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~

-lanthanides lightefihgn Dy are
| b

' The series of complexes Ln(HBPz,), (Ln = Sm, Tb, Dy,
Ho, Er, Tm, Yb, Lu) have been investigated Ey a variety of
pPhysical techniques with the aim of elucidating their solid

and solution state structures. The complexes of the

|
[ ]

ostructural in the solid

. state while those of the complexes heavier than Dy are

assigned a different solid state structure. The X-ray
. \ .

. crystal structure of Yb(HB?zZ)B has been dete:gingé, The .

$tterbium is eight coordinate and the coordination poly-
hedron” about the metal is best described as a bicapped

trigonal grisﬁ (BdTP). The point group symmetry of 'the -

molecule is close to Cg- The 1y, 13¢ ana 113 NMR spectra

¢

c _ ]
of the paramagnetic Yb complex exhibit 21,v18 and 3, well

separated resonances, respectively. These patterns are

~consistent with a solution structure close to the solid

1 .

state structure where the approximate Cs symmetry is now
rigorous. The nuclej have large paramagnetic shifts and
the geometric informatiop fgcm the X-ray stru:ﬁure'allaﬁs

P , ,
a fit of calculated to obs®rved 1H shifts for the complexes,

Ln = Dy, Ho, Er, Tm, Yb. The lH isotropic shifts are
essentially free of contact shift contributions while, with
eéxception gf_thase in the Yb complex, the lBC nuclei have
detectable contact shifts.

Signals from Q:SEEéﬁd isomer of the Dy, Hélind Br

complexes are seen in the 1H NMR spectra. This isomer is



S

-

) c,
postulated to have a square antiprismatic (SAP) cooerdination

geometry and is in slow equilibrium with thé=ECTPZisameri

Values of AH® and AB® for the isomerization have been

obtained’ from variable temperature NMR experiments.

The SAP isomer undergoes a rapid intramolecular

rearrangement process. A possible mechanism for this process

is presented. Attempts to mcdgl;thé 14 isotropic shifts for

thif isomer met witl limited sufcdss. The averaging process
. , ) .

s not result in effectlgék:iégl symmetry and non-axial

contributions to the pseudocontact shifts may be important

do

m

for some nuclei. .

The X-ray crygtal structures of Fé(CQ)B(PPh ) (olef ")
éaefln = diethylfumarate, diethylmaleate) have Dbeen
éetermigeds

Both molecular Etructures are based on the trigonal

&

bipyramid Hlth the Dlefln coordinated equgtcr;ally, as is
expected by elect;an;ci;gnslde:gtlan:_ The phosphine
occupies an axial site in the maleate complex while in

the fumarate cem?les;it coordinates in the electr@nicaily
less favoured equatorial site. The difference between the
two cgmplexés is assigned to steric effects caused by the &

different olefin’ geamet es.

vi
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INTRODUCTION

Genéral Comsiderations

) The 1anthanidés, the 14 elements that feollow lanthanum

' in the periodic tablé, form the longest continuous series

of chemically similar elements found in the periodic

1,2

table. ’'“ The series may be described as being somewhat

enigmatic, their close chemical similarities making

isolation and purification difficult until the advent of

ion exchange chromatography in the 1940's.

thY¥ 4f orbitals from La ([Xe] 5a°

652) to Lu ([Xe]

4t sal gs?). The 4f orbitals lie buried deep below

the outermost shells and essentially play no part in the
bonding in lanthanide compounds. The 3+ oxidation state
dominates aﬁa provides the consistent theme of the
chemistry of the series. The subtle differences and
trends that are encountered when traversing the series .
are principally 5ue to the changes in the ionic radii of
the 3+ cations. The radii of the 3+ ions are given in

Table 1. The dramatic decrease in size from LaB* to

y
Lu3*, the lanthahide contraction, is the result of the

1



b

2.
TABLE 1. Electronic Configuration andiBRadii for the ,
Tr{positive Ions i
Electronic Ha* Ionig
Element Symbol Configuration Radii®-

M3 "N 6 CN 8
Scandium sc (Ar] .745 .870
Yttrium - Y [Kr] .900 1.019
Lanthanum La (Xe] 1.032 1.160
Cerium Ce . 4£1€ 1.01 1.143
Praseodymium  Pr at? .99 1.126
Neodymium Nd af? .983 1.109

© Promeghium Pm ag! .97 1.093

Samarium Sm af? 958  1.079(1.27)¢%

Europium Eu at$ .947(1.119 1.066(1.25)9
Gadolinium Gd ag’ .938 1.053
Terbium Tb af8 .923 1.040
Dysprosium Dy . afd .912 1.027
- Holmium Ho a£10 .901 1.015
Erbium Er agl! .890 1.004
Thulium Tm 412 .880 .994

Ytterbium Yb a3 ge8(1.02)9  .9g5(1.14)9
‘Lutetium Lu astt .861 .977

i N\ o

CN 8 respectively.

cOniy those electrons outside the closed rare gas shell are

indicated.

dRadii for H2+ ions.




The predominance of the 3+ oxidation state is simply_

k4

due to the balance between solvation energies or lattice

energies and ionization potentials which combine to make
11

those compounds in which the metal appears as M- the

v

most stable. Oxidation states other than 3+ are found.

Most notable are Cer, BuII and YbII'vhich result from

the special stability associated with the 4fu, 4f7 and

\
JfIA electronic configurations.

[}

‘ Lanthanide Complexes

‘Lanthanide complexes lack many of the features that

- characterize the chemistry of d-block transition metal

2,3 They more closely resemble the complexes

of the heavier group IIA alkaline earth cations Ca2+I

+ . . . . v
Ba2 ' Sr2+. The interaction between metal ion and ligand

complexes.

is electrostatic. All the lanthanide ions present the

same empty 6s and 6p valence shell to coordinating

ligands.  The partially filled 4f shell lies deeper in

the atom and takes effectively no part in covalent bond

formation. Consequently the influence of the ligand

field on the 4f orbit?ls is very much smaller than in the

d-biock complekes,where ligand field stabilization ene{gies

contribute greatly to the stability of complexes. Q\
Plots of formation constant and heats of formation :

of lanthanide complexes against atomic number frequently



show inflections at or near Ga-*. Since this corresponds
to the f’ electronic configuration a crystal field
stabilization might be suggested. However, the fact

that the "gadolinium break" does not alwgys occur exactly
at gadolinium has resulted in the view that the "breaks”
are the result of structural Ehaﬁgesz'} associated with
the change in—qize of ghe 3+ 1on. There i} support for

this view when the structures of the seven coordinate

complexes Yb(acac)3azo 3 and Lu(dpm)B(B*pic) 6 are compared
with the corresponding eight coordinate Y(EEQC)B(HEG)E 7

3+ and Lu3+

and Ho(dpm)3(4-pic)2.8 The smaller Yb exhibit

the lower coordination number. Similarly NMR studies of
the dithiophosphinate Ln(szP(DR)z)Q— cemplexesg indicate
a change in the solution structure between the dysprosium

and the holmium complexes.

- ;\

The generally weaker, electrostatic, non-directipnal
bonding in lanthanide complexes as compared to d-block
complexes results in facile ligand exchange processes.
Both intermolecular'and intramolecular reactions appear
to be jimportant when these campiexes are studied in -
solu . v

. i ) ¥ 7

The lanthanide ions are typical A type cations in the

'Ahrland-Chatt-Davies scheﬁelB or "hard acids” in the

1 By far the majority of isolable complexes

Pearson sense.
involve oxygen donor ligands or mixed oxygen-nitrogen

] . B
chelate ligands. The ligands are commonly anionic and



B ) * - o ) 77i' 7 -
multidentate as typified by B-diketonate, dicarboxylate
and amine-carboxwlate ligands. However, it should not
be imputed that lanthanide bonding with other donor

atoms is necessarily weak. Farza complex to be stable

in aqueous media requires that the ligand compete with
Hao; which is a good ligand towards 13nth§niée ions and
ig alsé available in great abundan;e, and OH whic?yfcrms
insoluble hydroxides. Use of n@ﬁ-aQQEQUS and 1éss
strongly coordinating solvents has made p@ssibie the
isolation of complexes containing liéaﬂds which are
neutral oxygen dan@rslz odr simple nitrogen dangré-13
Complexes where %11 the donor atoms im the complex are

nitrogen such as the polydentate amiﬁelg‘lE

terpy:idylls‘%7

and i‘

ligands although few in number are now

well characterized. A small number of complexes involving
18,19

sulphur donor ligands, the dithisca:é&m&tes Ln(dtc)4f
and the dithiophosphinates Ln([S,P(OR),],”,%? have been
gsynthesized as well.

More recently there has been considerable interest
in the organometallic chemistry of the lanthanides, 21724

Like the classical coordination complexes the bonding

)

here also appears to be mostly electrostatic in nature.

24,25

5%
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" CHAPTER II

PHYSICAL camz:-rgn ATION OF Ln (HBpz,) ; COMPLEXES

Introduction

poly (pyrazol- 1-yl)borate ligands (R,  BPz ) (n = 2,3,4;"
R

Pz = l-pyrazolyl; = H, alkyl, aryl) first synthesized

by Trcf;menkc.,' These ligands have provided an extensive

and varied range of coordination and organometallic

27,28,29

complexes.“ " ’“"°’ The HBP ligand is uninegative

3
and when trldEﬁtatE a six-electron donor. These features
allow an analogy with the cyclcpenté&igﬁide anion to be
drawn and frequently thé corresponding complex can be
prepared where a RBP:B moiety is found in the place of

an ﬁSaCSHE group. As a general rule,'ccmplexes iﬁvalving.

iEPiji are more stable than the analogous CcHe ~ complexes.
The HBPZ3 ngSHSQ analogy and interest in metallocene
groups '(C ) " Wwere to some extent responsible for

the igterest in the early transition metal poly (pyrazol-=1-

yl)borates. The complexes (C H, )(HBP;B)Tlci‘l2 30 and

(HBP2z )HCl; il (M = Ti, V) have been prepared. Similarly
the prominence of CgH 5_ in the organometallic chemistry
of the lanthanides and actinides produced interest in

the pély(pyfasalsliyl)bgraté complexes of these metals.

Bagnall et al. have prepared the complexes U(HEP:B)4 and



Ucl (HBPzZ . )2 32 Interestingly. the former is described as

having a coordination number > 8, while in the latter the. -

ligands are th@ught to be hiéentate on the basis of the
NMR spectrag33 The mixed complexes U(C HS) (HEE;3)2
U(ESH ). Cl(HEPz ) and U(C He )Clz(ﬂ Pz 3) are also

<gﬁ¢::r;bed.333‘ The stab;lity of the latter complex is of

note as the analogous U(C H ), Cl2 complex is unstable

towards disproportionation. (The ccmplex U(CSH )(H 5922)21 -
22 2

is similarly unstable. The thorium complexes have begn

synthesized as theyﬁ—Nﬁdimethylacetamidg adductsgzé

1

[ 5]

;The

HEPSB— H NMR spectrum, to be

bidentate in the Ih(CfHS)Cl'(HEP:—)(CHBCGH(GHB)E)l 5 and

ligand appears, "from the

U(CSHS)CL {HBPz )(Ph PD)acamplexes while in U(C )Cl ( {BP 3)

it is probably tridentate. The phosphine oxide adduct is
pre ed by 4tirring with PhBPD in THF. Interestingly,

reactlan of U(CgHg) 4C1 with an equivalent of HBF:B- did not

glve U(C—Hf) (HEP: ) but resulted in the formation af small

amounts of U(CgHg), (HBPZ,), from the substitution of a
( CSHS ring by HEP:B group."- 34
‘The lanthanide complexes Ln(HBP=3)21 (THF)l 5 and
Lﬁ(HEE;B)ECI THF (Ln = Y, Er, Yb and Lu) have been
syntheslzeﬂ-gS'BS‘ The mixed sandwich derivafives
Ln(HB,,B)(CBHE) were prEPAred by reaction of the dichloro-
trls(pyrgzal -1l-yl)borate ccmplex with K,C E 8" Haueverg

reaction with various other organometallic¢ reagents such



¥ . 8.
. o .ixs
as ﬁa(CSHS). Hq(ést‘inej) 5 etc. ax{e the E(HB?;B) 3 cam%&exes
as the only identifiable products. 38 - 7 -«
The Ln(HEEzB)Bbcamplexes:can be readily prepared
from aqueous media by the reaétiaﬁ of the hydrated- -
lanthanide ghlariées and K BPEB-BS'BS
LnElB'xHEQ + BKHEPZB Ln?ﬁ;?zB)B + + BKQ% . (1)

Unlike the mixed llgan§'ch£cre 5pe¢lg§ they are stable
towards hydrolysis in air as solids. %he synthesis of

an all nitragen donor atom lanthanide complex in aqueous

possible by its insolubility in H,0. Tﬁé remarkable
stability of the complexes almost certainly isxderived

from the unique properties of the HBP33§ ligand and its ,

ability to satisfy the high coordination numbgrs‘saught
by lanthanide ions. e Y

Initial 1nvest1gatlan$36 of the complexes revealed

that, although all can be prepared B}%:eacti@n (1)

and are insoluble in water, the complexes Ln = La,’ Pr ynd

Sm are also very sparingly soluble in all. common organic
olvents while the complexes Ln = Y, Er, Yb and Lu are
moderately soluble‘in THF, acetone and EH2C12 (up to-

~0.1 M for Yb(HEP23)3 in CH2C1;)_ This di%ference in

[

the solub

lity properties between the complexes of the ,
e

early and late lanthanides was ass;gnea to a change in

tructure due to the change in the size of the lanthanide



ion. Differences in the IR spectra of the;twa sets of
complexes were also noted. Particularly sensitive are
the B-H stretching vibfaticgs of these complexes at
-2500 cm™ 1, 3536

This chapter describes the results of stru:gural
studies of the Ln(HEPzB)Bse:ies of complexes, in the
solid stagé and in solution using infrared spectroscopy
and X-ray powder diffiggtian;
Solid State Studies L

The infrared absqrbtions of the Ln(HBPz4),, in the
solid state as mineral oil mulls, in the region 2300-2600
cmil are listed in Table 2. Tﬁese are the absorbtions
arising from the B-H stretching vibrations. The spectra

of the dysprosium and holmium complexes are shown in

Figure 1. Table 2 and Figure 1 show that the complexes

may be placed into two aistinzt groyps on the basis of
thé pattern of thei: B-H stretching absorbtions. The
s?eétrum of Dy(HB?23)3 is typical of those of the early
1ant¥§nide complexes while the Ho (HBPz,) ; spectrum is
typic;i of the later lanthanide ccmplexesj E

Thé X-ray powder diffraction patterns of the
samarium, terbium and dysprosium complexes are summarized
in Table 3 and thgggatterns arising from the holmium

*
arid ytterbium complexes are given in Table 4. There is

g
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Table 3. X-ray Powder Diffract’ternsa Ln (HBPz,) 5
’ Ln = Sm, Tb, Dy ’ '
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. Table 4. X-ray Powder Diffraction Patterns Ln(HBP;3)3
Ln = Ho, Yb
Ho Yb ) Ho Yb
26P 26P 26P 20P
8.15 vs 8.1 vs 27.0 w
10.15 vs 10.15 wvs 27.15 w 27.2 vw
11.2 m 11.25 m 28.05 w
12.8 wvs 12.9 vs 28.35 vw 28.35 w
13.7 wvw 13.85 vw 28.5 w 28.6 w
15.2 m 15.3 m 29.1 w 29.1 w
,15.85m 16.0 w 29.9 m 29.95 m
16.45 w 16.5 w 30.3 w 30.4 w
17.05 m 17.1 m 30.85 vw
17.4 w 17.5 m 31.4 w 31.5 m
17.7 vw 17.7 w 31.9 w 31.85 w
18.15 vw 18.7 wvw 32.15 m 32.15 m
19.3 w 19.3 w : 32.6 w
19.7 s 19.8 s 32.8 w 32.95 w
20.05 vw 20.1 wvw 33.7 w 33.85 w
20.75 w 20.85 w -34.6 vw
21.7 m 21.8 m 34.85 w 34.9 m
22.0 m 22.05 m 35.35 vw 35.4 w
22.3 s 22.35 s ' 35.9 vw
23.0 w 23.05 w 35.9 m 36.1 m
23.45 s 23.6 s 36.65 w 36.7 w
24.25 vs 24.3 vs 37.0 w 37.05 w
24.8 vw 24.8 w 37.9 vw
25.1 m 25.2 m 38.9 w 39.0 w
25.45 s 25.5 s 39.2 w 39.25 w
25.85 s 25.9 s 39.55 m 39.65 m
26,1l m 26.2 m 39.9 vw 40.0 w
26.85 w 26.8 w

3Relative intensities:
m, medium; w, weak; vw, very weak.

be

vs, very 'strong; s, strong;

uKg Radiation A = 1.5418 A.
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‘and dysprosium complexes. Therefore, from Table 2 and

Tables 3 and 4 it can be concluded that the samarium,
terbium and dysprosium complexes have one solid state
structure while the holmium and ytterbium complexes have
another.

