental value for 1/7;
gives v D? = 0.02cm",

The large width of the esr resonance of Fe3* hydrate
is partly due to dimerization!! but may also be caused

(5) I. A. Shevchuk, N, A, Skripnik, and V. I, Martsobha, Zh. Anal,
Khim., 22, 6, 891 (1967); see also R. E. Connick and W. H. McVey,
J. Am. Chem. Soc., 71, 3182 (1949).

(6) T. P, P. Hall, W, Hayes, R, W, H. Stevenson, and J. Wilkens,
J. Chem, Phys., 38, 1977 (1963).

(7) B. Bleaney and K. W. H. Stevens, Rept. Progr. Phys., 16, 108
(1953).

(8) B. B. Garrett and L. O. Morgan, J. Chem. Phys., 44, 890 (1966).

(9) S.I. Chan, B. M. Fung, and H, Liitje, ibid., 47, 2121 (1967).

(10) N. Bloembergen and L. O. Morgan, ibid., 34, 842 (1961),

(11) F, A, Cotton and G. Wilkinson, ‘“Advanced Inorganic Chemis-
try,” 2nd ed, Interscience Publishers, New York, N. Y., 1966, p 857.

5293

800 Gouss
————

600Gauss .b

30 Gouss

by C

Figure 1. Fe3* esr spectra in aqueous solutions. Spectrum a is for
a 0.04 M Fe(ClOy); solution. Spectra b and ¢ are for solutions
containing the same amounts of Fe(ClO,); as in solution a and 0.36
and 2.0 A NH,F, respectively. Note the different sweep width of
spectrum c; at a greater sweep width of this spectrum no broad
line signal was observed.

by large deviations from cubic symmetry of the mono-
meric species. This will result in a significant static
zero-field splitting interaction which provides an effec-
tive relaxation mechanism.! This deformation can be
caused by the formation of both inner- and outer-sphere
ion-pair complexes or by the acid dissociation of the
hydrate, thus forming species of the type [Fe(OH)-
(H:0);]**. Al three possibilities are quite likely for the
Fe3*+ hydrate. The situation with (FeF)3- is, however,
quite different; here there is no strong tendency to
complex with other ions, and the geometry of the com-
plex is more symmetric and can better resist deformation
by collisions with neighboring molecules. It is quite
likely that other Fe® complexes having high symmetry
and tightly bound ligands will also exhibit narrow esr
lines in solutions.
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Mechanism of the Intramolecular Reorientation
Process in o-Cyclopentadienylmetal Complexes

Sir:

The facile rearrangement of metal-carbon bonds in
g-cyclopentadienylmetal complexes, which manifests
intself in the nmr equivalence of cyclopentadienyl

protons in these substances, has heretofore been re-
garded as proceeding through either a dipolar metal—
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Figure 1. Nmr spectra of (w-CH;COC;H,)Fe(CO)y(s-CsH;s) and
(r-C;H;)Fe(CO):(o-C:H;) taken in CD;COCD; solution at 60 Mc
(scale in 7).

olefin complex transition state or intermediate (1)%2 or
a partially dissociated polar state (2).3

D O

The process of proton averaging in (w-C;H;)Fe(CO),-
(¢-C;H;5) and in (#-C;H;5)Cr(NO)(o-C:H;) has recently

£ —

Fe—CO Fe—CO
oc_>00 oc{_>co
OC—Fe 0C—Fe

4

€
co”|
Co
9

been shown to involve a series of rapid 1,2 shifts of the
metal-carbon bond,%? but a 1,3-shift mechanism has
tentatively been advanced to account for the time-
average equivalence of cyclopentadienyl protons in
(0-CsH;)CuP(C;H;);.* We now show that the tran-
sition state for the rearrangement of (#-C;Hj;)Fe-
(CO.):(0-C:H;) (3) is essentially nonpolar and suggest
that the rapid migration of metal-carbon bonds in
o-cyclopentadienylmetal complexes must in general
take place by a series of 1,2 shifts which are more

(1) M. J. Bennett, F. A, Cotton, A, Davison, J, W, Faller, S. J.
Lippard, and S. M. Morehouse, J. Am, Chem. Soc., 88,4371 (1966).

(2) F. A. Cotton, A. Musco, and G. Yagupsky, ibid., 89, 6136 (1967).

(3) G. M. Whitesides and J. S, Fleming, #bid., 89, 2855 (1967).

5
F

properly regarded as degenerate [1.5] sigmatropic
rearrangements.

It is well established that the oxidation potential
associated with reversible electron transfer from the
metal atom in ferrocenes is strongly dependent on the
nature and number of ring substituents.> For example,
the oxidation potential of acetylferrocene lies 0.25 V
above that of the parent compound,® corresponding to
an increase in the free-energy change for electron re-
:noval of almost 6 kcal/mol. These observations
orompted us to examine the effect of acyl substitution
of the w-cyclopentadienyl ring on the rearrangement of
the o-cyclopentadienyl ring since such substitution would
be expected to render a dipolar transition state such as
1 or 2 less accessible, and hence retard the rearrange-
ment of the s-cyclopentadienyl ring.’

Acylation of [7-C;H;Fe(CO),), (4) with boron tri-
fluoride and acetic anhydride yielded the monoacyl
derivative 5, as purple crystals, mp 150° dec; ir (KBr)
2000, 1950, 1700, and 1680 cm~!; nmr (CDCl;) 7 7.47
(S, 3), 5.15(S +t,7), 481 (t, 2, J = 2 Hz). Anal
Caled for Ci¢HipFe,O5: C, 48.48; H, 3.03. Found:
C, 48.14; H, 3.11, Brief treatment of this substance
with iodine in chloroform solution at 25° gave a mix-
ture of the iodo compounds 6 and 7, which were
separated on alumina. Unlike 7, which is converted
to the o-cyclopentadienyl derivative on treatment with
sodium cyclopentadienide, similar treatment of 6 failed
to produce any well-defined product. When, however,
the iodo compound 6 was converted to the cation 8
by treatment with 1 equiv of silver trifluoroacetate, and
this was immediately quenched with cyclopentadienide,
the desired o-cyclopentadienyl derivative 9 was ob-
tained as yellow crystals: mp 110°; ir (KBr) 2020,
1955, 1920, 1665 cm~!; nmr (CDCl;, 30°) 7 7.65 (s, 3),
524 (t,2,J = 2 H,),483(t,2,J = 2 H,), 4.08 (s, 5).

Anal. Caled for CpHpFeOs;: C, 59.15; H, 4.22.
Found: C, 59.18; H, 4.41.
COCHa - COCHa +
Fe Fe
21N 21N
0o N
7

- COCHS

Fe. BF,”
co” Nco f

8

(4) An analogy between o-cyclopentadienyl-metal bond rearrange-
ments and the Cope rearrangement of 3,4-homotropilidene had earlier
been drawn by H. P. Fritz and C. G. Kreiter, J. Organometal. Chem.
(Amsterdam), 4, 313 (1965).

(5) M. Rosenblum, ‘“Chemistry of The Iron Group Metallocenes,”
Interscience Publishers, New York, N. Y., 1965,

(6) W. F. Little, C. N, Reilley, J. D. Johnson, and A. P, Sanders,
J. Am. Chem. Soc., 86, 1382 (1964); G. L. K. Hoh, W. E. McEwen, and
J. Kleinberg, 1bid., 83, 3949 (1961).

(7) The degree to which positive charge may be said to be localized
on the metal atom in an intermediate or transition state such as 1 may
be estimated by a comparison of carbonyl stretching frequencies for
7-C:;HsFe(CO):CH; (2005, 1945 cm™!) with w-CsHs;Fe(CO)CH:=
CH,)*PFs~ (2083, 2049 cm~—1),8 and of the latter with the closely related
cations m-CsHsFe(CO:)*BF:~ (2040, 1985 cm~!) and n-CsH;Fe(CQO)s*-
BPh,~ (2120, 2070 cm™1Y),

(8) E. O. Fischer and K. Fichtel, Ber., 94, 1200 (1961); M, L. H.
Green and P, L. I. Nagy, J, Chem. Soc., 189 (1963).
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The nmr spectra of 3 and its acetyl derivative 9, taken
at several temperatures, are shown in Figure 1. A com-
parison of the spectra fails to reveal any marked dif-
ference in the temperature dependence of proton
averaging for the three magnetically nonequivalent
protons whose chemical shift differences are virtually
identical ‘or the two compounds. These results are
clearly not in accord with a transition state for bond
migration of the form 1 or 2 in which appreciable posi-
tive charge is developed on the metal atom. They are,
however, consonant with the view that reaction occurs
by way of an essentially nonpolar transition state, as
has been depicted for sigmatropic rearrangements.®

The great facility with which these rearrangements
occur, contrasted with the very much higher activation
energies associated with [1.5] sigmatropic shifts of C-H
bonds in substituted cyclopentadienes,? is most reason-
ably attributed to the relatively low bond energy of the
Fe-C bond!! and possibly as well to the more diffuse
character of the metal orbital constituting the metal-
carbon bond which would be expected to facilitate its
continuous overlap with the cyclopentadienyl « orbitals
in the course of the rearrangement.!13
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(9) R. B. Woodward and R, Hoffmann, J. 4m. Chem. Soc., 87, 2511
(1965).

(10) W. R, Roth, Tetrahedron Letters, 17, 1009 (1964); S. McLean
and P, Haynes, ibid., 34, 2385 (1964).

(11) Measured with respect to a d® valence state, the Fe~C bond in
Fe(CO)s, which is of greater bond order than 1, is estimated to have a
mean bond dissociation energy of 58.6 kcal/mol: H. A. Skinner, 4dvan.
Organometal, Chem. 2, 49 (1964). The mean bond dissociation of
this bond with respect to ground-state Fe is estimated as 28 kcal/mol:
F. A, Cotton, A. K. Fischer, and G. Wilkinson, J, Am. Chem. Soc., 81,
800 (1959); Fritz and Kreiter4 had also noted the importance of the
low carbon-metal bond energies in o-cyclopentadienyl complexes in
promoting rearrangement,

(12) The very great dependence of the rate of these rearrangements
on the bond energy of the sigmatropic bond is well documented for the
[3.3] sigmatropic rearrangements of cis-divinylcyclopentane, -cyclo-
butane, and -cyclopropane: W. von E, Doering and W. R, Roth,
Tetrahedron, 19, 720 (1963); E. Vogel, 4nn., 615, 1 (1958); E. Vogel,
W. Grimme, and E. Dinné, Angew. Chem., 75, 1103 (1963),

(13) Both ¢-C;H:;CuP(C:Hj5)s3 and (¢-CsHs)Hg!4 are reported to ex-
hibit an apparent increase in the rate of sigmatropic rearrangement in
the presence of Lewis bases such as triethylamine. These effects, which
are not observed for 3, appear to be due to coordination of the metal by
the base, Whether or not the consequence of such coordination is to
promote stabilization of a dipolar transition state, as has been sug-
gested, ® or results simply in a weakening of the metal-carbon bond, the
symmetry requirements for the rearrangements would be expected to be
unaltered.,

(14) E. Maslowsky and K. Nakamoto, Chem. Commun., 257 (1968).
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Formation of an Unstable Dinitrogen Complex
of Ruthenium(II)
Sir:
Recently a dinitrogen complex of osmium(Il), cis-

[Os(NH3)4(N:):]Cl,, was reported, as was the failure to
make an analogous complex of ruthenium(II).! We

(1) H. A, Scheidegger, J. N. Armor, and H. Taube, J. Am. Chem. Soc.,
90, 3263 (1968).
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Figure 1. The infrared spectra of samples isolated after various
periods from the reaction of nitrous acid on cis-{Ru(N;z)(Nz)en:]*.

wish to report the formation of unstable [Ru(en)x(N;)s]*+
by means of reaction 1. Previous attempts to prepare

cis-[Ru(en);N;Ne]* + HNO, —> cis{Ruen)(Na)]2+ + N;0 (1)
co.

metal-nitrogen complexes by the reaction of metal-
azido compounds with nitrous acid were not success-
ful. »3

Reaction 1 is extremely rapid even at 0°. The imme-
diate (~7 sec) addition of a cold solution of NaB-
(C¢H;), to the reaction mixture results in the coprecipi-
tation of the salts cis-[Ru(en),(N2),IB(CsHs):} and cis-
[Ru(en).H:O(N)IB(C¢H;)i}.-  Figure 1 shows the
N-N stretching region of the ir spectra for such mix-
tures collected at various times. The bands at 2220
and 2190 cm™! are assigned to the cis-dinitrogen com-
plex, in accord with the two bands reported! for cis-[Os-
(NHj3)(N;)]Cl;. Also in agreement with this assign-
ment is the observation that these bands decrease in
intensity with increasing isolation time. Furthermore,
in the solid state at room temperature the bands grad-
ually disappear in about 30 min. These results show
that a metal-nitrogen compound is formed by the reac-
tion of a metal-azido complex with nitrous acid and
that the dinitrogen complex cis-{Ru(en);(N;)]** is not
very stable. If = bonding of the type RuzZN=N: is
important in these systems, then it is reasonable that
two nitrogens would have to share in such bonding and
be held less firmly than in a corresponding system con-
taining only one nitrogen. In agreement with this is
the observation that the N-N stretching frequencies are
higher for the dinitrogen complex cis-{Ru(en)(Ns)2]**
(2220 and 2190 cm~?!) than for the mononitrogen cation
cis-[Ru(en);HsON,]?** (2130 cm™!). Likewise the latter

(2) R. B. Jordan, A. M, Sargeson, and H. Taube, Inorg. Chem., 5, 1091

(1966).
(3) T. Studer, private communication.
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