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Abstract

Treatment of bis(diphenylphosphinocyclopentadienyDytterbium(II) with mercury(Il) acetate in tetrahydrofuran (THF) gave
Yb(C,H ,PPh,),(0,CCH;) as a fractional (0.75) THF solvate, Crystallization from toluene gave the THF-free dimer [Yb(n’-
CsH Pth)z(p. 0,CCH,)];, the structure of which was determined by X-ray crystallography (monoclinic; P2,/n; a =9.615(2),
b =13.665(5), and ¢ =23.209(9)A; B =91.47(3); Z = 2(dimers); R = 0.034 for 3996 “‘observed”’ data). Unexpectedly, the bridging
acetate groups are unsymmetrically chelatmg to one ytterbium atom and bonded by one oxygen atom to the other, and each ytterbium
atom is formally nine coordinate with two 1°-CsHPPh, groups (Ct—Yb-Ct, 130.7°; Ct = centroid), two oxygen atoms from one bridging
acetate (Yb—0, 2.454(4), and 2.339(4) A), and one (Yb—0, 2.282(4) A) from the other. For comparison, the structure of YbCp,(0,CCH;)
(Cp = cyclopentadienyl) was determined (orthorhombic; Pbam; a = 13.16(1), b=12.98(1) and c =13.376(4) A; Z=4 (dimers);
R = 0.058 for 1745 ‘“observed’’ data) and showed the presence of two crystallographically different acetate-bridged dimers (A and B)
with some variation between their geometries. Again, ytterbium is nine coordinated with two m°-Cp groups (Ct—Yb—Ct, 132.1° (A) or
123.3° (B)) two nearly symmetrically bonded oxygen atoms from one acetate (cf. Yb(C;H Pth)%(OZCCHS)) (Yb- -0 2.38(1) and
2.39(1) A (A) or 2.42(1) and 2.39(1) A (B)) and one more tightly bound oxygen atom (Yb—0, 2.25(1) A (A) or 2.28(1) A (B)) from the
other acetate.
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1. Introduction synthesized [4-11], only a few have been characterized
crystallographically [7-11]. Crystal structures of
[Yb(n-Cp),(0,CC4Fy)], [7], [Yb(1*-Cp),(0,CCHs)l,
(8], [Yb(n’*-CsH ,CH;),(0,CCF;)], [9] and the related
[Yb(n’-Cp),(0,S(0)CF,)], [12] (Cp = cyclopenta-
dienyl) indicate dimeric structures with bridging carbox-
ylate (or triflate) groups and formal eight coordination
for ytterbium. Similar structures have been proposed for

other di(cyclopentadienyllanthanoid(III) carboxylates

Bis(cyclopentadienyDlanthanoid halides have been
extensively investigated in recent years (for reviews and
recent papers see [1-3]), and numerous crystal struc-
tures have been determined. There has been consider-
ably less attention directed to bis(cyclopentadienyl)-
lanthanoid carboxylates. Although a number have been

* Part XVIII, [1]. Dedicated to Professor Herbert Schumann, friend
and colleague, on the occasion of his 60th birthday in recognition of
his outstanding contribution to organometallic chemistry.
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on the basis of molecular weight data, mass spec-
troscopy (MS) and IR measurements [4—6]. By contrast
the carboxylates synthesized by CO, insertion, Yb(n’-
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Cp),(1?-0,C(CH,);N(CH,),) [10] and Sc(n’-Cp),(m?*
0,CC(H CH,) [11], are monomers with eight-coordi-
nated metal centres, and there is evidence from MS and
IR spectroscopy that some YbCp,(O,CR) complexes
with bulky organic groups also have similar structures
[6]. Structures of di(cyclopentadienyl)lanthanoid(IIl) ac-
etates do not appear to have been investigated. We now
report the synthesis and structure of bis(diphenylphos-
phinocyclopentadienyl)ytterbium(III) acetate and, for
comparison, the structure of the known [4-6]
YbCp,(O,CCH,;). Surprisingly ytterbium is nine coor-
dinate rather than having the expected eight coordina-
tion.

