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The paramagnetic metallocenes and decamethylmetallocenes
(CsHs);M and (CsMes); M with M =V (S= 3), Mn (S= 5 or ),
Co (S = 3), and Ni (S = 1) were studied by *H and **C solid-
state MAS NMR spectroscopy. Near room temperature spinning
sideband manifolds cover ranges of up to 1100 and 3500 ppm,
and isotropic signal shifts appear between —260 and 300 ppm
and between —600 and 1640 ppm for 'H and 13C NMR spec-
tra, respectively. The isotropic paramagnetic signal shifts, which
are related to the spin densities in the s orbital of ligand atoms,
were discussed. A Herzfeld—Berger spinning sideband analysis of
the ring carbon signals yielded the principal values of the para-
magnetic shift tensors, and for metallocenes with a small g-factor
anisotropy the electron spin density in the ligand 7 system was de-
termined from the chemical shift anisotropy. The unusual features
of the 1H and 13C solid-state NMR spectra of manganocene were
related to its chain structure while temperature-dependent 'H MAS
NMR studies reflected antiferromagnetic interaction between the
Spin centers. © 2001 Academic Press

Key Words: solid-state NMR; paramagnetic metallocenes; spin
density distribution; rotational sideband analysis.

INTRODUCTION

maps of molecules9j. However, high experimental effort and
thus costs do not allow the method to be applied routinely
The most common magnetic resonance method is EPR spe
troscopy (0), which is well suited for the indirect detection of
medium to large spin densities from experimental hyperfine cou
pling constants. Unfortunately, determination of the spin sign i
not straightforward (cf. double- and triple-resonance method
(1), and nonequivalent nuclei manifest themselves in multi-
plet splittings of the electron resonance, which are often no
well resolved. For many compounds with suitable electron re
laxation these weaknesses can be overcome by applying NM
spectroscopyl2, 13, because the sign of the signal shift is the
same as that of the spin density at the nucleus and because |
resolution may be better than 10

The hyperfine interaction probed by magnetic resonance is
second-rank tensoA, with an isotropic contribution from the
electron spin density located directly at the nuclear site, i.e., il
thes orbital of the atom, and a traceless anisotropic contributior
from unpaired electrons ip andd orbitals (L4). In solution
anisotropic parts of the hyperfine interaction are averaged ot
by random molecular reorientation, and valuable informatior
about spin density in other orbitals is lost. In contrast, solid-

In molecular paramagnetic compounds it often happens tisét@te NMR spectroscopy also detects spin density andd
the unpaired electrons are not concentrated at one center suabrgals that contribute to the total anisotropy of the signal shift.
atransition metal. Rather they are partly transferred by direct dethe geometry of the molecule is known, a tensor analysis o
localization and spin polarization to remote atoms where posititlee signals can give information about unpaired electrons outsic
and negative spin density, respectively, can be detected. The $pirs core of the moleculeslp, 19.
density distribution within a moleculd) is of particular inter- In this context we were interested in applying solid-state
est for the understanding and the design of molecular magnétifiR spectroscopy to open-shell bis(cyclopentadienyl)meta
materials 2—6), because intermolecular magnetic interactiorompounds (metallocenes), because they are promising buildir
depend on spin densities located at neighboring molecular sidscks for magnetic materiald 7, 18§ and because intermolec-
(7, 8). ular magnetic interactions depend on the sign and the magnitu
Competing methods for the investigation of spin densities apéthe electron spin density in the system of the cyclopenta-
(mostly polarized) neutron diffraction and magnetic resonanadienyl ligands 8, 19-22. It follows that determination of the
Neutron diffraction is unique as it yields three-dimensional spin spin density is of considerable interest. A theoretical pre-
diction can be made considering the frontier orbitals of thest
sandwich compound£8) (Fig. 1). In metallocenes with more
Berkeleyhan 18 valence electrons (i.e., cobaltocenes and nickelocene
the unpaired electrons occupy, orbitals, which have consid-
erable ligand contributions, and the spin density in the ligand
system must therefore be positive. In low-spin metallocenes witl
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The hyperfine interaction tensévconsists of an isotropic con-
tribution, As, (12, 13, which is proportional to the spin density

sxg in thes orbital of the atom,

*
elg

(=Y

As = g_; “ QeBevnps - 5 - i, [3]

w

and an anisotropic contribution@p (14), which describes the
dipolar interaction between a nuclear spin and the spin densit
Cog [ @ in the atomicp orbital:

N Mo _ A
Ap = e ge,BeVa<rp3>Ppa~ [4]
TT
a1y
Here g is the vacuum permeabilitg, is the electrorg factor
(considered isotropic, see beloy),is the Bohr magnetony, is
the gyromagnetic ratio of the nucleys s the spin density in the

28——‘8 g H s orbital (given in electrons per spatial unit)is the unit matrix,
8 % (r53> is the expectation value of 2 (r is the electron—nuclear

distance) over the orbital (for a 2p orbital of a carbon atom
(rp%is13. 5A-3 (14)), pp is the fraction of the electron spi
Iocated in thep orbital of the atom under consideration, aad ~
is an axially symmetric tensor with the main valugs= 4/5
anda, = —2/5 for the main axis of the orbital parallel and
aig andeyq orbitals is negligibly small, the Cp rings are not displayed in thrﬁerpendICUIar tothe externalfield, respectlvelyjs tracelessas
figure. the orbital contribution at the nucleus is zero. The total hyperfine

shift tensor (in ppm) is

g

%&

FIG. 1. Front orbitals of metallocenes. As the ligand centered part of tl

less than 18 valence electrons (i.e., vanadocenes, chromocenes, “hf O Be-S-(S+1)
and highly alkylated manganocenes) the unpaired electrons are =10 3keT ( p) [5]

Vn - 9KB
located in the metal-centeregl, andayq orbitals. In these com-
pounds no virtually positive spin density is transferred to the ligvherekg is the Boltzmann factor and is the absolute temper-
andn system. Instead, polarization of the fully occupied bondture.
ing eyq orbitals induces negative spin density in thesystem.  According to the point-dipole model, the dipolar interaction
These features have been established experimentally for vagtween the magnetic moments of an electron and a nuclear sp
ous substituted neutral and cationic metallocenes by solutiaha distance is given by (L5)
NMR spectroscopyl9, 20. After some initial solid-state MAS
NMR studies of chromocene84) and vanadocen$) we now Hdip _ 1 (ie) Djin = 1 yalfie) DT, [6]
report on detailed studies of neutral paramagnetic first-row met- rs IR
allocenes and their permethylated analogues.

where (ie) is the averaged magnetic moment of the electron

BACKGROUND spin,
o 2
_ The interaction between an electron sfiand a nuclear spin (fle) = wggéo,
I in an external magnetic fieldH®", consists of two contribu- 3KkT
tions: the hyperfine interaction W|th electron spin density located
directly at the atom under studyt!, and the dipolar interaction, jin is the magnetic moment of the nuclear sgiinis an axially
HdP, with spin density well separated from the nucleus: symmetric tensor with the mainvalubg = 2andD, = —1, §
is the electrorg tensor, and30 is the external magnetic field.
Hen — Hhf 4 dip [1] The anisotropic dipolar shift (in ppm) is given by
Agi 1 B2S(S+1).. -
L. .. 5d|p=106.ﬂ._.—9 D. 7

The hyperfine interaction is given by - g 99 [7]

-

HY = TAS. [2] Ifthe gtensor is isotropic, the mean electron magnetic momen
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is always parallel to the external magnetic field; the dipolar shift A
tensor is then traceless and axially symmetric. An anisotrgpic
tensor leads to an isotropic contribution to the dipolar shift, the B
so-called pseudocontact shi#§), and to a deviation from axial .
symmetry of39P. In addition, theAs tensor defined in Eq. [3] V4
becomes anisotropi@6, 27). "_\,«
For paramagnetic metallocenes the total shift tensor obtained 900_ X /
by solid-state NMR spectroscopy for a ring carbon atom is com-
posed as

gtot — Sdia + Spara: Sdia + Shf + Z Sidip_ [8]
i

Hered%ais the chemical shift tensor of the isostructural diamag-
netic ferrocene. Due to rapid reorientation of ferrocene and de-
camethylferrocene about the fivefold symmetry axis these chem-
ical shift tensors are axially symmetri2). The diamagnetic
shift contribution for a given orientation defined by the angle
between the external field and the molecular symmetry axis is
given by

, 1 i
89a(x) = §dia 4 §A8d'a~ (3cog x — 1), [91

whereAs®a = (52 — 559),
The effect of the unpaired electrons on the total shift
anisotropy,sP2@ consists of two contributions: the hyperfine
Ahf
interaction tensos™ and the sum of all dipolar InteraCtlonscal shift tensor of paramagnetic metallocenes. The sideview shows the cyclope

dip
with electron spin density at neighboring atOmE .Fora tadienyl ligands as black bars, the meltéj and one selected ring carbon atom
ring carbon nucleus of a paramagnetic metallooi@ﬁls axially C. See text for details.

symmetric with respect to the main axis of theorbital, which

is parallel to the fivefold symmetry axis of the molecule (Fig. 2}gctor anisotropies<5%, so that in these cases the pseudocon
tact shift and the anisotropy of the contact sh2f(27 can be

FIG.2. Anglesrelevantfor hyperfine and dipolar contributions to the chemi-

" (x) = o+ }th -(3cod y — 1) neglected. It follows that the dipolar shift tens@f’é" can be
3 considered to be proportional to the dipolar tenSofEq. [7]).
2C | _ Furthermore, it follows that al{"® are axially symmetric with re-
_ sht | &% 3y . _
= disot 5 {re%) - @ cosx —1). [10] spect to the electron nuclear distance veatgrsnd the dipolar
i |nteract|on,8M , of aring carbon nucleus with the electron spin
whereAs" = (8" — s') andC (in ppm- A3) is at the metal atonM can be expressed by the tensor anisotrop
A89P and the angl® between the electron—nuclear distance
o (Ho\ BZ S(S+1)- vectorr and the external magnetic field:
=10° g R [11]
T
59P(x )_ - ASYP . (3codh — 1)

For the calculation ofy_; §; 57" the fractions of electron spin
at the centers of the metal (1-16,) and of the two adjacent = rM3 C-(1—10-pp)-(3cogh — 1)
ring carbon atomsy(, at each neighbor) are considered as point —05-r;2-C-(1—10- pp) - (3co€ f — 1)
dipoles. This is an approximation that neglects the spatial spin
distribution around these centers; it is further discussed below. -(3cog x —1). [12]
As the magnitude of dipolar coupling decreases with dipo-
lar interactions with spin density at more distant atoms or othBue to rapid rotation about the fivefold symmetry axis the tenso
molecules are neglected. Tlgefactor is considered isotropic is scaled by the factor.8- (3cog g — 1) (32) whereg is the
throughout this study. This assumption is justified for nickeangle between the vectoy; and the fivefold symmetry axis of
locenes 29), vanadocenes3(), and cobaltocene8{) with g the molecule (Fig. 2). Therefore, the resulting dipolar interactior
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tensor has the same main axis as the chemical shift tensor and EXPERIMENTAL
the hyperfine shift tensor. Analogously, the dipolar interaction

with the electron spin density at each adjacent ring carbon atomSamples were prepared by standard literature mett8fjs (
5gip is given by All H and 3C NMR measurements were carried out with

a Bruker MSL 300 spectrometer operating at 300.13 anc
dip 1 dip 75.47 MHz, respectively, and with a4-mm standard Bruker MAS
5c (x) = 3 ASc" - (3cod(90° — x) — 1) probehead.
ZrO, and SgN4 rotors were packed under inert gas with
=-05-1c%-C-pp-(3cosx —1).  [13] apout 50 mg of sample and sealed with Kel-F caps. Althougt
all compounds are strongly sensitive to oxygen and partly tc
Note thatrc is perpendicular to the fivefold symmetry axis anghoisture, no decomposition was observed during repeated me
hence its angle with the external magnetic field iS 90y, surements. The FIDs were sampled after applying single pulse
while (3 cog(90° — x) — 1) becomes & - (3 co$90° — 1) - (duration 4us). Delays of 8-1Qus for detector recovery were
(3cos x — 1). used, and repetition times were 200-400 ms. The signal-tc
As all contributions to the shift tensor of a ring carbon atomoise ratio was improved by exponential multiplication up to
are axially symmetric with respect to the fivefold symmetry axighe matched filter, and baseline correction was applied. Sign:
the shifttensor is fully characterized by its isotropic contributioghifts were measured relative to the external standard adama
3, tane §(*H) = 2.0, §(*3CH,) = 29.5). The temperature was
determined by adding to each sample about 10 mg of nick
stot — gdia_y gpara [14] elocene whoséH NMR signal shift was used as an inter-
nal thermometer. The procedure was analogous to that pul
and its anisotropic contributiom\§ = &, — 8_), lished for vanadocene2®); for nickelocene the data fit gave
T = —79477/(8%*F — 12.89 ppm), the error wa%1 K. Identi-
AStt — Agdia_ A gpara fication of the isotropic signal in spinning sideband manifolds
was hampered, because the paramagnetic signal shifts depe
With Eq. [8] applied to the metal and the adjacent two carb! the sample temperature, which in turn depends on the spir
atoms this yields ning rate. Therefore, the sample temperature was kept consta
at a value somewhat higher than that measured for the highe
spinning rate vy, While changinguy. As references for the
isotropic diamagnetic shifts the solid-state MAS NMR spectra
_ dip - N of ferrocene §(*H) = 4.2 ppm,s§(*3C) = 69.5 ppm) and de-
According to Eq. [12] the terrAs),” is always positive, becausecamethylferrocene8(1H):1.8 ppm,5(13Cring) = 788 ppm,
pp is smaller than 0.1. Furthermore, the sign’of” andpp is  (5(13CH,) = 10.4 ppm) were recorded.
the same (see Egs. [4] and [5]). As an important consequencesideband analyses according to Herzfeld and Berg@y (
the 3C chemical shift anisotropy of metallocenes depengsere carried out with the program Wsolids, HBA 1.24).
on the sign of the spin density in the ligandorbitals: If the By using the tensor values so obtained the MAS NMR spec
sign is positiveAs™ adds taAsy”, and the width of the spinning {15 were simulated with the program Wsolids3By, The spin
sideband manifold is broad; if the sign is negatig;" (partly) densitiesp, given in Table 2 were calculated by using the fol-

d e .
compensateas,,”, and the ch_jth is narrow. The magnitude Oiowing geometrical parameters agdactors: CpV and CiV:
pp can be calculated froms'' if the molecular parameters, rv = 227A, rc = 1.42A, B = 32.7° (36), g = 1.9918 B0);

A8 = A§T 4+ AS" 4+ ASGP + 2. AsZP. [15]

rm, andg are known. Cp:Co:iry = 2104, rc = 141A, g = 34.9 (37), g = 1.764
Agpara (38); CpoNiand CgNi: ry = 2.16A, rc = 1.38A, § =32.9
po = [ Y T 1)} / (L2 (39,9=2074¢9).
— 15r,%3cog B — 1) — 3rc®]. [16]

RESULTS AND DISCUSSION

Both the isotropic paramagnetic shiff*®and the paramagnetic 14 and23c MAS NMR Spectra of Metallocenes

shift anisotropyAsP@ depend on the sample temperature ac- L 13 ) )
cording to the Curie law. Therefore, a meaningful comparison 1h€ "H and“C NMR spectra of nickelocene are shown in
of data requires conversion of these values to the reduced pdr&s- 3a and 3b, respectively. At a spinning rate of 16.1 kHz

magnetic shift and shift anisotropy at the standard temperat{@sociated with a sample temperature of 322.5 K) thand
of 298 K: 13C NMR signals are shifted te-234 and 1590 ppm, respec-

tively, and the rotational sidebands cover a ranges of about 25
Dheg =087 T/298K and d5eg = ASF"®T/298K [17] and 3000 ppm, respectively (see also Table 1). The spin densi
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H with the predictions mentioned in the Introduction and outlined
in more detail in Refs.1(, 19, 40.

@ The 'H and**C MAS NMR spectra of (§Mes),V are dis-

played in Fig. 4. The ring carbon signal is shifted4680 ppm

. N with a sideband manifold spreading over 600 ppm.*FBNMR
signal of the methyl group has a large high-frequency shift o
1340 ppm and is extremely broad with a half-width of 15 kHz.
Finally, the'H NMR signal appears at 118 ppm. The signs of
oo the paramagnetic signal shifts correspond to those expected f

metallocenes with less than 18 valence electrdnd 9, 40.
l Quite strikingly, the positive signal shift of the methyl carbon
signal is roughly twice as large as the negative signal shift o
the neighboring methyl ring carbon atom. This phenomenon i

3000 2000 1000 0 ascribed to delocalization into suitabse orbitals of the Cp

(ppm) ligand, which transfers positive spin to all nucl&0y. It adds

FIG.3. H (a) and™C (b) MAS NMR spectra of CgNi (322 K, spinning to = polarization, which entails negative and positive spin at

rate 16.1 kHz). In spectrum (a) spinning sidebands are marked witlis the the ring and methyl carbon atoms, reSpeCt'VFfly- The net re
background signal of the probehead. sults are small and large signal shifts of the ring and methy

carbon atoms, respectively. Similarly, delocalization is re-

sponsible for the small positive signal shift of the ring car-
at t'he13C nuclei and thus in the ligand system is positive, pon signal of decamethylmanganocene. Comparison df@e
while at the protons it is negative. The n_egaﬂVéNMR SI9- MAS NMR spectra of nickelocene (Fig. 3b) and decamethyl-
nal shift is due to spin polarization, which induces negatiygynadocene (Fig. 4b) clearly shows the difference between tt
spin density at the protons. Generally, positive paramagneiift anisotropies of the ring carbon signals of metallocenes wit
shifts were found for th&’C MAS NMR signals of ring carbon more (nickelocene) and less (decamethylvanadocene) than .
atoms when the metallocenes had 20 and 19 valence electrofance electrons. Despite the larger electron spin moment
'13? for (GMes)2Ni, (CsHs)2Co, and (GMes),Co (Table 1). \anadocene§= %), the shift anisotropy of its ring carbon sig-

C NMR signals of the methyl groups of the decamethylmetaly is only roughiy one-third as large as that of the nickelocent

locenes (€Mes)2Ni and (GMes).Co and théH NMR signal of (S = 1) ring carbon signal. This is in keeping with the interpre-
(CsHs)2Co have negative paramagnetic shifts while the protQgtion of Eq. [16] ¢ide supra.
NMR signal shifts of the methyl groups are positive. The signs The 13c NMR spectrum of (€Mes),Ni (Fig. 5) shows two
of the spin density as derived from the signal shifts are in linec NMR signals for the methyl groups, while there is only
one for the ring carbon atoms and for the protons, respectivel
Most probably, this is due to two nonequivalent molecules in the
asymmetric unit of the crystal, a feature that has been observe

N\
120 -160 -200 -240 -280 -320

-360

TABLE 1
Paramagnetic NMR Signal Shifts? and Linewidths®
of the Isotropic *H and 3C NMR Signals of Metallocenes

Cring CHs H1-5 CHs a H
(CsHs)2V —491 302.5

(1.0 (1.0) )
(CsMes),V ~680 1340 118 Cp,Ni
(6.0) (15.0) (5.2)
(CsMes)2Mn 17 ~156 -1 200 100 0 -100 -200
(1.1) (1.0) (3-3)
(CsHs)2Co 618 —56.0
(1.2) (1.0)
(CsMes)2Co 556 —168 45
(1.3) (0.5) (0.6)
(CsHs)2Ni 1640 —257
(5.0) 2.1
(CsMes)Ni 1430 —594 224 1200 800 400 0 -400  -800
(2.9) 0.7) (1.8) (ppm)
—578
0.7

FIG. 4. 'H (a) and3C (b) MAS NMR spectra of (EMes),V (307 K,
a|n ppm at 298 K. spinning rate 15.0 kHz). Spinning sidebands are marked wi@p;Ni is the
bIn kHz, in parentheses. internal temperature standard, and B is the background signal of the probehe
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ligand 7 system (Egs. [7] and [12]). If thg-factor anisotropy

is negligibly small, the fraction of the total unpaired electron
spin density located in one carbgnorbital of the ligand can

S j E be estimated with the help of Eq. [16]. Herzfeld—-Berger spin-
ning sideband analysis of tH&C MAS NMR spectra of nicke-

Cong " 500 -600 locene obtained at spinning rates of 16.1 and 14.5 kHz (Figs. 6

and 6c¢) and at 322 K yielded a shift anisotropy of 2640 ppm
-W}L_A_A_A.AJ\.A/\.__J and asymmetry parametersof 0.19 and 0.20, respectively
. (n = 18xx — Syyl/18iso — 8)11); further fitting results are collected

3000 2000 1000 O ) in Table 2. The spinning sideband patterns of nickelocene simt
{ppm) lated with the tensor values from Table 2 are displayed in Figs. 6
FIG. 5. 13C MAS NMR spectrum of (EMes)sNi (315 K, spinning rate gnd 6d. There is good agreement between calculated and exp
16.1kHz).Nonassignedsignalsarespinningsidebands.Theinsetisanexparﬂl)‘?lntal patterns between about 600 and 2600 ppm, while &
of the methyl signal. B is the background signal of the probehead. higher and lower frequencies the experimental intensities ar
too small. This may be explained by insufficient signal excita-
previously for decamethylchromocerl). In the present case, tion far away from the irradiation center (at about 1600 ppm)
the signal splittings expected for the ring carbon atoms as we%en with pulse lengths as short ag4 Slight errors may have
as for the protons are not resolved at the given linewidths. Hen also introduced by nonideal baseline correction. The dev
the decamethylmetallocenes s(@es),Co, (GMes),Mn, and ation of the shift tensors in Table 2 from axial symmetry may
(CsMes),V only one set of signals was observed. This meafigsult from a smally-factor anisotropy, heteronuclear dipolar
that either these compounds crystallize differently or the sigri@upling, and distortions due to the anisotropy of the magneti
splitting is not resolved. susceptibility 41). As for the effect ofg-factor anisotropy, this
In our previous publication on temperature-dependent NMould introduce errors via both the pseudocontact shift and th:
studies of solid vanadocene the reduced paramagnetio§ffftt anisotropy of the contact shif2¢, 27. The axial and equato-
of the’3C NMR signal of CpV was reported as 651 ppm (25). fial g-factor componentsy; andg, of solid nickelocene are
Now a thorough reinvestigation of the NMR spectra revealéd0023 and 2.11, respectivel29). This corresponds to g-
that the largest spinning sideband was mistaken for the isotroff#€tor anisotropy of 5% and justifies the estimatiorpgffrom

B Cmemyl

signal and that the true valueis491 ppm. the shift tensor anisotropy. Another deviation may arise from the
fact that the spin density is not localized strictly at the centers o
Tensor Analysis the atoms as assumed by the point-dipole model mentioned u

, , i i der Background. Nonperfect localization would render the spir
The chemical shift tensor anisotropy for the ring carbon atorﬁ%nsity estimated by Eq. [16] too small. More accurate result

of paramagnetic metallocenes is related to the spin density in pé‘auire full-space integration, an approach that is beyond th

9so TABLE 2
l Results of Herzfeld—Berger Analysis of the Ring Signals of Some
a Metallocenes from C MAS NMR Spectra Obtained at Different
Spinning Speeds
T vt 8 As? ASTE AvSge® oS
b (K) (kHz) (ppm) (ppm) n°  (ppm) (ppm) (%)

(CsHs)V - 306.0 14 —398 828 0.352 904 928 —0.43
304.0 12 —-408 795 0.000 871 889 —0.45
(CsMes),V  307.0 15.0 —595 814 0.224 881 908 —0.44
C (CsHs5)2Co  304.0 12 667 443 0.025 519 529 12
(CsHs)oNi 322.0 145 1594 2640 0.188 2716 2935 2.4
322.3 16.1 1579 2641 0.201 2717 2939 2.4
(CsMes)oNi 315.0 14.0 1436 2877 0.164 2944 3112 2.6
d 315.0 16.0 1436 2943 0.095 3010 3182 2.7

/ \ , & A8 =872— (Oxx + Syy)/2. ] ]
3060 20010 100-0 5;\n>=\§5yy:;)0|()/(szz — disp) With the tensor main values; ; — Siso| > [8xx —
- P/a\/ Isol - X
(ppm) ¢ ASPE= AS — ASIR,
FIG.6. 13C MAS NMR spectra (a and c) and simulated spectra (b and d) of ¢ Avboe'= AT T/298 K.
CpeNi at 322 K and spinning rates of 16.1 kHz (a and b) and 14.5 kHz (c and d).€ pp: spin density in one carbop orbital of the ligand (Eq. [16]).
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scope of this paper. According to Eq. [16] the reduced para-
magnetic shift anisotropy of nickelocena by’ = 2940+
10 ppm) corresponds to a populationgf = 2.4% of the total
electron spin in each carbgmorbital of the cyclopentadienyl
ligands. In total, 24% of the unpaired electrons is transferred
from the metal to the ligands. This is in reasonable accord with
multiple-scatteringX, calculations 42), which gave an over-
all ligand contribution of 34% to the spin-containing orbitals of
nickelocene. a
For (GHs),V, (CsMes),V, (CsHs).Co, and (GMes):Ni,
spinning sideband analyses of the ring carbon signal were alsc

carried out (Table 2). It is gratifying that the maximal variation =~ 600 ~ 400 200 O  -200
of the reduced paramagnetic shift anisotropies obtained from (ppm) B
13C MAS NMR spectra at different spinning rates is 70 ppm for C-Cp/Cp:

(CsMes)zNi, which corresponds to only 3% of the total shift B ll
anisotropy; for CpV the deviation is 30 ppm or 3.3%. The H M ” M M
positive spin density in the ligand orbitals of permethylated UM
nickelocene amounts to 27%, which is somewhat more than for
parent nickelocene. This corresponds to the increase of solutior

NMR signal shifts with an increasing number of methyl groups ¢
(19) and demonstrates that the solid-state NMR method pro- M

vides rather detailed information as well. For cobaltocepne= . b ) k . UM b -
1.2% was found, which is again less than the theoretical value 3000 2000 (opm) 1000 ]

of 2.47% obtained by multiple-scattering, calculations 43).

Within the error limits the same spin density@f = —0.44% FIG.7. (a)'H and (b)'3C MAS NMR spectra of CgVn (308 K, spinning

of the total spin in eaclp orbital was found for both vanadocenéate 15.0 kHz). Nonassigned signals are spinning sidebands. (c) Simulation
and decamethylvanadocene. This agrees with theory, which [}Pg 3C MAS NMR spectrum. B is the background signal of the probehead.
dicts negative spin density in the ligandsystem as a result of
electron spin polarizatiori( 19, 4Q.
ton shift anisotropy and linewidth of the terminal ligand are
smaller than those of the bridging ligand. This points to shorte
metal carbon distances of the bridging ligand, which leads t
Solid manganocene is unique among the metallocenes of gtkonger electron—nuclear dipolar interactions and hence to el
firsttransition metal period as it forms linear chains with termindlanced shift anisotropy as well as to a faster nuclear relaxatio
penta-hapto cyclopentadienyl ligands, and bridging cyclopentd8, 49. Indeed, the average carbon—manganese distance of t
dienyl ligands that are di- and trihapto with respect to neiglridging ligand is about 0.3 shorter than that of the terminal
boring Mn atoms (see Fig. 744). The metal-to-ligand bonds ligand @4). However, a reliable tensor analysis of the proton
are weaker than in the case of other first-row transition megpectra is not possible, because strong homonuclear dipolar i
metallocenes, and hence it is a high-spin compol&d:( ). teractions render the line broadening homogeneous.
Magnetic measurements have revealed ant|ferromagnet|c interFemperature-dependent measurements ofthidAS NMR
action between the spind%). spectrum showed some anomaly According to Eq. [17] the re
The 'H MAS NMR spectrum (Fig. 7a) of (€Hs),Mn, ob- duced paramagnetic signal shnﬂtzga, should be constant with
tained at a spinning rate of 15 kHz, consists of one broad sigmperature forS|mpIe paramagnetic molecules. By contrast, fc
nal at 125 ppm (half-widthW = 2.1 kHz) and a narrow one manganocen@zga(lH) increases as shown in Fig. 8. This is
at—13 ppm W = 1.0 kHz). The associated spinning sidebandharacteristic of antiferromagnetic interacti&@®{53 and con-
manifolds cover ranges of about 1100 and 600 ppm, respectivéiyms magnetic measurementd).
Based on comparison with solution-state proton NMR spectraThe *C MAS NMR spectrum of manganocene obtained
of mono- and dinuclear high-spin manganoce#@, @7 the at 15.0 kHz (Fig. 7b) also exhibits two signals at 1198 anc
signals at-13 and 125 ppm must be assigned to the protons b116 ppm. Unlike the corresponding proton NMR signals they
the terminal and bridging ligand, respectively. Since only orfeave the same signal half-widiti = 1.5 kHz, and their shift dif-
signal was found for the di- and trihapto moiety of the bridginference is small, so that assignment to the bridging and termin:
ligand, it must be concluded that rapid haptotropic rearrandegands is difficult. Both signals are associated with unusually
ment occurs. While these findings confirm the chain structulsrge spinning sideband manifolds of about 3500 ppm. A ten
of manganocene, more details follow from the fact that the preer analysis of the spectra obtained at 13 and 15 kHz yielde

Special Case: Solid Manganocene
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2!’;;“ tent and, therefore, gives information about spin delocalizatior
mechanisms. From the spinning sidebands the spin density |

140 7 o o oHCR the ligandr orbitals may be calculated. The analysis includes
e * determination of the chemical shift anisotropy from the spinning

e * o ¢ sideband manifold, and its conversion to the anisotropic part o

120 = the hyperfine interaction tensor and subsequently to the spi

densities. The results correspond to theoretical calculations, bt
0 limits of the method exist. Temperature-dependent studies sho
manganocene to experience antiferromagnetic interaction.
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