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Dipotassium Bis-[8]Annulene-Ytterbium(II) and —Calcimm(ID)T

: s .

Steven A. Kinsley, Andrew Streitwieser, Jr. and Allan Zalkin
Contribution from Department of Chemistry, University of California, and Materials

and Molecular Research Division, Lawrence Berkeley Laboratory, Berkeley CA 94720

Abstract:
The title compounds were prepared by stoichiometric reaction of cyclooctatetraene,
potassium and either ytterbium or halciuﬁ. in liquid ammonia solution. The

dimethoxyethane adducts of Kz[Yb(C H.)),] and KZ[Ca(C H,).,] are crystalline and have
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sinilar x~ray powder patterns; Kzle(Csﬂs)zl-nnd K2[Ca(C838)2] have identical in-
frared spectra. X-ray structure analysis of [x(C481002)]2[Yb(C858)21 shows planar

parallel eclipsed [8lannulene rings sandwiching a centrosymmetric ytferbium. A
potassium coordinated with dimethoxyethane is at the opposite side of each ring.
Crystals of_[I(C4H1004)]2[Yb(C838)2] crystallize ;n the triclinic system, Pl, with 2
= 9.346() X, b = 9.775() &, ¢

=7.740(4) X, a = 91.72(4)°, B = 109.16(4)°, v =

86.22(4)* at T = 23 °C.

t Dedicated to the memory of the late Professor Earl L. Muetterties who shared the

same birthdate as one of us.



Introduction:
The organolanthanide complexes involving lanthanide(III) ions and the [8]annulene

. 1 2 3
dianion™ include complexes of the type K[Ln(Caﬂs)zl, c°2(c8H8)3’

4 . 5
[Ln(Csﬂs)(0C4H8)][Ln(csﬂs)zl. [Ln(Csﬂs)Cl (0C4E8)]2. (CSHS)LnR(C4H80)x'
(C8H8)Ce(0—i—C H) AI(C2H5)2,7 and Ln(Csﬂs)(Csﬂs).8 The determination of the.strnc-

6
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tures of [Ce(Csﬂs)C1°(0C4H8)]2.9 [K(C6H 03)][C0(C H_) ]10 and

i4 882

[Nd(Csﬂs)(0C4ﬂs)][Nd(Caﬂs)zl4 haye.shovn that the [8]annulene rings of the compleies
are planar with equivaient carbon~carbon bond lengths and that the lanthanide ions in
the complexes containing [Ln(Csns)zl- are sandwiched by two [8lannuleme rings. In
contrast to the number of classeg of complexes reported involving lanthanide(IIi)
ions, there are reports of only two classes of [8lannulene complexes involiing

lanthanide(II) ions. The structures of these classes have not been elucidated.

The first lanthanide [8]lannulene complexes reported, Ln(Csns) (Ln = Eu, Yb).11 are
the only [8]lannulene complexes which have been shown to contain a divalent
- lanthanide. The characterization of the lanthanide(II) [8]annulene complexes is
linited. The infrared spectrum of Y‘b(C8H8)12 suggests a iighly symmetric complex
(the only bands present between 1000 and 600 cn-l occur at 888 and 678 cn-l). and the
low solubility of the complexes in hydrocarbons, ethers and liquid ammonia suggests
that the class Ln(Csﬁs) is polymeric. No reactions of the divalent lanthanide com—

plexes have been reported, except for their violent reaction with oxygen.

‘The report of synthesis of Kz[Co(Csﬂs)Z] from the reduction of Cc(Csﬂa)2 by two

equivalents of potassium in 1,2—dinethoxyethanel3 is the only example of a bis-
[8]annulene compound with a central metal atom in a formal 2+ oxidation state. The
cerium complex as its di(1,2-dimethoxyethane) adduct was characterized by elemental

0,)] tCe(Csﬂs)zl is not

analysis and infrared spectrna.. The structure of [K(C4H10 51,



known, but the infrared spectrum of the cerium complex does contain bands (887 and
682 cn—l).vhich are consistent with the presence of an [8]annulene dianion.14 Al-
though there are reports of Ce(II) from the reduction of Ce(III) in other systems,15

the presence of the cerium(II) iom in [K(C4H 0,)]

109271, [Ce(CH.),] has not been shown by

chemical or spectroscopic methods.

In order to study a bis-[8lannulene compound with a divalent central metal atom we
have now synthesized and characterized the divalent ytterbium complex KZ[Yb(CSHS)zl'
1, and its calcium analogue, KZICa(Csﬂs)zl, 2. The determination of the structure of
the di(1,2-dimethoxyethane) adduct of 1 by single crystal x-ray diffraction is the
first structure solved for a complex of [8]annn1§ne‘dianion with a divalent
lanthanide. In prior work om the bis-cyclopentadienyllanthani&e(II) conplexes,16 a
comparison of the infrared spectra of Yb(CSHS)2 and Ca(CSHS)2 had suggested that the
ytterbium complex is isostructural with the calcium complex and, th&refore. that the
ring-metal bonding in the ytterbium complex is highiy ionic. In this work the in-

frared spectra and x-ray powder patterns of 1 and 2 are used to show that 1 and 2 are

isostructural.
Experimental Section

Genersl : Unless otherwise noted, materials were obtained from commercial sup-
piicrs and used without fﬁrther purification. Ytterbium metal turmings were pur-
chasod‘fro- Alfa/Ventron. Tetrahydrofuran (THF) was distilled from
sodium/benzophenone. 1,2-Dimethoxyethane (DME) was distilled from Na/K alloy.
Cyclooctatetraene (COT) (BASF) was vacuum distilled and stored over Nolecular Sieves
31. Liquid ammonia was vacuum transferred into the reaction vessels from a solution
of sodium in liquid ammonia. All nir;sensitive compounds were handled in a helium or

argon atmosphere glovebox or by standard Schlenk techmniques. Infrared spectra were



determined with a Perkin—-Elmer Model 283 infrared recording spectrophotbmeter.
Samples for infrared determination were prepared in a glovebox as Nujol mulls,
Visible spectra of THF solutions of the organometallic compounds were determined with
a Cary Model 118 spectrophotometer; results are expressed as l“x in om (log e).
IB—NNR of the organometallic compounds were determined in sealed tubes of THF—QS
solutions on a JOEL FX-90Q. The chemical shifts of the proton resonances aré
referenced to the low field residual proton resomance of THF—Qs (set as 3.58 ppm).
Samples for x—ray powder pattern determination were prepared by grinding the crystal-
line sample to a fine powder and sealing the powder into a quartz capillary under
argon, X-ray powder pattern data were taken with a Debye-Scherrer camera using
nickel filtered copper Ka x-rays. Elemental analyses were performed by the

Microanalytical Laboratory of the College of Chemistry, University of California,

Berkeley.

Reactions im liquid ammonia: The reaction vessel unsed for the syntheses in liquid
ammonia was a two-mecked 100 mL round bottom flask with sidearm. During the reac-
tions, the flask was connected through ome neck to a Schlenk line and cooled in a Dry
Ice/isopropanol bath. While transferring the liquid ammonia into the reaction vessel
and during the course of the reaction, the vacuum menifold was isolated from the
vacuum pump. The vacuum manifold was protected from developing high ammonia pressure
by a mercury bnbﬁlpr. After the metals were added to the ammonia, a septum was

_placed on the free neck of the flask (under argom purge) and cyclooctatetraene was
added to the blue solution via syringe. Since cyclooctatetraene freezes on contact
with liquid ammonia at that low temperature, the Dry Ice bath was removed to
facilitate reaction. When the reaction was complete, the ammonia was allowed to

evaporate through the mercury bubbler, leaving the pyrophoric material behind.

X-ray Amalysis: With the exception of the ORTEP program, all computer programs



used were vritfen by one of fhe suthors (AZ) for a CDC 7600 computer.

An irregular, orange-red single crystal fragment of 1°2DME with maximum dimensions
of 0.2 mm was sealed inside a quartz capillary in an ;rgon atmosphere and examined
with & modified Picker FACS—-I Automated diffractometer equipped with a graphite
monochromator and a Mo x—ray tube. Least squares refinement of the setting angles of
24 centered reflections (27° > 26 > 20°) using Mo Ka (A = 0.71073 x)_radiation gave & .

b =9.775(4), ¢ = 7.740(4) x.‘a = 91.72(4)°, B = 109.16(4)°, v =

= 9.346(4) &,
86.22(4)°, and V = 666.5 13 at 23 °C. The space group of the crystal is triclinic,
P1, with one formula unit in the unit cell., The calculated density of the crystal
; . -3
(molecular weight of [K(C431002)]2[Yb(C8H8)2] 639.80) is 1.59 g cm .

Intensities were collected to a maximum 20 value of 50° using a 6 — 28 scan
technique. Three standard reflections were measured at every 250th measurement; the
three standards showed an isotropic decay of about 5% and the datas were gdjusted
accordingly. A total of 4729 intensities were measured and averaged to give 2361

2 )10(F2). The data

unique data of which 2312 were used in the least squares with F
were not corrected for absorptibn because of the difficulty of seeing the faces and

measuring the crystal'’s irregular dinensions; The absorption coefficient calculates

to 38 cn-l and an error of approximately 5% in the intensities is estimated.

Trial positions for the ytte;binl and potassium atoms were obtained from a three-
dimensional Patterson function and were refined by least squares., An electron den-
sity map revealed all of fhe non-hydrogen atoms. All of the non-hydrogen atoms were
refined with anisotropic temperature factors and the hydrogen atoms were included at
their estimated positions, bdut ndt‘refined. The F magnituode was used in the full-

matrix refinement.



The final weighted R factor17 was 0.034 for 2312 data with F2> c(Fz). and the

goodness of fit was 1.33. The assigned weights w = (o(F))_l, were derived from c(Fz)
= [¢c + (2F2)2]1/2, where ¢ is the variance due to counting statistics and p = 0.05.
An empirical extinction correction of the form Fcorr = Fobs(l + kI), where k = 2.13 x

10_7. was applied to the data. Scattering factors were taken from literature

sources18 and anomalous scattering terms were applied.19

Preparation of 1 and 2. The procedure for the synthesis of the divalent ytterbium
complex fol;o's with differences for the procedure for the calcium complex noted.
Cyclooctatetraene (1.79 g, 17 mmol) was added to a Dry-Ice/isopropanol-cooled liquid
ammonia solution of 0.67 g (17 mmol) of potassium metal and 1.49 g (8.6 mmol) of
ytterbium metal. The Dry-Ice/isopropanol bath was removed from the reaction vessel
at this time to allow the ammonia solution to warm. As the reaction began, the
solution turned green as a bright orange precipitate appeared (th? solution and
precipitate were bright yellow for the calcium reaction). The ammonia was allowed to
evaporate and a bright orange solid was left in the reaction vessel (bright yellow
for calcium). When the reaction vessel was warmed with u_heat gun, the solid turned
bright pink (pale green for calcium). The yield of the solid was 3.57 g (§0$).
Yields from the liquid ammonia reactions were typically about 90%. Crystals of the
THF adducts of 1 and 2 were obtained by the slow cboling of a saturated solution of 1
or 2 in the ether. The THF adducts of 1 and 2 rapidly lost THF of solvation (ca. one
hour in sn argon atmosphere or ca. S minutes, in vacuo) and decomposed to umsolvated
powders. Analysis of 2 as a THF complex was not satisfactory, but the analysis does
suggest that there are two THF molecules per potassium atom. Anal. of 2°4THF: Calcd.
for C323480412C;: C, 62.49; H, 7.87; K, 12.71. Found: C, 61.73; H, 7.40; K, 11.8.
The unsolvated powders were heated at 200°C, in vacuo, for one hour to insure the

complete removal of solvated THF. The yield of powder was 57% for 1 (67% for 2) from



the first crop of crystals, The infrared spect;a of 1 and 2 are shown in Figure 2.
15-NMR of 1 6 = 5.47 + .03, singlet (2 & = 5.47 + .03, singlet). Visible spectrum of
1 504 om (850). Satisfactory analyses of the powders were difficult to obtain, espe-
cinily in the case of the ytterbium complex. Anal: 1: Calcd. for C16HI6K2Yb: C,
41.82; H, 3.51; K, 17.01. Found: C, 39.66; H, 3.64; K, 19.2, 2: Calcd. for
CIGHIgKZCa: C, 58.85; H, 4.94; K, 23.94. found: C, 58.47; H, 5.22; K, 23.4.

The slow cooling of a saturated solution of 1 or 2 in DME gave crystals of the
complexes as DME adducts. The DME adducts of 1 and 2 were stable and gave satisfac—
tory analyses for ome DME molecule per potassium. 1°2DME: Calcd. for C24H3604K2Yb:
C, 45.06; H, 5.67; K, 12.22. Found: C, 44.79; H, 5.59; K, 12.4, 2°2DME: Calcd. for
CZ4HS6O4X2Ca: C, 56.88; H, 7.16; K, 15.43. Found: C, 57.11; H, 7.07; K, 16.07.

Preparation of K[Yb(csls)zj. 3. In a procedure which is analogous to the procedure
used to synthesis 1 and 2, the potassium salt of bis—-[8lannuleneytterbium(III) was
prepared by the addition of 0.88 g (8.4 mmoles) of cyclooctatetraene to a Dry-
IcQ/isoprOpanaol cooled liquid ammonia solution of 0.73 g (4.2 nnoles).of ytterbium
metal and 0.16 g (4.2 mmoles) potassium metal., When the reaction was complete and the
solvent had evaporated; a bright orahge pbvder was leftvin the reaction.vessel. This
powder turned bright blue when the reaction vessel was warmed with a heat gun and
exposed to a vacuum. The‘crnd; yield of this powder was 1.50 g (86 %), Satisfactory
tnalysi; could not be obtained for 3, but the infrared spectrum of 3 (the major
absorbances in the 600 to 1000 cn-l region are given in Table III) is similar to the

2b

infrared spectra of the other bis[8lannulene lanthanide salts. x.‘x of 3 in THF is

574 nom (1400). A portion of this powder was crystallized from DME to give 3 °DNE.
Anal. Calcd. for c2032602be: C, 47.05; H, 5.13; K, 7.66. Found: C, 46.51; H, 4.91;
K, 8.27; N, 0.28.



Results and Discussion

Structure of [x(c4nlo

listed in Tables I and II. Figure 1 shows an ORTEP view of a £ornnl§ nnif with the

02)]2[!b(08l8)2]: The atomic parameters and distances.are

pumbering scheme used for the atoms in Table II. Additional atomic distanées are

available as supplementary material.

The [8lannulene rings of 1°2DME are planar with all the carbon~carbon bond lengths
equivalent. The maximum deviation from the least squares plane of the ring for any
carbon atom is 0.01 X. The carbon-carbon distances within the ring rang§ from 1.40 to
1.42 X with an average of 1.41 + .01 X. The bond sngles within the ring are all

within their standard deviations of 135°,

The ytterbium atom is on the center of symmetry and is sandwiched by two planar
[8lannulene ligands; the potassiunbutons are each coordinated.to one dimethoxyethane

ligand and a [Yb(Csﬂs)zl dianion. The average ytterbium—to-carbon distance is 2.74 +

0.03 K; the distance of the ytterbium_atom to the least squares plane of the
[8lannulene is 2.03 &. The two sandwiching [8lannulene rings are parallel-planar and
exactly eclipsed (being related to each other through the center of symmetry), making

the symmetry of the [Yb(C_H_)_.] dianmion D_,. 1 is the only bis—[8lannulene complex of

882 8h

a lanthanide that exhibits eclipsed rimgs. In K(C631403)][C0(C858)2]10 the

[8]lannulene rings are in a staggered conformation (i.e., the symmetry of the’
. 4 .
[Ce(Csﬂs)zl fnxon is D8d) and in [Nd(T“F)z(csﬂs)][Nd(csns)zl the [8]annulene rings
are nearly eclipsed, dbut not parallel-planar. The eclipsed vs. staggered arrangement
of bis—[8]lannulene rings is not considered to be indicative of the type.of ring-metal
bond for these complexes. Wideline NMR studies on crystals of U(Csﬂs)2 indicate that
-1 20

the barrier to ring rotation is essentially O kcal mole ~. Any conformational

preference for the rings in the bis-[8]annulene complexes is more than likely due to



crystal packing forces, and not due to orbital interactions between the metal and

ligands.

The average potassium—to—carbon distance is 3.02 + 0.02 X; the distance of the
potassium atom to the least squares plane of the [8]annn1ene ring is 2.39 K. The
potassium atom is also coordinated to two oxygen atoms of a DME ligand at 2.796(4) )1
and 2.731(4) £ and to an oxygen atom of an adjacent DME ligand at a distance of

2.928(4) 1.