2. Experimental section

All organolanthanoid complexes were extremely air
and moisture sensitive. Consequently all manipulations
were carried out under purified nitrogen, using standard
Schlenk techniques, or under argon in a Miller Howe
dry box. The complexes YbCp,(O,CCH,) and
TI(C;H,PPh,) were prepared by the reported methods
[6,7,13]). Single crystals of the former were obtained by
Dr. T. Feng by crystallization from tetrahydrofuran
(THF)—pentane. Commercial Hg(O,CCH;), (Aldrich)
was used without further purification. The solvents used
were dried and distilled over sodium benzophenone
ketyl under nitrogen. IR spectra (4000-650 cm™!) were
recorded for Nu;ol and Fluorolube mulls prepared in a
dry box. For '"H NMR spectroscopy, the sample was
dissolved in C,Dg. Other analytical and spectroscopic
methods were as described previously [14]. Light
petroleum had a boiling point of 60—70°C.

2.1. Bis(diphenylphosphino-n’-cyclopentadienyl)(tetra-
hydrofuran)ytterbium(Il) (1)

A mixture of Yb powder (14.7 mmol), T{C,H ,PPh,)
(4.41 mmol) and Hg (about 0.05 g) was heated under
reflux for 16 h. It was then filtered warm through a
celite pad to remove Hg, Tl and excess Yb. The dark-red
filtrate was evaporated and the resulting solid was dried
for 2 h at 80°C. After addition of toluene (10 ml) to the
solid and stirring the mixture for 40 min, the dark-green
product was isolated, washed with toluene (5 ml) and
dried under vacuum for 2 h (yield, 75%). The IR
spectrum of the product agreed with the reported data
[14].

2.2. Dil p-acetatobis(diphenylphosphino-n’-cyclo-
pentadienyl)ytterbium(Ill) ] -tetrahydrofuran (1:1.5) (2.
1.5THF)

A mixture of Yb(C;H,PPh,),(THF) (1.78 mmol)
and Hg(O,CCH,), (0.89 mmol) was stirred in THF (50

ml) for 24 h. The resulting red solution was filtered
through a Celite pad to remove Hg. The residue was
washed with THF (5 ml). The filtrate and washings
were evaporated, giving a red—brown solid, which was
then dried under vacuum for 1.5 h. On recrystallization
from THF (10 ml) — light petroleum (30 ml) and drying
under vacuum for 3 h, the product was obtained as
orange powder (yield, 64%). Anal. Found: C, 57.6; H,
4.4; Yb, 22.5. CxH,,05PYb, calc.: C, 59.7; H, 4.8,
Yb, 22.1%. IR: v3049w, 2926w, 1569vs, 1477w, 1433s,
1410m, 1338w, 1207w, 1173w, 1156w, 1089w, 1069w,
1037m, 1025m, 998w, 971w, 958w, 939w, 917w, 894w,
850w, 840w, 800w, 788m, 776w, 743m, 722m, 699s,
682m, 668m cm~!. Similar data were obtained when
the compound was examined on KBr and AgCl plates.
Visible—near IR spectrum [A_, (e)] (THF): 371(260)
738(1), 781(3), 869(15), 964(13), 986(18), 'H NMR
(C,Dy): 8-32.4 (v brs, 8H, C;H,); —29.5 (v brs, 8H,
CH,); 1.9 (br s, 6H, C,H;0); 3.8 (br s, 6H, C,H,0);
9.0 (br s, 8H, p-H(Ph)); 9.5 (br s, 16H, m-H(Ph)); 12.7
(br s, 16H, o-H(Ph)); 53.0 (br s, 6H, O,CCH,) ppm.
MS: m/z 731 [0.1, M(monomer)*]; 671 I[1,
(Yb(C,H,PPh,),-H)*]; 482 [40, Yb(C,H,PPh,)-
0,CCHYL 250 [90, (C,HsPPh,)*]; 233 [10,
(YbO,CCH,)*]; 183 [100, (C,,HzP)*]. Observed iso-
tope patterns for Yb-containing ions were similar to
those calculated for the relevant molecular formulae.
Recrystallization from toluene gave single crystals of
di[ p.-(acetato-0,0:0")bis(diphenylphosphino-n’-cyclo-

pentadienyl)ytterbium(III)] (2) suitable for crystallo-
graphic examination.

2.3. X-ray structure determination

2.3.1. Crystal—-refinement data. These were as follows

C,H,P,0O sz, M = 1461.3; monoclinic; space
group, P2,/n (C;,; No. 14 varlant) a = 9.615(2),
b = 13.665(5) and c=23.20909) A; B=91.47(3)% U
=3048(2) A3: =159 g cm % Z=2(dimers);

F(000) = 1452; p,Mo =32 cm™', specimen size, 0.20 X
0.20 X 0.06 mm; the crystal was covered with a heavy
oil, was rapidly transferred to a fibre in the goniometer
head, and was cooled to 193 K; A, 1.20, A}, =1.85
(analytlcal correction); N (w scan mode) = 6968, N, =
3996; R=10.034, R,=0.027; n,=370; T=193 K.
Other specific procedural details: reflection weights,
o=[c?(F,)+0.000071 F?]"'; SHELXTL PLUS pro-
gram system [15].

C,,H,,0,Yb,, M = 724.6; orthorhombic; space
group, Pbam (D3;; No. 55); a = 13.16(1), b = 12.98(1)
and ¢ = 13.376(4) A; U=2285 A%, D,=2.11 g cm™;
Z = 4(dimers); F(000) = 1368; Ly, = 82 cm™1; speci-
men size, 0.46 X 0.26 X 0.16 mm (capillary); A>. =
3.9, A, =129 (analytical correction); N (26—8 scan
mode) = 2224, N, 1745; R=0.058 and R, = 0.063;
n, =152; T =295 K. Other specific procedural details:
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statistical reflection weights; derivative of o=
0 (1) + 0.00040 *(1,,); XTAL 3.2 program system
[16].

2.3.2. Structure determination

Unique diffractometer data sets were measured at the
specified temperature within the limit 26,,, =55°%
monochromatic Mo Ka radiation (A = 0.7107 A) was
employed. N independent reflections were obtained
(see above), N, with I > 30 (1) being considered ‘‘ob-
served’’ and used in the full matrix least-squares refine-
ment after absorption correction. Anisotropic thermal
parameters were refined for the non-hydrogen atoms;
(x, y, z, Uy, )y were constrained at appropriate values.
Conventional residuals R, R, on | F| are quoted at
convergence. Neutral atom complex scattering factors
were employed [17]. Atomic coordinates are given in
Tables 1 and 2, the structures are displayed in Figures 1
and 2, and selected bond distances and angles are in
Tables 3 and 4. Complete lists of bond distances and
angles, thermal parameters and hydrogen atom coordi-
nates are available from the Cambridge Crystallographic
Data Centre.

3. Results and discussion
3.1. Syntheses

The diphenylphosphinoytterbocene Yb(CH ,PPh,),-
(THF) was prepared by reaction of TI(C;H,PPh,) with
ytterbium metal in THF:

Yb + 2TI(C,H,PPh,) — Yb(CsH,PPh,), + 2TI |
(1)

This reaction has previously been used to synthesize the
dme complex [14). The THF complex has hitherto been
prepared by other routes, for example

Yb(C,F;), + 2C;H,PPh,
I, Yb(C,H,PPh,), + 2C,FH (2)

The complex YB(C H,PPh,),(THF) was oxidized with
Hg(O,CCH,), in THF to give Yb(C,H,PPh,),-
(0,CCH,):

2Yb(CsH,PPh, ), + Hg(0,CCH,),
—— 2Yb(C,H,PPh,),(0,CCH,) +Hg{  (3)

Oxidation of divalent ytterbium compounds with
mercury or thallium salts has been used before in the
synthesis of Yb(III) carboxylates YbCp,(O,CR), where
R =CH,;, C(F;, C,H,, CF,, CBr etc [6]. The IR
spectrum of the product crystallized from THF-light
petroleum contained features associated with the
C,H,PPh, group, e.g. a significant y(CH) absorption

Table 1
Atomic coordinates and equivalent isotropic displacement coeffi-
cients for [Yb(n>-CsH,PPh,),(n-0,CCH,)], (2)

x y z U, (A»)*

Yb —0.09525(3) 0.07287(2) 0.06041(1) 0.0269(1)
P(1) —0.21854(15)  0.24571(11) —0.06506(6) 0.0313(5)