’ The solubility properties of the complexes exhibit
a chaﬁge!which parallels this change in the solid state
structure. The complexes Ln(HBP23)3 (Ln = La, §m, Pr, Eu,
Tb) are very sparingly soluble in EHZC12 and THF. The
complexes of the lanthanides heavier than terbium and

including yttrium are soluble in CHEClz and THF. Thus,

"break”, in contrast to the infrared spectra and X-ray

powder diffraction patterns which show a breaﬁ between

.dysprosium and holmium.

Solution Studies , -

Results from the analysis of the NMR spectra of

Yb (HBPz,) , show that the molecular structure of the

complex is the same in both the solid and solution states
(this will be dealt with more fully in Chapters III and
Iv). '

Table S5 gives the B-H stretching absorbtions of

the eamplggés in CH,Clzi Although Tb(HEP23)3 has extremely

= F

14,



Table 5. Solution Infrared Spectra Ln (HB ?3'

. Complexes;a'b’c

15.

Tb Dy Ho Er Tm

2484 (sh) 2484 (sh) 2486 (sh) 2486 (sh) 2487 (sh)
2477 (sh)

2468 (sh)
2462 m 2462 m 2463 m 2463 m 2464 m
2380 w 2379 w 2379 w 2381 w 2378 w

Yb Lu
2487 (sh) 2488 (sh) ' .
2477 (sh) 2477 (sh)
2464 m 2464 m
2380 w 2381 w

aC82C12 solution speztrag

bFrequencies in :mél,

cAbbreviationsz m=medium, w=weak, sh=shoulder.

g

s o g €k e gt
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limited solubility in CH,Cl, it was pcssiéle to obtain
an inézgred spectrum using a Fourier transform spectro-
meter. J%igu:e 2 shows the solution spectra of terbium,
dysprosium and ytterbium c@m;lexes.iﬁ the region 23@95
2600 cm™ Y. The absorbtions are rather broad and not as
well resolved as in the solid state spectra but the
Bimilarities between the spectra suggest that the
molecular structure is the same for all the complexes in
solution. This view is confirmed by the NMR spectra |
which show that the ytterbium and dysprosium complexes

' are isostructural in solution.

The impligation therefore is that, if indeed the
differences in the solid state infrared spectra reflect
a difference in molecular structure rather than a change
say inh the packing of the molecules in the crystal, the
dysprosium complex changes its molecular structure on
disgolution.

The break in the properties of the Ln (HBPz,) 4
complexes is clearly related to structural changes in
' the complexes. However, the break is not-as abrupt as
it appearslfr@m c@nsiéeratian of only the infrared spectra
»

or only the solubility properties. The dysprosium complex

seems to have a foot in both camps. i
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The Singular Case of Ho (HBPz,) ,

~

The infrared‘spectrum of Ho(HBPz3)3 shown in Figure 1
and the X-ray powder diffraction pattern in Table 4 are
those from a‘;ecrystallized sample. Difficulty was
sometimes encountered in completely dissolving Ho(HBPz3)3
samples in C32C12 for recrystallization. The insoluble
residue was recovered and its solid state infrared spectrum
is shown in Fiqure 3. This spectrum is similar to those
of Dy(HBPz3)3 and Tb(HBPz3)3 complexes and sﬁggests that
the Ho(HBPz3)3 can exist in both structural modifications.
Preparation of Ho(HBPz3)3 by the s}andard met hod desc}ibed
in the experimental section qave‘crude product with
v (B-H), patterns which were different from both the
Tb(HBPz3)3 and Yb(HBPz3)3 S§ect}a. The exact pattern
exhibited by the crude products was not reproducible.
However, on recrystallizati?n all gave solid samples with
a pattern like, that shown in Figure 1. |

The infrared spectrum from one preparation;is shown
in Figure 3; This product was completely soluble in
682C12 and its NMR spectrum in CD,Cl, was indiﬁi&nquishasle
from a recrystallized'bample. It is tempting to‘alsign
the infrared spectrym to a mixture of Ho(HBPz3)3 with
Tb(BBPi3)3—typo structure and Yb(HBPz,),-type structure.
The X-ray powder diffraction pattern of this particular

crude prodyct is summarized in Tab‘f 6 and is unlike

\
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20.
' Table 6. X-ray Powder Diffraction Pattern® of crude s
Product Ho(HBPz3)3
26P 20P
8.1 s 20.05 w 1
- 8.8 wvw . 20.9 m
10.0 vs 21.3 m
11.1 wvw | . i 22.4 w
. 11.85 vw | B 22.95 w
12,1 w ' ' 23.45 s
12.8 vs 24.25 =8
13.7 m ' . S 24,7 m
15.2 w N . 250 m
15.85 w - 25.54m !
16.4 m * | 25,9 m .
) 17.1 ww ~ 26.45 w
17.6 m ‘ 27.2 w
19.75 w 27.65 w

aRelative intensities: vs, very strong; s, strong;
m, medium; w, weak; vw, very weak.

kand

Pcux; Radiation A = 1.5418 A.



313 or YB(HBEZB) 3°

The unpredictable behaviour of the holmium complex

either those of Tb(HBPz

is perhaps slightly disconcerting, however, it Firmly

places the complex alongside the dysprosium complex in

- - - . . ) P

o,

e

S L T e L e e
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- THE SOLID STATE STRUCTURE OF Yb(HE§23)3

Introduction =

=

Lanthanide complexes typically have high coordination
numbers. This feature and the lack of covalent directional

bonding make structural studies of these camgigxes

’particularly interesting. The focus of this interest is

the coordination pPolyhedron formed by the ligand atoms
around the metal centre.

Caoidinatian numbers of up to 12 are known with 8
being the most common. For one toordination number there

may be two or more coordination geometries that are

v

commonly found. The coordination geometry adopted by a
complex is principally determined by the size of the
Yentral metal ion and the ligand geometry.

" The structures of lanthanide complexes have been

reviewed37‘3a and there are several reviews of coordination
numbers of 8 or greatergsg'éo‘il Hoard and Silvertcﬁ42
have calculated the "most favoured polyhedra” for eight

coordination by minimizing the repulsive energy between
ligands, i'i 3 Riigni Ry s is a functicg of the distance
between ligating atoms i and J,» and the value of n depends

o |
[ 1]

on the model from n = 1 (coulombic repulsion) to

(the hard sphere model wh&ie the atoms are considered to

22

e’



be incompressible spheres).

Figure 4.shows the three major coordination polyhedra

found in eight coordinate complexes, the D4d sguare
antiprism (SAP), the D2d dodecahédron (DOD) and the sz
bicapped trigonal prism (BCTP). The BCTP is much less
common than both the DOD and SAP. The dimensions of the
idealised polyhedra are listed in Table 7. The hard
sphere model dimensions are calculated usiné_a points on
a sphere model with identical metal-ligand bond lengths.
This takes no account of the possibility of different
bond lengths arising from the symﬁetry non-equivalent
sités in thé DOD (A and B) and the three such sites in

the C BCTP.

2v :
'An alternative eight coordinate geometry, the cube,

42

has been calculated to have much less favourable

ligand-ligand repuléions than the DOD and SAP. Only one
example43 :
Cubic geometry appears to be preferred over square anti-
prisﬁatic geometry for the complex, La(bpyo)43+ (bpyo =
2,2'-bipyridine dioxide), because of the more favourable
stacking of the pyridine rings about the metal.

Extension of the method of minimization of' the
repulsive energies revea;s that the differences in energy
between idealised polyhedra and the energy barriers along

the pathways connectiny them are small.?4 48 ope

pathways by which the polyhedra may interconvert are

- _‘W.ﬁ-—u“. ---———.r-—-—-y-h-»“— 7f~3' S ) S

23.

¢

of a lanthanide complex with this geometry is known.

- —— -



- FIGURE 4. Reference Polyheq for Eight Caefdinétiani
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represented by the cycle shown in Scheme 1. BN

SCHEME 1: " BCTP '
/ sz\
OD Z=——— sap

’

D

Daa Dyq
. ¢

The classic deformatian modes49'50 involve the
deformation of the b edges (those joining two B sites)
of the DOD such that the triangular faces meeting at the
edge form one square face of the SAP or BCTP. 1If two. b
edges are deformed simultaneously the SAP is formed, if
only one b edge»disappearé the BCTP is obtained. Thus,
there are .two distinct routes connecting the SAP and the
DOD, on®™is direct and the other is via the BCTP.

Often the coordination polyhedron observed for a
complex does n;t correspond exactly to one definite
idealised form. Several sets of parameters have been
used to measutre the deviations, both in direction and
distance, from the ideaiised polyhedra. These inélude
the angles between the metal ligand vectors and the
Principal axis of the polyhedron,4? the angle between

2,41 [ ethod

the two BAAB trapezoids of the DOD51 and one5
which uses the root mean square distance of the ligand’
atoms from the positions they would occupy in the

reference polyhedron.

N\
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Probably the two most elegant methods are those of
49 -

Yorai-Koshits and Aslanov and Muetterties and

Guggenberger.50 These authors define the shape parameters,
§, as the dihedral angles between faces meeting at the |
shape determining edges of the PélthdfGﬁ; In the eight
coordinate.case these are the b edges of the DOD and the
éiagonals of the sqguare faces of the SAP and BCTP.
Porai-Koshits and Aslanov also used the angle ¢ which is

a measure of the planarity of the two BAAB trapezoids,

: Muetterties/gas noted that a description of the
coordination geometry based on the polyhedral shape is
generally superior in identifying distortions from the
reference polyhedra than a description based on anéles
Aaubtended by the ligand atoms and the central atom or
normalised edge lengths. )

A dramatic demonstration of the considerable
advantages of using the § shape parameters has been
provided by Steffen and Fays3 in their reinvestigation of
tha coordination'gyometries of the eight coordinate tetrakis
agetylacetonate complexes, H(acac)4 (M=2r,Ce,Th,U,Np). Two
cryatalline modifications of the complexes are known,
a and B. The assignment of the B form as being close to
sguare aggig;ismatic geometry is unambigu?usg However,
the § ana ¢ angles clearly show that the a-M(acac), are

clogest to BCTP geometry. These complexes had previously



been described in thé literature as having both dodeca-

hedral and square antiprismatic geometry.
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Data Callectlcn 4

Crystals suitable for X-ray difiracti?n were obtained
from a sample of Yb(HBPz ) ’ prépg:ediby the method
described in the experimental section (Chapter V) by slow
crystalisation from Eﬂzﬂlthéxaﬁg solution.

A crystal of Yb(HBPza) wag mounted and
sealed in a thin wall glass capillary. Preliminary
Weissenberg and precession photographs showed-systematic
absences h00, h = 2n+l; 0kO, k = 2n+l; 002, % = 2n+l;

consistent with the space group ?2 121
a Picker FACS 1 four

The crystal was transferred to
circle autgmated diffractometer. Accurate cell parameters
were obtained by a least-sguares analysis of the setting
diverse regions of reciprocal space (50°<28<75°, Cu K,

radiation). Table 8 contains a summary of the crystal

-y

data and lmpertant features of the data collection.

Intensity data were collected using a scintillation counter
and pulse height analyser tuned to accept 90% of the*

Cu KG peak: A 6-20 scan technique was used. Background
counts were measured at both limits of each scan with
stationary crystal and counter. Assuming approximate

linearity of background, the intensity of the peak (I) is

29,



' Table 8. Summary of erystal Data and Intensity Data

-

3Q§

Collection.
Compound Yb(HBPz3)3
Formula “~_ YleeC27B3H30
Cell Parameters
a 13.729()4&
b 21.465(3)4 .
c 11.461(1)4 .
12 !

Space Group

Crystal Volume

Crystal Shape

Faces and distances (in mm)
from arbitrary origin
within crystal

e

Temperature

Radiation

U

Range in Absorption
Correction Factors

Receiving Aperture

Take off angle

P
4 60
lezlz}riDz No. 19)
1.1 x 10”2 mm3

Hexagonal Rod

1 0 o0 0.26
1 0o o0 0.26
0 1 -0 0.06—
0 1 o0 0.06
0o 1 1 0.09
o I I o0.09
0 1 I 9o.09
o I 1 o0.09
20°c

Cu K, (Ni filtered)

55.62 cm~! '

0.282-0.550

3mm x 3 hm, 30 cm frdu'
crystal

f

3.1°

continued...



Table 8 (contihued)

31,

Scan Range ]
Background Counting Time

28 limits

p*fﬂét@fss

Unique Data Collected
Unique Data Used
2 e 2 ‘

(Fé > ZG(FE ))
Final number of parameters
varied
Error in observation of unit
weight. 35

R

R
W

2° min~1 (4°<20¢105°)
1° min~1 (105°<20¢122°)

0.95° below K. to 0.95°
9

abp Dve KCZ

b

' 20 mec at each end of the scan

for (4°£26£105°%°);

40 sec for (105°<26<122°)

4.0° - 122.0°
0.04
/
2959

2662 ; .-

- ]
(?é
—
o
-
VE
L] L3 : o
= A N ;
S et i—-‘!ﬁi—-*ﬂw‘vﬂa’ b g - = - - ey
= - . . F
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— R - P E N . - . ii -
\ given by: ' (;;ft> : - S
o \ L] ] : }

= y tP
1t B g8

I =PK - (B
where PK = peak count, tP = peak scan time, tB = the sum
of the two background collection times and B, and Ez are
the background counts. Standard deviations in the

intensity (0(I)) were calculated using the equation:

J

o(I) = [PK + EE; (Bl + By) + pzizll/
tB \
.

where p is an ignorance factor used to account for machine
un:ertainty.sé The intensities of 3 standard reflections |
were measured automatically every 100 refle:tisns_(every
50 reflections for 26>105¢) and showed no detectable
decrease in intensity due to crystal decomposition during
data collection. !

The intensities of 2959 unique reflections were
collected. 2662 were considered significantly above -
background (I > 20(I)) and were reduced to structure factor
amplitudes and standard deviations in the structure factors
by correction for Lorentz, polarisation and absérbtion
57-60

effects.
®

Solution and Refinement of _the Structure. o4

Tie ytterbium atom position was located by a three

dimensional Patterséﬁsl synthesis. The remaining non-

hydrogen atoms were located with some diffculty(izjfﬁie

i [
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. .
of the pseudo symmetry of the structure. The ytterbium

possesses approximate mirror symmetry, the mi;rg% plane
lying almost coplanar with the 0, y, 2 plane. The struc-
ture was slowly solved by successive full matrix least-
sguares réeiﬂemESts and difference Fourier syntheses.

Only a few further non-hydrogen atoms being input into
each least-squares - difference Fourier cycle to gradually
break the pseudo symmetry. The function minimised during
the least-squares refinement was ZH('Fél—lFEI)Z where
IFQl and IFEI are the observed and calculated structure
amplitudes respectively, and w, is a weighting factor

(w = 1/E(F)2)ia Atomic scattering fééé@ri were taken from
7 62 for all atoms except

hydrogen for which the values of Stewart E£'££-63 were
used. Anomalous dispersion terms§4

Cromer and Wabers tabulations

for ytterbium were
included in F.. The hydrogen atom positions were
calculated by a positioning program with C-H and B-H bond
lengths of 0.95 i and were included in the refinement as

fixed atoms with isotropic thermal parameters 1 32 greater

33.

than the atom to which they were attached. The large number

of non-hydrogen atoms and the relatively small number of

observed reflections resulted in only the ytterbium, nitgﬁgen

and boron atoms, and one carbon atom C(95) being refined with

anisotropic thermal parameters. The remaining carbon atoms

were refined with isotropic thermal parameters. C(95) was



M

refined anisotropically to resolve the ambiguity in the
- positions of C(95) and N(92) in the uncoordinated pyrazolyl
gr@uﬁ!ggkefinemgnts were carried out with both possible
dispositions of theratamsi In the arrangement finally
chosen as being correct, the two atoms had thermal parameters
roughly comparable, as viewed f:am ORTEP plots, to those of
atoms N(91), B(3) and N(8l). 1In the alternative arrange-
ment N(92), refined as a carbon atom, and C(95), refined as
a nitrogen, had thermal parameters which were noticeably
smaller and larger, respectively than that of N(91).

The final model with 313 parameters varied refined

tc R = 0.038 and Rw = 0.048 where

R = z|(Fgl-17|

ZIFDI

o 1/2 "
R, = [T (IFgl-IF ) (3)
Nz r ¢

w' O

Refinement of the other enantiomer converged to a model
with R = 0.046 and R, = 0.059 indicating that the original
choice of enantiomer is correct. !

In the final difference Fourier synthesis the highest
20 peaks were in the vicinity of the isotropically refined
carbon atoms (0.46-0.35 @/A>) and the ytterbium ion
(0.52-0.4 3133). A listing of the observed and calculated

structure amplitudes is given in Appendix 2. - .