The average Yb—C distance (2.74 + ;03 &) in 1°2DMRE is the same as the average Ce-C

distance (2.74 + .02 X) in [K(Csﬂ 03)][Ce(08H8)2].10 These equal distances are

14
congistent with Raymond'’s arguments on the ionic nature of the metal-carbon bond in
[8lannulenelanthanide conplexes.21 since the ionic radii of Ce(III) and Yb(II) are

- the sane.zz Note that the addition of the calculated ionic radius of carbon in

[8lannulene dianion, 1.49 1.23 to the extrapolated iomnic radius for a 10-coordinate

divalent ytterbium cation, 1.25 1.24 gives a Yb-C distance of 2.74 X.

Physical Properties: The physical properties for 1 and 2 are similar to the
properties reported for the trivalent lanthanide complexes, K[Ln(C8H8)2].2 The most

noticable similarity is the air—sensitivity of the compounds Kz[l(csﬂs)zlz 1 and 2

enflame in contact with air.

Compounds 1 and 2 are thermally stable,'shoving no sign of decomposition when
heated to 360 °C sealed under one atm of argon or to 200 °C in yacuvo. In THF solu-
tion, 1 is oxidized to l[Yb(Csﬂs)zl. 3, by 02. CC14, COT, and U(Csns)z; the presence
of the bright blue ytterbium(III) complex was indicated by its visible spectrum.
Compound 3 is thermally unstable and is comnverted to 1 (By the loss of COT) when

heated at 310 °C gealed under one atm of argon, or to 200 °C in vacuo. A mass



spectrum of 1 shows no m/z that can be attributed to the iomization of the sandwich

compound.

Compounds 1 and 2 have the same solubility properties; they are insoluble in
hydrocarbor solvents such as hexane, toluene and benzene, but soluble in ethers such
diethyl ether, THF, and DME. The slow cooling of a saturated solution of 1 or 2 in
an ether gives crystals of the ether adduct. The THF adducts of 1 and 2 rapidly lose
THF in vacuo or im an argon atmosphere (ca. one hour), but the DME adducts are stable
at ambident temperatures. As with all of the lanthanide [8]annulene complexes, 1 and
2 exist as powders in the absence of coordinatéd ether molecules.

IB—NIR: The lﬂ—NNR of 1 and 2 were determined in THF-Q8 solutions. The eight
equivalent protons of 2 occur as a singlet at & = 5.47 ppm. This resonance is ob-
served upfield from the resonances reported for K[Y(C8H8)2] and K[La(Csﬂs)zl which
occur at 5.75 and 5.90 ppm, respectively, relative to external 'Ills.2b The ring proton
resonance of 1 is observed at 8§ = 5.47 ppm. In its ground state, the ytterbium(II)
ion has né unpaired electrons25 and is diamagnetic; the lack of & shift in the ob-

served ring proton resonance of 1 relative to 2 shows that 1 contains the diamagnetic

lanthanide(II) ion.

Visible Spectra: The bright orange 1 in THF solution has an intense, broad absor-
bance in the visible region at 504 nm. In THF solution, II has no absorbance in the
visible region. The pale greenm color of 2 is due to trace impurities; repeated

recrystallization of 2 from THF gives a pure white powder.

The visible spectrum of 1 in THF can be readily interpreted. Earlier studies on
the class K[Ln(Csﬂs)zl led to the conclusion that the broad absorption bands in the

visible region of these complexes are due to ligand-to—metal charge transfer.2 The

- 10 -



visible absorbance of 1 can also be assigned to a ligand-to—metal charge transfer
band. Preliminary studies on the di-t-butyl derivative of 1, Kz[Yb(C837(C4H9))2],
26

show the visible absorbance red-shifted to 520 mm. Alkyl substituents on the
[8lannulene dianion make the ligand more reducing and would shift a ligand-to—metal
charge transfer band to lower emergy. Since the Yb(II) ion in 1 has completely

filled 4f orbitals, n—f charge transfer canm be ruled out and the visible absorbance

of 1 can be assigned as a ligand n-to—metal d charge transfer.

Infrared Spectra: The infrared spectra of 1 and 2 as Nujol mulls are shown in
Fiqure 2. The infrared spectra of 1°2DME and 2'2bHE are available as supplementary

material.

The infrared spectra of 1 and 2 are identical; the infrared spectra of 1'2DME and
Z'ZDHE are also identical. This sinilirity of infrared sbectra'vas anticipated, |
since ytterbium(II) and calcium(II) have almost identical iénic radi122 and previous
work had shown that the infrared spectra of Can2 and Ybsz are similar,16 even

though the sample of YbCp, may have been contaminated with YbCp .27
2 3

Infrared spectra for the 6001000 cm-l region of some bis-[8lannulene complexes
are compared in Table III. It has been noted previously that the infrared spectra of
all of the bis—[8]lannulene sandwich complexes of the f-transition metals are similar
as & result of their similar strnctures.z The assignment of the infrared &bsorbances
of thosc'conflcxcs is still in question; a recent ussignnentzs (showﬁ in Table II) is
additionally consistent with the fact that 1 and 2 have the same infrared spectra.

An earlier assignment attributed the stromg band li 698 cn.l to a ring-metal-ring
tilt.29 Such an assignment could not give identical spectra for 1 and 2, since the

difference in mass of ytterbium and calcinn.vonld cause a difference in energy for

any nbsorbanée: which involve the central metal. Since the infrared spectra of 1 and

_11—



2 are identical in the 400-4000 cm-l region, then any absorbance involving the

central metal must occur outside of this range.

Powder Pattern: The measured powder patteras of 1'2DME._2'ZDHE and the powder
‘pattern calculated from the single crystal x—-ray data of 1°2DME are available as
supplementary material. The powder pattern of 1°'2DME was calculated using the cell
dimensions and the structure factor of the single crystal structure determinationms.
Only two weak lines out of 21 lines calculated for 1'DME are not observed in the

pattern of 2'2D!E.3°

Since the ytterbium(II) complex contains 50 more electrons than
the calcium complex, omne expects and finds intensity differences in the measured

powder patterns of 1°2DME and 2°2DME. Nevertheless, the x-ray powder patterns are

sufficiently similiar that 1°2DME and 2°2DME are clearly isostructural.
Conclusion

Except for the differences that can be attributed to either the difference in the
number of electrons between ytterbium and calcium, or to the availability of a
trivalent state for the ytterbium complex, 1 and 2 behave as identical complexes.
Since it is highly unlikely that the 4f and 5d orbitals are involved in the ring-
metal interaction of 2, these orbitals also play no major role in the ring-metal
interaction of 1. The agreement of the ring-metal distance in 1°'2DME with the sum of
the ionic radius of carbon in [8]annulene dianion and the ionic radius of 10-
coordinate ytterbium(II) also suggests the lack of significant covalent interaction
between the ring and metal in 1. The results reported in this paper further em—
phasize the unimportance of the 4f and 5d orbitals in ytterbium(II) chemistry; e.g..

the ring-—metal interaction in 1 is essentially ionic.

- 12 -
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See reference 22. Each [8lannulene dianion is considered to be a ten— electron

donor so that each ring formally donates five electron‘pairs.
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Y
Table I. Positional parameters for [K(C451002)][Yb(C838)2]

Atom

0(1)
0(2)
c(1)
c(2)
Cc(3)
C(4)
c(5)
c(6)
c(?n
c(8)
c(9)
€(10)
C(11)

C(12)

(a) In this Table and in Table II, the number in parentheses is the estimated stand-

0

0.35199(13)

0.5266(4)
0.6346(4)
0.2982(6)
0.2208(7) -
0.1084(7)
0.0252(7)
0.0200(6)
0.0944(7)
0.2084(6)
0.2936(6)
0.4371(9)
0.6448(7)
0.7322(7)

0.7098(8)

0

-0.34073(12)

-0.5865(4)
=0.3377(4)
-0.0479(6)
-0.1188(6)
-0.2140(6)
~0.2787(6)
=0.2717(6)
—0.1982(6)
70;1027(6)
—0.0416(6)
—0.7001(7)
-0.5787(6)
-0.4573(7)

-0.2143(7)

0
0.09645(17)
0.2003(5)
0.3517(6)
0.1970(8)

0.2916(7)

© 0.2420(8)

0.0758(10)

-0.1077(9)
-0.2010(7)

—0.1517(8)

0.0138(9)
0.1946(12)
0.3691(8)
0.3771(9)

0.3748(10)

ard deviation in the least significant digits,
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Table II. Selected interatomic distances (X)

-Atom 1-Atom 2

Yb-C(1)
-C(2)
=C(3)
~C(4)
=C(5)
=C(6)
=C(7)

-C(8)

0(1)-€(9)

=C(10)

0(2)-C(11)

-C(12)

C(11)-C(10)

2.719(5)
2.736(5)
2.760(5)
2.783(5)
2.773(95)
2.729(5)
2.711(5)

2.715(5)

1.425(8)

1.411(7)

1.415(7)

1.414(8)

1.481(10)

(a) Atom at position 1-x, -1-y, -z.

Distance. Atom 1-Atom 2

K-C(1)
-C(2)
=C(3)
-C(4)
=C(5)
=C(6)
=C(7)

-C(8)

K-0(1)

-0(2)

x-o(1)"®

_18_

Distance

2.998(6)
3.026(6)
3.036(6)
3.027(6)
3.025(6)

3.025(6)

3.012(6)

2.989(6)

2.796(4)

2.731(4)

2.928(4)



Table III. Comparison of infrared spectra

U(CH,),° K[La(cgy) %1 K(Tb(Cghy),1° lerb(csns)zl"'f Assi;mentf"
.3 1 ‘
698 vs 680 vs 690 vs - 683 vs Q(Cﬂi. A
746 s | 740>l ' 741 s 740 m ; v(CC), A2n
17T = 771 w 770 w “ g(CH), E1n
792 m
879 s _
900 s 892 s 899 s 888 s gca), 2

(a) vs, very strong; s, strong; m, medium; w, veik. (b) nujol mulls. (c) Ref. 29. (4)

Ref. 28. (e) This work. (f) Infrared of 1 and 2 are identical.

- 19 -



Figure 1:

ORTEP drawing of [K(C4H1002)]2[Yb(C

showing atomic numbering scheme.
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Dipotassjum Bis-[8]Annulene-Ytterbium(I1) and -Calcium(II)

Steven A. Kinsley, Andrew Streitwieser, Jr.* and Allan Zalkin*

Contribuiion from Department of Chemistry, University of California,
and Materials and Molecular Research Division, Lawrence Berkeley

Laboratory, Berkeley CA 94720

Supplementary Material
1. Infrared Spectra of [K(C4H]002)]2[M(C8H8)2] M= Ca, Yb
2. Anisotropic Thermal Parameters
3. Calculated Positions for Hydrogen Atoms

C-C Distances and Selected Angles

Leést Squares Plane

Powder Patterns

~N O O b

Observed Structure Factors
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1. Infrared spectra of [K(C4H1002)]2[H(CBH8)2] M= Ca, Yb
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2.

ATOn
Y8

o(1)
g(2)
c(1)
c(2)
e
c(»)
c(s)
C(6)
cmn
cs)
c(3) .
c1e)
c(11)
c(12)

a

81t

3. 040(16)

3, 47(5)

&y 26(18)
3.57(17)
2. 41 (20)
&. 36 (25)
& 85 (27)
3, 69(24)
3. 41 (23)
&b 21 (25)
3. 96 (24)
2. 43(20)
6. 4(s)

S. 20 (29)
3. 27 (28)
& 7(3)

822

3e3246(15)

3.57(5)

3.39(16)
3.62(17)
Je78(26)
be656(27)

heST(27).

2.75(21)
3.07022)
&,51126)
8,50(26)
3.T72(20)
Bebs(3)
3.93125)
S5.7(3)
Seb(3)

833

3.317(16)

&.2315)

h.55(18)
6.15(22)
5.06128)
2e75120)

. 30881 24)

69(%)
5.5(3)
2.901(20)
65.30(25)
6.5(3)
9.,2(5)
h.06(25)
§.,83128)
6,3(%)

12

1.267(10)

1.16(H)
0701 M)
o8 6 (1H)
e92(18)

_20416(23)
- 1e98(€23)

6101 0)
oh6(L8)
1¢76(22)
1e77121)
e82(18)
'.5‘(2"
1e¢42(22)
¢98122)

=1,18(27)

The anisotropic temperature factor has the form

exp(-O.ZS)(B]]hza*z + 28, hka'b" + ...)).

- 24 -

813

1163(11)

e81(n)
1.85(14%)
«80(15)
=e28(19)
e13(108)
2602(22)
Le07(€24)
«56(21)
«908(18)
2¢74(21)
2e14(21)
39(8)
126(22)
o37(21)
oW7(27)

a

Table of Anisotropic Therma1 Parameters in KZYb(CBHB)Z'(CH3COCH2CH20CH3)2

823
e594(10)
028 (%)
0 62(13)
-.25(15,
.y 2(21)
061(19)
2438¢21)
1657(22)

=i,081(2¢)

-e531(18)
e89(20)
082(22)

e 3(3)
081 (20)

e h3(24)

=933(28)



3. Estimated Positional Parameters for the Hydrogen Atoms in

K,Yb(CgHg) »* (CH50CH,CH,OCH,)®

ML)  «37h o011 2789

3(2) 02536 0968 oh23

4(3) 0073 2619 e3465
Bl -o0035 oo 34H2 o0 944
H(5) =q40522 3333 ©e189

H(6) 00585 2175 g3334
H(7) 02338 -o0rt9 =o2576
H(8) «367% «020803. . ee0018
H{9) 0390 6317 02908
H(11) 03563  ae7833 8743
H(12) o7113 “6823 o3876
H(13) 06003 - ®e5698 ob708
H{14) « 817 -e4519 «h 868
H(15) o 7735 o637 02691
4(16) o761 56 .e2087 02838
HILT) <7854 -.2103 4982
H(18) 06360 .e1353 3602

a
These parameters were jncluded at these calculated positions but not
refined in the least-squares procedures. H(1-8) and H(9-18) were
assigned isotropic thermal parameters of 8.0 and 10.0 respectively; the

isotropic thermal parameters were 2lso not reffned. Al11 C-H distances
are between 0.98 and 1.00 R.

- 25 -



4. Selected angles in KZYb(C8H8)2'(CH3OCH2CH20CH3)

c(1)-c(2)-C(3) 134 .8(5)
C(2)-C(3)-C(4) 135.0(5)
c(3)-c(4)-C(5) 134.9(5)

C(4)-C(5)-C(6) ' ~134.9(5)
C(5)-c(6)-C(7) 135.5(5)
c(6)-C(7)-C(8) ~134.6(5)
C(7)-c(8)-Cc(1) 135.0(5)
c(8)-c(1)-C(2) 135.2(5)
0(1)- K -0(2) 92.8(2)

K -0(1)-C(9) | 112.9(4)

K -0(1)-c(10) 114.0(3)

K -0(2)-c(12) - 117.4(4)

K -0(2)-C(11) 118.1(4)
€(9)-0(1)-C(10) 111.4(5)
€(12)-0(2)-Cc(11) 113.9(5)
0(1)-c(10)-c(11) | 109.6(5)

0(2)-c{11)-c(10) 109.0(5)

C-C Distances in cyclooctatetraene ]igand

c(1)-c(2) 1.409(9)
c(2)-c(3) 1.400(10)
C(3)-c(4) 1.421(10)
C(4)-c(5) 1.409(9)
C(5)-c(6) 1.395(9)
c(6)-c(7) 1.413(9)
C(7)-c(8) 1.407(9)
c(8)-c(1) 1.408(9)

- 26 -



5. Cyc]odctatetraene Least Squares Plane

Atom ” Distances to Plane (A)
c(1) 0.006
c(2) . -0.010
c(3) -0.008
c(4) 0.011
c(5) 0.009
c(6) - -0.012
c(7) -0.008
c(8) _ 0.012
Yb ' -2.032
K : 2.397

Plane equation with respect to crystallographic axes:
6.005X - 6.898Y - 0.425C = 2.032
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6. CALCULATED PONWDER PATTERN FOR  K2YB(CBHE)2e (CH3OCH2CH2OCH ) 2
X=RAY WAVE LENGTH = 1454180 ANGSTROMS, .

A = 9.346 B = 9¢775 C = Te 740
ALPHA = 31.72 BETA = 2L9.,16 GLMMA = 8Ee.22
- H. K L D 1 e THETA SINSQ
-0 i h] 9,753 282, 9,07 00825
i ¥ ) 8813 14C. 1Uelle «CJQ7ES
¢ 0 i 763114 TeTe 12611 31112
p Y =i 6e8 31 282, 12,96 01C70
i i )| 6.741 1CLG. 13.43 .0120¢8
1 -3 v €e350 229, 13.9% e 1472
0 -1 L 5.875 1614, 25,88 001722
] 1 b8 $5.325 3¢5, 1521 L0175¢
1 1 ey Se7 bl $99, 15.43 431802
i =1 =} Se4 57 77, 16424 431995
i g 1 4¢395 150, 18.12 32483
e 2 ) &e877 Ch 18,13 024383
2 0 =3 Ue+76 15%, 19,83 02966
i i . o023 1w 23,08 .03C38
4 J J Lo« 06 36. 2uées15 o 0348L
i 2 0 4379 58, 2028 L33IWY)
b8 =1 i he328 ke 2352 « 03172
2 1 =i Lo L1746 38, 2129 o030412
1 =2 J 40163 o 11, €1.34 03428
2 i ] Lo108 S5Ce 21.63 33521
1 2 =t 4el 75 36, 21.81 03579
0 =2 b} e 76 37, 2182 ,L03581
0 2 i be bl 46, 22.03 +0364)
2 - =i 3971 Te 22439 e 3377
2 =1 0} 34329 7o 22.63 03852
1 =2 =i 3.871 bl 22.98 03966
1 T =2 34852 232, 2309 LUMOB
1} 0 2 3: 655 by Cbe35 oQuLbLLT
b § 4 =2 3:.626 3. 2455 L045L9
i -3 -2 3. 5“0 2s 25:.16 0 06742
) 2 S 3.5 82 17, 5,63 L0LALS
g = 2 3.6433 63. 25095 JC5043
2 9 -2 3.‘015 3e 26409 095(93
0 i 2 Jopd2 22, 26011 L05102
1 =2 1 3.0 09 69, 2601t L0511k
2 2 ] 3.371 b, 26, bl L7523%
2 J i J.320 85. 26.82 LC%5379
.2 1 =2 3e28C . L6, 2719 4 05852°F
0 3 ] 3,252 113, 27.43 oC5623
2 =2 e} 3.1 95 i6. 27.93 .0582%
2 1 8 3.186 be 28401 105855
2 =2 0 3.177 1. 28.09 05888
2 =1 =2 3.47C 154, 28.15 L05¢13
b § 3 3 Jo111 29. 28.7¢ o06141
2 =1 1§ 3.108 - 137, 28,73 oC615%
3 L =i 3.) 99 80. 28.8. 06183
1 2 =2 3,076 11. 29,083 06281
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_62_

X-RAY POWDER PATTERN COMPARISON

[c(cyh )] I¥blcghg) ] [k(CH)g0,)] [¥biCaHg), ] [K(Cyn g0, ] [CalCyhy),]

Lalcuiatea Found _ Found

p(R) 1 p(R)P 1€ p(a)° 1€
9.75 282 9.83(5) wt

8.81 140 8.80(4) w 8.76(4 w

7.31 747 7.31(3) s- 7.33(3 s-
6.76 1282 6.73(2) 3 6.74(2) 3

6.35 229 6.36(2) wt 6.37(2) w-
5.79 1125 5.76(2) S- 5.76(2) S~
5.46 77 5.45(2) w- ,

4,89 174 4.87(1) w+ 4.90(1) w-
4.45 392 4.42(1) m 4.47(1) m

4,33 4 4.34(1) w

4.14 99 4,15(1) w- 4.15(1) w-
4.06 119 4.07(1) w- 4.07(1) w-
3.95 13 3.93(1) w-
3.85 273 3.85(1) m 3.85(1) m

3.65 17 3.61(1) W=
3.51 19 3.53(1) W=
3.41 235 3.43(1) wt 3.43(1) w

3.31 . 131 3.31(1) w- 3.31(1) W~
3.24 129 3.25(1) w- 3.25(1) W-
3.17 155 3.17(1) w 3.17(1) m

3.10 227 3.10(1) w 3.10(1) W

aAdjacent_lines combined where 20 Qalues are leéss than 0.50° apart, _.The position

of the lines is calculated as 0 i L(D; * I;) See previous page
P :
i
bThe number in brackets is estimated error in the least significant digit.

CEstimated relative intensity



7 OBSERVED STRUCTURE FACTORS, STANDARD OEVIATIONS, AND OIFFERENCES (ALL X 8,.¢)
K2YB (CBHB)Z o (CHIOCH2CH20CHI) 2 Fls,0,0) s 2557

FOB AND FCA ARE THE OBSERVED AND CALCULATED STRUCTURE FACTORS,
SG s ESTIMATED STANDARD DEVIATION OF FOB, OEL = /F0B/ = /FCA/.
® INDICATES ZERD WEIGHTED DATA,