P(2) 0.09344(15)  0.02413(11)  0.21364(6) 0.0281(5)
1)  -0.1335(6) 0.2450(4) 0.0066(3) 0.031(2)
o) —0.1915(6) 0.2543(4) 0.0614(3)  0.034(2)
c(3) -0.0827(6) 0.2477(4) 0.1034(3)  0.037(2)
c4) 0.0412(6) 0.2330(5) 0.0752(3)  0.042(2)
c(5) 0.0116(6) 0.2304(4) 0.0155(3)  0.035(2)
a6) —0.1199%6) 0.3441(4)  —0.0994(3) 0.034(2)
oM -0.0738(6) 0.4283(S)  —0.0705(3) 0.044(2)
c®) 0.0051(7) 0.4972(5)  —0.0985(3) 0.054(3)
e ()] 0.0377(7) 0.4835(6) —0.1550(3)  0.059(3)
(10) -0.0071(8) 0.4018(5) —0.1848(3)  0.059(3)
c(11) -0.0861(7) 0.3317(5)  —0.1568(3)  0.044(2)
c(12) —0.3891(6) 0.3023(4) —0.0503(2) 0.031(2)
C(13) —0.4258(7) 0.3955(5) —0.0679(3) 0.047(2)
C(14) —0.5600(7) 0.4301(6)  —0.0597(3)  0.055(3)
c(15) ~0.6550(7) 0.3728(5) —0.0324(3)  0.049(3)
o(16) —0.6186(6) 0.2799(5) ~0.0140(3)  0.040(2)
a7 —0.4872(6) 0.2441(5) —0.0238(2) 0.033(2)
C(18) —0.0556(6) 0.0035(4) 0.1652(2)  0.027(2)
C(19) -0.0644(6) —0.0776(5) 0.1279(2)  0.036(2)
C(20) -0.1996(7)  —0.0848(5) 0.1051(2)  0.047(2)
C(21) —0.2762(6)  —0.0052(6) 0.1274(3)  0.051(3)
C(22) -0.1897(6) 0.0472(4) 0.1654(2)  0.038(2)
C(23)  0.0435(6) 0.1389(4) 0.2491(2)  0.029(2)
C24)  0.120U7) 0.2224(4) 0.2378(2)  0.038(2)
C(25)  0.0840(8) 0.310%5) 0.2611(3)  0.051(3)
C(26) —0.0295(8) 0.3166(5) 0.2964(3)  0.058(3)
C(27) —0.1048(8) 0.2340(6) 0.3088(3)  0.057(3)
C(28) —0.068%7) 0.1453(5) 0.2859(2)  0.043(2)
029  0.0586(5) —0.0648(5) 0.2709%2)  0.028(2)
C(30) -0.0485(7)  —0.1345(5) 0.2686(3)  0.042(2)
C(31) —00611(7)  —0.2015(5) 03127(3)  0.054(3)
(32  0.030(7)  —0.2007%(5) 0.3594(3)  0.048(3)
Cc(33)  0.1361(7)  —0.1327(5) 0.3625(3)  0.044(2)
C(34) 015236)  —0.0657(5) 0.3179%(2)  0.038(2)
o) -0.11354)  —0.0113(3)  —0.0329(2) 0.032(1)
0(2) —0.2992(4) 0.0485(3) 0.0051(2)  0.034(1)
C(35) —0.2461(6) 0.0044(4) —0.0354(2)  0.030(2)
C(36) —0.3323(6) —0.0320(5)  —0.0848(2) 0.046(2)

* Equivalent isotropic U defined as one third of the trace of the
orthogonalized U, tensor.

at 743 cm~!. The presence of acetate was established
by observation of 1,,(CO,) and y(CO,) at 1569 cm ™'
and 1410 cm™! respectively. The separation of 159
cm™! clearly shows that the acetate is not unidentate
but does not provide any further information about the
nature of the acetate group [18]. It is not clear from the
IR spectrum whether THF is present. However, since
acetate is not unidentate, the plausible [1] eight-coordi-
nated arrangement Yb(n’-CsH,PPh,),(THFX OECH3)

o
can be eliminated. In the 'H NMR spectrum in
C,D; a fractional amount of THF was detected
(THF: C;H,PPh,, 0.75:2), and the THF peaks at 3.8
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Table 2
Non-hydrogen positional and isotropic displacement parameters for
[Yb(1*-Cp),(11-0,CCH )], (3), molecules A and B