F 1
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Results and Dig&psgian

The final positional and thermal parameters for the
atoms with estimated standard deviations are listed in
Table 9. The calculated positions of the hydrogen atoms
are shown in Table 10. |

The crystal structure consists of discrete molecular °
’ , e . . . e
units. A molecular packing diagram is shown in Figure 5.

A stereo viey of the molecule is shown ing?igure 6. The’
atam numbering scheme is déscribed in Figure 7. The
14

first digit of the number assigneﬂgtéia nitrogen or

carbon atom denotes the pyrazolyl ring (1 to 9) of which

it is a member. The second digit denotes the position
of the atom in the ring using the standard nomenclature
for hetere:yéﬁic groups (N(Xl) is attached to the borén
atom). The carbon atoms have been omitted from Figure
7 for reasons of clarity. The hydrogen atoms are assigned .
the same number as the atom to which they are bonded.
Thus, H(l) is attached to B(l) and H(44) to C(44).

The ytterbium is eight coordinate. Two ligands
coordinate in a tridentate fashion while the thitd acts

as a bidentate ligand. The molecular point group is

close to CE_ A noncrystallographic mirror plane bisect;ng
the molecule contains three pyrazolyl rings (N(31)...C(35),
'N(61)...C(65), and N(91)...C(95)), the ytterbium atom

and the three boron atoms. Figure 6 is a view along this
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pPlane while Figure 8 shows a view perpendicular to it.
The values of the shape parameter, § and ¢, for the

Yb(HBP23)3 complex are liste; in Table 11 along with

the values for the idealised polyhedra. Figqure 9 shaws 

4 for the shape determining edges.

the numbering scheme
1(57)3 represents the edge between atoms 5 and 7 formed
by the faces 157 and 573. The value of ¢ and the
observation that only one of the § angles is close to
zero indicate that the coordination polyhedron formed
by the eight ni;regen atamsiis best described as a°’
bicappeﬂitrigénal pPrism. A view of the coordination
pelyhéﬂraniemphasiéing this origin is shown in Figure 10.
The ligands are disposed such that each tridentate ligand -
bridges the height of the prism and caps a rectangular
face of the prism. The bidentate ligand spans the remain-
ing prism height. It is noteworthy that the configuration
at B(3), the boron atom,of the bidentate ligand, is such
that H(3) is directed towards the ytterbium ion (for an
assumed B-H bond length of 1.20 i the hydrogen is 3.23 i
~away from the metal atom). The.unccérdinatgd pyrazolyl
group is!péinted away from the metal and thus has no
opportunity to coordinate to the uncapped rectangular
pPrism face. to form a nine cBordinate tricapped trigonal
prismatic complex.

Table 12 gives the normalised edge lengths for the

coordination polyhedron together with the idealised edge
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TABLE 1l1. Polyhedral Shape Parameters for ‘kfb(,lélal'i'zi‘f)3El

Fy

dihedral .., ... N
anoial vb(mmezy) DOD  BCTP

1(57)3 34.2 29.5 21
5 2(68)4 0.1 29.5 0
> 1(67)4 42.4 29.5 48
2(58)3 40.4 29.5 48

'*ﬂré:age 12.4 0.0 14.1

aﬂ@hgriﬂg scheme for reference 41.

b’Parar’neters for idealised polyhedra taken from reference 50. v

AR R

= =

FIGURE 9. Numbering Scheme for BCTP Polyhedral Edges.
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N(12)

FIGURE 10. Coordination Polyhedron of Yb(HBPza)a_r | .
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TABLE 12. Normalised Edge Lengths of Polyhedra With

Bicapped Trigonal Prismatic' Geometry.

EDGE a BCTP b c
HSM® MFP Yb (HBPz 3)

N(72)-N(82) ,N(42)-N(52) h; 1.491 1.25 1.22,1.25

N(12)-N(22) h,

9
1.491 1.50 1.28
N(12)-N(72) ,N(22)-N(82) t, 1.15

5 1;35 li35i1§35
N(12)-N(42),N(22)-N(52) t, 5 1.36 1.40,1.40

N(42)-N(72) ,N(52)-N(82) 1.17,1.19

ﬂ«
%] | L%
[
[
L W
wJn
ot
L3
-
Had

N(22)-N(32),N(12)-N(32) 1.155 1.18 1.17,1.18

e

N(12)-N(62),N(22)-N(62) P 1.155 1.18 1.18,1.17

(%)
[N

N(42)-N(62) ,N(52)-N(62) P; 1.155 1.21 1.21,1.20

N(72)-N(32),N(82)-N(32) P, 1.155 1.21 1.17,1.17
®Hard sphere model, reference 50.
Phost favoured polyhedron, reference 41.
‘Ccalculated with average Yb-N-bond length 2.47 A
%
< ,-ggr
R — N e *"'»,—-'-swri'*z: *P—v-ﬂt- e P “,P“‘*“‘""‘dw?'“"s*““ = g
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.lengths of the reference polyhedron, reported by Huettertiessa

and Drewigl In the latter study the prism is no longer
esgst:ained to rigorous trigonal symmetry. The agreement
between the observed and the ESM dimensions is not good. The
height of the prism, as represented typically by N(42)-N(52)
(él), 3.09 A although greater than N(42)—N(72).(tl), 2.89 R,
is much shorter than N(12)-N(42) (t,), 3.45 A and
N(12)-N(72) (tz), 3.33 i the femaining edges at the
trianqular faces of the prism. Drew has noted that, if

the BCTP is produced from the DBh tricapped trigonal prism
by removal of a capping ligand from a rectangular prism .
face, contraction of that uncapped face and an opening

§;£ of the remaining four ligand atoms of the polyhedron
would be expected. This effect is observed iﬁ this

structure in the relative lengthening of the unique height

of the prism, h2 (the edge common to the two capped faces

My

of the prism, N(12)-N(22) such that h2 > hl; and a relative
shortening of the é%ges tl {formed by the triangular faces
of the prism and the uncapped rectangular face, N(32)-N(82)
and N(42)-N(72)), resulting in t, }:tl_

The dramatic difference in edge lengths at the
triangular face of the prism,t2 > tlgalss provides an
explanation for the unexpectedly large value, 34.2°, for the
6§ angle at the N(12)=N(22) (1(57)3) edge. The value

calculated by Muetterties for the idealised shape is 21.8°
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where the prism was constrained to be trigonally symmetric.
o

However, lengthening of t, relative to tl acts to increase
this angle to its observed value. The idealised polyhedron
shape despite these adjustments would still possess sz
symmetry and this is the approximate symmetry of the
coordination polyhedron of Yb(HEP:B)B. |

The ytterbium-nitrogen bond lengths, the polyhedral
;eége lerigths and the interbond angles at the ytterbium
atom are shown in Table 13. The bond lengths range from -

2.401(8) A to 2.601(6) A and are .in agreement with those

found in HaBIb(dpa)B.E The coordination of the

(%, ]

PYrazolyl groups within each tridentate ligand is not
symmetrical. The caﬁging pyrazolyl groups have a longer
ytterbium-nitrogen bond length than those spanning the
height of the prism. Additionally the ligand ,coordinating
through N(12), N(22) and N(32) has a greater raﬁée of
ytterbium-nitrogen bond lengtHs than the 1igaﬂd-with
coordinating nitrogens N(42), N(52) and N(62). The
differences between the longest and the shortest bond
distances are 0.20 i and 0.06 i, respectively. Such
variation is also observed in the bite distances. The

difference between longest and shortest bite distances
between N(12), N(22) and N(32) is 0.27 A whereas for

L ]
N(42), N(52) and N(62) it is only 0.11 A. These distinct

differences between the two tridentate ligands are almost
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Table 13. Bond Distances, Edge Lengths and Angles for the
. .
Coordination Palyhedran of YE(HBESB)Bg :g
i) Bond distances (A) ) o i
Yb-N(12) 2.414(9) Yb-N(42) 2.482(8)
Yb-N(22) 2.401(8) Yb-N(52) 2.484 (8)
Yb-N(72) 2.401(8) Yb=-N(32) 2.601(6)
Yb-N(82) 2.423(7) Yb-N(62) 2.544(7)
ii) Edge Lengths (5)
N(12)-N(42) 3.446(12) N(22)-N(52) 3.452(11)
N(12)-N(72) 3.331(12) N(22)-N(82) 3.327(11)
N(42)-N(72) 2.879(12) N(52)-N(82) 2.926(12)
N(12)-N(22) 3.173(11) N(42)-N(52) 3.089(12)
N(72)-N(82) 3.001(10)
N(32)-N(12) 2.910(11) N(62)-N(12) 2.922(11)
N(32)-N(22) 2.898(11) N(62)-N(22) 2.901(11)
N(32)-N(72) 2.884(11) N(62)-N(42) 2.997(12)
N(32)-N(82) 2.881(11) N(62)-N(52) 2.963(12)

iii) Angles at the Yb atom (degree)

N(12)-Yb-N(42)
N(12)-Yb-N(72)
N(42)-Yb=-N(72)

N(12)-Yb-N(22)
N(32)=-Yb-N(62)

N(32)-Yb-N(12)

N(32)-Yb-N(22)
N(32)-Yb-N(72)
N(32)-Yb-N(82)

89.5(3)
87.5(3)
72.2(3)

82.4(2)
129.7(2)

70.8(3)
70.7(3)
70.3(3)
69.9(3)

N(22)-Yb-N(52)
N(22)-Yb-N(82)
N(52)-Yb-N(82)

N(42) -Yb-N (52)
N(72) -Yb-N (82)

N(62)-Yb-N(12)
N(62)-Yb-N(22)
N(62)-Yb-N (42)
N(62)-Yb-N(52)

89.9(3)
87.2(3)
73.2(3)

76.9(3)

1£.2(3)

1.8(3)
7X.2(3)
72,2(3%

/

]

T
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)
certainly due in part to the fact that the unique height
of the prism bridged by N(12) and N(22) is longer than
the other two heights. The bite distance of the bidentate
ligand, N(82)-N(72) = 3.00(1) A, lies in the range of

bite distances exhibited by the tridentate ligands.

-Although the significant variation in these distances

detracts somewhat from the meaning of an average value,

on the whole it appears that the bite distances are sameéiqiﬁ?
what larger than those found in transition metal

pyrazolyl-yl borate complexes (average values: Ib(HEP23)3
3.00 A,  Co(HBPz,;),%% 2.89(11) ).

The bond lengths and bond angles in the hydrotris-
(pyrazel-iiyl)barate ligands are listed in Table 14 and
are consistent with those found in structural studies of
other complexes containing the p@ly(pyrézalglayl) b@éate
1iggnds.29’66'57'63 .

Each of the nine five-membered nyazélyl rings are
planar, the deviation of any atom from the calculated
méan plane is less than 0.015 i! The equations of these
and some other impaétant least-squares planes in the
complex are given in Table 15.

The angle between the planes B(3), N(71), N(81) and
N(71), N(81), N(72), N(82) in the bidentate ligand is
126.3°. Corresponding dihedral angles in the other two
ligands, between B(l), N(11), N(21) and N(11), N(21), N(12),

N(22), and B(2), N(41), N(51) and N(41), N(51), N(42), N(52)

»
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Table 15. Planes and Calculated Least-Squares Planes

Within the Yb (HBPz ) Molecule.®'P

e — — —
_ o e
iAtgm ‘ Dev, A Atom . Dev, A

~ Plane 1: Yb, B(I), B(2), B(3) —
Equation: (0.9965)X+(0.0150) Y+ (-0.0825)2-(0.0760)=0

Yb 0.0000(4)
- B(1) =0.003(11)
B(2) =0.005(15)
B(3) =0.004(2)

Plane 2: N(71), N(8l), N(41), N(51)
Equation: (-0.0281)X+(-0.9206)¥+(-0.3894)2-(~13.4365)=0

: L
N(71) 0.0005(77)
N(81) =0.0005(77)
N(41) =0.0007(92)
N(51) 0.0007(92)

Plane 3: N(81), N(21), N(51)
Equation: (D-QQBD)X*(gOi0028)Y+(-Q.1l33)2*(lQEEES)SO

. Plane 4: N(71), N(11), N(41)
Equation: (Di997G)X+(0.DZSB)Y+(9D;D73§)ZE(—1.2985)50

Plane 5: N(31), N(32), C(33), c(34), c(35)
Equation: ’(ﬁ.9372)3+(0;O454)Y*(60-1523)2—(6_4520)59

N(31) 0.002(10) Yb =0.1526(4)
N(32) =-0.002(9) B(1l) -0.04(1)
C(33) =0.002(10) B(2) -0.42(2)
C(34) 0.000(11) B(3) =0.06(2)
C(35) _ 0.002+10)

Pdtane 6: N(11), N(12), C(13), c(14), c(15)
Equatjon: (EDi5530)X*(Q-117E)Y*(eD;BElBLE!(ﬁOElGS?)*Q

N(1l1l) C =0.01(1) Yb =0.4219(4)
N(12) 0.005(8) B(1l) 0.059(9)
C(13) 0.012(10)

C(14) -0.008(10)

C(15) '=0.002(10)

(continued...)
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Table 15 (continued)

°

Atom pev, & Atom Dev, A

o

Plane 7: N(21), N(22), C(23), C(28), C(25)
Equation: (0.3570)X+(0.1328)Y+(-0.9246)2-(-0.1683)=0

N(21) - -0.004(8), ' Yb -0.3991(3)
N(22) 0.002(8) B(1) 0.084(9)
c(23) 0.007(11) J
C(24) -0.005(11) -
C(25) 0.001/10)

X&)

Plane 8: N(41), N(42), C(43), C(44), C(45)
Equation: (0.3696)X+(-0.6786)Y+(-0.6348)Z~(-11.7430)=0

N (41) -0.007(9) Yb -0.0130(4)
N(42) 0.005(9) B(2) -0.12(1)
C(43) 0.015(12)

C(44) -0.011(14)

C(45) 0.001(13)

Plane 9: N(51), N(52), C(53), C(54), C(55)
Equation: (-0.4919)X+(-0.6854)Y+(-0.5369)2-(-11.6821)=0

N(51) 0.005(9) Yb 0.0248(4)
W52) -0.006(9) B(2) -0.023(13)
C(53) ‘ -0.003(11)
C(54) -0.003(13)
C(55) 0.010(13)

Plane 10: N(61), N(62), C(63), C(64), C(65)
Equation: (0.9999)X+(-0.0147)Y+(-0.0084)2~(0.0891)=0

N(61) 0.003(8) Yb -0.2466(4)
N(62) -0.000(9) B(1l) -0.36(1)
C(63) -0.009(10) B(2) 0.02(2)
c(64) 0.012(12) B(3) -0.36(2)
C(65) -0.006(11)

Plane 11: N(71), N(72), C(73), C(74), C(75)
Equation: (0.4244)X+(0.6775)Y+(-0.6007)2-(8.2251)=0

N(71) 0.007(8) Yb " 0.1619(4)
N(72) -0.010(8) B(3) -0.11(1)
Cc(73) -0.006(10) ]

C(74) -0.003(12)

c(75) 0.013(11)

{continued...)
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Table 15 (continued)

[ ]
Atom Dev, i Atom Dev, A

.

Plane 12: N(81), N(82), C(83), C(84), c(85)
Equation: (-0.5460)X+(0.6146)Y+(-0.5693)2-(7.4945)=0

N(81) 0.000(8) Yb ' -0.0320(4)

N(82) -0.003(9) B(3) <0.06(1) -—
Cc(83) 0.003(10)

c(84) -0.006(10)

C(85) ‘ 0.006(10)

Plane 13: N(91), N(92), C(93), C(94), C(95)
Equation: (0.9971)X+(=0.0411)Y+(~0.0644)2-(-0.5987)=0

N(91) 0.005(9) Yb ~0.1047(4)
N(92) -0.009(10) B(1l) -0.31(1)
C(93) -0.001(12) B(2) 0.07(2)
C(94) -0.008(12) B(3) -0.01(2)
C(95) 0.013(10)

Plane 14: N(11), N(21), N(l2), N(22)
Equa‘&on: (-0.1025)X+(0.0124)Y+(-0.9947)Z-(-3.1661)=0

N(11l) 0.004(8)
N(21) ~0.004(8)
N(12) -0.004(9)
'N(22) 0.004(8)

Plane 15: N(41), N(51), N(42), N(52)
Equation: (-0.0380)X+(-0.8213)Y+('0.5693)2-(-12.7972)'0

N(41) 0.018(9)
N(51) -0.016(9)
N(42) ~0.013(9)
N(52) 0.013(9) »

Plane 16: N(71), N(8l), N(72), N(82) '
Equation: (-0.0834)X+(0.6613)Y+(-0.7455)Z-(8.6497)-0

N(71) 0.020(9)
N(81) =0.021(9)
N(72) ~0.014 (8)
N(82) 0.014(8) -

L) » (continued...)



Table 15 (continued)

Atom Dev, A Atom Dev, A

Plane 17: B(l)y, N(11), N(21)
Equation: (-0.0548) X+ (-0.07649)Y+(-0.6419)2-(-15.8080)=0

Plane 18: B(2), N(41), N(51)
Equation: (-0:0472)X+{0. 9667)Y+(-0.2517)2-(10. 5682)=D

Plane 19: B(3), N(71), N(81)
Equation: (-0.0844)X+(-0.2123)Y+(-0.9735)2-(-2.8770)=0

Angles between planes (in degrees) :

-

114.5
120.0
125.5
128.6
112.6
118.5
121.8
129.4
130.5
126.3

=]

w o
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aElanes,defined as CyX + C,¥ + Ca2 + d = 0 where X = xa,
Y =yb, Z = z¢c, a, b, c are the orthorhombic unit cell

dimensions and (x, Yy, z) the cell ‘coordinates.

bEstimated standard deviations in the least significant
figures in parentheses.
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are 129.4° and 130.5°, respectively. Thus, the boat
conformation of the bidentate ligand is only very slightly
"steeper" than would be expected from the geometries of
the tridentate ligand. Similarly the dihedral angles
between the pyrazolyl fings within each ligand range from
112.6° to 128.6°. The angle between the two coordinated
pyrazolyl groups of the bidentate lggand is 121.8°.
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Conclusion

The utility of the shape parameters, § and ¢, in
succinctly desc:ibing polyhedral shapes is evidenced by
the-struéture of Sb(HEPzB)B- The complex exhibits the
less common form of eight coordination, the bicapped
trigonal prism.

The observations of Drew concerning a compression
of the uncapped rectangular prism face are also clearly
seen. The normalised edge lengths of the Yb(HBP23)3
polyhedron emphasise the fact that at least f&r the BCTP
a description based on the polyhedral shape is immensely

preferable to one based on idealized dimensions.

© e b e ¢ L6 et e B et Mt e Sy R 12 % b TG e bk A e - P s i

+

Ssi



NMR STUDIES OF Ln(HBPz,), COMPLEXES

Ln = Dy, Ho, Er, T™m, Yb, Lu

introduction

3+

3+ with 4£2 and ru3* with

;With the exception of La
4t elect
ions have unpaired 4f electrons. The resonances in the
NMR spectra of the paramagnetic complexes are both shifted
and line brcaéened relative to the resonances in the
spectra of the corresponding diamagnetic complexes. The
line broadening is caused by the more efficient relaxation
mechanisms=arisingif:§m the presence of the paramagnetic
ion. Fortunately the very short eléctrag spin-lattice
relaxation times of the 4f electrons result in consider-
ably less broadening of the resonances than is found in
the NMR spectra of paramagnetic d-block transition metal
conmplexes.

In 1969 Hinckleysg introduced the lanthanide shift
reagent Eu(dpm)B(py)2 and demonstrated its utility in
the clarification of the proton NMR spectrum of chloresterol.
The application of lanthanide shift reagents to a variety
of chemical problems has been extensively reviewed. 0 '’

The isotropic shift, (Avaé)igc’:i caused by the

pParamagnetic lanthanide ion, is given by thé equation:

60



Av | Y AV ra - ' Av '\ .. =
(T) iso = ( ut; - ) para (“a) dia (4)

#

where (Auiua)pgra'is the chemical shift in the paramagnetic
complex and (Av/ug)éia is the chemical shift in the absence
of paramagnetism. The latter is, of course, an unmeasure-
abie quantity but it can be successfully approximated by
the chemical shift of, the resonance in the analogous Las+
or LuB* diamagnetic complexes.

The isotropic shift is a combination of shifts induced

by two distinct mechanisms - a contact shift, (AU/UQ)EQD;

The Fermi contact interagtién7g between electron

spin and nuclear spin takes place only at the nucleus

and thus requires the p:esgnce of spin density in an @
orbital of the atom. The contact shift arises therefore .
by a "through bond" interaction.

An expression ‘for the shift for a lanthanide ion

has been developed by Lewis et gii;7§:

Av_\... = 278 . (a <1).7¢(. ;
(“g )cén I%T gJ(gj——l)J(J+l)

- 8 (5)

- I =

N

where J is the magnetic quantum number from the



Russell-saunders spin-orbit angular momentum coupling,

éJ is the Landé g factor, A/h is the electron nuclear
hyperfine coupling constant in Hz and YN is the nﬁclear
magnetogyric ratio. .The contact shift is directly
Proportional to the term gJ(gJ—l)J(J+1) and-the term
A/hyN. Values for the former, <S,>, have been calculated
and tabulated by Golding And Halton.so A/h is dependent
on the number and the nature of thé bonds separating the
nucleus and the lanthanide ion. The dek of covalency

in the lanthanide-~ligand boni}ng makes difect spin
delocalisétion from the lanthanide 4f electrons onto the
ligand highly unlikely. However, spin density can be
pProduced on the ligand atoms by the spin polarization
mechanism described by watson and Freeinan,81 in which

the 4f electrons polarize the outer filled 5s and 5p
orbitals and this spin is then transferred, via an overlap
or covalent mechanism, onto the ligand atoms. Values of
A/h are thus smaller than those for paramagnetic transi-

tion metals. The hyperfine coupling constant is also
82

dependent on the type of nucleus and theory predicts

13C'nuclei will be an order

that the contact shifts for
of magnitude greater than those for protons for an equiv-
alent amount of spin density. ‘

- The dipolar interact;ondzziwéen a paramagnetic

electron and the spin of the resonating nuclei is a /

62.
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*through space" interaction and givesx}ise to the

pseud@eanéaet shift, (Au/vé)pé- An expression for this

" shift was first given by McConnell and Robertson in terms

of g value anisotropies.®> Bleaney'! has extended the

description to lanthanide systems, (6). .

2 2
Ay 95°8°3(3+1) (23-1) (23+3) A

% )T T eoam? .
o R (6)

. i ( BCGSZEil o sinZ6cos20
D, {(—=— J* (O D)\ — =

where

§r2>gg{J]]u||j}

[w]
]

(=)
L]

20,02 0, it
x = <F ?(Az—Az)iJ||a||J§

{:23(-A§=Ag)§3llﬂlla}

D
IR 4

and r, 6 and i are the polar cggrdinatg: of the NMR nucleus
in the coordinate system defined by the magnetic axes of the
complex, €r2> is the mean square of the electronic radius of
the 4f electrons, Ag and A§ are energy coefficients related
to the cryizal field splitting of the 4f orbitals and
<J||a||J> is a numerical coefficient.

In a simplified form equation (6) can be written as:

(sin®ecos20) .




€

L

where D, and D, are the molecular magnetic anisotropies

which are expressed in terms of the principal magnetic

susceptibilities xx! xy and ng

(Xg 2(32 + Kx))

-

Dl =

(xx - Xy)

\U\
N
mww
Z

2

The magnetic susceptibilities are commonly exgressed in

Wk mole”! (1vvk = 10°6 c.g.s. units) while D, and D,,

being properties of the complex are conveniently expressed
in units of A3, For an isostructural series of lgnthan%gt
2 0 ’

‘>, A, and A should remain effectively f

[ %]

complexes <r

LY

constant while from (6) it can be igen that the pPseudo-

¥

contact shifts will vary as the term
gszgj*l)(ZJsl)(2J#3)<J||al|J}- Table 16 lists the
vgiue;:cf g&, J, <J||al]3>, g§3(:+1)(2;-;)(2;+3)€J|]a|lJ}
and gJ(QJ—1[JJJ+1) for the lanthanide ions.

Thg'gebmetrical dependence of the pseudocontast
shifts allows the use of this portion of the isotropic
shifts to obtain solution structural information about
the complex formed between a shift reagent and a substrate
molecule. 1In the vast majority of this type of study the
shift reagent substrate adduct 'is either observed or
assumed to have axial symmetry (3-fold or gr3§tgf)_ As

. . Cu

a result xx = XY' D, = 0 and equation (7) reduces to (8).

64.
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| D, (3cos™6-1)
(““)pe- S | o (8)

\Y .
- . r-

Jesson has applied equation (8) to the NMR ipeetrum
of CQ(HEPZB)Z, a truly axially symmetric molecule, and
was able to obtain a separation of the pseudocontact and
85

ag
o]
]

contact shifts. The first application of (8)

system involving a lanthanide shift reagent wag reported

86,87

by Briggs et al. They obtained a fit 4f observed

to calculated shifts for the rigid subsgfate borneol.

Since then the method has been extended to in#estiggtiens
70-76

of conformationally flexible substwates,’" particularly

molecules of biological interest77 including mononucleo-

_88-90 91 )

tides and small peptides.:

92-94

Several computer programs’® have been developed

to praducé a structural model of the lanthanide-substrate
complex which is consistent with the abse%vgd pseudo-

contact shifts.

95 has noted that "it has been

However, Sullivan
assumed that the correspondence between the ohserved
lanthanide induced shift and those calculated based on
a éanfgfmatienal model is a valid criterion for equatin%
the actual Eénfarmatian of the m@lecufﬁ in solution with
the conformational model.” .

There are several assumptions frequently made when
lanthinihg ions are used as structural probes. These

(

.,

=



have been listed by Horrocks. 4 We will consider here '

only the three that are most pertinent to the Lﬂ(HEP33)3
system: ‘
1) The complex is magnetically axially symmetric
or possesses "effective"” axial symmetry.
2) The magnetic axis is colinear with the bond
between the lanthanide and the ligating atom
of the substrate.

- 3)7The pseudocontact shifts can be‘successfully
separated from the contact shift contribution
to the isotropic shifts.

X-ray crystallographic structure determinations of

6,8,96,97

shift reagent adducts have shown that these

complexes possess at most two-fold symmetry. Also
magnetic anisotropy measurements of the series of complexes
Ln(dpm)3(4i§iccliﬂe)2 in the solid state,gg in agreement
with the low symmetry seen in the X-ray structures, reveal
large anisotropies with D, > Dl' Thas, the first assump-
tion appears suspect, at least in certain cases, and should
be treated with caution.

A common method to test for the presence of effective

axial symmetry is to examine the shift ratios:

(3293 er—l) o 3

5 . RNTY

(3=éi Ej-l) r;
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The shift of the ith nucleﬁs,(Au/uc)i pc, is normalised
to the isotropic shift for the jt‘h nucleus. The
resul%iﬁg shift ratios, (9), should be invariant for
isostructural complexes if equation (8) is valid and can
be applied té the system.

Several rationales for the observed effective axial

t 31.99 have

m

symmetry have beden proposed. Briggs

suggested that rapid exchange of the substrate between

rotamers would average out the non-axial term containing

100

Dz' Horrocks has derived the same result by assuming

that "the lanthanide shift reagent adducts exist in

solution as an ensemble of many rapidly interconverting
-—

geometrical isomers." The assumption that the urique

magnetic axis lies along the lanthanide donor bond would

=

results in effective axial symmetry.

101

DeBoer et al. 102

and Marinetti et al,”

have noted
that if a small substrate molecule lies within a cone
angle of -40° about this uniqﬁe axis then 32@525@l}§5iﬁ28
and "agPs:ent" axial symmetry will result even though the
complex is magnetically non-axially symmetric and D2 is
of comparable magnitude to D, .

In several instances it has been found that equation
(8) is not applicable and that the full form of the

#
expression must be used to account for the observed



pseudocontact shifts. Cramer et gli103‘104

2 (L=

have
investigated the series of complexes Ln (dpm).L.
pyridine, 4-picoline, 3-picoline and 3,5=lutidine) and

have calculated the orientation of the magnetic axes
and the parameters D, and D,. Catton et g;ilos have

taken a similar approach to the NMR spectra of lanthanide
106 have reexamined

the shifts produced by the interaction of Lng* ions with

107

crown ether complexes. Agresti et al.

had originally

Q

lysozyme. Campbell, Dobson and Williams
analysed the shifts using equation (8). However, the
reexamination indicates that the induced shifts have

considerable non-axial character.
lo8 . i et o
have studied the solution structure

rotein parvalbumin using yb3* as a

Lee and Sykes

of the Caz+ binding

P
structural probe. By consideration of the shifts of

parameters for the 1anthani§EﬁprDtein complex, one of
which successfully accounted for the shifts observed for
six mgthyl groups in the protein.

In all of the studies involving non-axial symmetry
mentioned above a preliminary knowledge of the structure
of the species is required. This invariably is provided

by X-ray crystallographic data. The lanthanide probe

69.
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about the species in solution. Lee has nétedlcg

that
the paramagnetic probe technique should in theory provide
-4 more sensitive method for the structural determination
of large mblecules, such as proteins, than X-ray
crystallography. The problem of contact shift contribu-
tion to the isotropic shifts is often important. The
shift ratios (A“/“Q)i/(A“/“D)j should be constant for a
contributions.

Observation of constant shift ratios has enabled

many investigators to rule out contact shifts for certain

§ v

nuclei. Typically these are protons well removed, in
terms of bonds, from the lanthanide ion. Williams

et iigllo have developed a method of éepafating the
contact and pseudocontact éhiftsa Their approach is to

use proton shifts which can be shown by shift ratios to

be free of c@ntacﬂ'cant:ibéﬁigns and the theoretical
coefficients g, (g -1) (J41)J and g,%3(J+1) (23-1) (23+3)
<J||a||J> which determine the magnitude of the two different
shiftsf By this method they were able to obtain the 31p

contact shifts in cytidene 5'-monophosphate. Pinkerton
and Earl’ have used the same technique for the tetrakis

dithiophosphinate lanthanide complex, Ln [S,P (OEt),] .

Reilley et gi.lll’llz have discussed the various methods

available for the separation of the two types of shifts.
B '3



Desreux and Reileylls have cbtained a separation

for the 3¢ nuclei in the [i,:.rx(c;if;:.:a)ii]ié3 :aiplexes by a method
which uses the two different temperature dependencies of
the shifts. From Bleaney's theory (Au/ua)pc should

follow a T ° dependence while (av/v )con should follow
a T-! dependence. However, Sherry et al.ll?

failed to
obtain a separation with this method and there has been
much debate in the literature over the exact nature of
the temperature dependencies that should be observed for
115-117

the pseudocontact and contact shifts. DeBoer

al have observed shifts which more closely follow
~1 r féz and Lee and Sykeslls have found the rather

unusual ’I‘—'3 dependence. It is clea;gfigm experiment

rr

-hat the observed temperature dependence is often not

simple.
In general lH contact shifts are much smaller than

-

those of other nuclei such as 'BC. In fact, by a judisiéﬁs
s e oL R I - R [ .
choice of lanthanide ion, specifically, Yb™ , many
investigators have been able to circumvent the problem
of contact contributions to the lH isotropic shifts.

The special features of the Ln(HBE;3)3 complexes which
will be described in this chapter facilitate the detailed
analysis of their NMR spectra. Several of the assumptions,

outlined by HQIE@GEE;74 that are commonly used in NMR

structural studies of lanthanide complexes can be made here



72.

with complete confidence. The validity or lack thereaf
of the remaining assumptions Can be verified in almost
every case by Exéé:imEﬁtal results.

The success of tﬁe approach, used for the Ln(HBP33)3
series hinges largely on the solid state molecular
structure of the prototype complex, Eb(HBPzB)B. The
initial aim of this work was to compare the solution
structure of this complex, derived from analysis of its
NMR spectrum, with its known solid state structure. The
NMR spectra do indeed provide quite precise information
about the saluﬁian structu:es;cf the complexes but probably
more importantly tée,se:ieg provides a model gysteﬁ with
which to test the applicability of equations (7) and (8)
and to compare the values of the magnetic susceptibility
anisotropies, Dl and ng for a series of isostructural
complexes. In addition, sﬁccessfu; modeling of the

pseudocontact shifts may allow a separation of contact

from pseudocontact shifts and thereby a comparison of the

their relative magnitude within each complex for at least

th:eg different nuclei, lH, lBC and 11



Yu, 3¢ ana ''s spectra of Lu(HBPz,); and vb(HBPz,),

The lH NMR spectrum of Lu (HBPz,) 4 is shown in Figure

1l and the resonances are listed in Table 17. The

diamagnetic lutetium complex shows a pattern similar to

that found for the free HEPZBE 1igand??% and the yttrium

:emplexgas The 3-H and 5-H protons appear as doublets (J=2H:
mostly between §6.5 and Bio-p§§ and the 4-H protons

as triplets (J ; 2 Hz) between 6§5.5 and E.S_ppm. The

proton decoupled 13C NMR spectrum is shown in Figure 12

and 5- carbons are found between

" and Table 17. The 3
134 and 144 ppm and the 4- carbons between 103 and 105

ppm Hownfield from TMS. The shifts are similar to those

found for pyrazole and HBP:B— 1igana,33 The carbons of
the pyrazolyl rings exhibit a coupling of .180 Hz with the

proton to which they are directly bonded.

The llE spectrum shows a single resonance at -4.1

) llE‘nuclei
in Zn(HEP§3)2121 and RHEPZBlZD

ppm relative to BF,(OEt) 2 By comparison the
appear at -4.9 and -1.5

ppm respectively. '
The complicated nature of the Lu(HSP23)3 lH and ;3C

NMR spectra suggests that the structure in solution is

one of rather low symmetry which is not rapidly rearrang-

ing by intramolecular or intermolecular exchange processes.

The IH NMR spectrum of Yb(H:§23)3 is shown in Figure

"13. The most striking feature of/the NMR spectrum i:i‘
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Table 17. 1, 13¢ and 3 Chemical shifts of
Lu (HBPz,) ;%' P © | - .
1, 13, 11,
- ,

7.92 4(2) 143.45(2) . -4.1
7.79 multiplet (3) 142.16(1)
7.52 multiplet (3) 141.92(2)
7.38 d(1) 141.73(1)
7.19 multib{et(S) : 141.02(2)
6.49 d(2) 138.42(1) .
6.22 t(1) 136.92(1)
6.07 multiplet (6) 136.43(4)
5.70 t(1) 133.93(2)
5.55 t(1) 132.84(1)
5.47 (1) 132.56(1)
5.18 d(1) 105.32(2)

104.67(2) ‘
4.5 very broad(3)

104.45(3)

103.72(1)

103.36(1)

By spectrum recorded with CD,Cl, as solvent, !’C and 11pg
with CH,;Cl1l,/10% CD;Cl,; solvent.

bShifts in ppm relative to TMS or BF'OBt,. Measured using

internal standards 'H(CHDCl,) and '’c (CD:Cl;) at 85.32 ppm
and $53.8 ppm, respectively. '

€a = doublet, t = triplet, relative intensities in
parentheses.
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the la;ge isotropic shifts caused by theiparamagneti:.
Ytterbium ion and exemplified by the range of the proton
chemical shifts which is -200 Pmm. The spectrum 1ike
that of Lu(HBPz3)3 is complicatedgand implies that ;hg
molecule has a rigid solution sZigiture. However,
begause of the much increased chemical shift range compared
to the diamagnetic lutetium complex t%e presence of a
large number of well separated resonances invites the
use qf the NMR spectrum to determine the solution structure
of the complex. A close examination of the 1HQNHR spectrum
reveals thal\ the 27 Pyrazolyl protons give rise to only
18 resonances.\ The relative intensity of nine of the
resonances is one while the remaining peaks have relative
intensity of two. 1In addition, there are three resonances
that arise from the B-H protons. éimilgrly, the 132 NMR
spectrum exhibits 18 resonances with the same intensity
dlstrlbutlon as the pyra Srlfl hydrogens. Figure 14 shows
a partially decoupled 132 NMR spectrum. The C-H coupling
(J = -180 Hz) is not "washed out" by the paramagneiic
ytterbium ion and the large shifts in éhe-lﬁ Bpectrum
makes it impossible to decouple the entire :péetrum;
The llB NMR spectrum shown in Pigure 15 has three vall
separated resonances integrating with a 1l:1:1 ratio.

The number and the relative iat:n:ity of the peaks

indicate the presence of a mirror Plane in the solution
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’ Etru;tuzg whiizggauses the équiva%ggce of six pyrazolyl
rings in é‘pa;rwise fashion while maintaining the other
three and the b@rén?atamé distinct. Reference to Figure
6 and Figure é shows that only slight mééifieatiﬁn of -
ﬁhe éppraxim;te CE seiid state structure is reqﬁireﬂ to

account for the so6lution NMR features. One may conclude

L
=

therefore that therytterbium complex is rigid and its
:salutj.i, structure ié very close to that found in the solid
state. The known solid state structure, the :igid nature
and the lgrgé number of unique NMR nuclei (42¥§n total)
make Xb(HBPég)B an extremely interesting ;amélex'with
regard to HMR’studies of laﬁthanide complexes.

"It has been noted éhat amaggst the lanthanides’

TITI-=- i o _ ) &
beIE complexes will exhibit the largest relative pseudo-"

&
contact contribution to the isatrépic_shift_aoigi‘llg g‘?

Thus, starting with the twin assumptions that the' structure

. }, . . L e .
observed in the solid state is maintained in solution

1

Snd that, at least for the Yb(HEPzB)B “H NMR spectrum,

I

hifts will

‘Fermi contact contributions to,the isotropic
be neg}igible, a fit of the observed isotropic shifts
to the xira§ structural da;g should be possible.

; ‘The full ESPIEES}Qﬁ for the psééﬂcccn;&ct shift
must be used (equation (7)) as the number of resonances
in the.HHR spectra indicaté that complex is not axialiy

symmetric. Fértungtely. the Cs symmetryﬂgf the molecule

4
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Y f 7 .
fixes the z magnetic axis perpendicular to the mirror

plane containing Yb, B(1l), §(2) and é(B)-: The magnetic'

x, f plane coi ides with thls plane and it lS nbw useful
tc“fedéfiné_the angle 2 in equaticn (7) in terms of the
maénetic parametér ¢, thé'angle between the x m;gﬁetiﬁ
axis and the Yb-B(l) vector, and the geometric variable

k, the angle between the Yb—B(l) vector and the prgject1anaf
/

the Yb-nucleus vector on the magnetic x,y plaqé, F;gure l6.

Thus, 2 = ¢ + k and the calculable geamet al variables

for each NMR observed nucleus became r, © and k. “These
are cbtaiﬁeﬂ*ffgm the ;irgy crystalé&graphic data using
the Esregram‘DRFFE,E4 and are listéd in Table 18. in the
case of the hydrogen aé%ms instéﬂd of using the x—raf
positions the values of r, 6 and k were produced by
repositioning the hydrogen aﬁéms with C-H And B-H bond
lengths ;.ds i and 1.20 i; respeetiveiy. T@e errarszin
the positions of the atoms are assumed*to be isotropic.
Those for the carbon and boron atéﬁs are taken as 0.01 A
and éhﬁse for the hydrogen atoms are assumed to be 0.05 ig
The errors in r, 6 and k are calculated using these -
isotropic efr&r-i

When twp sets of geometric variables are available
for one type of nucleus, (this ariseg from the mirror
piane being a non-crystallographic mirror plane in the
X-ray structure) the average value is used and th;E
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Tablegia. Geometric Variables for Eb(HﬁPzS)Ba { \Hﬁgﬂgj
T : | Y 2
r 0 K ésgé?i;i sin
Nucleus, | L )
° ) 7 0u3 . -2 .
A deg. deg A"?x10 A
+ i) Hydrogens -
__H(13) 3.6515)  24.3(12)  62,8(15)  3.08(16) "

" H(43) 3.

H(74

. H(75)

" H(63)

H(1l)

~Jl

4(5)
3.62(5)
15.60(5)
5.68(5)
5.61(5)
5.48(5)
5.56(5)

H(73)
H(14)
H(44)

H(15)
H(45)

3.85(5)
3.74(5)
8.07(5)
5.80(5)

W(33)

H(93)
H{34)
H(64)
H(94)
H(35)
H(65)
H(95)

8.08(5)
5.66(5)
5.62(5)
5.82(5)
4.79(5)
4.80(5)
3.23(5)

H(2)
H(3)

.3
5.50(5)

5.72(5)

28.7(12) .-165.9(15)

30.0(12)

42.3(6)
42.41(6)

43.0(6)

65.5(5)
65.4(5)
65.3(5)

b

-65.1,(15)
35.4(18)
162.6(18)
-97.0(18)
16.9(6)
144.3(6)
-117.4(6)

-76.3(8)

52.7(8)
-127.2(5)
-54.1(5)
75.0(5)
-145.9(5)
=27.6(5)
101.8(5)

-157.6(5)

1.1(8)
130.3(8)
~154.4(9)

2.51(16)

2.63(16)
®.364(20)
0.347 (20
0.341 (20"
-0.295(15)
-0.279(15)
-0.285(15)
-1.76(7)
-1.92(7)
-0.190(4)
-0.513(15)
-0.533(15)
-0.190(4)
=0.551(16)

18 .5)

4+.15)
1.76(7)
1.92(7)
0.190(4)
0.513(15)
0.533(15)
0.190¢4)
0.551(16)

~0.563(16)?,0.563(16)

-0.509(12)
-0.911(30),

~0.904 (30)

-2.96(14)

v

0.509(12)
0.911(30)

"0.904(30)

2.96(14)

continued...
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‘Table 18 (continued)
i T r o g' S K 7 3cps§5- Aisigéérig
Nucleus ) : . r 7 7:3

A deg. deg. A73x1072  A"3x1072 .
ii{:Carbggs and Borons 7
@&13) 3.43(1) 36.0(7) 37.1(15) 2.39(9) 0.855(30)
C(43) 3.52(1) 38.3(7) 169.9(15) 1.94(9) 0.881(30) !
C(73) 3.42(1) 0 39.1(7) -91.4(15) 2.01(9) | 0.994(30)
C(14) 4.61(1) 45.6(4)  30.2(10) oi4fécza) 0.520(8)
C(44) 4.68(1) 46.2(4) 158.6,(10) 0.427(20) 0.508(8)
C(74) 4.62(1) 46.6(4) -101.3(10) 0.421(20) 0.535(8) .
C(15) 4.52(1) 60.0(2) 19.0(8) "-0.271(9) T0.811(6)"
C(45) 4.60(1) 60.4(2) 147.3(8) ~0.276(9) 0.776(6) .
C(75) 4.54(1) 60.4(2) -114.3(8) -0.266(9) 0.806.(6)

C(33) 3.64(1) - -60.0(2)  s-2.0Btey 2.08(2)
C(63) 3.54(1) - 69.5(2) -2.25(2) \ 2.25(2) ;

C(93) 7.12(1) - -131.0(2) = -0.277(1) 0.277(1)
C(34) 4.80(1) - -49.6(2) -0.904(6) 0.904(6)
C(64) 4.73(1) - - 79.8(2) - -0.943(6) 0.943(6)
C(94) 7.14(1) - - -142.0(2)  -0.278(1) . 0.275(1)
C(35) 4.71(1) - -33.3(2)  -0.955(6) 0.955(6)
C(65) 4.67(1) - 96.3(2) ~0.984(6) 0.984(6)
C(95) 5.89(1) - -147.0(2) -0.489(3) 0.489(3)
'B(l) 3.59(1): - 0.0(2) -2.16(2)  2.16(2)

B(2) 3.60(1) o 130.0(2) -2.14(2) "2.14(2)

B(3) 3.53(1) - =134.5(3) -2.28(2) 2.28(2)

gﬂumbers in parentheses represent the estimated errors in
the least significang digits. By

PNuclei H(33) to H(3) and C(33) to B(3) are assumed to 1ie
in the plane formed by Yb, B(1), B(2) and B(3). The value
. of 8 for these nuclei is therefore 90.0°.

fr--



-

'S
errors are aﬂjuﬁteﬂ td reflect the ranges in the two sets
oL - ! )
of. observed values. *

A problem arlges in éxttactlng the observed isatrap;c
shlfts from the NMR spectra using the chemical shifts of
the diamagnetic lutetium complex, see equation (4). A
rigorous assignment of the cgmpllcated Lu(HBP23)3

pectra is not possible. The resonances in the lH spectrum

C;ﬂ be classified into two groups based on proton-proton
coupling information - th,é 3-H and 5-H (doublets) and the

4-H (triplets). Further classification within each group
can be madékfram felgtive integrations (either 2 or 1).
132 Hgﬁ spectrum similarly can only be assigned '

L4

The
in groups using ‘the large chemical shift differences
between the 3-carbons and 5-carbons, and the 4-carbons,

and the relative peak integrations. Within most of

. thege assigned groups there is a range of chemical shifts

and consequently an average value has to be used as

[

the diamagnetic zero for a group of nuclei: The ranges
and average values are given in Table 19. The ranges

are ‘incorporated into the observed isotropic shifts as -
. . L

an uncertainty.

Specific assignment of the Lu(HEP23)3 spectra is

not essential to obtaining a fit of calculated to

observed isotropic shifts for Yb(HBPz ) However, in

the Yb(HE?zB)3 spectra each resonance must be assigned

& —

85‘
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Table 19. Diamagnetic Reference Shifts

4
- Rangea * Averége Uncertainty
I _
= d() 7.92 - 6.49 7.2 20.7
]
(), 7.79 - 5.18 6.5 £1.3
e
t(2) 6.09 - 6.05 6.07 $0.02
t(1) 6.22 - 5.55 5.9 0.3 7
BH 4.5 £0.9 v
D¢ ,
3-c | ‘ < '
| (2) 143.45 -133.93 138.7 - . <:/ +4.8
. 5-C | -
4-C  (2) 105.32 - 104.45 104.9 0.4
| 3
3-c | .
(1) 142.16 - 132.56. (37.4 14.8 "
5-C . ) '
4-c (1) 104.45 - 103.36 103.9 $0.5 ~
‘ L J
11, -
-4.1 £1.0

qShifts in ppm taken from Table 17.

-

g
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to a.definite nucleus with geametgic§1 variablds, r, o
and k. The large number of resonances and the lack of.a

coupling handle (the proton-profon coupling is "washed .
out® by line broadening$raused by the paramagnetic metal

ion) makes an assignment of th&_l

B 5
H NMR spectrum merely
by inspection impossible. However, selective hetero-
nuclear decoupling experiments allows the matching of

lBC and 11

all the B fesgnances.€§ thé fe§enances of the
protons. to which they are directly bonded.

Selective decoupling was extraemely usefdl in the
aés}gnmEﬁt of the gﬁectga*ané was facilitated by the
large differences in chemical shifts of the prtG;S andr

'the nuclear Overhauser effect which ag?ears to be
unaffected by the presence of the paramagnetic ion.

tions ailows the assignment of some of the resonances

-

into groups. The three fgsénancés!dge'tg the three
equivalent pairs of nuclei H(13) (H23), H(43) (HS3) and
H(73) H(83) constitute one such group. = These protons

" are tloser to the ytterbium than the others on the same
pyrazolyl group by at least 1.5 ig Their NMR sigﬁal;
have :étf&ipﬂ?dingly greater line widt§5l22 and the -
r;gcnaﬁces are ea;ilf recagﬁi:able in.tﬁe spectrwp.
éimilarly, the two resonances due to H(33) and H(63)

form another grcué and can be readily picked out in the

—
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spectrum. The B-R protons also form 'a group and can

be identified by their large '1nhomogeneously broadened"
,ilne wldths. Addlggonally from Figure 7 it can be seen
that H(3) is much closer to thg ytterblum than both H(1)
-and H(2). Thus H(3) can be definitely assigned while
H{l) and H(2) form a group. The selective"heterq-nuclear
decoupling éxperimenta alldw the assignment of the

resonances in the 11

B spectrum 'n a corresponding fashlon.
There are six wafs of assigning the 3 resonances
arising from H(13), H(43) and H(73) whlch lead to the

8ix sets of values of Dl é and ¢ shown in Table%“20.

Table 20. The Six Sets of Magnetic Parameters Obtained

from the Observed Shifts of H(13), H(43) and H(7P)

%

~ ’

Solution Dl/;3x102 /A xlo ¢/deg.
. {

1 \- 8.8 46.8 -23.3

2 11.2 63.6 33.7

3 "7.4 -61.7 . -11.8

. 11.2 65.3 17.5

5 8.9 -47.6 -12.9

. 6 7.3 . -59.2 . 39.8

‘Parameters calculated with average values of

(3cos26-1)/r3 ana sin%e/r3 of 2.7 x 1072 A~3 ang

0.44 x 10”2 23 respectively (see Table 18).



These are exact solutions of equation (7). Only oné of
L ’

‘these solutions (solution 1) gives calculated shifts -

¥

which successfully account for the observed shifts~foy

11

H(33); H(63), H(1), H(2), H(3) and the three ‘1B nuclei.

This solution also gave reasonable shifts for the)\

remaining 1 nuclei and a full asgignmént of the spectrum
was then made using calgulated shifts from the preliminary

model together with information from hetero nuclear

‘A fit of calculated to observed pseudccantaet shifts ,
,23

y..a

was carried out using a weighted non-linear least-squa:
computer program adapted to combine the uncertainties in
the absérveﬂ si§ifts and the geometric variables r, ¢ and

k as an éffective varigncelz4 (Oggg) - The weight assigned
to each isotropic shift is l/(deff)2¢ Appendix 3 econtains
a l;s ing of the program. . 7

The-vélues of the observed shiEEZT and the calculated

from the least-squares fit for the

t
w
=2
e
oy

pseudocontact

protons in Yb(HBPz, are listed in Table 21. The magnetic

.

oy o

from this refinement are given in Table 22. The goodness

"3
parameters D nd ¢, and the reliability factor R
of fit as represented by the value of 8.4% for R, -
confirms the view that the complex has the same structure
in both the solid and solution states.
Interestingly, 12 of the NMR unique lH nuclei lie

in the magnetic x,y plane defined by the 3 boron atoms

90.
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' Number and D, D, - ¢ Ry
3

x

8.

ble 22. Magnetic Parameters From Least-Squares
5 .,

Refinements of Pseudocontact Shifts of

Yb(HEPzz)Bi

Type of T3 T3 —

Resonances A x10 A™x10 deg.
j, — I B B _

211y  8.8(5) 43.6(9) =10.1(5)
1813¢, 311p 8.8 (7) 42.3(11) =11.2(7) 10.1

= = z 2
21'n,1813¢, 38 8.9(5)  42.6(8) -1049(4) 9.9

and the ytterbium. Figure 17 shows a map of the magnitude
of the pseudocontact shifts in this plane and the orienta-
tion of the x axis with respect to the complex. The

contours shown are for shifts *10, 220, +50 and *100 ppm,

; which are calculated from equation (7) and- the Dl and D2

values listed in Table 22. The view of the complex is
the saﬁe as that in Figure 8 but all the atoms not in the
X,Y plane have been remaved‘fgr clarity.

Figure 17 provides a visual description of the
sensitivity of the various nuclei to small changes in
their positions, particularly H(3) and H(33) which lie
in regions of high shift and H(63) and B(3) which lie

close to the nodal surface.

[ %]



FIGURE 17.

Contour Map of Pseudocontact Shifts in

Yb(ﬂan3)3 Molecule. Contours at £100,

$50, $20 and t10 ppm.

93.



Figure 17 is useful in determining the conformation
adopted by the bidentate ligand in solution. The six
membered metal chelate riﬁg which is in the boat conforma-’
tion in th;hzclid state may either be undergoing a "ring
flip" process, shown in Figure 18, which has been?absafveé.
for bidentate polypyrazolyl borate 1igandslzs or may favégr
the other boat cagfgfmaticﬁ, in solution. Additionally
rotation of the uncoordinated pyrazolyl group N(91)...C(95)
about the N(91)—B(3) bond is also possible. Examination
of the observed and calculated shifts of protons H(3)
(bonded to B(3)) and H(95) (attached to C(95) in the un-
coordinated p§r323131 group) in conjunction with the
dipolar surface map of Figure 17, indicates that the boat
conformation found in tHe crystal structure is maintained
in solution and that the uncoordinated pyrazolyl group
is similarly locked into the rotational conformation seen
in the X-ray structure. !

The observed isotropic shift for H(3) is already
18 ppmxfarther downfield than #he value calculated by the
model. Any movement away from the particuvlar boat

o
=
Iy
;
|
»
rt
P.‘
[a]
=]
o]
o
-]
o
o
£
Q
=
—
o
]
o g
]
~
u
n
rt
b
o
™
[y
"
-
o
]
0‘
o]
be
w

such that the calculated shift for the new position would
be even smaller than the observed isotropic shifts. By
similar argument it can be seen from Figure 17 that

rotation af the free pyrazolyl group away from the solid
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.

;tate conformation would'reaplt in a new position for
KJ95) which would have a much smaller calculated shift.

The good agreement between observed and calculated
shifts also demonstrates that the second initial

assumption, that there is no detectable contribution to

1y isotropic shifts from a Fermi contact mechanism, is

also valid. Table 23 contains the isotropic shifts of

13 11

the C and B nuclei in Yb(HBPz3)3. The calculated

shifts in Table 23 are those from the least-squares fit

13

of -only the 18°°C and 5“% isotropic shifts. The

values of D,, D, and ¢ from this refinement and those

~ from a refinement wfth 211H, 1813C and 3118 nuclei are

contained in Table 22.
The close hgreement between the observed shifts and

‘calculated pseudocontact shifts indicates that the contact

13 11

contributions to the C and B isotropic shifts are

s0 small as to be essentially undetectable in the present

analysis of the Yb(HBPz,), system. However, it should be

14

noted that although the shifts are adequately accounted
for solely by.a pseudocontact mechanism, the rather large

uncertainties in the observed isotrgﬁic shifts for some

13C nuclei (up to 5 ppm) make.it difficult to completely

rule out a small contact contribution to the 13C shifts.
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H _Spectra of Ln(HBPz,), Ln = Dy, Ho, Er, Tm.

The tris(hydrotrispyrazol-l-yl borate) gq@plexes of
the four metals that precede Yb in the lanthanide series
by, Bé, Er, Tm ‘appear from their solution .:inffared spectra
and their selubility properties to be isaétructural
with Yb(HBPzB)B. .

Application of the éechniques used in the analysis
of the Yb(HEPzB)S NMR spectra to these complexes provides
a sensitive structural probe and allows a comparison of
magnetic parameters within a series of presumably iso-
structural lanthanide complexes. Moreover the method
should allaw;a separation of contact and pseudocontact
contributions to the isotropic shifts, the relative
magnitu%es ’; which are expected to change considerably
across the series from dysprosium to ytterbium (see

Table 16).

Thé 1

H NMR spectra of the complexes Lﬂ(HBP23)3

(Ln = Dy, Ho, Er, fm) show the same number and pattern

of resénanéeg as the Yb(HBPzE)3 spectrum. The Dy, Ho and
Er spectra have additional resonances arising from another
species in gglﬁtian which will be described in a sub-
sequent section. The observed isotropic shifts are
calculated using the LB(HEP23)3 15 chemical shifts. A:V

a first approximation the complexes are assumed to be

isostructural with z‘b(H'Bsz)3 and the geometric variables

98.
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r, % and k are those used in the analysis of the NMR
spectra of the ytterbiumgeamPLEig No attempt was made

#

to include the change in ionic radius between Yb3* and
Dyz* as the différence is only -0.04 i (see Table 1)

which is very much less than the range in the Yb-N bond
lengths and less than the 0.05 A estimated error in the
geometrical variable, r, for the protons. Assignments

of the\spgctra are made by employing the method described
for Yb(HEP;B)B; utili:ing rough preliminary values of ‘

1’ D2 and ¢, decoupling information and felitive

D
Gintensities_

The observed 1

H chemical shifts in the Ln(HBP23)3
(Ln = Tm, Er, Ho, Dy) complexes are listed in Tables 24,
25, 26 and 27 along with the calculated dipolar shifts
from the least—squareiifitg The observed shifts
illustrate the mirfarifelatianjhip of the spectra between
Dy, Ho and Er, Tm;4Yb. This is caused by the change in
sign of le]aIIJ}E! between the two sets of Ln>' jons

and indicates that the isotropic shifts are dominated by
dipolar effects. The later aobservation is confirmed by
the generally good agreement between the observed *_!
isotropic and the e;lculaﬁeﬂvpgeuéaégntgct shifts. .
The values of the magnetic parameters and R, are givgﬂA

in Table 28.
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Table 28. Magnetic Parameters from Least-Square
1 .. -

Refinements of "H Isotropic Shifts of

Ln(ﬁBP23)3

~ —
T ome : 2 )
Lanthanide gJJ(J*;) ianl,z ‘3D2 5 7¢ | RH

(2J3-1) A'x10 A"x10 deg
(2J+3) <3| |al |3> ’

Yb 39.2 . 8.8(5)  43.6(9) -10.1(5)

g
b
v
PN ]

8
26.6(13) 131.4(24) -16.9(5) 7.2
0

15.4(11) 82.9(22) =-16.8(7) 10.

& m
o N
)

~
=
(ST

=31.3(20) =-81.5(3%) -11.4(10) 14.4

U\
-
1
-
[+
ot
]

-55.1(33) -186(6) -12.9(8)  11.6

5

The angle ¢ which describes the orientation of the
magnetic axes with respect to the complex is not a constant
for the series. In the case of Ln = Yb, Ho, Dy ¢ is gillf
while for Ln = Tm, Er it is --17°. The 6° difference is
much larger than estiﬁateé standard derviation in ¢ which

is calculated by the least-squares program to be less

The weighted reliability factors R ftam the
unrestrained least-squares in which i is refined and the
values of Rw from least-squares where ¢ is fixed at !ll.@‘v
or =-17.0° and not refined are shown in Table 29.

L
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Table 29. Restraine and Unrestrained Least;:juares

Refinements lH Pseudocontact Shiftsw,

e o oo
o H
| o
N [=]
L] -
L %]
[V
5]
[ ]
o L&)
o9 [
ad o

! Dy 11.6

The results clearly aeﬁanstrgtE*ghat the 6° difference

in the values of ¢ for the two sets Tm, Er and Yb, Ho, Dy
are real and significantilzsri‘

The separation of fhe/zzgglexes into two distinct
sets depending on the value of ¢ appears at first to be
inconsistent with the general results of the least%uafgg
fits and the values of Dliand D, which indicate tHat the
complexes are isostructural. The anomaly can bg rational-
ized if the geometry of the ca@réinaéiaﬁ polyhedron is |
considered. In solution the molecular point symmetry of
the complex is CS_ The symmetry Qf‘tbe coordination
polyhedron (see Figure 10) formed by the lanthafide and"
the eight ligating nitrogen atoms is close to civ? 1f

»



the gquétry Qf-thé polyhedron had rigorous sz symmetry,
the msqnatlc axes would be fixed by this symmetry point
group and ¢ wauld dlsappé,; as a magnetic parameter. The
x'axxs‘wauld lie at the intersection of the mirror planes
formed by Yb, B(l), B(2), B(3) and Yb, N(12), N(22) and

be coincident with the C., axis of the coordination poly-

2
hedron. The y and z axes would be normal to these mirror

&

planes. In this model ¢ would be -.-20° (the angle between

Yb—B(l) vector and the Yb, N(12), N(22) plane).
’-!'he values of Dy, Dy and ¢, which are functions of
the cryst§l{field splittings of the lanthanide orbitals,
:re principally determined by the type of ligating
atoms, the metil—ligand Egné lengths and the symmetry of
the coordination polyhedron. Taking an idealised CZV

BCTP, polyhedron as a starting point, then distortion

of this idealised geometry to that observed for Yb(HEP23)3

in the solid and solution states requires only small
changes in tﬁzahetalénitfcgen bond. lengths and ligand
arrangement. These small changes are most probably the
cause of the -10° ¢ ang;e observed for Yb(HEPSB)B a
opposed to the .-20° value expeCted for the complex if
it possessed a coordination polyhedron with CZV point
symmetry. The changes are small and subtle and it is
not surprising therefore that the thulium andé erbium

complexes may lie closer to C, symmetry as evidenced by
2v

106.



. 107.
the values of ¢ of -16:9° and -16.8°, respectively.

It is difficult to ascribe these small changes in
coordination geometry to a simple monotonic change in
ionic size of the lanthanide ion in view of the -
similarities in ¢ angle fér the Yb, Ho and Dy comple*es.
The differences in structure between the Yb, Ho, Dy
complexes’and those of Tm and Er while producing a signifi-
cant change in ¢, do not affect the magnetic susceptibility
anisotropies nearly so much. The Dl.terms for all five
lanthanides when plotted against ngJ(J+1)(2J-l)(2J+3)
<J||a||J> fit a single straight line (Figure 19). The
D; terms also can be fitted to a single straight line
(Figure 19), but a slightly‘better agreement can be found
if the two sets of complexes are treated separately
(Figure 20).

Examination of Tables 21, 24, 25, 26 and 27 reveal
that the differences between observed isotropic and
calculated pseudocontact shifts increases as the values
increase. Particularly in error are the

of D, and D

1 2
shifts predicted for H(13), H(43), H(33), H(63) and H(3).
The discrepancies for the latter nucleus being apparently
quite gross, at 38, -56 and -109 ppm for the thulium
holmiam and dysprosium cqmplékes, respectively. However,
at the same time it should be noted that Ehe effective

124

3 I3 B )
variances for this nucleus are also large. .
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It might be tempting, féliéﬂing common éra:tice to
ascribe the differences to contact contributions. That
this is not the case can be seen from the following
considerations. The discrepancies systematically change
sign with a change in sign of D, lﬁdagg- This can be

verified, for instance, by comparing the thulium and

ium data. However, the values of the contact

L]
\m‘
131
o]
]
[

shift parameter, 9;(9;-1)3(3+1), listed in Table 16 show
that a contact shift would have the same sign for all
the lanthanides in the series Dy-Yb. Furthermore, it is
clear that a contact shift in the erbium complex should
be greater than in the corresponding isostructural thqlium
complex. )
The differences between observed and calculated
shifts may thus be ascribed with some degree of certainty
to errors in the gﬁametrical model rather than to the
presence of 1H contact shifts. It is gratifying to see
that the largest differences are associated with those
shifts with large effective vériances in the calculated‘
dipolar shift.

In conclusion it is quite clear that the lHiisthGPic

shifts in the series of cgmglexeg Dy-Yb are dominated by

but a minor component of the lgrge induced shifts.
The differences between observed and calculated

, , . . , . ) . \
chemical shifts clearly invites the search for a better



3 o
.
-

geometrical model. The fittimy of an improved geometrical
model to the observed shifts has not been carried out in
the present investigation but it is obviously a worthwhile

goal for future research on these complexes.



112,

13 11 e e o _ - e -
C and B Spectra of %ni33353L3 Ln = Tm, Exr, Ho, Dy.
] The 13C NMR spectra of Tm(EBP23)3 and Er(HEP23)3

are shown in Figure 21 and Figure 22, respectively. The
13C pseudocontact shifts can be calculated using the
geometrical variables from the Yb(HEP233§ 80lid state
structure and the magnetic parameters derived from the
proton isotropic shifts (Table 28). The results of

these calculations for the Tm, Er, Ho and Dy complexes
are given in Tables 30, 31, 32 and 33. The observed
isotropic shifts are again calculated from the Lu(HEP33)3
13C shifts. The differences between observed and calculated
shifts are given in Table 34 and represent the values of
possible contact shifts. However, it is important at ,
this point to note that the difference between the observed
and calculated shifts may be accounted for in some cases

by errors in the geometrical model as was found fcr the
nuclei H(13), H(43), H(33), H(63) and H(3) in the analysis

of the 1

H spectra.
Initial inspection shows that the carbons of the

free pyrazolyl group C(93), C(94) and C(95), éﬁieh are

at least 5 bonds distant from the metal, have negligible

contact shifts. The difference between observed and -

calculated shifts are never greater than the effective

variance of the calculated dipolar shift. On the other

hand, the carbon nuclei at the 4 and 5 positions of the
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120.
pyrazolyl groups coordinated to the meﬁai!elearly have
upfield contact shifts.

The magnitude of the contact shifts observed for
the 4 and 5 positions correlate with the values of

gj(gJil)J(J+1)_ This is shown graphically in Figure 23

L= |

and Figure 24. he straight line behaviour confirms
that the hyperfine coupling cgnstahts, A/h, are
independent of the lanthanide ion. The values of A/h
calculated using equation (5) are given in Table 34.

They are of the same order of madnitude, -10% Hz, as

13

those found for the ~~C nuclei in the ngdpay§3§ ccmplexesllg

and much smaller than -1.15 MHz, the coupling constant for
the 132 nuclei of the C Hg groups in (CSES)SEQCNC6311‘127-
However, the carbon atoms in this complex are directly
bonded to the metal. Large two bond couplings have been
observed in [Ln{SzP(DEt)zlil‘ complexes (31P=1aﬁthanide
coupling constant is 1.52 MHz for the early, Ce-Dy,

and 0.86 MHz for the late, Ho-Yb, lanthanides) and were
9

attributed to the enhanced Ln-S bonding in these complexes.
The small values of the coupling constant in fhe
presenéﬁcamplexeé indicate that as with most lanthanide
compounds, the bonding is mostly ionic with very little
covalent character. The observed upfield contact shifts
nevertheless reveal that there is negative apin density

on the 4-C and 5-C nuclei of the pyrazolyl group. The
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4f electrons of the lanthanide ion may produce spin density
on the ligand by either direct transfer of an electron

from ligand to metal or vice-versa, or by the spin —
polarization mechanism of Wétseﬁ and Ffeemangal For

the lanthanide ions with the electronic configurations

4f" > 4f7 the former mechanism will result in positive

spin density on the ligating atom while the latter will
produce negative spin. The view that the spin polarization
‘mechanism is operative in lanthanide complexes is con-

firmed by the signs of the coupling constants which are

observed for the liﬁ, 173 80 and lgc 127

nuclei bonded
directly to the metal.

There are several mechanismsi287130 ., .. .. account
for the delocalization of spin densi%y on the ligand.
™ is not our intEﬁtigp here to rationalize the absé%ved
shifts in terms of one particular mechanism but rather
we shall confine the discussion to the important features
of the results listed in Table 34.

It is noteworthy that there is no sign change in the
coupling constant for the 4-C and 5-C nuclei. Successive
sign inversions have been observed in the Ln(dpm)3 shift
reagent studies of borneol, isoborneol, ncrb&rﬂylamine,lBl

isoquinoline132

and norbornenol, 32 ang the [Ln(dpa)gjzj
complexes. 13 However, Jesson®> has observed that the

3-H, 4-H and 5-H protons in CG(EEPZB)2 all have the same



-
[ %]

£ = 5 : .
sign for A/h. Eaton et iiilQB have found that in the

Ni(II) aminotroponeimineate complex, Ning where L is:

the protons in the 3, 4 and 5 positions of the pyrazolyl

moiety similarly have the same sign for the nuclear
hyperfine coupling constant. It appears that the compounds
of the present study foflow the same trend as established

by other complexes containing the pyrazolyl moiety.

1:

L

Several studies have noted that the C contact shifts

are attenuated with the number of bonds between the metal
131,132

and the NMR nucleus. However, this is not always

the case,lai

Perhaps surprisingly in the Ln(HBP23)3 case the
differences between observed isotropic and calculated pseudo-
contact shifts for 3-carbons are in general much smaller
than for 4-C and 5-C. The differences do not follow an
obvious d;pendencé on gJ(ngl)J(J+l), It is most probable
that thébeantact shifts here are small and that the major
part of the differences in Table 34 are due;ta errors in

the geometrical model which are expected to be large
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for the 3-carbons as was found in the case of the 3-hydrogens.

We have no rationale for the lack of a readily detectable

contact shift for the 3-carbons except to note that in

[ﬁn(dpa)3]3- complexes it is also the carbon atoem immediately

adjacent to the coordinated nitrogen which has the smallest

contact :hiftill3 ‘
11

The "B data in Table 34, like the 3-C show smaller

b |

differences than 4-C and 5-C.

The differences listed in Table 34 for !B nuclei are
considerably larger than the effective variances (see
Tables 30 to 33). However, the direction of the possible
contact shifts is different for B(2) and B(3) while those
for B(l) are much smaller and most pProbably can be assigned
to errors in the geometrical model.  We can find no easy

explapation for these observations.

Detection and ﬁhgr::;g;izagicnﬂsf,a Second Isomer of

Ln = Er, Ho, Dy.

("]

Ln (HBPZ ;)

The “H NMR spectrum of HE(HEP23)3 in EDZCLE over the

b

range §250 to -200 ppm is shown in Figure 25. Figure 26
shows the spectrum in the region 625 to =25 PPm. The
spectrum has six extra resonances, three of relative
intensity one at §35.0, 621.4 and §19.8 pPpm and three of
relative intensity two at §10.1, 6-10.5 and §-109.0 ppm.

These resonances do not arise from the major species in
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the sample, the Ho (HBPz. )3 complex with blgapped trigonal
prismati¢ geometry. Similar patterns of resonances are
also found in the Er(HBPz,), and Dy(HBPz,), 'H NMR spectra.

Seven extra resonances are observed in the spectrum
¥

of the dysprosium complex while only four resonances

an be seen in the erbium spectrum. Both the Ho and

11

0
I:I‘

B spectra have an additional resonance. The crude

WE\

products and samples recrystallized from G52212/hexane,‘
THF /hexane and toluene showed no difference in the
relative amounts of the two species in solution. This
indicates that the extra resonances éc not arise from
impurity or deéamg@siti@n product. Changiﬁg the tempera-
ture of the NMR pr@beichanges the intensity ratio of the
signals arising from the two species. Variabl®

temperature NMR studies between’25° and -60°C suggest

that there is a slow equilibrium between twd isomers of | .
Ln (HBPz,) ;™Ln = Er, Ho and Dy)._ One'of these isomers

has the BCTP structure of which Eb(HEPz3)3 is prototypical.
The equilibrium constants are also solvent dependent,

the second isomer being almost undetectable in THF- da

and toluene-d; at room temperature. ’
The chemical shifts and relative integrations of 7

these additional peaks are listed in Table 35. The

aimast constant ratio between the shifts in the different

spectra suggests that thegzamplgxes are isostructural

and that only the shifting characteristics of the lanthanide

AN
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inﬁ changes.

| The pattern of the resonances and relative integra-
tions of the seven lH and one 115 signa%s for Dy(HEP23)3
on initial inspection suggest that the species possesses
a rigid nine coordinate tricapped trigonal prismatic, )
TCS?; gecmet:yEBS’gl Such a structure would be axially
syﬁﬁetrﬁs with three equivalent capping pyrazolyl groups
and six equivalent pyrazolyl groups coordinating at the
apices of the prism and wgéld be in accord with the
spectral observations. There are however two principal
reasons for believing that the complex is almost certainly
not a nine coordinate species with c3h symmetry but an
eight coordinate complex which must then undergo rapid
intramodecular rearrangement to give the experimental
14 NMR speet:ai‘ First, the shifts calculated for the
axially symmetric TCTP structure do natifit the observed
isotropic shifts. The geameﬁrie factors, (Begszeﬁl)/r3,
are given in Table 35. They are calculated by assuming
that the appropriate average values of the tridentate
ligands in the Yb(ﬁBP;B)z BCTP structure would give a
reasonable approximation for an axially symmetric TCTP
arrangement.

Tﬁe values of D,, calculated from these geometric

factors and the observed isotropic shifts using eéﬁatiaﬁ

(8) are listed in Table 35. The value of D1 is not
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constant for all the protons as would be expected for the
axially symmetric TCTP structure. Second, although the
rectangular face of the BCTP of the Yb(HBFzB)B structure
may be described as being uncapped, one implication of
such a statement is that there is almost enough room to

accommodate the ninth coordinating ligand. This is not

the case, and use of molecular models and GETEPll plots
show that changing the configuration at the boron atom
of the bidentate ligand B(3) by switchingEH(B) and the
uncoordinated pyrazolyl ring in order to allow N(92) to
coordinate to the lanthanide ion results in a very
unfavourable nonbonded interaction between H(93) and
B(2). Therefore, on the glsis of the chErve§ isotropic
shifts and steric considerations the nine coordinate
TCTP must be rejected as a possible structure for the
second Ln (HBPz;) , species in solutiod. i

The second isomer is most Probably eight coordinate

"and is undergoing an intramolecular exchange process

which averages the pyrazolyl rings

three and six.
A possible structural model is shown in Figure 27.
The structure has bicapped trigonal prismatic geometry
and is designated BCTP(2), to distinguish it from the
Yb(HBP23)3 type structure which will henceforward be

called BCTP(l). Indeed, BCTP(2) is conceived from BCTP (1)



-
w
~N

FIGURE 27. BCTP(2) Structural Model for Second Isomer
of LanBPzala with Bicapped Trigonal Prismatic

Geometry.
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but differs from it in that the uncoordinated pPyrazolyl
group is now over the uncqppeﬂ rectangular face and is
rotated such that the plane of the ring is perpendicular
to the equatorial plane containing the metal and the

boron atoms. The exchange process in this structure
would involve the rotation of the free pyrazolyl ring
to coordinate to the lanthanide ccneamitant with the
rotation of the next pyrazolyl group away from the metal

to become the uncoordinated moiety. The process is shown -
in Scheme 2 and separately averages the six groups ﬁt the
apices of the prism and the three groups that lie in or
close to the equatorial plane.

Many authors, using lanthanide ions as structural
probes have suggested that the effective axial symmetries
cbsegved in their systems stem from just such rapid ligand
rotations and intra- or intefmolecular exchange processes.
Thus, taking this view very little difference would be
expected between the spectrum generated from the BCTP(2)
model and that arising from a rigid, axially symmetric, TCTP

structure. That the isotropiec shifts do not fit either

either the :tructurgl model chosen is incorrect or that
equation (8) is not applicable for this system. The model
geometry could indeed be wrong but the lack of an obvious

alternative structure suggests that the full equation, (7),
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for the isotropic shift complete with terms arising from thé
nonaxial symmetry of the instantaneous structure shown
in Figure 27 must be used.

" In applying equation (7) to the Problem the exchange
process'is assumed to be a simple three site exchange.
The observed isotropic shift of a particular resonance is
regarded as the average of the three isotropic shifts
expected in the frozen instantaneous structure (Figure 27).
The twenty-one unique 13 resonances expected for the
complex shown in Figure 27 are reduced to seven by the
exchange process. The geometric variables listed in

Table 36 are from the Yb(HBPz crystal structure data

33
except for the uncoordinated pyrazolyl group for which r,
6 and k are found by using molecular models. The values
of D,, D, and ¢ which are then obtained from a least-
squares fit apply to the instantaneous structure. “
As in the case of Ib(HEPzB)B spectra, resonance
assignment is not a trivial problem. Resonances arising
from the six exchanging apical (a) groups can be
distinguished from those due to the three equatorial (E)
- groups by peak integrals. The 3-H resonances can be
distinguished from the 4-H and 5-H by peak widths. The
3-H protons are close to the metal and consequently have
greater line widths. The linewidth of the BH resonance,

ungike the other resonances, decreases with decreasing

ik

HER PR
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temperature. This effect is caused by the quadrapolar
boron nuclei and thus the BH resonance can be differentiated
from the H3E resonance. The exchange process averages
the term cos2Q in equation (7) almost to zero. Thus, the
relative importance of the second term, Dz(sinze/rz)cﬁszni
is greatly diminished and H4A and HS5A can be assigned on
the basis of the signs of their respective geometric
factors (32@526-1)/r3. Unfortunately, the ambiguity in
the assignment of H4E and HSE cannot be resolved.

The least-squares program used far the analysis of
ﬁhe Yb(HBPzB)B system was modified to include the
averagiﬁg process. The results of the Dy and Ho data are
given in Table 37 and Table 38, respectively. Two
separate refinements were carried out for each. One using
five resonances H3A, H4A, HSA, BH and B and the other
using all the data. The agreement between observed and
calculated shifts is good for those nuclei that do not
have large differe;ces in the values of the geometric
2

factors (chs'esl)/r3 and sinze/r3 between the three

different sites in the instantaneous structure; r and @
are almost constant for H3A, H4A, H5A, and B in the three
sites, only k varies appreciably. The difference between

observed and calculated shift is large for the BH resonance

-

in the Dy case. At 13 ppm it is much larger than the 2

ppm effective variance in the calculated shift.
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As would be intuitively expected the averaging process
greatly diminishes the contribution to the isotropic
shift from the second term of equation (7), which involves
cos2(¢+k), as compared to its importance to the shifts :
of the BCTP(l) isomer. This contribution is negligible
for H3A and H4A, but significant. for H5A and the boron
nuclei. Referencg to Table 35 shows that these non-axial
ccntrib;tiéns are most probably the cause of the
apparently anomalous values of Dl, calculated using
eguation ﬁE), for H5A and B.

The improved agreement between calculated and observed
shifts when those protohs which are postulated to have
. greater changes in r, 6 and k during the exchange process
are removed from the fit may be due in large part to
refinement of three parameteré in a weighted least-squares
with only five observations.

The values of the magnetic parameters and R factors
from the least-squares fits of the Dy and Ho data are
given in Table 39. Implicit in the BCTP(2) model is the
assumption that the coordination polyhedron for the

econd isomer is essentially the same as that found in

the BCTP (1) isomer. The values of the two sets of magnetic
parameters for the two isomers should therefore be
comparable in sign and magnitude and the values of the /

orienting angle ¢ should be almost the same. This is
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Table 39. Magnetic Parameters and Ew Pactors from Least

Squares Fit BCTP(2) model Ln(HEP33)3 Ln = Ho, Dy.
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found to be the case when Table 39 is compared with

~Table 28.

The agreement between observed and calculated shifts
for H4E, HSE and BH resonances is‘noE good. The free
pyrazolyl group is in a rather sterically congested
position which from molecular models appears to be much
less energetically favourable than the position which
it adopts in the BCTP(l) isomer (see Figure 8). Addition-
ally, the mechanism of the slow equilibrium between the
two isomers which are postulated to differ only in the
configuration at the boron atom of the bidentate ligand
would require the breaking and making of metal nitrogen
bonds and would involve a seven coordinate intermediate.

For the reasons above it seemed reasonable to postulate
an alternativ% structure for the second isomer which
would be basedion a different coordination polyhedron.

The choice of another polyhedron rests between the DOD
and SAP. Of the two, the DOD is the more unlikgly. In
th{p geometry at least one ligand would have to bridge

a b edge (see Figure 4) which in the idealised polyhedral
shape has a length 1.25 times longer than the other

edges and consequently would support witg more difficulty

"the rigid chelating "tripod” HBPz3' ligand than a geometry

based on the SAP.
A structure with SAP geometry is shown in Scheme 3.

The requirements of the ligand preclude the spanning of
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FOOTNOTE for Scheme 3:

a) Pyrazolyl positions after the l1lst, II, and 2nd steps,

III, of the Learrangement in the Ln(HEP23)3 SAP isomer.

3

The pyrazolyl groups are numbered 1 through 9.

I and III have been redrawn to facilitate

0
il

Structures
the identification of the exchanging groups. 1II was
rotated anticlockwise by 45° about the ‘SE“ axis of

the SAP, followed by 180° flip about an axis along

the 4-6 vector. 1IIa is the mirror image of II. III was

rotated 90° anticlockwise about the ‘Sgi axis.



the diagonals of the square faces and results in only
one possible isomer (ts, fis, ).
Scheme 3 also describes the intramolecular rearrange-

ment process that the complex must undergo to be consistent

with the observed 13 NMR spectrum. The free uncoordinated
pyrazolyl groups attacks the backside of a ﬁridentate
ligand with the concomitant release of the coordinated
pyfa;clyl group of that ligand, across from the site of
attack. Of importance is that in the exchange pféﬁéﬁg .
only the schematic PYrazolyl groups 1, 2 and 3 ma{ be or
become uncoordinated and exchange amongst themsel#es in
a closed set. They produce three resonances H3E, H4E
and HS5E. The remaining six pyrazolyl gféupg equivalent
to the A set in the discarded BCTP(2) and TCTP models are
similarly averaged only amongst themselveg. The complex
is asymmetric and each step shown in Scheme 3 takes the
complex into its enantiomer. The exchange vectors are
also shown in Scheme Biand demonstrate, as would be
intuitively expected, that the E set are permuted in
"three steps while the A set require six steps to be
canp;;teiy averaged.

The advantage of regarding the second isomer as _
having SAP rather than BCTP(2) coordination geometry
becomes evident in Scheme 4 which shows a possible

route between the BCTP(l) isomer and the SAP isomer.

=t

wn
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This involves rotation of the ligands about the boron -

lanthanide vectors. The r tations are "disrotatory”

o

Iy

between ligands at faces of the trigonal prism that are
capped while the uncapped face has a "conrotatory”®” motion
which cannot occur at the capped faces because of the
orientation of the Pyrazolyl rings.

An alternative view of the EETP—SAPEisamerizatign
is shown in Scheme»5. This is the classical deformation
mode that interconverts the SAP, BCTP and DOD. The t:ail

from the BCTP(1) (h hipipi' hl) isomer (using the

1P1Py -
nomenclature of Porai-Koshits and Aslanov, the tridentate
ligands span the faces with‘edges hlglpl and:thzpz) goes
by way of QOD (mgb, 499, g) isomer which is reached by
reforming the diagonal of the uncapped face as a b edde.
From here the SAP caﬁ be then formed directly by the
stretching and deforming of the b edges of the DOD and
their eventual disappearance as edges.

Scheme 5 alsoc shows the other possible isomers with
different ligand wrapping patterns. The interconversion
pathways are?by means of the b edge'i square face diagonal
interchange. Th; accessible isomers are shown merely
for completeness. Although the interconversion of BCTP (1)
and SAP (tts, tts, t) could go via another route involving
the BCTP (tgpngf hlplpli t,) isomer, the liéand wrapping
pattern in BCTP(l) requires that the Pathway ifivolve the

(=

W]
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intermediacy of the DOD (mgb, agg, g) ¥somer from which
there is a direct route to the SAP,

The aspect of the proposed pathway between the SAP
and BCTP(1l) isomers of Ln(HEP:B)3 that makes it
particularly attractive is‘Ehat it does not require

metal ligand bond breaking but rather a concerted deforma-

tion along the well known BCTP-DOD-SAP route.

I§E§§vedfSt;qgtg:;liﬂgdeling of the Second Isomer --

Solid State Structure of Dy (HBPz 3132

For the SAP isomer detailed solid state structural
information would seem to be a prerequiﬁite for a

uccessful fit of calculated shifts, as was found in the

ase of the BCTP(l) isomer; especially so in view of the
dramatic reduction by the averaging process in the number
of observed resonances.

The appearance of a second isomer in the NMR spectra
of the hglmium and dysprosium camplexesrcan be correlated
with the results described in Chapter 11 where the two
complexes exhibit slightly different physical properties
than those of the heavier lanthanide derivatives. 1If
this view is indeed EDIIEEESZHd the complementary results
are not merely gainngiitll. then there is the definite
implication that the terbium and dysprosium complexes

have the square antiprismatic stsucture in the solid state.

l‘gi
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Speculation on this subject will remain academic
until a single crystal X-ray structure determination of

the dysprosium complex

-

8 made. The infrafeﬁ spectra

in Chapter II show that unlike the holmium complex,
Dy(HEP33)3 precipitates from Cﬂgélz with Tb(HEP:Z)thype
structure. Slow crystallization from organic solvents
could therefore provide suitable crystals for a structural
determination. The X-ray ;tructure information could

then possibly provide a model for the frozen instantaneous

structure in the exchange process.

Variable Temperature NMR Studies .

A typical variable temperature study with HQ(HEP:B)3
is shown in Figu:é 28. On lowering the temperature of
the NMR probe the relative proportjon of the SAP isomer

(H4A) to BCTP(l) isomer (H(95)) increases. The relative

* -
using peak integrations of these and other appropriate

concentrations of the two isomers are easily extracted

resonances.
The so obtained average values of the equilibrium
constant, K, for the slow isomerization

[

SAP =—/————=> BCTP(1)

at temperatures between 25°C and -60°C are tablulated in

Table 40.
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IGURE 28.
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Variable Temperature 200 MHz
HQ(HBPSS)BE

1
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151.



Table 40. Equilibrium Constants For Isomerisation of

253
233
223

213

8.94(33)
6.08(32)
4.17(17)

1.52(12)
0.78(5)
0.59(8)

0.54(7)

1n CDZCIE solution.

L

[ N
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Plots of LnK vs 1/T are shown in Figure 29 and give
values of AH°= 12.4 + 0.7 kJ mole ! and AS°= 60 ¢+ 3 J K§1,
and AH°= 13.3 : 0.6 kJ mole % ;nd 4s°= 56 + 2 g k-1 for
the holmium and dysprosium complexes, respectively. AH®
for the isomerization is small and this is consistent
with the small differences in energy calculated for the
various coordination geometrie"s.‘m-43 The values of AS®
are large and this may appear a little surprising as the
isomerization is unimolecular.

A possible explanation involves consideration of the
. positions of the free pyrazolyl group in the two complexes.
It is difficult to estimate exactly where this uncoordinated
group would lie in the SAP isomer. However, molecular
models indicate that it may approach closer to the metal
than in BCTP(1l) case and fit more closely into the sphere
roughly defined by the three boron atoms. This view
receives support from the rapid intramolecular ligand
exchange which the SAP isomer undergoes. In the BCTP (1)
isomer the free pyrazolyl group juts out quite sharply
from the complex (see Figure 8) and the consequent
disruption of the solvent sheath around the complex would
result in a higher entropy state for this complex in
solution than for the SAP isomer.

The importance of solvent effects is also evident

from the solvent dependent behaviour of the equilibrium
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Plot of 1nK vs. 1/T for the Isomerisation of

HQ(HBP23)3 and Dy(HBPzB)B.



constant. The SAP isomer is very nearly undetectable

at room temperature in toluene or THF. It may be that

the projecting free pyrazolyl group of the BCTP(1)

isomer may have more energetically favourable interactions.
with these solvents resulting in the observed shift of

the equilibrium.

In taluene—as at 80°C the SAP isomer is undetectable
in the NMR spectrum. - The resonances arising from the
BCTP (1) isomer are much broader at this temperature than
at 25°C. This broadening is not due to the presence of
the lanthanide ion as #he rapid paramagnetic electron
relaxation should become even faster at higher tempera-
tures thus decreasing the efficiency of the nuclear
relaxation mechanism and giving 'a sharper NMR signal.
Therefore, the broadening observed at elevated temperature
could possibly be attributed to the collapse of the
spectrum as the interconversion of the SAP and BCTP (1)
isomers becomes more rapid.

Reference to Figufe 28 shows that whereas from 0°C
to '=60°C the éelative amount of the SAP isomer increases,
below -60°C the trend appears to be reversed. It seems
unlikely that the equilibrium constant should decrease
down to -60°C and éheg below -60°C start to increase.

No precipitation of solid wéf observed in the NMR samples
at -80°C. The apparent reversal of the trend below -60°C

therefore may be due to incipient collapse of the spectrum

i
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caused by the slowing down of the intramalecﬁla: rearrange-
me%t process shown in Scheme 3. Similar behaviour was found
for the dysprosium complex below -60°C. Line shape analysis
at temperatures below -80°C was not attempted. Even if the
postulated rearrangement process is correct the results of
the previous section show that the fit of calculated to
observed shifts of the SAP isomer leaves %uch to bBe desired.

We therefore have only a vague idea of the chemical shifts

for the three (perhaps six in the case of the A type

protons) sites in the frozen instantaneous structure.

The extreme temperature dependence of the shifts also

compounds the prcblem; The shifts do not all have the

same temperature dependence and do not exhibit either a

simple 77! or 772 dependence. For these reasons line °
shape analysis of the spectrum of the SAP isomer at
temperatures below -60°C does not seem to be a particularly
fruitful area of investigation at ﬁresenti However, if

the observed shifts can be modeled successfully, using

more detailed information about the solid state structure
of Dy(HBEzB)E, and the exact nature of the temperature
dependence of the shifts is known it may be possible to
obtain kinetic parameters for the intramolecular rearrange-

ment process as well.



Conclusion

The importance of the non-axial term in equation (7)
is seen in the_FHR spectra of the Ln(HBP23)3 complexes.
This is expected for the BCTP(l) isomer which is rigid
and possesses only CS point éymmetry, However, in the
case of the non rigid SAP isomer the ligand exchange
process does not result in effective magneti¢ axial
symmetry.

The iﬂtramcie:ular exchange process is quite specific,
the pyrazolyl groups are not permuted as a complete set
of nine and the evidence, although far from conclusive,
indicates a three (perhaps six) site exchange process.

The "large ensemble of rapidly interconverting geometrical

isomers" model described by‘Hcrrcckslou or the

Hy

ree
rotation model of Briggs et giigg would therefore both
appear to be inapplicable here.

Our simple model of a three site exchange meets with
some success but obviously lacks the detailed information
necessary for a full accounting of the observed®isotropic
shifts. The analysis of the observed shifts clearly

demonstrates that although the number and pattern of

]
(4]

resonances on cursory inspection suggests effective axial
symmetry (the normalised shifts for the two complexes

shown in Table 35 are virtually the same) the lanthanide

induced shifts still retain significant non-axial character.



Observations of constant shift ratios are frequently

invoked as evidence indicatingrthat the system can be
treated as though it possessed axial symmetry. As a
converse to this argument observation of variation in
shift ratios is often attributed to the presence of

contact shifts or structural changes within the series

r
i
Q
o
[+ ]

of complexes. The possibility of non-axial contribut
to the pseudoc&ntact shifts being responsible for the
variation is only rarely considered.

In conclusion we itemise the two salient features
of the QQXHBP33)3 complexes which are particularly
relevant to the use of lanthanide ions as structural
Probes.

1) lﬂ contact shifts can be satisfactorily ignored

for complexe£ of the lanthanide ions Dy to Ybi',

The large magnetic anisotropies for L53+ heavier

3+

than Tb™ " cause the pseudocontact shifts to be

dominant.

2) A ligand exchange process, intra- or intermolecular,
does not a priori average out non-axial contributions
to the p;eudocontact shifts to zero. Non-axial
contributions may become significant especially if
the number of geometrical isomers or the number of

' .

nonequivaiént sites amongst which the ligands gxchgnge!

is small.
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Thus conclusions regarding the geametry of substrate

molecules or the magnitude of eontact contribution to the .

isotropic shift reached on the basis of effective axial
symmetry due to molecular rearrangement must be viewed

with caution.
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' CHAPTER V N\ .
EXPERIMENTAL PROCEDURES

General "

Solvents were purified according to standard
praeeduzes_lBS Lanthanide chloride hydrates were obtained
from the American Potash and Chemical Corporation, and

Research Chemicals.

Synthesis g%ﬁ;n(HBPszB
was synthesized by the method described by

3
TréfimEﬂkailZD The complexes Ln = Dy, Ho, Er, T™m, Yb,

KHBPz

Lu were prepared by the same general procedure which is
outlined be;Fw for Hé(EEPzB)B_

HOCl,-6H,0 (1.50 g, 3.95 mmol) was dissolved in
H,0 (15 mL) and filtered, to remove a small amount of

undissolved material, into a solution of KHBP:B (3.00 g,

11.90 mmol) in water (30 mL). A pale pink preéipitate
formed immediately. The slurry was stirred for 5 minutes
and tzén filtered. The pale pink solid was washed with
two 15 mL portions of ;ater and two 10 mL portions of
ethanol and dried overnight und:} vaccum, yield 2.39 g,
75%.

The syntheses are effectively quantitative, however,

some product is lost with the ethanol washings. Analtyical

160
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samples were obtained by recrystallization from
Eszclthexgnei The latter procedure was carried out
under a dry nitrogen atmosphere using dry solvents.

The terbium complex was prepared by a similar

organic solvents precluded purification by recrystalliza-
tien.

The samples for C, H and N analyses were combusted
with W,0; because of the boron content of the samples.
The analyses were carried out in the microanalytical
laboratory of this department. Table 41 contains the
analytical data for the complexes. The analysis reported
for the terbium complex is éhgt of the crude p:gdﬁct;
Attempted purification of this compound by soxhlet
extraction ¥ith CH,Cl, under a dry nitrogen atmosphere
was unsuccessful.

Infrared Spectra ,gbx%gs

L]

Infrared spectra were recorded on a Nicolet MXx-1
Fourier transform spectrometer. Solid samples were
recorded as mineral o0il mulls betwgeni:Bf Plates. Solution

spectra were recorded in 0.5 mm SQC;’ ells.

- X-ray Powder Diffraction

The powder diffraction patterns were recorded on a

Phillips XRD diffractometer using CEKE radiation
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(A = 1.5418 A). The samples were backpacked. -

NMR Spectra

CDEC12 was dried over PEGS’ THF!dE and tgluene!da

were distilled from potassium. All deuterated solvents

were stored under nitrogen over Linde 4A molecular sieves.

All spectra were recorded with a Bruker WH-200

spectrometer. Deuterated solvents and 5 mm sample tubes

were used for the 200 MHz 1E spectra. The l3c 50.33 MHz
and 1

-

B 64.23 MHz spectra were reggrded using a multi-
nuclear probe and a 20 mm sample tube fitted with a
vortex plug. The solvent was CH2§12 with 10% CD2C175
The volume of the sample was typieaily 12 mL. Sample
concentrations were -0.08 M for the Lu, Yb and Tﬁz
complexes. The reduced solubility of the Ho and Dy
complexes necessitated the use of almost saturated
solutions.

Chemical shifts for the 1H and ch spectra were
measured with respect to intgrngl stgnﬂgfds: CﬁDCIE.
7§5i32 ppm, and CHZClz, 653.8.ppm, respectively. The
llE shifts were measured relative to external BFB‘DE\‘;2
and were corrected fS¢ bulk magnetic susceptibility
effget:_ The chemical shifts in this work are reported
with respect to TMS or BF_OEt downfield shifts positive.

3 2’
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CHAPTER VI )

——

CRYSTAL AND MOLECULAR STRUCTURES OF _ »
Fe (CO) 4 (PPh,) (DIETHYLFUMARATE) AND

Fe(CO)3(PPh3)(DIETHYLHALEATE).

Introduction

The elucidation of the coordination geometry of five
coordinate transition metal complexes and the distribution
of ligands on the coordination sphere has formed the

136,137

basis of several theoretical studies and a multi-

tude of physical, mainly X-ray diffraction,

138

investigations. It is now well established that for

d8

metal complexes containing hominally monodentate
ligands the geometry is based overwhelmingly on the
trigonal bipyramid.

In a very broad treatment Hoffmann and RassilBE
have established the electronic site preference of ligands
and their influence on the metal-ligand bond distances
in five coordinate molecules. However, these authors
readily recognized that the geometry of metal complexes
are not only influenced by electronic factors but by
steric effects as well.

In another study in these lgb@ratarieslgg a series

of complexes of the type Fe(CQ)3(PR3)(clefiﬁ) (PR3 -

PPh3; PMe,Ph, P(OMe),; olefin = diethylfumarate and

164



diethylmaleate) were érepgred and characterized by

pectroscopic techniques. Since the compounds contain

significantly different ligands, their structures could
in principle shed light on the relative importance of
steric and electronic factors in determining the

positioning of ligands on pentacoordinate, trigonal

=

bipyramidal molecules. -Fufﬁhermare, infrared spéctrag
3

copy seemed to indicate that the fumarate and maleate

complexes belonged to different isomeric classes and this
gave added impetus to determine the solid state structure
of a member of each class.

This chapter reports the single crystal X-ray
structure determination of FE(ED)B(PPhj)(iiathylfumarate)

and FE(EQ)B(PPhB)(diethylmaléate)g

Experimental

Diethylfumarate and (diethylmaleate) (triphenylphos~
phine) tricarbonyliron, (FE(CD)B(PPEB)(fum)!ané
Fe(CD)é(EPhB)(mal), were pPrepared by prolonged photolysis
of Fe(cc)i(PPhB) in the presence of excess olefin.
Chromatography on alumina followed by crystallization
from CHZClzfpentgne affords the pure complexes as yellow
crystals suitable for iingijicryitil X-ray diffraction

139

studies.” " .



Data Collection®?

A crystal of the diethylfumarate complex was mounted
in a thin-walled glass capillary. Preliminary Weissenberg
‘and precession photographs revealed systematic absences
of hkt, h + k = 2n + 1, and hOt, £ = 2n + 1, consistent
with space groups C2/c or Cc. The centrosymmetric space
group was chosen and later verified by the successful

refinement of the structure.

A crystal of the diethylmaleate complex was similarly -

mounted in a glass capillary. Preliminary photographs
showed no systematic absences. A cell reduction failed

to show the presence of higher symmetry. The centro-

symmetric space group Pl was chosen and later verified
by successful refinement of the structure.

‘ Data collection for the two title compounds was
carried out by the same general procedures described in
Chapter III for the iIl:v(}IEP'zS)B crystal structure. A
summary of the crystal data and other details of the

data collection are given in Table 42. i

Solution and Refinement of the St;uctureg?ﬁ

The structures of the fumarate and maleate complexes

were solved by the same general procedure which is

described below.

166.
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The'position of the iron atom was found from a
three-dimensional Pattersoﬁ synthesis. The remaining
non-hydrogen atoms were located by successive difference
Fourier, least-squares cycles. Atomic scattering factors
were taken ‘from Cromer and Waber's tabulaticms52 for all
atoms except hydrogen for which the values of Stewart

+

et gl.e3 were used. Anemalous dispersion terms were -

64  2he carbon atoms of the )

included for the iron atom.
phenyl rings of the phosphine ligand were refined as
rigid bodies under_D6h symmetry with C-C distances of
1.392 i and individually assigned isotropic temgeraturé
factors. All other non-hydrogen atoms were refined with
anisotropic thermal parameters. The olefinic hydrogen
atoms were located from a difference Fou;ier map and

were refined isotropically. The remaining hydrogen atoms,
with the exception of the methyl hydrogens, were included
at their idealizeéipositions calculated by a local
positioning program and a C-H distance of 0;95 A. These
atoms were assigned thermal parameters 1 ;2 greater than
the atom to which they were attached, but were not
refined. The final models converged to R = 0.056 and

Rw = 0.073 for the fumarate complex and R = 0.053 and

Rw = 0.064 for the maleate complex. The final difference

7/
Fourier maps showed the highest 20 residual peaks (0.54-

0.32 0/33) to be close to the phenyl“ing: of the
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triphenylphgsphine and the methyl groups of the olefinic
ligands.

The final positional and thermal parameters of the
refined nongroup atoms for the fumarate and maleate
compiexes are given in Tables 43 and 44, spectively.

. The positional QSd thermal parameters of the rigid phenyl
groups and the remaining hydrogen atoms and a listing
of the observed and~éalculated structure amélituées Aare

contained in Appendix 4.

Description of the Structures

The crystal packing diagrams for the two structures

are shown in Figure 30 and Figure 31. The crystal
R )
structures of Fe(co)B(PPhB)(fum) and FE(CD)B(PPhB)(mal)

consist of discrete moleculAr units with no unusual inter—_

molecular contacts. The molecular structures of the two
complexes are shown in Figure 32 and Figure 33 and are
based on the 'expected trigonal bipyramidal coordination
geometry about the central iron atom. 1In both compounds
the olefin is coordinated in an Equatcrlal position and
1s tilted such that the carbon-carbon dcuble bcnd makes

an angle of 7.19,and 6.0°, for the maleate and fumarate
respectlvely, w::h the plane formed by the remaining

equatorial llgands and the iron atom. §Similar tilting
o; the olefi:ic ligand is commonly found in structures

(%)
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FIGURE 32.
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~complexes aré listed in Tables 45 and 46.

—_——— k. .

\

of metal olefin complexes (for references sees Table 49).
. -
The most interesting feature of the two molecular
structurés is the site occupied by the triphenyl phosphiné

ligand. The maleate complex has the phosphine in an .

axial position while in the fumarate complex it is
coordinated n an equatorial site. —
The bond lengths and interbond angles for the two

e

Site Preference in Fe(cgﬁéggg)Jple§}n) