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Coordination of 1,4-Diazabutadiene Ligands to
Decamethylytterbocene: Additional Examples of Spin Coupling in
Ytterbocene Complexes
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The paramagnetic 1:1 coordination complexes gM&).Yb with a series of diazabutadiene ligands,
RN=C(R)C(R)=NR, where R= CMe;, CHMe,, adamantylp-tolyl, p-anisyl, mesityl when R=H
and R= p-anisyl when R= Me, have been prepared. The complexes are paramagnetic, but their magnetic
moments are less than expected for the two uncoupled spin carriefdedeYb" (4% and the
diazabutadiene radical anior8= /,), which implies exchange coupling between the spins. The variable-
temperaturéH NMR spectra show that rotation about the-R bond is hindered and these barriers are
estimated. The barriers are largely determined by steric effects, but electronic effects are not unimportant.

Introduction

Coordination complexes of the type '@pb(bipy-X), where

Cp is a substituted cyclopentadienyl ligand and bipy-X is a
4,4-disubstituted bipyridine ligand, are molecules in which the

bipyridine ligand is a radical anioft2 However, the magnetic

moments in these complexes are lower than expected, which
implies that the spin carriers are coupled: that is, the spin on

the [CP.YDb" (413)] fragment is correlated with the spin on the
bipy-X radical anion § = 1/,) fragment. Although the spin

carriers are antiferromagnetically coupled, the mechanism by
which they couple is not clear; the coupling mechanism is
important, since exchange coupling between f electrons with

paired electrons or with other f electrons is generally weak.
The magnetic moments of the ytterbocefisdpy complexes
range from small, wherges ~ 0.7 ug, to large, wherees ~

This paper continues our phenomenological studies of
exchange coupling in decamethylytterbocene complexes by
preparing the 1,4-diazabutadiene complexedigs).Yb(RN=
C(R)C(R)=NR), where R is an alkyl (M¢&£, Me;HC, ada-
mantyl) or aryl group [§-tolyl, p-anisyl, and mesityl) and'Rs
either H or Me, abbreviated Cp¥b(dad(R)-R). Several di-
azabutadiene complexes of lanthanide metallocenes have been
described for SM,Eul® and Yb!114 However, the reactions
of (indenylyYb(thf), and (fluorenyl}Yb(thf), with aryl-
substituted 1,4-diazabutadiene do not yield simple metallocene
adducts, but complexes derived from-C coupling and GH
bond activation are observéeli®

Results and Discussion

Comparison between bipy and dad(R-R Ligands. The

3.3ug at 300 K, depending on the substituents on the ligands, frontier molecular orbitals of bigy:!8 and dad(H)-R® are

which implies that the exchange coupling is stréng.The

isolobal. Theo donor orbitals on each nitrogen atom of bipy

terpyridine and substituted-terpyridine complexes of decam- and dad(H)-R transform as a- b, (in C, symmetry). The

ethylytterbocene behave similafiy.The implication of strong
antiferromagnetic coupling in these ytterbocebgy complexes

provides new ways of thinking about the specific role that R
electrons in f orbitals play in bonding in these particular
complexes, where an unpaired electron resides in a ligand
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Spin Coupling in Ytterbocene Complexes

Table 1. Reduction Potentials of 1,4-Diazabutadiene
(dad(R')-R) Ligands?0-21

R’ R E1(LO)aV
H CMe; —2.13
H p-tolyl —1.40
H p-anisyl —1.47
Me p-anisyl -1.85
bipy —2.12

a Potentials quoted relative to SCE in 0.1 NB{IuN][BF ] —DMF at 293
K.

LUMO is of by symmetry (inC,, symmetry) in each case as
illustrated inA andB. The energy of the LUMO is measured

Do

B
by the reduction potential of the neutral ligands. The reduction

potentials of some of the 1,4-diazabutadiene ligands used in

this study are given in Table 1; the value for bipy is listed for
comparison.
The reduction potentials show that the LUMO is lower in

energy for the dad(H)-R ligands when R is a substituted benzene

group relative to bipy, but when R is CMe&he energy of the
LUMO is essentially the same as that of bipy. Substituent effects
change the reduction potential by 0.73%2!and these changes

are readily rationalized by inductive and resonance effects Whent
the substituents on the nitrogen atoms are aromatic rings and

by hyperconjugation when the substituents are alkyl groups.

Since the diazabutadiene ligands are as easy or easier to redu

than bipy, they are generally thought to be bettexcceptorg?
Synthesis and Physical PropertiesAll of the dad(R)-R

complexes are prepared by adding the diazabutadiene ligand to

(CsMes),Yb(OED) in hydrocarbon solvent at room temperature
(eq 1). The 1:1 complexes are either green or red, and most o

CsMes),Yb(OEt,) + dad(R')-R 1
(CsMes),Yb(OEt,) + dad(R') olucne (
(CsMes),Yb(dad(R')-R) + OEt,

R' R abbreviation

H C(Me); dad(H)-t-Bu

H CH(Me) dad(H)-i-Pr

H adamantyl dad(H)-adamantyl

H CgHy-p-Me dad(H)-p-tolyl

H CgHy-p-OMe dad(H)-p-anisyl

H CgH,-2,4,6-(Me);  dad(H)-mesityl

Me CgHy-p-OMe dad(Me)-p-anisyl
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The infrared spectra in the low-energy region show an
absorption that is associated with thes&s),Yb!"' fragment
(Table 2)4 The solutiontH NMR chemical shifts at 20C are
indicative of paramagnetic complexes, as is their temperature
dependence (see Table 5). All of the complexes are paramagnetic
in the solid state, but thejresr values, which lie in the narrow
range between 3.3 and 4.8 at 300 K, are lower than expected,;
the expected value for the two uncoupled spin carriers;-Cp
Yb"'(4f13) and a diazabutadiene radical ani@ /), is 4.85
ug.2® The lower value ofug implies that the spin carriers are
antiferromagnetically coupled as in the bipy-X complexes.
However, the temperature dependence of the magnetic suscep-
tibility is not simple antiferromagnetic coupling between the
spin carriers, which is also true for the bipy-X complexes; these
details are described belows8

Solid-State Crystal Structures.The ORTEP diagrams for
two representative molecules,s{@es),Yb(dad(H)-R), where R
= p-tolyl, p-anisyl, are shown in Figures 1 and 2. The crystal
data and packing diagrams are available as Supporting Informa-
tion. Bond distances and angles for these two complexes are
given in Tables 3 and 4 along with data for related ytterbocene
diazabutadiene complexé&s!?

The two complexes shown in Figures 1 and 2 have ap-
proximateC,, symmetry, and the §Mes rings are staggered in
thep-tolyl derivative but eclipsed in thp-anisyl derivative. The
NCCN atoms in the diazabutadiene ligands are planar, since
their torsion angles are 0.5 each complex. The average value
of the angle formed by the intersection of the plapéolyl
ring (NC(ipso)C(ortho)C(ortho)) and the NCCN plane is 21.5
in (CsMes)Yb(dad(H)p-tolyl); in the p-anisyl complex this
angle is 4.8. This difference could be due to different
intramolecular steric effects between the-Ar fragment and
he orientation of the §Mes rings in the solid state. That is,
the steric interaction is minimized when theM@s rings are

C%clipsed and the NAr fragments are nearly coplanar with the

NCCN fragment, which maximizes the extent of-R(ipso)x
bonding.

The averaged YbC and Yb-N distances in both molecules
are statistically equal, as are the Cp(ring centroldp—Cp-

#(ring centroid) angles. The distances are in the range expected

for a (GMes),Yb" fragment and are similar to those found in
the dad(H)tBu complexes (Table 3)+12These values may be
compared to the YBC and Yb-N distances in (6Mes),Yb-
(py)2 of 2.74 and 2.56 A, respectively,both of which are
significantly longer than the comparable distances for the
complexes given in Table 3. In addition, the YN distance in
(CsHs)2Yb(dad(H)1-Bu) is significantly shorter than that in ¢€
Mes),Yb(dad(H)1-Bu), which is consistent with intramolecular
steric effects?