Atom  x y z U, (A%)
Yb(A)  0.35174(5) 0.00523(7) 0 0.0361(3)
C(A01)  0.340(1) —0.084(2) —0.1741)  0.06%7)
C(A02) 0.247(2) —0.096(2) —0.132(1)  0.083(8)
C(A03)  0.202(1) 0.001(2) —0.126(1)  0.073(7)
C(A04) 0.274(2) 0.067(2) —0.169(1)  0.084(9)
C(A05)  0.355(1) 0.023(2) —0.193(1)  0.082(9)
O(A1)  0.5093(8) 0.096(1) 0 0.054(5)
0(A2)  0.369(1) 0.189(1) 0 0.078(7)
QA1)  0463(2) 0.188(3) 0 0.08(1)
C(A2)  0.519(2) 0.291(3) 0 0.11(2)
Yb(B)  0.50939(5) 0.64994(8) 0.5 0.0366(3)
C(BO1)  0.422(2) 0.666(2) 0.670(1)  0.10(1)
C(B0O2) 0.407(1) 0.760(2) 0.622(1)  0.082(9)
C(B03) 0.495(2) 0.808(2) 0.615(1)  0.083(9)
C(B04)  0.569(2) 0.752(3) 0.653(2)  0.11(1)
C(B05)  0.528(3) 0.663(3) 0.692(1)  0.15(2)
O(B1)  0.598%(8) 0.487(1) 6.5 0.046(5)
O(B2)  0.6885(9) 0.620(2) 0.5 0.062(6)
C(B1)  0.688(2) 0.525(2) 0.5 0.049(8)
c(B2) 0.773(2) 0.471(2) 0.5 0.08(1)

and 1.8 ppm were not paramagnetically shifted. In
contrast, the resonance due to acetate protons displayed
a large paramagnetic shift (§=153.0 ppm) which is
consistent with coordinated acetate. The C;H, proton
resonances are at —29.5 and —32.4 ppm, which are
comparable with the chemical shifts of Cp protons for

Table 3 .
Selected bond lengths (A) and angles (°) for [Yb(C H,PPh,),-
(0,CCH,)], (2)

Bond lengths

Yb-C(1) 2.684(6)  Yb-C(18) 2.628(5)
Yb-C(2) 2.647(6)  Yb-C(19) 2.597(6)
Yb-CQ3) 2.590(6) Yb-C(20) 2.603%(7)
Yb—C(4) 2.57(6) Yb-C(21) 2.593(7)
Yb—C(5) 2.614(6) Yb-C(22) 2.645(6)
Yb—Ct(1) ® 2.332 Yb-Ct(2) ? 2323
Yb-0(1) 2.454(4)  Yb-0(2) 2.339(4)
Yb-0(1') 2.282(4)  O(1)-C(35) 1.293(6)
0o(2)-C(35) 1.241(7)  C(35)-C(36) 1.483(8)
{P-C(Ph)) 1.84 (P-C(CsH,)) 1.83
(C,=C, . ° 141 {Yb-C) 2.62
Yb- - YV 3.930(2)

Bond angles

Ct(1)-Yb-Ct2) 130.7 0(1)-Yb-0(1') 67.9(1)
Ct(1)~Yb-0(1) 113.6 Yb-0(1)-Yb' 112.1(1)
Ct(1)-Yb-O(1) 104.6 C(35)-0(1)-Yb'  157.2(4)
Ct(1)-Yb-0(2) 1003 0(1)-C(35)-0(2) 118.1(5)
Ct(2)-Yb-0(1) 114.0 Yb-0(1)-C(35) 90.6(3)
Ct(2)-Yb-0(2)  96.8 Yb-02-C(35) 97.4(3)
Ct(2)-Yb-O(1) 104.7 O(1)~Yb-0(2) 53.9(1)

® Ct(n) is the centroid of the cyclopentadienyl ting defined by the
Ereccding five carbon atoms.
C; and C, | are adjacent carbon atoms of a cyclopentadienyl ring,

clie)
Ci1s)

Fig. 1. The X-ray structure of [Yb(w’-CsH,PPh,),(n-0,CCH,)],
@.

YbCp;.OPPh;(—~35.6 ppm) and YbCp,(THF) (—~47.8
ppm) [19]. In addifion the peaks due to the phenyl
protons are shifted downfield from those of the diamag-
netic Yb(C;H,PPh,),(THF) complex [14]. Accord-
ingly, the broad peaks and very large range of chemical
shifts in the "H NMR spectrum are consistent with the
presence of the paramagnetic Yb** ion. Characteristic
Yb(III) absorptions are observed near 1000 cm™! in the
near IR spectrum (see Section 2). The mass spectrum of
the compound contained a very weak cluster owing to
the molecular ion of the monomer as well as ions due to
its fragmentation, but no Yb,-containing species were
observed by contrast with YbCp,(O,CCH,) [6]. Al-
though the metal analysis of the complex was adequate,
the carbon analysis was unsatisfactory, as is often the
case with organolanthanoid complexes [20-23). This
may be due to problems in complete combustion of the
organolanthanoid [24—27], but slight decomposition dur-
ing loading of the highly air-sensitive sample into an
aluminium capsule in the dry box cannot be ruled out.

Since the THF-containing species crystallizes from
toluene as a THF-free acetate bridged dimer (see below)
and the THF resonances are not paramagnetically
shifted, it is probable that the species obtained from
THF-light petroleum is a THF solvate of the acetate-
bridged dimer. Indeed, the size of the shift of the acetate
methyl resonance may perhaps be attributed to the
influence of two paramagnetic Yb** ions on a bridging
acetate.

3.2. X-ray crystal structures of [Yb(n’-C;H,PPh,),-
(0,CCH;)], (2) and [Yb(n’-Cp),(O,CCH,)], (3)

Satisfactory single crystals were obtained by crystal-
lization from toluene for 2 and from THF—pentane for
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Fig. 2. The X-ray structure of [Yb{%’-Cp),{n-0,CCH )], (3). Dimer
B is displayed. Dimer A is essentially the same.

3. Atomic coordinates are given in Tables 1 and 2, the
structures are shown in Figs. 1 and 2 and selected bond
lengths and angles are in Tables 3 and 4. Data for the
structures are compared with each other and with
[YbCp,(0O,CCF;)], [7] in Table 5.

Both complexes are dimeric with two acetate bridges.
However, by contrast with [Yb(C;H,R),(O,CR)], (R
=H or Me; R = C.F; or Ph) [7-9] (see Section 1),
each bridging carboxylate is chelated to one ytterbium
atom and bonded through one oxygen atom to the other
(bridging tridentate coordination [28]), and each ytter-
bium atom is formally nine coordinated with two m’-
cyclopentadienyl ligands, two oxygen atoms from one
bridging acetate, and one from the other. Although this

Table 4
Selected bond lengths (A) and angles (°) for [YbCp,(O,CCH,)], (3)

Bond length Bond angle

Dimer A Dimer B Dimer A Dimer B
Yb-C(01) 2.60(2) 2.56(2) Ct(00) *~Yb—Ct(00”) ® 132.1 123.3
Yb-C(02) 2.60(2) 2.55(3) Ct(00)-Yb-0(1) 113.5 117.7
Yb-C(03) 2.59(2) 2.57(2) Ct(00)-Yb-0O(1') 103.8 105.3
Yb-C(04) 2.61(2) 2.56(3) Ct(00)-Yb-0(2) 99.5 102.4
Yb-C(05) 2.59(2) 2.592) Yb-O(D-Yb' 114.8(7) 112.2(4)
Yb-Ct(00) ? 2.324 2.287 O(1)-Yb-0O(1') 65.2(5) 67.8(4)
Yb-0(1) 2.38(1) 2.42(1) C(2)-C(1)-0(1) 124(2) 126(2)
Yb-0(2) 2.39(2) 2.39(1) a(2)-C(1)-0(2) 119(3) 122(2)
Yb-0(1) 2.25(1) 2.28(1) 0(1)-C(1)-0(2) 117(3) 113(2)
0(1)-C(1) 1.34(4) 1.27(2) C(1)-0(2)-Yb 95(2) 99(1)
o(2)-c(1) 1.24(2) 1.24(3) C(1)-0(1)-Yb 93(1) 97(1)
C(1)-C) 1.53(5) 1.32(3) a(1)-0(D-YV 152(1) 151(1)

0o(1)-Yb-0(2) 54.9(5) 51.6(5)

(C~C,, ¢ 1.36 1.37
{Yb-C) 2.60 2.57
Yb-. - YV 3.906(2) 3.899(3)
o) ---0(1) 2.50(2) 2.62(2)

% Ct(00) is the centroid of the cyclopentadienyl ring.

® Doubly primed Ct(00") is generated by the intradimer reflection operation.

€ C, and C,, are adjacent carbon atoms of a cyclopentadieny] ring.

Table 5

Selected bond lengths (A) and angles (°) for [Yb(CsH,PPh,),(0,CCH,)],, [YbCp,(0,CCH,)], and [YbCp,(0,CC,F;)l,

[Yb(C;H PPh,), [YbCp,(0,CCH,)], [YbCp,(0,CC4Fy)l, (7]

(0,CCHy)L, Dimer A Dimer B Dimer A Dimer B
Bond lengths
Yb--- YV 3.930(2) 3.906(2) 3.899(3) 5.06 5.01
{Yb—C(Cp)) * 2.62 2.60 257 2.60 2.59
Yb-0(1) 2.454(4) 2.38(1) 2.42(1) 2.178(7) 2.201(7)
Yb-0(2) 2.339(4) 2.39(2) 2.39(1) — —
Yb'-0(2) — — — 2.201(8) 2.182(8)
Yb-0(1') 2.282(4) 2.25(1) 2.28(1) — —
Bond angles
Ct-Yb-Ct' 130.7 132.1 123.3 131.9 132.1
Ct—-Yb-0(1) 113.6 113.5 117.7 105.6 104.4
O(1)-Yb-0O(#') ® 67.9 65.2(5) 67.8(4) 97.4(3) 98.2(3)
0(1)-C-0(2) 118.1(5) 117(3) 113(2) 125(1) 124(1)

? {Yb—C(Cp)) is the average distance between Yb and C atoms of the Cp rings.
> O(x') = O(1') for [YB(CsH,PPh,),(0,CCH,)], and [YbCp,(O,CCH,)], and O(r/) = O(2') for [YbCp,(0,CCFy)],.
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tridentate form of carboxylate bridging [28] is novel in
organolanthanoid carboxylates, it is common in simple
lanthanoid acetates, e.g. [Ln(O,CCH;)}H,0).}
Cl,.H,0 (Ln = La-Sm) [29], [Ln(O,CCH ;),(H,0),]Cl
(Ln = Ce~Lu or Y) [29], [Sm(O,CCH,),(H,0),]. CH;-
CO,H [30], Pr(O,CCH,),(H,0), 5 [31], Ln(O,CCH,),
(Ln=Sm-Lu or Y) [32] and P{O,CCH,), [33]. No
crystal structure of an organolanthanoid acetate has
previously been reported. A conceptually similar nine-
coordinated structure has been reported for [Yb(v’-
Cp),(n,-HLIAI w,-H)H, .N(C,H;),1,.C(H [34], in
which two ytterbium atoms are coordinated by two
triethylamine adducts of alane through ,- and j,-hy-
drogen atoms.

The crystal structure of 2 contains one dimer (Fig. 1),
whereas 3 has two similar independent dimers A and B.
Only the latter is displayed (Fig. 2). In A and B, the
Yb(O,CCH,),Yb unit has all the non-hydrogen atoms
coplanar in the mirror plane. For each, the inversion
centre, through which passes a twofold axis normal to
the mirror plane, is located between the pairs of metal
and oxygen atoms. The m>-CH; rings are symmetry
related with only one being crystallographically inde-
pendent per dimer. The ring planes of A and B are
inclined to the mirror plane by 24.5(11) and 28.3(13)°
respectively. There is a significant difference between
the centroid—Yb—centroid angle of 2 (132.1°) and dimer
A of 3 (130.7°) on the one hand, and dimer B of 3
(123.3°) on the other hand (Table 5). The last value lies
within the range expected for nine-coordinated Yb(III)
complexes (113-128.9°) [34-39], whereas the angles
for 2 and dimer A are within the range for eight-coordi-
nated Yb(III) compounds (126.7-140°) [1,5,7,12,40,41].
The way in which dimer A and 2 compensate for the
increased coordination number is not clear, since {(Yb-
C) and {(Yb-0) for 2 and dimer A are similar to those
of dimer B. Subtraction of the ionic radius for nine-co-
ordinate Yb3* (1.04 A) [42] from the average Yb—C
distance gives 1.58, 1.56 and 1.53 A for 2 and dimers A
and B of 3 respectively, as effective ‘‘ionic radii’” [43]
of the cyclopentadienide ions. Any possible mgmﬁcance
in the 0.05 A difference between 2 and dimer B is
annulled by the smaller difference between A and B.

The structure of 2 shows no evidence for any P-Yb
interaction and the P—C distances (Table 3) are similar
to those of [Yb(C,H ,PPh,),Cl], [1]. Whereas the latter
compound crystallized with two different dimers, one
with a syn and one with an anti arrangement of the
PPh, groups, complex 2 has only anti PPh, groups.

