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Coordination of the new weakly coordinating anions
ž ž / / y ž ž / ž / / y ž ž / ž / / yAl OCH CF , Al OC CH CF , and Al OC Ph CF to3 2 4 3 3 2 4 3 2 4

the monovalent metal ions Liq and Tlq

Thomas J. Barbarich, Susie M. Miller, Oren P. Anderson, Steven H. Strauss )
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Abstract

The structures of Liq or Tlq salts of three new fluoroalkoxide-containing aluminate anions were determined by X-ray
˚Ž Ž .Ž . . Ž . Ž . Ž .crystallography. For LiAl OC Ph CF , monoclinic, C2rc, as42.297 6 , bs10.641 1 , cs19.132 2 A, bs3 2 4

Ž . Ž Ž .Ž . . Ž . Ž .114.808 9 8, Zs8, Tsy1008C, Rs0.052; for TlAl OC CH CF , monoclinic, P2 rc, as12.650 3 , bs9.970 2 ,3 3 2 4 1
˚Ž . Ž . Ž Ž . .cs21.237 4 A, bs94.00 3 8, Zs4, Tsy1008C, Rs0.073; for TlAl OCH CF , monoclinic, P2 rn, as3 2 4 1

˚Ž . Ž . Ž . Ž .14.261 1 , bs9.8024 9 , cs16.911 2 A, bs93.467 8 , Zs4, Tsy1308C, Rs0.053. The monatomic, monovalent
q Ž Ž . .cations interact with their respective anions by means of M–O and M–F bonds. The Tl cations in TlAl OCH CF and3 2 4

Ž Ž .Ž . . q Ž Ž .Ž . .TlAl OC CH CF interact with three different aluminate anions. The Li cation in LiAl OC Ph CF interacts3 3 2 4 3 2 4

with only one aluminate anion, forming a rare trigonal–prismatic LiO F coordination unit. q 1998 Elsevier Science B.V.2 4
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1. Introduction

Investigations of very reactive metal and
nonmetal cations continue to spur the develop-
ment of new weakly coordinating anions
Ž . w xWCA’s 1–3 . One of the most important uses
of WCA’s is to enhance the catalytic activity of
metal cations. Two examples that have received
considerable attention recently are metallocene-

w xcatalyzed olefin polymerization 4–7 and
lithium-catalyzed Diels–Alder reactions and

w x1,4-conjugate addition reactions 8–13 . Useful
anions must not only be weakly coordinating,

) Corresponding author. Tel.: q1-970-4915104; fax: q1-970-
4911801; e-mail: strauss@chem.colostate.edu

they must also be stable with respect to oxida-
tion andror fragmentation in the presence of
highly electrophilic cations. In addition, an ideal
WCA should have a single negative charge
dispersed over a large surface composed of
relatively nonpolar bonds to weakly basic atoms
such as hydrogen or the halogens. Weakly coor-
dinating anions which conform to many, if not

Ž .yŽall, of these criteria include B Ar Ar sC Ff 4 f 6 5
w x Ž . . w x.5,14–18 or 3,5-C H CF 19,20 ,6 3 3 2

Ž .y w x y Ž w xCo C B H 8 , CB H X XsH 21 ,2 9 11 2 11 12yn n
w x w x w x w x.F 22 , Cl 23 , Br 23 , and I 24 ,

y Ž w x w x w xCB H X XsH 25 , F 26 , Cl 27 , Br9 10yn n
w x. Ž .y Ž28 , and M OTeF ns4, MsB; ns6,5 n

. w xMsNb, Sb 29 .
We are investigating a new and potentially

large class of WCA’s based on polyfluorinated

1381-1169r98r$19.00 q 1998 Elsevier Science B.V. All rights reserved.
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Ž .yalkoxide substituents, M OR . Potential ad-f n
Ž .vantages of such homoleptic anions include 1

peripheral fluorine atoms with lower Lewis ba-
sicity than the fluorine atoms in anions contain-

Ž .ing B–F or Te–F bonds, 2 a high degree of
compositional flexibility due to the wide variety
of readily available polyfluorinated alcohols, and
Ž . Ž .y3 relatively low cost. Anions such as M OR f n

have not been extensively investigated: although
there are many examples of metal and nonmetal
complexes containing polyfluoroalkoxide lig-

w xands 30–32 , there are only five reported ho-
moleptic polyfluoroalkoxide anions. These are
Ž Ž .Ž . .2y w x Ž Ž . .3yY OC CH CF 33 , Y OCH CF3 3 2 5 3 2 6

w x Ž Ž . .2y w x Ž Ž . .y33 , Zr OCH CF 34 , Nb OCH CF3 2 6 3 2 6
w x Ž Ž . .2y w x35 , and Cu OCH CF 36 .3 2 4

We recently prepared four new fluoroalkox-
Ž Ž . .yide-containing anions, B OCH CF ,3 2 4

Ž Ž . .y Ž Ž .Ž . .yAl OCH CF , Al OC CH CF , and3 2 4 3 3 2 4
Ž Ž .Ž . .y w xAl OC Ph CF 37 . In this paper we re-3 2 4

Ž Ž . .yport the structures of salts of Al OCH CF3 2 4
Ž Ž .Ž . .yand Al OC CH CF with the large cation3 3 2 4

q Ž Ž .Ž . .yTl and the salt of Al OC Ph CF with the3 2 4

small cation Liq. The structures are analyzed
using the bond–valence method, and conclu-
sions about their weakly coordinating nature are
presented. A preliminary report of the structure

Ž Ž .Ž . . w xof LiAl OC Ph CF has appeared 13 .3 2 4

2. Experimental

Ž Ž .Ž . .The compounds LiAl OC Ph CF ,3 2 4
Ž Ž .Ž . . Ž Ž . .TlAl OC CH CF , and TlAl OCH CF3 3 2 4 3 2 4

w xwere prepared as previously described 37 and
were handled with rigorous exclusion of air and

w x Ž .water 38 . Crystals of LiAl HFPP were grown4

by cooling a hexane solution to y408C. Crys-
Ž .tals of TlAl HFTB were grown by slow evap-4

oration of solvent from a benzenerhexane solu-
Ž .tion. Crystals of TlAl HFIP were grown by4

vacuum sublimation at 608C. The crystals were
examined at y208C or colder using an appara-

w xtus previously described 39 . When a suitable
crystal was found, it was embedded in Halocar-

bon 25-5S grease at the end of a glass fiber and
quickly placed in the cold nitrogen stream of the
diffractometer LT-2 low-temperature unit. De-
tails of the crystallographic experiment and sub-
sequent computations are summarized in Table

w x1 40 .
The diffraction data were obtained in all three

cases using a Siemens P4 diffractometer, and
computations were performed with crystallo-
graphic software supplied by Siemens, much of

w xwhich was written by Professor Sheldrick 40 .
Lorentz and polarization corrections were ap-
plied to the data, and empirical absorption cor-
rections were applied based on psi-scan data.