The bond distances in the dad(H)-R fragments support the
view that it is a radical anion. The uncoordinated diazabutadiene
dad(H)t-Bu, in the trans conformation, has been structurally

o ) o characterized The data in Table 4 compare the-C and C-N
them are difficult to purify by crystallization from the mother 1,5 gistances in the four ytterbocene complexes with those in

liquor. However, most sublime in the temperature range-160  the free diazabutadiene. The-C distances shorten and the
220 °C under diffusion pump vacuum, and the sublimed c_p gistances lengthen in the complexes relative to the

compounds readily crystallize from pentane or toluene solution. gisiances in the free ligand, as expected when the LUMO of

The pure complexes are high-melting solids, and those thatihe giazabutadiene illustrated B is populated. The crystal-
sublime yield molecular ions in their mass spectra; these and

other physical properties are shown in Table 2.

(23) The uncoupled value of 4.8% is obtained by summing thgT
value of each spin carrier; this assumes that all of the crystal field states
derived from the?F7,; term of Yb(Ill) are populated.
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239.
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Table 2. Solid-State Properties of Ytterbocene 1,4-Diazabutadiene Complexes

compd color mgiC IRa/cm1 1e(300 KP/ug

(CsMes).Yb(dad(H)p-tolyl) green 220 dec 313 3.97
(CsMes).Yb(dad(H)p-anisyl) red 266-262 dec 308 3.72
(CsMes).Yb(dad(Me)-p-anisyl) green-brown 21221 295 3.96
(CsMes),Yb(dad(H)-mesityl) blue-green 23232 dec

(CsMes).Yb(dad(H)+-Bu) red 2206-222 dec 280 3.63
(CsMes)2Yb(dad(H)4i-Pr) red 208-211 dec 295 3.71
(CsMes),Yb(dad(H)-adamantyl) brown-red 23239 280 3.43
(CsMe4H)-Yb(dad(H)+-Bu) red 242-245 dec

(CsHs)2Yb(dad(H)+-Bu)tt yellow 3.34

aYtterbium—CsMes ring symmetric tilting frequenc§. ® Determined from a plot of T vs T, whereuer = 2.828¢T)%5 and T = 300 K.

Table 3. Selected Bond Distances (A) and Angles (deg) of ds),Yb(dad(H)-t-Bu),1! (CsMes),Yb(dad(H)-t-Bu),12
(CsMes),Yb(dad(H)-p-tolyl), and (CsMes),Yb(dad(H)-p-anisyl)

(CsH 5)2Yb- (CsM es)sz- (C5Me5)2Yb- (CsMes)zY b-

(dad(H)1-Bu)? (dad(H)t-Bu)° (dad(H)p-tolyl)© (dad(H)p-anisyly
Yb—Ciing (Mmean) 2.60 2.69 2.65 2.64
Yb—centroid 2.33,2.33 2.41;2.40 2.37;2.34 2.36;2.35
centroid-Yb—centroid 128 130 137 139
Yb—N 2.306(9); 2.306(9) 2.385(3); 2.394(3) 2.340(5); 2.368(5) 2.339(7); 2.337(6)
N—Yb—N 74.7(3) 75.3(2) 73.4(2) 72.5(2)
R—N—C (av) 117.0 113.3 118.3 119.5

aFrom ref 11.P From ref 12.¢ This work.

Table 4. Bond Distances (A) in Diazabutadiene Ligands
from X-ray Crystallography

R—BN \\—// l\é—R

free (C5M85)2Yb- (C5H5)2Yb- (CsM es)sz- (CsMes)zY b-
dad(H)- (dad(H)-  (dad(H)-  (dad(H)-  (dad(H)p-
tBu2 t-Bu)° t-Bu)° p-tolyl)d anisyly

A 1.467(2) 1.398(3)  1.398(10)  1.380(9) 1.382(13)
B 1267(2) 1.339(2)  1.299(10)  1.342(8) 1.335(11)
C 1.267(2) 1.326(5)  1.310(10)  1.342(8) 1.339(11)

afFrom ref 25.° From ref 12.¢ From ref 11.9 This work.

Figure 1. ORTEP diagram of (€Mes).Yb(dad(H)p-tolyl) (50%
probability ellipsoids).

net magnetic moments in the high-temperature regime are much
lower, in the range of 3.9 ug (at 400 K)1~2 This pattern
implies that the reason for the lowered magnetic moments,
relative to the value expected for two uncoupled spin carriers,
is the same: viz exchange coupling between the unpaired
electron in the (GMes),Yb'"" fragment with the electron in the
b; symmetry orbital of the ligand. The extent of coupling and
therefore the coupling constant depends upon several variables,

5 the principle ones being the overlap between and the relative
'd‘ S ) Ty, s energy of the magnetic orbitaletailed studies similar to those

” — - published in ref 8 are underway to make this qualitative
Figure 2. ORTEP diagram of (Mes),Yb(dad(H)p-anisyl) (50% statement more quantitative. Recent articles claim that the
probability ellipsoids). I . .

variation in the magnetic moment as a function of temperature

lographic data and all of the other data clearly support the idea iS due to a tautomeric equilibrium between the diamagnetig [(C
that the complexes are derived from radical anions and cationic Mes)2Yb' (41*4)(bipy, S= 0)] spin isomer and the paramagnetic
ytterbocene fragments. [(CsMes).YD!" (4f23)(bipy—, S = )] spin isomer®:?® This
Solid-State Magnetic MeasurementsThe magnetic sus-  €xplanation is incorrect for ¢Mes).Yb(bipy), since the shape
ceptibility measurements as a function of temperature provide and therefore the population of Yb(ll) and Yb(lll) signatures
a bulk measure of how the paramagnetic condition changes within the Yb Ly-edge XANES do not change from 10 to 406K
temperature. A plot of~! as a function of temperature for all The one exception to the generalizations mentioned above is
the complexes is shown in Figure 3, and a plougf vs T for the y~1 vs T plot for (CsMes),Yb(dad(H)p-anisyl). Although
some of them is shown in Figure 4. Tha vs T plots are the plot is qualitatively similar to that of @es),Yb(dad(Me)-
available as Supporting Information.
The plots ofy~* vs T anduer vs T define a family of curves, (26) Carlson, C. N.; Kuehl, C. J.; Da Re, R. E.; Veauthier, J. M.; Schelter,
with one exception, in whichuet increases, more or less E.J.; Milligan, A. E.; Scott, B. L.; Bauer, E. D.; Thompson, J. D.; Morris,

i+ D. E.; John, K. D juieSismmmiio 006 128 7230-7241.
smoothly, to 400 K, where the curves appear to saturate with (27) Variable-temperature Ybil-edge XANES studies on the com-

an effective magnetic moment of 3:@.2 ug. These plots are  pounds reported here and on other bipy-X compounds will be published in
similar in shape to those for the bipy-X derivatives, though the due course (Booth, C. H. Personal communication).
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Figure 3. 37t vs T plot of (CsMes),Yb(dad(R)-R) compounds.
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Figure 4. ue vs T plots of (a, top) (GMes),Yb(dad(H)-alkyl)
compounds and (b, bottom) {Kes),Yb(dad(R)-aryl) compounds.

p-anisyl) (Figure 5), the slope gf 1 vs T for the former complex

increases much more rapidly with temperature, passing throug
a sharp maximum at25 K, then decreases much more rapidly

325 ]
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Figure 5. ¥t vsT plot of (CsMes),Yb(dad(H)p-anisyl) and (G-
Mes),Yb(dad(Me)p-anisyl).

Figure 6 shows a1 vs T plot for (CsHs),Yb(dad(H)+-Bu)
and (GMes),Yb(dad(H)t-Bu). As the curves are nearly super-
imposable, the substituents on the cyclopentadienyl ligand do
not appreciably change the magnetic moment. This is unlike
the behavior of the bipyridine complexes, where the effective
magnetic moments depend upon the substituents on the cyclo-
pentadienyl ring-2

Solution '"H NMR Spectroscopic Studies. (a) General
Considerations.The observed solutiohd NMR chemical shifts
in C¢Dg at 20°C for the complexes described in this paper are
given in Table 8 In general, the chemical shifts of theNles
groups are relatively broad and lie in a narrow chemical shift
range fromo 2.8 to 0.15 ppm. The resonances due to the
diazabutadiene ligands vary widely in chemical shift and line
width. Since assignments can be made on the basis of relative
intensities, and in some cases specific substitutions, some
generalizations can be made. The backbone CH'’s appear upfield
in the chemical shift range af —25 to —146 ppm with the
most shielded resonances associated with the dad(H)-R ligands,
in which R is a substituted benzene ring. When R is an alkyl
group, the resonances appear in a very narrow range5 to
—28 ppm. The chemical shift of the meta CH groups of the
substituted benzene ring are observed in the ranget7 to
+62 ppm, but the ortho H’s are observed in only one case. These
chemical shift values clearly show that the complexes are
paramagnetic in solution. In these complexes coordinated
diazabutadiene ligand does not exchange with added free
diazabutadiene ligand over the temperature range86fto+90
°C, showing that the dynamic processes, described in detail
below, are due to intramolecular processes.

In this and earlier papers, variable-temperattife NMR
spectroscopy is used as a probe of dynamic processes in solution.
Plots ofé vs T-tindicate if intramolecular exchange is occurring
on the NMR time scale and if the chemical shifts are linear in
T~L In order to ensure that all intermolecular processes are slow
on the NMR time scale, generally, variable-temperature data
in the presence and absence of added exchangeable ligand have

hbeen obtained 2 In the best experiments, coalescence

(28) The isotropic chemical shiftg)ig° = 9°s — 5918 have not been

than in the other complexes. At about 200 K, a sudden increasegetermined, since the diamagnetic analogues to the molecules presented in

occurs over a temperature range of 15 K, beforeythlevalue

this paper, e.g. (§Mes).Ca(dad(R-R), have not been prepared. However,

approaches that found for the other complexes. The origin of aPProximate isotropic shifte)t) using the chemical shifts of ¢bles),-

Yb(py), and the free dad(RR ligands have been calculated (see the

the difference in the solid-state magnetic behavior of these two sypporting Information). Errors introduced by nonideal reference com-

molecules is unknown.

pounds are expected to be small fot NMR data.
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decoalescence behavior is observed, from whiBf(T,) is
obtained and a physical process responsible for the fluxionality]
is generally obvioug?30

When thed vs T~ plots are nonlinear, there is insufficient
information in the line shape to postulate a physical process

other than some intramolecular process(es) occurring in solutioz i
S 200

is (are) temperature dependent. A physical process that chang
the populations will give rise to the resonances that have
nonlinear dependence dn': e.g., geometric changes, intramo-
lecular fluxions, electronic exchange, étc3? In general, our
interest is to obtaim\G*(T,) for chemical exchange processes,
and the issue of nonlinearity is not addressed. However, thq
bipy and related N-heterocyclic complexes present a new

challenge, since these ligands in these complexes are radicgl

anions and the effect of electron transfer, spin delocalization,
and/or exchange coupling on the line shape must be addressq

200- 0 (CMe,),Yb(dad(HtBu)
90000555555
250 o Sn,
" O(').
o ofug
o? Coo"mmy
n ©0ooo
b e ]
g | [e }
'g 150 *
S e
T g Q
100 g
H
L}
m_
T T T T T T T T T
d 0 50 100 15 200 250 300
T/K

in a realistic manner. A corollary is the origin of chemical shifts;

® (CH,),Yb(dad(H)-t-Bu)

we have not dealt explicitly with them until recenfigince we

Figure 6. y~1vsT plot of (CsMes),Yb(dad(H)+-Bu) and (GHs)2-

have simply viewed them as a number. For lanthanide moleculesYb(dad(H)+-Bu).

with neutral or anionic ligands, that are diamagnetic, the
paramagnetic (isotropic) shifts are mainly due to the pseudo-
contact term,0P¢ = —D[G(0,r)], where D is the magnetic
susceptibility tensor an@(0,r) is the geometric term which is
related tol3 cog & — 1/r3[Jwhen axial symmetry is presetit.
Thus, the isotropic chemical shift depends on the distarafe

spin density is located on the ligand: i.e., when there is
covalence and/or when the ligand is a radical anion, as in the
case of CppYb(N-heterocyclic bases). Both Fermi contact and
pseudo-contact terms are related to the magnetic susceptibility,
andd vs T~1 plots are expected to be linear, if Curie behavior

the observed nucleus from the paramagnetic center (that is, thes followed and if the isotopic chemical shifts account &ir

distance from the unpaired spin) abgdwhich is related ta 1,
if the Curie law is followed. This is a good approximation for

of the intramolecular dynamic processes.
(b) Aryl-Substituted Complexes, (GMes),Yb(dad(H)-R)

the vast number of complexes we have prepared over the years(R = Aryl). The 'H NMR data are shown as vs T™* plots,
since the metal to ligand bonds are not covalent: that is, the whered is the observed chemical shift as in earlier papefs.
unpaired spin density on the ligands is small, since unpaired f An alternative method of representing the data is to plot the
electrons are localized on the metal center and contributionsreduced chemical shiftdgeg) (the chemical shift at a given

from the Fermi contact term or deviations from the Curie law
to the overall isotropic chemical shift are small. We have
recently shown that complexes in which the ligand is a radical
anion, such as Cgrb(bipy-X), the plot of the solid-state
magnetic susceptibility T, vs ¢ is linear for the 6,6H chemical
shift at 300 K3 This is not surprising, since the 6,60sition
carries a small amount of spin density in the bipy radical ation,

temperature multiplied by that temperatudd, divided by 298

K in order to get convenient numbers) as a functiof &#36:37

The latter representations are useful, since they show the relation
between solid-state magnetic susceptibility as a function of
temperature when plotted g3 vs T and the reduced chemical
shift of a given resonance as a function of temperatis&, vs
T.3839 These plots are available as Supporting Information.

it is close to the paramagnetic center, and the chemical shift ~The variable-temperatufél NMR spectra of the-tolyl and
should depend on the pseudo-contact contribution. For the otherp-anisyl complexes are similar, and onyvs T~* plots are
resonances that carry higher spin densities and are further awayhown for thep-tolyl complex in Figure 7; thed vs T-* plot

from the paramagnetic center, the Fermi contact te¥f, is
proportional to—a&[84d,, wherea is the isotropic hyperfine
splitting constant and$®, is the thermal average of the spin
moments along the principal molecular axes, which is related
to the atomic magnetic susceptibility, will play a réfe®® This
term is an important contributor to the chemical shift when

(29) Maron, L.; Werkema, E. L.; Perrin, L.; Eisenstein, O.; Andersen,
R. A @005 127, 279-292.

(30) zi, G.; Blosch, L. L.; Jia, L.; Andersen, R. fiuntsusstaliia~ 005
24, 4602-4612.

31) (a) La Mar, G. N.; Horrocks, W. D.; Holm, R. HMMBeaf

Academic Press: New York, 1973; pp-8578.
(b) Wicholas, M.; Drago, R. d.968 90, 6946-6950.
(c) Horrocks, W. D.; Taylor, R. C.; LaMar, G. 4964
86, 3031-3038. (d) LaLancette, E. A.; Eaton, D. R.; Benson, R. E.; Phillips,
W. D. d.962 84, 3968-3970.

(32) Kohler, F. H. Probing Spin Densities by Use of NMR Spectroscopy.
In Magnetism: Molecules to Materials. Models and Experimehliier,

J. S., Drillon, M., Eds.; Wiley-VCH: Weinheim, Germany, 2001; pp 379
430, and references cited therein.

(33) Fischer, R. D. NMR-spectroscopy of organo-f-element and pre-
lanthanoid complexes: some current trends-imdamental and Techno-
logical Aspects of Organo-f-Element Chemistiarks, T. J., Fragalal.

L., Eds.; D. Reidel: Dordrecht, The Netherlands, 1985; pp-326.

(34) Fischer, R. D. Lanthanide and Actinide ComplexesNMR of
Paramagnetic Molecules.a Mar, G. N., Horrocks, W. D., Holm, R. H.,
Eds.; Academic Press: New York, 1973; pp 55b63.

for thep-anisyl complex is available as Supporting Information.
The GMes resonances are essentially independent of tem-
perature, though thp-Me and backbone CH resonances have
a nonlinear dependence on temperature. The resonances at-
tributable to the benzene ring meta and ortho CH’s address the
question of arene ring rotation in solution. At 2@, a single
resonance of relative intensity 4H is observed, which broadens,
disappears, and then reappears as two resonances of 2H each
as the temperature is decreased-t60 °C (Figure 7b). The
coalesced resonance sharpens, and the chemical shift is es-
sentially independent of temperature frof20 to +90 °C.
During the temperature study, another resonance that is very
broad at 20°C emerges from the baseline as the temperature is
decreased as two widely separated resonances due to 2H each.
As the temperature is increased froh20 to +90 °C, this

(35) Kurland, R. J.; McGarvey, B. Riinstiiaagn197Q 2, 286
301.

(36) Knorr, R.; Polzer, H.; Bischler, Bl 975 97,
643-644.

(37) Knorr, R.; Weiss, A.; Polzer, H.; Bischler, iiimmioc-
1975 97, 644—646.

(38) Kohler, F. H.; Schlesinger, Riagksmisiaag 1992 31, 2853-2859.

(39) Heise, H.; Kaler, F. H.; Xie, X. juiitataiaae 001, 150 198
206.
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Table 5. 'H NMR Data for Cp ',Yb(dad(R')-R) Complexe$

R
compd Cp R
(CsMes),Yb(dad(H)- 1.74 (35) —123.7(320) o-CH b
p-tolyl) mCH 50.2 (700)
p-Me  58.3(90)
(CsMes),Yb(dad(H)- 1.76 (13) —109.3 (270) o-CH b
p-anisyl) mCH  46.9 (350)
p-OMe 18.9 (4)
(CsMes),Yb(dad(Me)- 1.51 (23) +126.0 (360) o-CH  103.3 (800)
p-anisyl) mCH 50.1(34)
p-OMe 18.5(8)
(CsMes),Yb(dad(H)- 0.29 (90) —146.2 (240) o-CH; 224.9 (120)
mesityl) 0-CH; 58.2 (64)
mCH 62.5(32)
m-CH 50.4 (24)
p-Me  58.2(64)
(CsMées))ng(dad(H)— 0.15(8) —26.6 (200) t-Bu b
t-Bu
(CsMes),Yb(dad(H)- 2.83(9) —28.3(170) CH 108.9 (260)
i-Pr) Me 32.3(12)
(CsMes),Yb(dad(H)- 0.14(8) —25.2(200) CH 18.9 (650)
adamantyl) CH 16.7 (400)
CH 12.5 (67)
(CsMeyH),Yb(dad(H)-  Me 2.62 (34) —36.0 (180) t-Bu 42.7 (480)
t-Bu) Me 2.47 (50)
H —38.0 (60)
(C5H5)2;(b(dad(H)— —23.8(60) —42.5(208) t-Bu 45.8 (46)
t-Bu

aRecorded in benzer;-at 20°C. Observed chemical shifts are given

in ppm. Line widths, full width at half-height (Hz), are given in parentheses.

b These resonances are not observed at@0
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Figure 7. Chemical shift §) vs T~ plots of (a, top) théH NMR
resonances of (#Mes),Yb(dad(H)p-tolyl) in tolueneds at tem-

peratures from-70 to+90 °C and (b, bottom) the ortho and meta

CH *H NMR resonances of ¢Mes),Yb(dad(H)p-tolyl) in toluene-
ds at temperatures from70 to +90 °C.
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Table 6. Barrier of Ortho and Meta CH Site Exchange in
(CsMes),Yb(dad(H)-p-tolyl) and (CsMes),Yb(dad(H)-p-anisyl)

(CsMEs)sz- (C5Me5)2Yb—
(dad(H)p-tolyl) (dad(H)p-anisyl)
ortho H meta H ortho H meta H
Av3[Hz 12400 16800 85200 520
TLIK 310 270 290 220
kst 27546 37320 189266 1155
AG*/kcal mol? 10.5 10.1 10.0 9.7

aSignal separation in H2.Coalesence temperaturé:) at 400 MHz
operating frequencyt. The free energy of activatiodG*, was determined
by the temperature dependence of the ortho and meta CH proton resonances
in C;Dg, as outlined in refs 4042.
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Figure 8. Chemical shift §) vs T~ plot of the’H NMR resonances
of (CsMes),Yb(dad(H)-mesityl) in toluenel at temperatures from
—65 to+80 °C.

to assign them with certainty; however, the broader one at 20
°C is likely to be the ortho CH, since it is closer to the
paramagnetic center. The assignment is not crucial, since the
activation free energy derived from the line shape for both
resonances is identical (Table 6). The temperature behavior of
the resonances is as expected for hindered rotation @Ftbly|
group about the NC(ipso) bond. At low temperature the two
p-tolyl rings are oriented as in the solid-state structures (Figure
1 and 2), the molecule has averagés symmetry, and the
ortho and meta CH's are distal and proximal, respectively,
relative to the ytterbocene fragment. As the temperature is
increased, rotation around the-g-tolyl bond increases, result-
ing in distal-proximal site exchange with barriers of about 10
kcal mol! in each case (Table 6).

The 'H NMR spectrum of the mesityl complex, {€es),-
Yb(dad(H)-mesityl), is useful, since it provides an assignment
of the meta CH resonances and shows the effect of steric
hindrance on the rotation barrier. THeé NMR spectrum shows
two inequivalent ortho Me and meta CH resonances&Q °C
(Figure 8). These inequivalent ortho CMe and meta CH
resonances are attributable to slow distadoximal site ex-
change that is observed in tipetolyl and p-anisyl complexes
only at low temperature. Even though distaroximal site
exchange is slow at 88C, the mesityl complex has averaged
C,, symmetry, since the 4Mes rings are equivalent. As the
temperature is lowered, the;Kes rings become inequivalent,
AGHT. = 260 K) = 11 kcal mofl. Since the distal and
proximal CMe and CH groups are still pairwise equivalent, the
complex contains a time-averaged vertical plane of symmetry.

coalesced resonance, due to 4H, is linear in temperature. Thes®©n further cooling, the CMe group resonances broaden but do
resonances are either the ortho or meta CH’s, and it is difficult not disappear in the baseline; thus, oscillation ofMhmesityl
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Figure 9. Chemical shift §) vs T~1 plot of thelH NMR backbone
CH/CMe resonances of {Mles),Yb(dad(H)p-anisyl) and (GMes),-
Yb(dad(Me)p-anisyl) in toluenedg at temperatures from-70 to

Figure 10. Chemical shift §) vs T-! plot of the TH NMR
resonances of (#Mes),Yb(dad(H)t-Bu) in tolueneds at temper-
atures from—70 to +90 °C.

+90 °C.

groups is not slow enough to remove the mirror plane,
generating a complex witll; symmetry?

The variable-temperaturéd NMR spectra of (GMes),Yb-
(dad(Me)p-anisyl) are similar to those of ¢®es),Yb(dad(H)-
p-tolyl) and (GMes),Yb(dad(H)p-anisyl); complete) vs T-1
plots are given in the Supporting Information, and the plots for

the backbone CH and CMe resonances are shown in Figure 4.
q

The plot shows that the backbone CMe resonance has
strikingly large temperature dependence; it changes frer50
(=70 °C) to =50 ppm (90 °C). The slope is negative, in
contrast to the backbone CH resonance igM&s).Yb(dad(H)-
p-tolyl), which is positive, as shown in Figure 9. The different
sign of the slope in thé vs T~ plot is expected when a methyl
group replaces a hydrogen atom at a given site in a paramagnet
molecule when the Fermi contact term dominates the pseudo|
contact term, since the hyperfine coupling constaptandaye
have different signd! Similarly, the change of sign of the slope
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in thed vs T~1 plot was observed in §Mes),Yb(bipy-X), when

7' /K

the X substituents in the 44ites are changed from H to Me.
(c) Alkyl-Substituted Complexes, (GMes),Yb(dad(H)-R)

(R = Alkyl). In general, the patterns of chemical shifts in the

alkyl-substituted complexes are similar to those of the aryl

complexes, with one notable exception: .yiwhen R= t-Bu.

In this case, the resonances due to the git®ups are not

(40) Lukens, W. W.; Beshouri, S. M.; Stuart, A. L.; Andersen, R. A.
@s1999 18, 1247-1252.

(41) Luke, W. D.; Streitwieser, /jininniiammi 3981 103 3241-
3243.

(42) Sandstim, J.Dynamic NMR Spectroscopfcademic Press: New
York, 1982.

(43) In all of the diazabutadiene complexes withs\@s),Yb, except
the mesityl derivative just discussed, the chemical shift of thMeg
resonances moves downfield, passes through a minimum value at abou

—50 to—60 °C, and then moves upfield as the temperature is decreased to

Figure 11. Chemical shift §) vs T-! plot of the IH NMR
resonances of (M€sH),Yb(dad(H){-Bu) in tolueneels at temper-
atures from—70 to +90 °C.

observed at 20C in GsDg or C;Dg. However, as shown in the

o vs T71 plot in Figure 10, the resonances due to the gMe
groups are observed at 9& (T-! = 0.0027 K1) as a broad
singlet that disappears into the baseline as the temperature is
reduced below 80C and then emerge from the baseline as two
widely separated resonance®&.6 and 119 ppm in a 2:1 ratio,
respectively. The chemical shifts of the decoalesced resonances
are then independent of temperature. This temperature behavior
is presumably due to hindered rotation around theQWe;

bond that is slow on the NMR time scale below 250 K, resulting

t o
from steric hindrance between the CMgroups and the CMe

—80°C. This nonlinear behavior is due to temperature-dependent processesgroups on the €Mes rings. Two complexes, #Els).Yb(dad-

whose populations and chemical shifts depend on temper&tiree
averaged chemical shifd,y, is the weighted chemical shift of two nuclei,
dav = ada + bde. If the populations are unequal,= b, thenda, vs T-1

will be the sum of the individuaba vs Tt anddg vs T~ plots, which will

be nonlinear if the populations change with temperature. Conversely, if
= b but 0o = 0, dav VS T-1 will be non-linear if 6 and/ordg exhibit
nonlinear T dependences. Another contributing factor might be the
movement of the §Mes rings relative to the magic angle with temperature,
which is related to the (+ 3 co£ ) term in the pseudo-contact contribution.
The motion of the @Mes might be correlated to the motion of the
N-heterocyclic base about the horizontal mirror plane; however, there is
insufficient information in the line shape to delineate the physical process
responsible.

(H)-t-Bu)* and (GMe;sH),Yb(dad(H)i-Bu), have been prepared
and characterized as detailed in the Experimental Section and
Table 2 in order to examine the effect of cyclopentadienyl ring
substituents on the rotation barrier.

Figure 11 shows the resonances of th#&1€4H derivative as
ao vs T71 plot, which is similar to that of (€Mes),Yb(dad-
(H)-t-Bu) (Figure 10), with the exception of the temperature at
which the CMg resonances disappear into and reappear from
the baseline. In the §Me,H metallocene, the coalescence
temperature is about 35C lower than that for the §Mes
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Figure 12. Chemical shift §) vs T-1 plot of the TH NMR
resonances of Mes),Yb(dad(H)i-Pr) in tolueneds at tempera-
tures from—70 to +90 °C.

derivative, consistent with less steric hindrance to rotation. In
addition, the CMe resonance is a single resonance down to
—70 °C in (GCsHs),Yb(dad(H)+-Bu); the 6 vs T plot is
available as Supporting Information.

The temperature dependence of the resonances;bfe{-
Yb(dad(H)1i-Pr) (Figure 12) shows that the Gk, resonances
do not decoalesce to70 °C, which is also consistent with the

Organometallics, Vol. 26, No. 9, ZB0B

Table 7. Barrier to CMej3 Site Exchange in
Cp'2Yb(dad(H)-t-Bu)

(CsMes)sz- (Me4C_=,H)2Y b-

(dad(H)t-Bu) (dad(H)t-Bu)
Av3[Hz ~50000 ~54500
ToK ~345 ~235
AGp*e/kcal mol? 13 9
AGg*/kcal molt 12 8

aDistance between the signals in HZl. = coalescence temperature
(400 MHz operating frequencyj.T. and Av are determined by an
extrapolation of the temperature dependence of the {jivietons in GDs,
as described in the Experimental Section. The free energy of activation,
AG*, is given without specifying the uncertainty in the value.

Section, and the values obtained for the activation energies given
in Table 7 are reasonable, as they are similar to those in
Table 6.

The relative barriers are consistent with steric hindrance
playing a large role in the barrier. However, the X-ray crystal
structures of (gMes),Yb(dad(H)1-Bu) and (GHs),Yb(dad(H)-
t-Bu) do not show short intramolecular distances, though the
Yb—N(av) distance in (€Mes).Yb(dad(H){-Bu) of 2.390(2) A
is significantly longer than the equivalent distance in tkel£
complex of 2.306(9) Al12The representation of the crystal
structure of the former complex by van der Waals spheres shows
that the CMe groups and €Mes rings are interlocking (see
the Supporting Information for this representation). Unfortu-
nately, the chemically inequivalent methyl resonances in the
less sterically congested complexgk@;H),Yb(dad(H)1-Bu),
just disappear into the baseline and th#1€,H rotation barrier
cannot be estimated.

While the work described in this paper was in progress, the

steric hindrance to rotation postulate. The variabIe-tempera'[uresynthe\‘:,iS and crystal structure obis),Yb(dad(H)t-Bu) were

spectra of (gMes),Yb(dad(H)i-Pr) contain additional informa-
tion, since the slopes of thievs T~ plots for the CH and CMge

reported*? however, the publishedH NMR spectrum is
different from ours. The cell dimensions of our complex agree

resonances have opposite signs. As mentioned above, this iSyith those reported (see the Experimental Section for details),
the expected behavior, when the Fermi contact term dominatesgpoying that the solids are identical. Trifonov et al. report that

the pseudo-contact terfhThis behavior shows that the unpaired

the CMe resonances appear as four unequal area resonances

spin density is delocalized onto the methyl groups, presumably (6 —6.7, 12.2, 19.2, and 24.2 ppm) at 20 in CsDg, whereas

by hyperconjugation, consistent with an electronic component

to the N-C rotation barrier. It is noteworthy that the EPR
spectrum of [dad(H}-Bu]*~ shows unpaired spin density on
the CMeg groups?* which was attributed to hyperconju-

we do not observe these resonances under the same conditions
(Figure 13). We noted, however, that when our material is
allowed to stand at room temperature in an NMR tube that is
sealed with a rubber septum, resonances appear at the chemical

gation. Thus, NMR and EPR spectra support the idea of an ghifs reported by Trifonov et al., suggesting that the reported

electronic contribution to the NC(R) rotation barrier; how-
ever, steric hindrance to rotation is likely to be the major
contributor®