A number of interesting relationships emerge from
the Yb-O distances (Tables 3-5). In 2, chelation is
quite_unsymmetrical, with a difference of greater than
0.1 A between the Yb—O(1) and Yb—-O(2) lengths,
whereas, in both A and B of 3 chelation is symmetrical.
For 2, A and B, the Yb—-O(1') distance is the shortest
and is similar to Yb-O of [YbCp,(O,CC.F,)], [7]

(Table 5) and [YbCp,(O,SOCE;)], {12], when al-
lowance is made for the 0.06 A difference in ionic
radius between eight- and nine-coordinated Yb** [42].
By contrast, the Yb—O(1) and Yb—O(2) distances are
0.13-0.17 A longer, except for Yb~O(2) of 2 which is
closer to Yb—O(1') than to Yb—O(1).

Subtraction of the ionic radius for nine coordinate
Yb** [42] from the Yb—O(1) distances gives 1.41 A for
2 and 1.34 and 1.38 A for dimers A and B of 3.
Corresponding values from Yb—O(2) are 1.30, 1.35 and
1.35 A. Both sets are near the value 1.34(5) A derived
from Ln—O of organolanthanoid—ether complexes [44]
in which there is not substantial steric crowding. Evi-
dently, any increase in bond strength associated with
coordination of a charged ligand is offset by weakening
of binding owing to the bridging role. However, sub-
traction from Yb—O(1') lengths gives 1.24, 1.24 and
1.21 A for 2 and A and B of 3 respectively. These
shorter values lie between those derived from Ln-O of
lanthanoid—phenolate distances (average, 1.27 A)
[45 46] and those from Ln—OPPh, distances (1.15-1.19
A) [47-49]. Subtraction of the ionic radius for eight-co-
ordinated Yb** [42] from Yb-O of [YbCp,(0,CC,F,)],
[7] gives 1.19-1.22 A. Thus, whilst the smaller size of
acetate than pentafluorobenzoate allows a higher coordi-
nation number in 2 and 3 than [Ybsz(O CC(Fy)l,, it
is accompanied by an increase in average Yb O dis-
tances that is considerably more (average amount 0.1 A)
than expected for the increase in coordination number.
However, this increase is observed essentially in the
chelated Yb~O bonds, whilst the Yb—O(1') distance is
close to the value expected simply owing to the coordi-
nation number increase. The change from anti:anti
bridging bidentate carboxylates in [YbCpZ(O CC(E)l,
to bridging tridentates in (2) and (3) is accompanied by
a considerable shortening (more than 1 A) in the
Yb...Yb separation (Table 5), which is approximately
equal to the sum (3.88 A) of two ytterbium metallic
radii in 2 and 3. Thus the lengthening of {Yb-O) from
the pentafluorobenzoate to 2 and 3 above that expected
for the increase in coordination number, may be needed
to offset steric repulsion caused by the shorter Yb...Yb
distance. Further, the Yb—O(1") bonds, which resemble
the anti Yb-O interactions of [YbCp,(0,CC,F;)],, do
not show this extra lengthening to a significant extent.

By comparison with 2 and 3, the Ln—O bond length
relationships for bridging tridentate acetates in
Pr(0,CCH,), [33], [Sm(0,CCH,),(H,0),].CH,CO,H
[30}, and Ln(O,CCH;), (Ln=Lu or Ho) [32] show
greater variation. However, Ln—-O for the bridging
unidentate linkage is generally the shortest as in 2 anc
3. Where there are also simple bridging bidentate ac-
etates, {Ln—0) is shorter for these than for the triden-
tate acetates [32,33]. The bridging tridentate ligands o:
Ho(0,CCH ), [32] and one of Pr{O,CCHj); [33] show
a pattern similar to that of 2, with a large differenc
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(about 0.1~0.2 A) between the chelating Ln—O bond
lengths and a smaller difference between the two short-
est Ln—O distances. By contrast, the Sm and Lu com-
pounds have a small difference between the chelating
Ln-O distances and a marked difference between the
two shorter lengths, as observed in 3. Two of the
bridging tridentate acetates of Pr(O,CCH,); have 0.4
0.5 A difference between the longer Pr—O distances,
and this has no parallel in the organometallic acetates.
Subtraction of the appropriate ionic radii from the Ln-O
distances of these simple lanthanoid acetates gives val-
ues in the range 1.27-1.83 A, and in each case the
average value is significantly higher than for 2 and 3.
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