K FO8 S6 DEL K FOB S5 DEL K FPB SG DEL K FOB 8C BEL K FOB SG DEL
HoeLe o, © & 6§95 13 -9 Helw 0y 5 6 63 184 6 H 139 S =3
1 386 10 6 5 170 5 » =9 95 6 7 Hels 6, @ 5199 6  §
2227 6 £ 6 371 10 3 <8 97 6 b <5 150 S @ 6177 S &
3 755 19 S 7260 7 21 -7 213 6 1 -3 118 6 1 7 188 S [ 4
& 330 9 <2 8 181 S 8 =6 126 5 & 2 82 € 2 Q8149 S &
S 318 8 - 9 163 5 b 5286 8 13 e« 126 S 3 Hels 1,y =5
6 327 9 =18 18 92 5 -1 <=4 2)8 8§ 22 0126 5§ S <9164 6 <2
7198 S <2 11 $9 9 o5 3151 5 13 1 €8 7 o5 8 39 34 <6
8 131 S5 15 Mel= 8, 3 =2 3112 8 3 2135 S 3 o7 82 6 10
9234 6 =2 18 91 5 o e1 257 7 -8 3 92 & 1 =6189 6 -7
18 98 6 <=8 <3 133 5 -i1 0 258 7 2 & 52 19 =3 <5 101 S 6
11 89 6 <1 <=8 241 7 1 1315 8 <b Hole 1y =8 =4 203 ¢ 11
Hels 0y 1 o7 164 5 18 2385 9 2 o5 72 7 gt 3 207 6 %
11 131 S 5 <6 257 7 ) 3181 5 10 =4 117 S & <2 153 S -7
©10 78 6 =7 =5 401 10 6 H 249 7 17 3 2 7 ¢ =% 376 18 10
9 84 6 =3 <ok 263 7 ® S20 7 3§ 2 112 S -8 ¢ 368 18 =139
8 309 8 18 <=3 339 3 <} 6 79 6 =3 o 149 § -5 1 163 S =2
=7 130 S 2 =2 67817 & 7116 S5 2 0 97 6 <6 2292 @ 1
-6 291 8§ -2 -1 221 5 8 83 6 3 1 166 ¢ -7 3 300 8 <2
5 35¢ 9 <6 § 371 19 -11 9 o3 3% o7 2136 S5 =4 H 137 S 19
o4 253 7 5 1 559 16 =156  Helm 08, 6 3 8 6 -3 S5 29% § 23
=3 816 21 28 2 188 5 =11 -8 111 S5 -3 & 166 € 3 ¢ 288 7 -1
=2 345 9 7 3 317 B 15 <7159 S 5 S145 5 1 T 79 6 o}
-1 580 12 <2 & 385 1) <7 =6 187 S5 -5 Nelse 2y =7 8 196 6 -8
8 827 22 <2 S 154 5 3 5135 5 3§ <7 116 6 O 9166 S r 4
1 717 18 -1 4 6 268 7 » =6 178 5 3 <6 78 7 -2 Hel= 1o =&
2 384 18 S 7262 7 19 23132 S5 o2 <5 09 & o2 =10 5% 19 12
3 737 19 1S 8 100 5 1 «2 223 6 8 =5 1319 S 5 <9 182 ¢ 1
5§ 516 13 & 9 1648 5 3 «12r8 7 47 o3 119 S <7 <=8 128 S ¢
S 145 & -7 10 1082 § 2 0166 5 16 =2 114 S =12 o7 P78 6 <=2
6 393 10 -2 Hel= 3, b 1286 6 19 o1 166 S <6 <6 262 7 16
7 299 &8 6 -10 109 6 -10 2289 7 7 § 450 3 =3 =5 198 6 6
8 83 6 15 <9 188 6 -} 3 5 5 b 1 129 S =it o4 178 S ~i
9 213 6 <3 <=8 199 6 1 G171 5 <9 2288 & o6 3292 § 16
10115 S5 <6 =7 196 b5 ) S 187 6 <2 3159 S o8 <2 276 7 =47
11 764 7 <7 <6 202 6 2% 6 803 6 1 b 117 S <3 o1 212 6 =10
Mels 8y 2 =5 397 20 12 7118 S s $ 366 5 2 0 493 13 »32
11 157 6 <8 <=4 311 3 -3 8 70 24 o7 6 82 6 <5 1 329 9 -13
10 68 7 =10 <3 158 5 3 Helle 68y 7 7T 115 ¢ «6 2225 6 =6
*9 116 5 <2 <2 507 13 B 7129 $ 2 Mels 1y o 3 357 9 -1¢
=8 222 6 6 oL 277 T o6 =6 138 5 o0 <« 61 16 =4S & 146 S s
o7 178 S 14 0262 5 =9 «5 I3 7 2 o7 9 & @ S5 289 O é
6 276 7 o7 1 651187 =24 45 139 S 5 <5 125 $ F 6 339 9 29
5 351 9 2 2257 7 18 3116 5 <0 5 88 € =6 7 143 S ¢
o4 275 7 5 3287 6 9 2137 5 <8 o5 195 € <2 6158 S L
=3 536 14 & & 322 5 =10 =1 268 T -0 33198 6 € 9211 6 =€
2 609 18 13 S 179 5 s ¢ 85 &6 % <2 1080 S 38 10 119 S ¢
e 534 14 7T 6 12% §5 11 1105 S o5 of 3260 9 21 Hols Lo =3
0232 6 <& 7 190 & -} 2193 6 -2 0131 S 28 «10 36 46 -32°
1 29¢ 08 -15 8§ 98¢ 5 -} 3 96 5 -18 L1177 S 286 <9131 § -1}
2298 8 =2 9 S& 10 b b111 § ) 2 362 18 20 <8 1M1 S 9
3 10 124 5 =) S 108 § 4 3232 €6 9 =7 191 6 16

S&6 14 -16
- 30 -



STRUCTURE FACTORS COMNTINJED FOR
 K2YB(CB8HB)2 4 (CH3OCHZCH2OCHID2

K FOB S6 DEL
o6 383 8 e
o5 282 T =&
oh 199 S5 =14
3 495 13 =17
2 43811 <=0
e] 240 6 =12

8 359 9 =14

1 325 8 -9

2295 & 3

J 538 14 =12

4276 T -3

5238 6 <2

6 322 9 1

7195 6 16

8175 5 =4

9152 S <4
10 121 5 =&
11 75 7 7

Hele 1y =2

11 113 6 =3
=10 61 15 =12
9 L3668 S5 5
-8 169 S 2
o7 172 5 16
o8 293 8 <6
5 368 10 <3
ol 214 6 =8
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SYRUCTURE FACTORS CONTINJED FOR
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