(d) Quantitative Evaluation of the N—CMe; Rotation
Barrier. The rotation barriers in dad(H)-R, where R is aryl,
given in Table 6, are readily obtained since they involve
coalescence of two resonances of equal inted&iti?. This

resonances are due to decomposition products. In a sealed NMR
tube, (GMes),Yb(dad(H)t-Bu) is indefinitely stable in €Dg

at 20°C. Trifonov et al. also report that thds displaces dad-
(H)-t-Bu, giving (GMes),Yb(thf)y.12 We have reproduced this
observation with neat thds; however, addition of a drop of
thf-dg to a solution of (GMes).Yb(dad(H)1-Bu) in CsDg does

not perturb the?H NMR chemical shifts at 20C. In contrast,

graphical method cannot be used, however, for estimating the(CsMes)sz(dad(H)p—tolyl) does not exchange with neat thf-

free energy barrier in the dad(H)Bu complexes, since the

ds, since the resonances in that solvent are identical with those

populations of the exchanging sites are unequal. In a diamagneticypiained in @Ds at 20 °C. 2,2-Bipyridine displaces the
compound, line-shape analysis is used to solve this problem, §igzaputadiene ligand in (®les),Yb(dad(H)t-Bu) on mixing,

but this method requires that the spispin relaxation timeTy)

giving (GMes),Yb(bipy) and free dad(H)-Bu; the reverse

does not depend on temperature, a condition that is not valid reaction does not occur, clearly showing the relative thermo-
for paramagnetic compounds, whose line widths often are very gynamic stability of the bipy complexAs reported, free bipy
temperature dependent. An analytical method, however, has beegjoes not exchange with éiles),Yb(bipy) on the NMR time
developed for estimating the activation free energies for a 2:1 ggje: however, it does exchange with '4inethyl-2,2-

site exchangé® This method is outlined in the Experimental

(44) Clopath, P.; v. Zelewsky, j 1972 55, 52—66.
(45) The low exchange limitingH NMR spectrum of (§Mes),Yb(dad-

(H)-adamantyl) could not be reached, and the rotation barriers cannot be

determined.
(46) Shanan-Atidi, H.; Bar-Elli, K. HyiniiSeisiaam1970 74, 961—
963.

bipyridine on the chemical time scal@hese, and other recently
reported exchange studi#s!® show that the mechanism of
ligand exchange also involves a redox process.

(47) Wang, J.; Amos, R. |. J.; Frey, A. S. P.; Gardiner, M. G.; Cole, M.
L.; Junk, P. C 2005 24, 2259-2261.
(48) Evans, W. J.; Davis, B. |ahaataig 2002 102 2119-2136.
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Figure 14. Reduced observed chemical shifbdg) vs ¥ T plots of
IH NMR resonances of backboné-R tolueneeds at temperatures
from —70 °C to +90 °C of (a, top) (GMes).Yb(dad(R)-aryl)
systems and (b, bottom) {Mles),Yb(dad(H)-alkyl) systems.

(e) Relation between Solid- and Solution-State Magnetism.

13. 'H NMR spectrum of (gMes),Yb(dad(H)4-Bu) in benzeneds at 20°C.

expressed agT, vs the reduced observed chemical shift of the
backbone CH/CMe resonance in the solufidrNMR spectrum,
expressed adygg, for several dad(R-R complexes. The reduced
chemical shift (,99) is defined as the observed chemical shift
at a given temperature multiplied by that temperaty€,
divided by 298 K. These graphs dramatically illustrate the linear
relation between solution- and solid-state magnetic properties
and show that the observed magnetic properties result from the
individual molecule, not from the collection of molecules in
the ensemble. This implies that the phenomena responsible for
the nonlinear behavior in the individugll vs T and 29 vs T

plots are traceable to the magnetic properties of the individual
molecular complexes and, therefore, to the energy and overlap
of the molecular orbitals.

The origin of the slight curvature at low temperaturesQ
to —70°C) in Figure 14b, but not in Figure 14a, parallels the
nonlinear chemical shift behavior of the backbone H over a
similar temperature range observed for the alkyl derivatives in
Figures 10, 12, S11, and S15 (see Supporting Information),
which is not compensated by changegin(in the solid state).
Since all processes are intramolecular in solution, the nonlin-
earity might be due to slowing of some dynamic process, such
as motion of the N-heterocyclic ligand about the horizontal
mirror plane, that does not occur in the solid state in this
temperature regime.

In an earlier articlé, a qualitative symmetry orbital model
was developed, in which the antiferromagnetic exchange
coupling was traced to the interaction between the electron or
hole on the bent-sandwich fragments§@s),Yb" (f13) which
is of f or d parentage or hybridization therefrom, with the
electron in the radical anion in an orbital of §ymmetry. This
qualitative coupling scheme depends on the relative orbital
energies and overlap integrals of the individual fragments and
ultimately on the crystal field states of; Bymmetry on the

Figure 14 shows plots of the solid-state magnetic susceptibility, ytterbocene fragment.
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Chart 1 (CsMes),Yb(N,N'-di-p-tolyl-1,4-diazabutadiene). N,N'-Di-p-
tolyl-1,4-diazabutadierté (0.27 g, 1.1 mmol) and (Mes),Yb-
(OER)®° (0.59 g, 1.1 mmol) were weighed into a Schlenk flask
under nitrogen and dissolved in toluene (80 mL), and the dark green-
black solution was stirred at room temperature for 3 h. The solvent
was removed under dynamic vacuum, and the residue was sublimed
under diffusion pump vacuum at 16180 °C. The sublimed
material was dissolved in ca. 100 mL of pentane, the mixture was
filtered, and the filtrate was concentrated and cooled-&5 °C
overnight to form dark green crystals (0.58 g, 0.83 mmol, 76%).
Mp: 220°C dec. Anal. Calcd for gH4eNoYb: C, 64.6; H, 7.02;
N, 4.08. Found: C, 64.2; H, 7.02; N, 4.084 NMR (CgDs, 20
- °C): 0 58.3 (6 H,v12 = 90 Hz,p-Me), 50.2 (4 H,v1, = 700 Hz,
I meta CH), 1.74 (30 Hyy, = 55 Hz, GMes), —123.7 (2H,v1, =
330 Hz, backbone dad-CH). The ortho CH was not observed at 20
°C in CsDg. The EI mass spectrum showed a molecular iom/at

The studies described in this paper, along with those in earlier 680 The parent ion isotopic cluster was simulated (calcd %, obsd
papers,~3 show that the bipy-X and dad{RR ligands, whose %): 676 (11, 11), 677 (41, 40), 678 (72, 72), 679 (71, 70), 680
HOMO's have identical symmetries but different energies, form (100, 100)'_ 681 (36, 37)'.6821(4.'2’ 42), 683 (15, 15), 684 (3, 3). IR
complexes with (Mes),Yb that are not diamagnetic. The extent (Nujol mull; Csl windows; cm): 2720 (w), 1604 (vs), 1553 (m),

. . . . . 1497 (vs), 1328 (s), 1313 (sh w), 1274 (vs), 1181 (m), 1143 (s),
of paramagnetism in general, as judged by the effective magnetlc1113 ((vvv)) 1026 E”z) 1000 ((m) 5297 (br s() gso (vw)( 7)96 (s) 7(22)
moment at 300 K, qualitatively correlates with the reduction W), 700 (\}w) 647 (V’W) 616 (V\;V) 591 (vvx;) 513 (m)’ 415 (br’w)
potential of the ligands. However, the magnetic susceptibility g, (br w) 313 (vs) 303 (V). ' ’ ’ '

behavi_or of the indiyidual complexes as a function of temper- (CsMes),Yb(N,N'-diisopropyl-1,4-diazabutadiene). N,N'-Di-
ature is far fro_m S|mple_. Th|s and earlier papers present @ jsopropyl-1,4-diazabutadiefie(0.21 g, 1.5 mmol) and (§Mes),-
phenomenological description of the systematics of the solid- yp(OE,) (0.78 g, 1.5 mmol) were weighed into a Schlenk flask
state magnetic properties of the ytterbocene complexes with ynder nitrogen and dissolved in toluene (80 mL), and the bright
heterocyclic-nitrogen bases, but a molecular level of understand-red solution was stirred at room temperature for 3 h. The solvent
ing of the exchange coupling is not possible from these studies.was removed under dynamic vacuum, and the residue was sublimed
However, a qualitative model is postulated that ascribes the under diffusion pump vacuum at 16220 °C. The sublimed
antiferromagnetic coupling to an electron on the' &p" material was dissolved in a minimum amount of pentane (ca. 5
fragment of h symmetry with the electron in the Inolecular mL) and cooled to—80 °C for several days. The compound
orbital in the ligand radical anion. The tools used by physicists, crystallized as large deep red blocks (0.48 g, 0.82 mmol, 55%),
such as those described in ref 8, must be employed in order toand it was very soluble in aromatic and aliphatic hydrocarbons.

achieve a molecular level of understanding; these and relatedMp: 208-211°C dec. Anal. Calcd for gHaseN2Yb: C, 57.50; H,
studies will be reported in due course. 7.93; N, 4.79. Found: C, 57.55; H, 8.04; N, 4. TA.NMR (CGDB,

20°C): ¢ 108.9 (2 Hvy, = 260 Hz, GtMey), 32.3 (12 Hyyp =
12 Hz, CHVle,), 2.83 (30 H12 = 9 Hz, GMes), —28.3 (2H,v1)2
= 170 Hz, backbone dad-CH). The El mass spectrum showed a
General Comments.All reactions, product manipulations, and molecular ion atm/e 584. The parent ion isotopic cluster was
physical studies have been carried out as previously descriBed. simulated (calcd %, obsd %): 580 (11, 10), 581 (43, 42), 582 (72,
The temperatures quoted in the variable-temperature NMR are 75), 583 (68, 66), 584 (100, 100). 585 (29, 30), 586 (41, 36), 587
obtained through calibration of the probe, in the specific instrument (13, 12). IR (Nujol mull; Csl windows; crmt): 2720 (w), 1575
used, by recording the chemical shift of methanol (low temperature) (w), 1548 (w), 1338 (w), 1310 (br w), 1262 (m), 1232 (m), 1160
and ethylene glycol (high temperatufé)The 1,4-diazabutadiene  (m), 1105 (m), 1021 (br m), 800 (br m), 784 (m), 720 (br m), 610
ligands were purified by crystallization and/or sublimation prior to  (vw), 475 (vw), 450 (vw), 395 (br vw), 295 (br s).
use. TheAG* value for an unequal population site exchange system  (CsMes),Yb(N,N'-di-tert-butyl-1,4-diazabutadiene).N,N'-Di-
was determined using eqs 2 anéfT his method has been applied  tert-butyl-1,4-diazabutadiefi#(0.23 g, 1.37 mmol) and ¢Mes),-
Yb(OEL) (0.71 g, 1.37 mmol) were weighed into a Schlenk flask
X T, under nitrogen and dissolved in toluene (80 mL), and the dark red
27(1 — Ap) +in Av @ solution was stirred at room temperature for 3 h. The solvent was
removed under dynamic vacuum, and the residue was sublimed
+ X T, under diffusion pump vacuum at 18290 °C. The sublimed
AGg" = 4.57T{10.62+ log 27(1+ Ap) +in Av ®) material was dissolved in a minimum amount of pentane and cooled
to —80 °C for several days. The compound crystallized as deep
to the spin equilibrium in dimethylmanganocefie Equa- red blocks (0.45 g, 0.74 mmol, 54%). Mp: 22822°C dec. Anal.
tions 2 and 3 give the change in free energy of activation for species alcd for GoHsoN2Yb: C, 58.90; H, 8.24; N, 4.58. Found: C,
A and B. The terms in these equations are defined by Chart 1, 58.70; H, 8.14; N, 4.63:H NMR (CeDs, 20 °C): 6 0.15 (30 H,
with T,, the coalescence temperatute, the extrapolated chemical ~ V12 = 8 Hz, GMes), —26.6 (2H,v1, = 200 Hz, backbone dad-

Conclusions

Experimental Section

AG,F = 4.57TC(10.62+ log

shift difference in hertz, and the expressions ¥i@r(1 £ Ap)], CH). The resonance due to th&u protons was not observed at_
where Ap = —0.33 when the population difference is 1:2, are 00m temperature. The El mass spectrum showed a molecular ion
evaluated from Figure 2 in ref 46. However, theG* values atm/e 612 amu. The parent ion isotopic cluster was simulated (calcd
obﬁuned in this way are only valid at the coalescence temperature, (50) Tilley, T. D.: Boncella, J. M.; Berg, D. J.: Burs, C. J.; Andersen,
Te. R. A. kaSksmedain 1990 27, 146-149.

(51) tom Dieck, H.; Franz, K.-D.; Majunke, WZ. Naturforsch.1975

(49) Kliegman, J. M.; Barnes, R. gainitisigin 1970 35, 3140 30h, 922-925.

3143. (52) Kliegman, J. M.; Barnes, R. iggiiaaagean 970 26, 2555-2560.
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%, obsd %): 608 (11, 10), 609 (42, 42), 610 (72, 75), 611 (68,
66), 612 (100, 100). 613 (31, 30), 614 (41, 37), 615 (13, 12), 616
(2, 2). IR (Nujol mull; Csl windows; cmt): 2720 (w), 1542 (w),
1492 (m), 1389 (sh), 1368 (s), 1358 (m), 1263 (s), 1220 (w), 1188
(br vs), 1118 (vw), 1100 (w), 1020 (br m), 990 (m), 895 (m), 800
(m), 782 (m), 760 (w), 721 (m), 612 (br w), 532 (vw), 478 (br m),
383 (br m), 280 (br vs).

Unit Cell Determination of (CsMes),Yb(dad(H)-t-Bu). A
crystal measuring 0.12 0.20 x 0.22 mm was mounted on a glass

Walter et al.

(vw), 710 (br w), 652 (w), 628 (w), 530 (w), 480 (vbr w), 390 (vbr
w), 295 (br s), 275 (sh), 245 (m).
(CsMes),Yb(N,N'-diadamantyl-1,4-diazabutadiene) N,N'-Di-
adamantyl-1,4-diazabutadiéf€0.33 g, 1.01 mmol) and @®es),-
Yb(OEY) (0.53 g, 1.02 mmol) were weighed into a Schlenk flask
under nitrogen and dissolved in toluene (120 mL), and the dark
red solution was stirred at room temperature for 2 h. The solution
was filtered, concentrated to .c&0 mL, and cooled to-25 °C
overnight to form brown-red crystals (0.62 g, 0.80 mmol, 79%).

fiber using Paratone N hydrocarbon oil and transferred to a Bruker Mp 238-239 °C rev. Anal. Calcd for GyHg:N,Yb: C, 65.68; H,

SMART 1k CCD diffractometer. Cell constants and an orientation
matrix were obtained of the measured positions of reflections with
| > 100 to give the following unit cell:a = 13.7007(29) Ap =
15.5126(13) Ac = 13.3171(18) Ap. = f = y = 90°. These values