The structures were all solved by direct
methods and refined using full-matrix least-
squares procedures on F 2 for all data. All
non-hydrogen atoms were refined anisotropi-
cally, and hydrogen atoms were included in
idealized positions in each case. Selected inter-
atomic distances and angles are listed in Table
2.

3. Results

( ) ( )3.1. Structure of LiAl HFPP Tables 3–74

The structure of this compound, shown in
Ž Ž .Ž . .Fig. 1, consists of discrete LiAl OC Ph CF3 2 4
Ž .molecules composed of lithium 1q and alu-

Ž .minate 1y ions in a configuration best de-
w xscribed as a penetrated ion pair 41 . There are

no significant intermolecular contacts. The Al
atom is tetrahedrally coordinated by four
1,1,1,3,3,3-hexafluoro-2-phenyl-2-propoxide
Ž y.HFPP ligands. The O1–Al–O2 angle of

Ž .91.8 1 8 is smaller than the five other O–Al–O
angles. The O3–Al–O4 angle, which is the only
O–Al–O angle not affected by the coordination

q Ž .of the Li ion, is 105.4 1 8, close to the ideal
tetrahedral angle of 109.58. The other four O–

Ž . Ž .Al–O angles range from 112.5 1 to 116.7 1 8.
The two alkoxide oxygen atoms that bridge the
aluminum and lithium atoms form Al–O bonds
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Table 1
Ž . Ž . Ž .aDetails of the X-ray diffraction studies of LiAl HFPP , TlAl HFTB , and TlAl HFIP4 4 4

Ž . Ž . Ž .Compd LiAl HFPP TlAl HFTB TlAl HFIP4 4 4

Molecular formula C H AlF LiO C H AlF O Tl C H AlF O Tl36 20 24 4 16 12 24 4 12 4 24 4
y1Ž .Formula wt g mol 1006.4 955.6 899.5

Space group C2rc P2 rc P2 rn1 1

Unit cell dimensions:
˚Ž . Ž . Ž . Ž .a A 42.297 6 12.650 3 14.261 1
˚Ž . Ž . Ž . Ž .b A 10.641 1 9.970 2 9.8024 9
˚Ž . Ž . Ž . Ž .c A 19.132 2 21.237 4 16.911 2
Ž . Ž . Ž . Ž .b deg 114.808 9 94.00 3 93.467 8

3˚Ž . Ž . Ž . Ž .Unit cell volume A 7817 2 2672 1 2359.6 4
Z 8 4 4

y3Ž .Calcd density g cm 1.71 2.38 2.53
Ž .Cryst dimens mm 0.60=0.46=0.12 0.24=0.14=0.02 0.48=0.28=0.28

Ž . Ž . Ž . Ž .Data collection temperature 8C y100 2 y100 2 y130 2
˚Ž . Ž . Ž . Ž .Radiation l, A Mo K 0.7107 Mo K 0.7107 Mo K 0.7107a a a

Monochromator graphite graphite graphite
y1Ž .Abs coeff cm 0.21 6.27 7.09

Scan type u–2u u–2u u–2u

Ž .2u range deg 4–50 4–50 4–60
Reflections h,k," l h,k," l h,k," l
Total No. of reflections meas. 6983 4946 6768
Total unique reflections 6883 4707 5439
Ž Ž ..R I)2s I 0.052 0.073 0.053

wR2b 0.128 0.176 0.126
GOF 1.04 1.06 1.03

a y Ž .Ž .y y Ž .Ž .y y Ž .yHFPP sOC Ph CF ; HFTB sOC CH CF ; HFIP sOCH CF .3 2 3 3 2 3 2
b ww w Ž 2 2 .2 x w Ž 2 .2 xx1r2wR2s Ý w F yF r Ýw F , for all data.o c o

Ž Ž .Ž . . ŽFig. 1. Drawing of the structure of LiAl OC Ph CF hydro-3 2 4
.gen atoms omitted for clarity . The unlabeled shaded circles are

fluorine atoms, while the unlabeled open circles are carbon atoms.
˚Ž . Ž .Selected interatomic distances A and angles deg : Li–O1,

Ž . Ž . Ž . Ž .1.978 8 ; Li–O2, 1.966 8 ; Li–F1, 1.984 9 ; Li–F4, 2.354 10 ;
Ž . Ž . Ž .Li–F7, 2.098 11 ; Li–F10, 2.082 9 ; O1–Li–02, 79.9 3 .

˚Ž . Ž .of 1.755 3 and 1.773 2 A, which are consider-
ably longer than the other two terminal Al–O

˚Ž . Ž .bonds of 1.687 3 and 1.706 3 A.
Ž .yThe Al HFPP aluminate anion acts as a4

Fig. 2. Drawing of the trigonal–prismatic LiO F coordination2 4
Ž Ž .Ž . . Ž .sphere in LiAl OC Ph CF 50% probability ellipsoids . The3 2 4

planes formed by and triangles make a
dihedral angle of 128. These two triangular planes are twisted
away from the ideal, eclipsed conformation by 138.
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hexadentate chelating ligand for the Liq cation.
The O1–Al–O2 unit forms a four-membered
chelate ring with Liq, with Li–O bond distances

˚Ž . Ž .of 1.966 8 and 1.978 8 A and a O1–Li–O2
Ž .bond angle of 79.9 3 8. Four C–F bonds from

four different CF groups form five-membered3

chelate rings, with Li–F bond dis-
Ž . Ž . Ž .tances of 1.984 9 , 2.082 9 , 2.098 11 , and

˚Ž .2.354 10 A. The next shortest Li PPP F contact
˚is greater than 3.5 A. The overall LiO F coor-2 4

dination sphere can best be described as trigonal
prismatic: the least-squares planes formed
by the and triangles make a
dihedral angle of only 128. These two triangular
planes are twisted away from the ideal, eclipsed
conformation by only 138, as shown in Fig. 2.

Table 2
˚ aŽ . Ž . Ž . Ž . Ž .Selected interatomic distances A and angles deg for LiAl HFPP , TlAl HFTB , and TlAl HFIP4 4 4

Ž . Ž . Ž .LiAl HFPP TlAl HFTB TlAl HFIP4 4 4

b c cŽ . Ž . Ž .M–O1 1.978 8 2.731 9 2.805 6
b c cŽ . Ž . Ž .M–O2 1.966 8 2.717 9 2.855 6

Xd Ž .Tl–O3 2.992 6
Ž . Ž . Ž .Al–O1 1.773 2 1.78 1 1.744 6
Ž . Ž . Ž .Al–O2 1.755 3 1.78 1 1.738 6
Ž . Ž . Ž .Al–O3 1.687 3 1.70 1 1.757 6
Ž . Ž . Ž .Al–O4 1.706 3 1.70 1 1.702 7

b c cŽ . Ž . Ž .M–F1 1.984 9 3.087 10 3.090 7
b c cŽ . Ž . Ž .M–F4 2.354 10 2.903 9 3.398 7
b c cŽ . Ž . Ž .M–F7 2.098 11 2.952 10 3.540 6

b c cŽ . Ž . Ž .M–F10 2.082 9 3.081 11 2.967 6
X Xd Ž . Ž . Ž . Ž .Tl–F 3.154 10 F19 3.045 6 F16
X Xd Ž . Ž . Ž . Ž .Tl–F 3.240 10 F11 3.153 6 F8

X Xd Ž . Ž . Ž . Ž .Tl–F 3.339 10 F2 3.245 6 F13
Y Ye Ž . Ž . Ž . Ž .Tl–F 3.341 12 F20 3.242 5 F16
Ye Ž . Ž .Tl–F 3.471 10 F19

f b c cŽ . Ž . Ž . Ž . Ž . Ž . Ž .C–F M 1.341 5 –1.384 5 1.31 2 –1.35 2 1.33 1 –1.34 1
g Ž . Ž . Ž . Ž . Ž . Ž .C–F 1.29 2 –1.35 2 1.27 2 –1.37 2 1.29 1 –1.35 1

b c cŽ . Ž . Ž .C–F1–M 113.4 3 115.9 9 114.7 5
b c cŽ . Ž . Ž .C–F4–M 106.0 3 115.5 9 112.5 6
b c cŽ . Ž . Ž .C–F7–M 109.3 3 116.6 8 111.1 5
b c cŽ . Ž . Ž .C–F10–M 111.0 3 114.4 9 120.7 6

Ž . Ž . Ž .O1–Al–O2 91.8 1 94.0 5 95.8 3
Ž . Ž . Ž .O1–Al–O3 115.8 1 115.2 5 111.1 3
Ž . Ž . Ž .O1–Al–O4 112.5 1 111.2 5 116.5 3
Ž . Ž . Ž .O2–Al–O3 114.8 1 113.0 5 111.6 3
Ž . Ž . Ž .O2–Al–O4 116.7 1 113.1 5 118.3 4
Ž . Ž . Ž .O3–Al–O4 105.4 1 109.6 5 103.7 3

b c cŽ . Ž . Ž .O1–M–O2 79.9 3 57.9 3 54.3 2
b c cŽ . Ž . Ž .F1–M–F4 75.7 3 53.1 3 50.3 2

b c cŽ . Ž . Ž .F1–M–F7 129.5 4 150.6 3 152.2 2
b c cŽ . Ž . Ž .F1–M–F10 99.4 5 100.8 3 119.8 2
b c cŽ . Ž . Ž .F4–M–F7 81.2 4 148.1 3 124.3 2

b c cŽ . Ž . Ž .F4–M–F10 149.1 4 152.2 3 154.3 2
b c cŽ . Ž . Ž .F7–M–F10 78.8 3 52.7 3 50.6 2

a y Ž .Ž .y y Ž .Ž .y y Ž .yHFPP sOC Ph CF ; HFTB sOC CH CF ; HFIP sOCH CF .3 2 3 3 2 3 2
b MsLi.
c MsTl.
d Bonded to first neighboring molecule.
eBonded to second neighboring molecule.
f Range of C–F values for those fluorines bonded to M.
g Range of C–F values for those fluorines that are not bonded to M.
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Note that a twist angle of 608 would give rise to
an octahedral coordination geometry. Another
view of the LiO F coordination sphere is shown2 4

in Fig. 3.

( ) ( )3.2. Structure of TlAl HFTB Tables 2, 8–124

The structure of this compound, shown in
Ž Ž .Ž . .Fig. 4, consists of TlAl OC CH CF ion3 3 2 4

pairs with five additional Tl–F intermolecular

Table 3
Ž Ž .Ž . .Crystal data and structure refinement for LiAl OC Ph CF3 2 4
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contacts. The Al atom is tetrahedrally coordi-
nated by four 1,1,1,3,3,3-hexafluoro-2-methyl-

Ž y.2-propoxide HFTB ligands. The O1–Al–O2
Ž .angle of 94.0 5 8 is smaller than the five other

O–Al–O angles. The unconstrained O3–Al–O4
Ž .angle is 109.6 5 8 and the other four O–Al–O

Ž . Ž .angles range from 111.2 5 to 115.2 5 8. The
Ž . Ž .two Al–O Tl bond distances are both 1.78 1

and the two terminal Al–O bond distances are
˚Ž .both 1.70 1 A.

Ž .yThe Al HFTB aluminate anion acts as a4

hexadentate chelating ligand for the Tlq cation
in a related manner to that observed for

Ž .LiAl HFPP . The O1–Al–O2 unit forms a4

four-membered chelate ring with Tlq, with Tl–O
˚Ž . Ž .bond distances of 2.717 9 and 2.731 9 A and a

Table 4
4 ˚2 3Ž . Ž . Ž Ž .Ž . .Atomic coordinates =10 and equivalent isotropic displacement parameters A =10 for LiAl OC Ph CF3 2 4
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Ž .Table 4 continued

Ž .U eq is defined as one third of the trace of the orthogonalized U tensor.i j

Ž .very acute O1–Tl–O2 bond angle of 57.9 3 8.
Four C–F bonds from four different CF groups3

form five-membered chelate rings, with
Ž . Ž .Tl–F bond distances of 2.903 9 , 2.95 1 ,

˚Ž . Ž .3.08 1 , and 3.09 1 A. Unlike the LiO F coor-2 4

dination unit described above, the TlO F unit2 4
Ž .in TlAl HFIB , which is shown in Fig. 3, is4

only approximately one hemisphere of the total
TlO F coordination sphere. The remaining five2 9

Tl–F contacts come from two additional
Ž .yAl HFTB anions. These Tl–F distances range4

˚Ž . Ž .from 3.154 10 to 3.471 10 A. The next short-
˚est Tl PPP F contact is greater than 4.1 A. The

least-squares planes formed by the and
triangles make a dihedral angle of 1118,

nearly 1008 larger than the corresponding angle
Ž .in LiAl HFPP .4

( ) ( )3.3. Structure of TlAl HFIP Tables 2, 13–174

The structure of this compound, shown in
Ž Ž .Ž . .Fig. 5, consists of TlAl OC H CF ion pairs3 2 4

with one additional Tl–O intermolecular contact

and four additional Tl–F intermolecular con-
tacts. The Al atom is tetrahedrally coordinated
by four 1,1,1,3,3,3-hexafluoro-2-propoxide
Ž y.HFIP ligands. The O1–Al–O2 angle of

Ž .95.8 3 8 is smaller than the five other O–Al–O
angles. There are no unconstrained O–Al–O
angles due to the formation of the intermolecu-
lar TlX–O3 contact. Nevertheless, the O3–Al–O4

Ž .angle of 103.7 3 is significantly smaller than
the remaining four O–Al–O angles, which range

Ž . Ž . Ž .from 111.1 3 to 118.3 4 8. The three Al–O Tl
Ž . Ž .bond distances are 1.744 6 , 1.738 6 , and

Ž .1.757 6 , and the terminal Al–O bond distance
˚Ž . Ž .Al–O4 is 1.702 7 A.

Ž .yThe Al HFIP aluminate anion acts as a4

hexadentate chelating ligand for the Tlq cation
in a manner similar to that observed for

Ž .TlAl HFTB . The O1–Al–O2 unit forms a4

four-membered chelate ring with Tlq, with Tl–O
˚Ž . Ž .bond distances of 2.805 6 and 2.855 6 A and a

Ž .very acute O1–Tl–O2 bond angle of 54.3 2 8.
Four C–F bonds from four different CF groups3

form five-membered chelate rings, with
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Ž . Ž .Tl–F bond distances of 2.967 6 , 3.090 7 ,
˚Ž . Ž .3.398 7 , and 3.540 0 A. Like the TlO F coor-2 4

Ž .dination unit in TlAl HFTB , the TlO F unit4 2 4
Ž .in TlAl HFIB , which is shown in Fig. 3, is4

approximately one hemisphere of the total
TlO F coordination sphere. The remaining3 8

˚Ž Ž . . Ž Ž .Tl–O 2.992 6 A and Tl–F contacts 3.045 6
˚Ž . .to 3.245 6 A come from two additional

Ž .yAl HFIP anions. The next shortest Tl PPP F4
˚contact is greater than 4.1 A. The least-

squares planes formed by the and
triangles make a dihedral angle of 858,

approximately 258 smaller than the correspond-
Ž .ing angle in TlAl HFTB .4

4. Discussion

( )y q q4.1. Coordination of Al OR to Li and Tlf 4

All three aluminate anions are composed of
an Al3q ion surrounded by a tetrahedral array of
oxygen atoms from four 1,1,1,3,3,3-hexafluoro-
2-R-2-propoxide ligands. The substituents R for

Ž .y Ž .y Ž .yAl HFIP , Al HFTB , and Al HFPP are H,4 4 4

CH , and Ph, respectively. Each aluminate co-3

ordinates to one primary monovalent metal ion,
either Liq or Tlq, with the same six-atom donor
set, O1, O2, F1, F4, F7, F10, forming a set of
five chelate rings depicted in the structures be-
low.

There are several unusual and noteworthy
features about the coordination environment of

q Ž .the Li cation in LiAl HFPP . The first is that4

the Liq is roughly trigonal prismatic. Compared
with four- and five-coordination, six-coordina-

q w xtion is relatively uncommon for Li 42 , but,
more importantly, six-coordinate Liq ions are

w xgenerally octahedral. Examples include LiF 43 ,
w x w xLiClO P3H O 44 , LiNO P3H O 45 , LiSbF4 2 3 2 6

w x Ž . Ž . w x46 , Li en I ensethylenediamine 47 , and3

Ž . Ž 3y . w xLi C H O P5H O C H O scitrate 48 .6 5 7 2 6 5 7

The trigonal prismatic coordination about Liq is
probably brought about by two geometric con-

Ž .ystraints of the hexadentate, chelating Al HFPP 4

anion. The first constraint is the rigidity of the
four-membered chelate ring. The sec-
ond constraint is that the two five-membered
chelate rings formed by each of the two alkox-
ide substituents do not have a common atom
that is also coordinated to Liq, unlike the more
flexible hexadentate ligand EDTA4y.

The second noteworthy feature is the pres-
Ž .ence of, and the nature of, the four Li–F C

Ž .bonds in LiAl HFPP . Carbon–halogen bonds4
w xare very poor Lewis bases 49 , yet four of the

six ligands bound to Liq are fluorine atoms
bonded to sp3 carbon atoms. This is the first
example of a compound with more than two

Ž . qLi–F C bonds for a given Li ion and the first
example in which a majority of atoms coordi-
nated to Liq are organofluorine atoms. Further-

˚Ž .more, the 1.984 9 A Li–F1 distance is shorter
Ž .than any previously reported Li–F C distances

w x Ž .49,50 . For comparison, the Li–F C distances
w Ž .xw x w x Žin Li FN O ClO 50 , Li 2,4,6-C H2 3 4 6 2

Ž . .Ž . w x Ž ŽCF Et O 51 and Li C F NSiF t-3 3 2 6 5
. .Ž . w x Ž . Ž . ŽBu THF 52 are 2.035 5 , 2.25 1 average2 2

˚. Ž .of two distances and 2.27 1 A, respectively,
and the Li–F distance in crystalline LiF is 2.009
˚ w xA 43 . The Li–F1 bond, at least, cannot be

w xconsidered a secondary 53 bond: the Li–F1
distance is the same, to within "3s , as the two
Li–O distances.

Another noteworthy feature is that the Li–
Ž .F C bonds are sufficiently strong to signifi-

Ž . Ž Ž .cantly lengthen the C–F Li bonds 1.341 5 –
˚Ž . .1.384 5 A relative to the other C–F bonds

˚Ž Ž . Ž . . Ž .1.298 5 –1.342 5 A in LiAl HFPP . A plot4
Ž .of Li–F C vs. C–F bond distance and a plot of

all 24 C–F bond distances are shown in Fig. 6
Žthe errors are shown at the "3s level of

.confidence . The upper plot in Fig. 6 suggests
the sensible correlation that the C–F bonds are
lengthened, and presumably weakened, as the
fluorine atoms coordinate more strongly to the
Liq ion. This result is not unexpected: an ab
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Ž .initio 3-21G molecular orbital geometry opti-
w xqmization for the H CF–Li complex demon-3

strated a lengthening of the C–F bond from
˚ ˚1.403 A in free fluoromethane to 1.471 A in the

w xcomplex 54 . The lower plot in Fig. 6 suggests
that lengthening of one C–F bond in a trifluoro-
methyl group may lead to a slight shortening of
the remaining two C–F bonds. The activation of
C–F bonds by metal atoms, metal ions, and
metal complexes is a current, active endeavor in
both fundamental and applied chemistry
w x49,55,56 , but statistically significant lengthen-
ing of an aliphatic C–F bond upon coordination
to a metal center had not been observed before

w xthis work 34,57 . Note that an example of
lengthening of an aromatic C–F bond by coor-

Ž .dination to zirconium IV has been reported
w x Ž .58 . Note also that lengthening of the C–F Li

Ž .bonds in LiAl HFPP could not have been4

observed without very high quality diffraction
data. It is hoped that the correlations suggested
by the plots in Fig. 6 will be more fully tested
experimentally, and analyzed theoretically, as
additional, very precise structures of compounds
containing C–F–M linkages become available
in the future.

Ž .Finally, note that the four Li–F C bonds
Ž .yallow the Al HFPP anion to fully encapsulate4

Table 5
˚Ž . Ž . Ž Ž .Ž . .Bond lengths A and angles 8 for LiAl OC Ph CF3 2 4
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Ž .Table 5 continued

q Ž .the Li ion, making LiAl HFPP soluble in4

aliphatic as well as aromatic hydrocarbons. The
Ž .stabilizing effect of the Li–F C bonds, coupled

with their presumed lability, renders the Liq ion

Ž .in LiAl HFPP an effective Lewis acid catalyst4

in toluene solution for the formation of
carbon–carbon bonds via 1,4-conjugate addition

w xreactions 13 . These observations underscore an
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Ž .Table 5 continued

important principle for the design of effective
w xweakly coordinating anions 1,2,34–36 : multi-

ple contacts with weakly coordinating carbon–
fluorine bonds may be better than multiple con-
tacts with even more weakly coordinating car-
bon–hydrogen bonds. An effective weakly co-
ordinating anion should coordinate strongly
enough to the cation, and should provide enough
donor atoms, to prevent extensive bridging with
more strongly coordinating moieties in neigh-

Ž .boring molecules or ion pairs , because exten-
sive bridging invariably leads to poor solubility

w xin low-dielectric, low-donor-number 59,60 sol-
vents as well as to reduced cation Lewis acidity.
For example, the Liq ion in the unfluorinated

Ž .salt LiNb OEt is bonded to only four ethoxide6
Ž .yoxygen atoms from two adjacent Nb OEt an-6

w xions, forming a tetrahedral LiO core 61 . Not4
Ž .surprisingly, LiNb OEt is not soluble in aro-6

m atic hydrocarbon solvents, whereas
Ž . w xLiNb HFIP is 35 .6

Fig. 3 clearly shows that the aluminate anions
Ž . Ž .in TlAl HFTB and TlAl HFIP coordinate to4 4

their primary Tlq ion in hexadentate fashion but
do not fully encapsulate the very large Tlq ion
Žfor comparison, the six-coordinate ionic radii

q q ˚of Li and Tl are 0.76 and 1.64 A, respec-
w x.tively 62 . Instead, the two oxygen and four

fluorine atoms that comprise the chelating O F2 4

donor set are all found in one hemisphere of the
coordination sphere of the Tlq ion. One way to
better appreciate the difference between the
TlO F and LiO F coordination units is by2 4 2 4

determining the perpendicular distance between
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the metal ion and the least-squares plane formed
by F1, F4, F7, and F10. The Liq ion in

˚Ž .LiAl HFPP is 0.70 A ‘below’ the F plane4 4
Ži.e., on the same side of the F plane as O1 and4

. q Ž .O2 , while the Tl ions in TlAl HFTB and4
˚Ž .TlAl HFIP are 0.37 and 0.75 A ‘above’ their4

respective F planes. These displacement dis-4

tances as well as other pertinent results are
Ž .listed in Table 18. The C–F Tl bonds were not

Ž .longer to within "3s than the other C–F
Ž . Ž .bonds in either TlAl HFTB or TlAl HFIP .4 4

( )4.2. Bond–Õalence analysis of LiAl HFPP ,4
( ) ( )TlAl HFTB , and TlAl HFIP4 4

The advent of larger and more-weakly-coor-
dinating anions, which has allowed the isolation

Table 6
˚2 3Ž . Ž Ž .Ž . .Anisotropic displacement parameters A =10 for LiAl OC Ph CF3 2 4
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Ž .Table 6 continued

2ŽŽ ) .2 ) ) .The anisotropic displacement factor exponent takes the form: y2p ha U q . . . q2hka b U .11 12

Table 7
4 ˚2 3Ž . Ž . Ž Ž .Ž . .Hydrogen coordinates =10 and isotropic displacement parameters A =10 for LiAl OC Ph CF3 2 4
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of metal complexes with extremely weak
Ž .metal–ligand or metal–solvent bonds such as

q Ž . w x q w x q Ž 6Ag – CH Cl 63 , Ag –CO 64 , Na – h -2 2
. w x Ž . q Ž 2 . w xC H 34 , porphyrin Fe – h -C H R 65 ,6 6 6 4 2

q Ž 6 . w xand Tl – h -C H R 66,67 , has also raised6 3 3

a number of interesting issues. As metal–ligand
bonds become weaker and weaker, the distinc-
tion between ‘coordination’ and ‘solvation’, for

Table 8
Ž Ž .Ž . .Crystal data and structure refinement for TlAl OC CH CF3 3 2 4
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example, becomes even more blurred than usual
w x3,65 . The concept of ‘primary’ and ‘sec-
ondary’ chemical bonds has been used with

some success, especially for nonmetallic ele-
w xments 53 , but it is perhaps not well suited for

metallic elements. This is because the concept

Table 9
4 ˚2 3Ž . Ž . Ž Ž .Ž . .Atomic coordinates =10 and equivalent isotropic displacement parameters A =10 for TlAl OC CH CF3 3 2 4

Ž .U eq is defined as one third of the trace of the orthogonalized U tensor.i j
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of a van der Waals radius is more meaningful
for nonmetallic elements than for metallic ele-
ments, since metal atoms or ions are usually

w xshielded from nonbonded contacts 68 .

Nevertheless, van der Waals radii for some
metals have been proposed, and for lithium and

˚thallium they are 1.82 and 1.96 A, respectively
w x68 . The recommended values for oxygen and

Table 10
˚Ž . Ž . Ž Ž .Ž . .Bond lenghts A and angles 8 for TlAl OC CH CF3 3 2 4
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Ž .Table 10 continued

˚ w xfluorine are 1.52 and 1.47 A, respectively 68 .
Therefore, the sum of van der Waals radii for

˚ ˚lithium and fluorine is 3.29 A, nearly 1 A

Ž .longer than the longest Li–F C distance in
Ž .LiAl HFPP . However, is there a way to assess4

the relative strengths of the Li–F1 bond, at
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Ž .Table 10 continued

˚Ž . Ž .1.984 9 A, and the Li–F4 bond, at 2.354 10
˚ Ž .A? Are the set of four Li–F C bonds com-
pletely ion-dipole in nature, or is there any

incipient covalency? The sum of van der Waals
˚radii for thallium and fluorine is 3.43 A. What

is the coordination number of the Tlq ion in
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Ž .Table 10 continued

Ž . qTlAl HFTB ? Is Tl eleven-coordinate, as im-4

plied in Table 2, or is it only ten-coordinate
Y ˚Ž .after discounting F19 , which is 3.471 10 A

from the Tlq ion?

A particularly successful and straightforward
approach for analyzing solid-state structures is

w xthe bond–valence method 69–71 . The valence
Ž q q.of an atom 1 for Li or Tl is assumed to be
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Ž .Table 10 continued

distributed between the bonds it forms. There-
fore, the individual bond valences, s, add up to
the total valence of an atom or ion. By examin-

ing thousands of crystal structures, Brown and
Shannon found that the following two-parame-
ter empirical relationship could be used to cal-
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Ž .Table 10 continued

culate s values, for a particular atom, that when
added gave a sum that was within 0.05 valence

w xunits of the atom’s valence 69 :

yN
ss rrr Ýssatom’s valence"0.05Ž .0

The variable r is the experimentally determined
Žinteratomic distance for a particular bond e.g.,

.Li–O1, Li–O2, Li–F1, etc. . Self-consistent sets
of parameters r and N for many types of0

w xbonds have been determined 69 . For the four
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Ž .Table 10 continued

types of bonds to be discussed below, these
parameters are: Li–O, r s1.378, Ns4.065;0

Li–F, r s1.288, Ns3.9; Tl–O, r s2.100,0 0

Ns6; Tl–F, r s1.993, Ns6. The parameter0

r can be thought of as the length of a bond of0

unit valence, although the relationship ss
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Ž .Table 10 continued

Ž .yNrrr may only be valid over the central0

part of the range of r values for a given bond
type. For example, note that the experimental

Li–F distance in gaseous, diatomic LiF is 1.5639
˚ ˚w x Ž . w xA 72 , but r Li–F is 1.288 A 69 . However,0

the sum of bond valences for crystalline LiF,
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Ž .Table 10 continued

˚with six Li–F distances of 2.009 A, is 1.06.
Ž .Note also that the calculated 3-21G Li–F dis-

q ˚w x w xtance in H CF–Li is 1.658 A 54 .3

One of the virtues of the bond–valence
method is that the bond–valence distribution in
a compound can be determined from its crystal
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Ž .Table 10 continued

Symmetry transformations used to generate equivalent atoms: a1 yxq2, yy1r2, yzq1r2; a2 x, yy1, z; a3 yxq2, yq1r2,
yzq1r2; a4 yxq2, yy, yz; a5 yxq1, yyq1, yz; a6 x, yq1, z.

structure. The method is particularly useful for
analyzing structures with many long, weak
bonds. In an important study, Caulton and co-
workers found that the sum of bond valences for
the symmetry-related, twelve-coordinate Tlq

Ž .ions in Tl Zr HFIP was 1.05, only 5% higher2 6
w xthan the expected valence of 1 34 . The three

Tl–O bond valences of 0.203, 0.173, and 0.167,
comprised only 52% of the total valence of Tlq.
The network of relatively longer and weaker
Tl–F bonds, which ranged in distance from 3.13

˚to 3.44 A and which ranged in bond valence
from 0.066 to 0.038, provided the other 48% of
the total valence.

Bond valences for the metal–oxygen and
Ž .metal– fluorine bonds in LiAl HFPP ,4

Ž . Ž .TlAl HFTB , and TlAl HFIP are listed in4 4

Table 19. For all three compounds, the sum of
bond valences is within 6% of 1.00. For all
three compounds, the oxygen donors provide
only about 45"3% of the total bond valence.

Ž .This is true even for TlAl HFIP , which has4
Ž .three Tl–O bonds. Therefore, the M–F C bonds

provide more than half the stabilization of the
cations in the three compounds. For

Ž . Ž .LiAl HFPP , lengthening a Li–F C bond by4
˚19%, from 1.984 to 2.354 A, results in a 50%

decrease in bond valence, from 0.185 to 0.095.
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If the Liq ion were in a symmetrical geometry
with six bonds providing identical bond va-
lences, each bond valence would be 0.167. Three

Ž .of the four Li–F C bonds are at about this
value, which indicates that they are quite nor-

mal metal–ligand bonds for six-coordinate Liq,
not just weak, secondary interactions. For

Ž . Ž .TlAl HFTB , the greater number of Tl–F C4

bonds necessitates that each has a smaller bond
Ž .valence. In fact, the largest Tl–F C bond va-

Table 11
˚2 3Ž . Ž Ž .Ž . .Anisotropic displacement parameters A =10 for TlAl OC CH CF3 3 2 4

2ŽŽ ) .2 ) ) .The anisotropic displacement factor exponent takes the form: y2p ha U q . . . q2hka b U .11 12
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Fig. 3. Drawings of the MO F coordination units formed by the2 4
Ž Ž . .yhexadentate Al OCR CF anions in the structures of3 2 4

Ž Ž .Ž . . Ž . Ž Ž .Ž . .LiAl OC Ph CF top, R s Ph , TlAl OC CH CF3 2 4 3 3 2 4
Ž . Ž Ž . . Ž . Žmiddle, RsCH and TlAl OCH CF bottom, RsH 50%3 3 2 4

.probability ellipsoids . The dihedral angles of the planes formed
Ž .by the and triangles are 128 top , 1118

Ž . Ž .middle and 858 bottom .

Ž Ž .Ž . .Fig. 4. Drawing of the structure of TlAl OC CH CF . The3 3 2 4

unlabeled shaded circles are fluorine atoms, while the unlabeled
˚Ž .open circles are carbon atoms. Selected interatomic distances A

Ž . Ž . Ž .and angles deg : Tl–O1, 2.731 9 ; Tl–O2, 2.717 9 ; Tl–F1,
Ž . Ž . Ž . Ž .3.087 10 ; Tl–F4, 2.903 9 ; Tl–F7, 2.952 10 ; Tl–F10, 3.081 11 ;

˚Ž . Ž . Ž .other Tl–F, 3.154 10 to 3.471 10 A; O1–T1–O2, 57.9 3 .

lence, 0.105 for Tl–F4, is only slightly larger
Ž .than the smallest Li–F C bond valence in

Ž .LiAl HFPP . This is necessary because of the4

much larger size of Tlq than Liq. If a Tlq ion
were substituted for the Liq ion in the structure

Ž .of LiAl HFPP , and the set of Tl–O and Tl–F4

Table 12
4 ˚2 3Ž . Ž . Ž Ž .Ž . .Hydrogen coordinates =10 and isotropic displacement parameters A =10 for TlAl OC CH CF3 3 2 4
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distances were kept the same as the set of Li–O
and Li–F distances, the sum of Tl–O and Tl–F
bond valences would be 5.82.

Ž . Ž . Ž .Plots of s Li–F vs. r Li–F and s Tl–F vs.

Ž .r Tl–F are shown in Fig. 7. Also included in
each plot is a point for a bond valence of 1.00 at
the r value and points for bond valences of0

˚0.03 and 0.01, which occur at 3.17 and 4.20 A,

Table 13
Ž Ž .Ž . .Crystal data and structure refinement for TlAl OC H CF3 2 4
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˚respectively, for Li–F and at 3.58 and 4.29 A,
respectively, for Tl–F. The compound

Ž .LiAl HFPP exhibits a rapid intramolecular re-4

arrangement in solution: its 19F NMR spectrum

at 258C exhibits 24 equivalent fluorine atoms
Ž7 19 .coupled to lithium with an apparent J Li– F

w xcoupling constant of 14.4 Hz 13 . The upper
plot in Fig. 7 indicates how dissociation of the

Table 14
4 ˚2 3Ž . Ž . Ž Ž .Ž . .Atomic coordinates =10 and equivalent isotropic displacement parameters A =10 for TlAl OC H CF3 2 4

Ž .U eq is defined as one third of the trace of the orthogonalized U tensor.i j
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Li–F4 bond could occur with very little shorten-
ing of the remaining bonds to compensate for
the loss of only 0.095 units of bond valence.

The bond–valence plots in Fig. 7 suggest a

way to define the distance beyond which little
or no bonding occurs between a metal ion and a
ligand, a distance normally thought of as the
sum of van der Waals radii. Taking the reason-

Table 15
˚Ž . Ž . Ž Ž .Ž . .Bond lenghts A and angles 8 for TlAl OC H CF3 2 4
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Ž .Table 15 continued

able, if arbitrary, distance at which ss0.03 as
the effective limit of metal–ligand bonding leads

˚to a bonding limit of 3.165 A for Li–F and

3.580 for Tl–F. Since the van der Waals radius
˚of fluorine is 1.47 A, the metal–ion portion of

˚these ss0.03 distances are 1.70 and 2.11 A for
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Ž .Table 15 continued

Liq and Tlq, respectively. These are remark-
ably close to the published van der Waals radii
of lithium and thallium, which are 1.82 and 1.96

˚ w xA, respectively 68 . For Li–O and Tl–O bonds,
the metal–ion portion of the ss0.03 distances

q q ˚for Li and Tl are 1.75 and 2.25 A. It will be
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Ž .Table 15 continued

interesting to see if the ss0.03 limit correlates
with van der Waals radii for other metal ions
because, if it does, the bond–valence method

could be used to determine unknown metal–ion
van der Waals radii.



( )T.J. Barbarich et al.rJournal of Molecular Catalysis A: Chemical 128 1998 289–331322

Ž .Table 15 continued

( )4.3. The strength of Li–F C bonds and the
design of improÕed weakly coordinating anions

Ž . Ž .The four Li–F C bonds in LiAl HFPP ,4

which provide more than half of the sum of
lithium bond valences, are clearly very impor-
tant in the overall stability of this compound.

Ž ). Ž .The calculated 6-31G Li–F C bond dissoci-
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Ž .Table 15 continued

w xqation energy for the H CF–Li complex is 353
y1 w xkcal mol 54 , in reasonable agreement with

y1 w xthe experimental value of 31 kcal mol 73 .

Ž . Ž .The Li–F C bond energies in LiAl HFPP are4

undoubtedly weaker than this for two reasons.
First, the C–F bond of a trifluoromethyl group
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Ž .Table 15 continued

is probably a weaker donor than the C–F bond
of a monofluoromethyl group. Second, a Li–
Ž . qF C bond to a bare Li ion is undoubtedly

Ž . qstronger than any given Li–F C bond to a Li
Žion already coordinated to five other albeit

.weak ligands.
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Ž .Table 15 continued

This naturally leads to the following ques-
Žtion: in order to optimize the Lewis acidity a

.thermodynamic property andror the elec-

Ž .trophilicity a kinetic property of a metal ion, is
it better to have a greater number of weak

Ž .M–F C bonds or fewer but relatively stronger
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Ž .Table 15 continued

Symmetry transformations used to generate equivalent atoms: a1 yxq3r2, yq1r2, yzq1r2; a2 x, yq1, z; a3 yxq3r2,
yy1r2, yzq1r2; a4 yxq1, yyq2, yz; a5 yxq1, yyq1, yzq1; a6 x, yy1, z.

Ž .M–F C bonds? For example, the compound
Ž Ž . Ž ..LiAl OC CH CF , which has not yet been3 2 3 4

prepared, might contain a four-coordinate Liq

ion with a LiO F coordination unit. If this is2 2
Ž Ž . Ž ..so, will LiAl OC CH CF be a more ac-3 2 3 4

tiv e o r le ss ac tiv e ca ta ly st th an
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Table 16
˚2 3Ž . Ž Ž .Ž . .Anisotropic displacement parameters A =10 for TlAl OC H CF3 2 4

2ŽŽ ) .2 ) ) .The anisotropic displacement factor exponent takes the form: y2p ha U q . . . q2hka b U .11 12

Table 17
4 ˚2 3Ž . Ž . Ž Ž .Ž . .Hydrogen coordinates =10 and isotropic displacement parameters A =10 for TlAl OC H CF3 2 4
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Ž Ž . .Fig. 5. Drawing of the structure of TlAl OCH CF . The3 2 4

unlabeled shaded circles are fluorine atoms, while the unlabeled
Ž . Ž .open circles are carbon atoms large or hydrogen atoms small .

˚Ž . Ž .Selected interatomic distances A and angles deg : Tl–O1,
Ž . Ž . X Ž . Ž .2.805 6 ; Tl–O2, 2.855 6 ; Tl–O3 , 2.992 6 ; Tl–F1, 3.090 7 ;

Ž . Ž . Ž .Tl–F4, 3.398 7 ; Tl–F7, 3.540 6 ; Tl–F10, 2.967 6 ; other Tl–F,
˚Ž . Ž . Ž .3.045 6 to 3.245 6 A; O1–Tl–O2, 54.3 2 .

Table 18
Ž . Ž .Additional structural parameters for LiAl HFPP , TlAl HFTB ,4 4

Ž .aand TlAl HFIP 4

Ž . Ž . Ž .LiAl HFPP TlAl HFTB TlAl HFIP4 4 4

b˚Ž .Distances A
c d dŽ .M PPP F plane y0.70 0.37 0.754

Ž .O1PPP F plane y2.21 y1.99 y1.754
Ž .O2PPP F plane y2.21 y1.99 y1.764
Ž .F1 PPP F plane 0.13 y0.03 y0.054
Ž .F4 PPP F plane y0.14 0.03 0.044
Ž .F7 PPP F plane 0.15 y0.03 y0.044
Ž .F10PPP F plane y0.14 0.03 0.054

Ž .Angles deg
c d dŽ . Ž . Ž .O1–M–O2 79.9 3 57.9 3 54.3 2

Ž . Ž . Ž .O1–Al–O2 91.8 1 94.0 5 95.8 3
eDihedral of triangles 12 111 85

MO F bond–2 4
fvalence sum 1.05 0.77 0.57

a y Ž .y y Ž .Ž .y yHFPP sOCH CF ; HFTB sOC CH CF ; HFIP s3 2 3 3 2
Ž .yOCH CF .3 2

b The F plane is the least-squares plane formed by F1, F4, F7 and4

F10.
c MsLi.
d MsTl.e The dihedral angle of the least-squares planes formed
by the and triangles.
f The sum of metal–ligand bond valences for the six ligands O1,
O2, F1, F4, F7 and F10.

Fig. 6. Plots of C–F distance vs. Li–F distance and vs. fluorine
Ž Ž .Ž . .atom number for LiAl OC Ph CF . The error bars shown are3 2 4

"3 times the estimated standard deviation for each individual
˚ ˚Ž Ž . Ž . . Ž Ž .distance. The four points are at 1.984 9 A, 1.376 5 A , 2.082 9

˚ ˚ ˚ ˚ ˚Ž . . Ž Ž . Ž . . Ž Ž .A, 1.384 5 A , 2.098 11 A, 1.361 5 A , and 2.354 10 A,
˚Ž . .1.341 5 A . In the bottom plot, the filled circles represent the four

Ž .C–F Li bonds and the open circles represent the other twenty
C–F bonds. The dotted line in the bottom plot is drawn through

˚the C6–F4 distance of 1.341 A.

Ž Ž .Ž . .LiAl OC CH CF for 1,4 conjugate-ad-3 3 2 4

dition reactions in toluene? The answer will
depend, of course, on the mechanism. If dissoci-

Ž .ation of a Li–F C bond, which provides a
coordination site for the carbonyl substrate, is
rate limiting, then a greater number of intrinsi-

Ž .cally weaker Li–F C bonds would be pre-
ferred. If, however, attack of the nucleophile on
the carbonyl carbon atom of the lithium-bound
carbonyl substrate is rate limiting, then the Lewis

q Ž .acidity of the Li catalyst minus one Li–F C
bond is more important and fewer, stronger

Ž .Li–F C bonds would be preferred.
The foregoing analysis is admittedly simplis-

tic, both in the treatment of the factors dis-
cussed as well as in the exclusion of other
factors. For example, the compound
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Table 19
Ž . Ž . Ž .aBond–valences for LiAl HFPP , TlAl HFTB , and TlAl HFIP4 4 4

Ž . Ž . Ž .LiAl HFPP TlAl HFTB TlAl HFIP4 4 4

˚ ˚ ˚Ž . Ž . Ž .bond distance A bond valence bond distance A bond valence bond distance A bond valence

Ž . Ž . Ž .Li–O1 1.978 8 0.230 Tl–O1 2.731 9 0.207 Tl–O1 2.805 6 0.176
Ž . Ž . Ž .Li–O2 1.966 8 0.236 Tl–O2 2.717 9 0.213 Tl–O2 2.855 6 0.158
Ž . Ž . Ž .Li–F1 1.984 9 0.185 Tl–F1 3.087 10 0.072 Tl–F1 3.090 7 0.072
Ž . Ž . Ž .Li–F4 2.354 10 0.095 Tl–F4 2.903 9 0.105 Tl–F4 3.398 7 0.041
Ž . Ž . Ž .Li–F7 2.098 11 0.149 Tl–F7 2.952 10 0.095 Tl–F7 3.540 6 0.032
Ž . Ž . Ž .Li–F10 2.082 9 0.154 Tl–F10 3.081 11 0.073 Tl–F10 2.967 6 0.092

X XŽ . Ž .Tl–F2 3.339 10 0.045 Tl–O3 2.992 6 0.120
X XŽ . Ž .Total bond valences 1.049 Tl–F11 3.240 10 0.054 Tl–F8 3.153 6 0.064
X XŽ . Ž .Tl–F19 3.154 10 0.064 Tl–F13 3.245 6 0.054
Y XŽ . Ž .Tl–F19 3.471 10 0.036 Tl–F16 3.045 6 0.079
Y YŽ . Ž .Tl–F20 3.341 12 0.045 Tl–F16 3.242 5 0.054

total bond valences 1.009 total bond valences 0.942

a y Ž .Ž .y y Ž .Ž .y y Ž .y Ž .yNHFPP sOC Ph CF ; HFTB sOC CH CF ; HFIP sOCH CF . The bond valence, s, is given by ss rrr , where3 2 3 3 2 3 2 0
Ž . Ž . Ž . Ž .r Li–F s1.288, N Li–F s3.9, r Tl–F s1.993, and N Tl–F s6.0.0 0

Ž Ž . Ž ..LiAl OC CH CF might very well contain3 2 3 4
Ž .intermolecular Li–F C bonds to compensate

for the smaller number of CF groups, and this3

might make the compound less soluble or even

Ž .Fig. 7. Plots of M–F bond valence s vs. M–F distance for
Ž Ž .Ž . . Ž . Ž Ž .Ž . . ŽLiAl OC Ph CF MsLi and TlAl OC CH CF M3 2 4 3 3 2 4
.sTl . The dotted lines are drawn through M–F distances corre-

sponding to ss1.0 and ss0.03. The right-most point in both
plots corresponds to ss0.01.

insoluble in toluene. The discussion above was
written to focus attention on one of the parame-
ters that should be considered in the design of
the next generation of weakly coordinating an-
ions.
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