8.14; N, 3.65. Found: C, 65.51; H, 8.31; N, 3.68.NMR (CgDs,

20 °C): 0 18.9 (2H,vy, ~ 650 Hz, adamantyl B;), 16.7 (6 H,
v12~ 400 Hz, adamantyl B,), 12.5 (7H,v1, = 67 Hz, adamantyl
CH), 0.14 (30 Hwy1, =8 Hz, O:,Me5), —25.2 (2H,V1/2 = 200 Hz,

are in agreement with the reported values in the orthorhombic spacebackbone dad B). IR (Nujol mull; Csl windows; cm?): 2720

groupPna2;; a=13.7169(1) Abp = 15.5660(2) Ac = 13.3681-
@A a=p=y=9012
(CsMes),Yb(N,N'-di-p-anisyl-1,4-diazabutadiene)N,N'-Di-p-
anisyl-1,4-diazabutadieffe(0.33 g, 0.99 mmol) and ™es),Yb-
(OEb) (0.51 g, 0.99 mmol) were weighed into a Schlenk flask under

nitrogen and dissolved in toluene (80 mL), and the dark green-

(vw), 2670 (vw), 2650 (vw), 1622 (br w), 1482 (m), 1352 (m),
1341 (m), 1312 (m), 1303 (m), 1272 (m), 1234 (vs), 1185 (m),
1178 (m), 1112 (m), 1185 (w), 1178 (m), 1112 (m), 1088 (vs),
1069 (m), 1012 (br m), 995 (w), 980 (vw), 970 (vw), 954 (w), 938
(w), 912 (m), 812 (br m), 775 (s), 721 (m), 698 (vw), 620 (br w),
470 (br m), 418 (br m), 380 (br w), 355 (br w), 280 (br vs), 245

black solution was stirred at room temperature for 1 h. The solvent (w), 221(m).
was removed under dynamic vacuum, and the residue was sublimed (CsMes),Yb(N,N'-dimesityl-1,4-diazabutadiene) N,N'-Dimesi-

under diffusion pump vacuum at 26@2C°C. The sublimed

tyl-1,4-diazabutadiert&(0.44 g, 1.5 mmol) and (§Mes),Yb(OEL)

material was dissolved in ca. 100 mL of pentane and the mixture (0.78 g, 1.5 mmol) were weighed into a Schlenk flask under

filtered, and the filtrate was concentrated and cooled-#5 °C
overnight to form dark green shiny plates (0.45 g, 0.63 mmol, 64%).
Mp: 260-262 °C dec. Anal. Calcd for H4sN.O,Yb: C, 60.75;
H, 6.51; N, 3.94. Found: C, 60.60; H, 6.56; N, 4.2H NMR
(CeDs, 20°C): 6 46.9 (4 H,v1, = 350 Hz, meta CH), 18.9 (6 H,
v12= 4 Hz, para OMe), 1.76 (30 Hy,, = 13 Hz, GMes), —109.3
(2H, v1;, = 270 Hz, backbone dad-CH). The ortho CH was not
observed at 20°C in CsDs. The El mass spectrum showed a
molecular ion atm/e 712. The parent ion isotopic cluster was
simulated (calcd %, obsd %): 708 (10, 10), 709 (41, 40), 710 (72,
72), 711 (70, 70), 712 (100, 100). 713 (37, 37), 714 (42, 42), 715
(16, 16), 716 (3, 3). IR (Nujol mull; Csl windows; cr¥): 2720
(vw), 1602 (m), 1570 (br w), 1503 (vs), 1300 (m), 1278 (s), 1250
(vs), 1188 (w), 1172 (m), 1112 (sh), 1098 (br m), 1052 (br m),
822 (m), 800 (m), 780 (m), 722 (br w), 673 (br w), 638 (vw), 562
(vw), 532 (w), 510 (vw), 480 (vw), 388 (w), 308 (br s).
[(CsMes),Yb(N,N'-di-p-anisyl-2,3-dimethyl-1,4-diazabutadi-
ene)].N,N'-Di-p-anisyl-2,3-dimethyl-1,4-diazabutadiéf€0.29 g,
0.98 mmol) and (eMes),Yb(OEL) (0.52 g, 1.00 mmol) were

nitrogen and dissolved in toluene (80 mL), and the green-blue
solution was stirred at room temperature for 3 h. The solution was
filtered, concentrated, and cooled t625 °C overnight. The
compound crystallized as dark blue-green crystals (0.52 g, 0.71
mmol, 47%), and it was nearly insoluble in aliphatic hydrocarbons
and moderately soluble in aromatic hydrocarbons. Mp-2Z82
°C dec. Anal. Calcd for ggHs4NoYb: C, 65.28; H, 7.40; N, 3.81.
Found: C, 65.55; H, 7.37; N, 3.98H NMR (CgDs, 20 °C): o
224.9 (6 H,v1, = 120 Hz, mesityl Me), 62.5 (2 Hy1, = 32 Hz,
mesityl CH), 58.2 (6 Hy12, = 24 Hz, mesityl Me), 50.4 (2 Hy1/2
= 24 Hz, mesityl CH), 16.6 (6 Hy,,, = 35 Hz, mesityl Me), 0.29
(30 H,v12, =90 Hz, GMes), —146.2 (2H,v1, = 240 Hz, backbone
dad CH).
(CsMeyH),Yb(N,N'-di-tert-butyl-1,4-diazabutadiene) .N,N'-Di-
tert-butyl-1,4-diazabutadiefi (0.085 g, 0.51 mmol) and ¢
HMe,),Yb(OEL)*? (0.25 g, 0.51 mmol) were weighed into a
Schlenk flask under nitrogen and dissolved in toluene (80 mL),
and the bright red solution was stirred at room temperature for 2
h. The solvent was removed under dynamic vacuum, and the residue

weighed into a Schlenk flask under nitrogen and dissolved in toluene was sublimed under diffusion pump vacuum at4890°C to give

(80 mL), and the dark green-brown solution was stirred at room

analytically and spectroscopically pure product as red crystalline

temperature for 1 h. The solvent was removed under dynamic material (0.18 g, 0.31 mmol, 60%). Mp 24245 °C dec. Anal.
vacuum, and the residue was sublimed under diffusion pump Calcd for GgHsgNoYb: C, 57.61; H, 7.94; N, 4.80. Found: C,

vacuum at 176185 °C. The sublimed material was dissolved in
ca. 100 mL of pentane and the mixture filtered, and the filtrate
was concentrated and cooled +@5 °C overnight to form dark
green-brown crystals (0.4 g, 0.54 mmol, 55%). Mp: 2221°C

rev. Anal. Calcd for GgHsoN,OoYb: C, 61.69; H, 6.81; N, 3.79.
Found: C, 61.48; H, 6.75; N, 3.66H NMR (C¢Ds, 20 °C): 6
126.0 (6H,v1, = 360 Hz, backbone dadMk), 103.3 (4 Hyyp =

800 Hz, ortho CH), 50.1 (4 H;;, = 34 Hz, meta CH), 18.5 (6 H,
vy = 8 Hz, p—OMe), 1.51 (30 Hyyo = 23 Hz, QMe5). The El
mass spectrum showed a molecular iomé&t 740. The parent ion
isotopic cluster was simulated (calcd %, obsd %): 736 (11, 11),
737 (47, 46), 738 (72, 72), 739 (71, 70), 740 (100, 100). 741 (38,
40), 742 (42, 42), 743 (16, 16), 744 (3, 3). IR (Nujol mull; Csl
windows; cntt): 2720 (vw), 1603 (w), 1560 (vw), 1555 (w), 1540
(w), 1500 (vs), 1350 (m), 1300 (m), 1290 (m), 1240 (br vs), 1210
(sh), 1180 (w), 1170 (w), 1105 (br w), 1038 (sh), 1028 (s), 980
(w), 870 (br vw), 838 (m), 820 (w), 800 (br m), 778 (vw), 762

(53) tom Dieck, H.; Svoboda, M.; Greiser, Z. Naturforsch1981, 36h,
823-832.

57.31; H, 8.00; N, 4.72'"H NMR (CgDg, 20 °C): 6 43.1 (18 H,
vy, = 480 Hz, dad CMQ, 2.62 (12 H,v1, = 30 Hz, C;—HMe4),
2.47 (12 H,v1, = 50 Hz, GHMe,), —36.0 (2H,v1, = 180 Hz,
backbone dad CH);-38.0 (2H,v1, = 60 Hz, GHMes). The El
mass spectrum showed a molecular iomé&t 584. The parent ion
isotopic cluster was simulated (calcd %, obsd %): 580 (12, 11),
581 (43, 42), 582 (73, 74), 584 (100, 100), 585 (29, 29), 586 (41,
41), 587 (13, 14), 588 (2, 2).
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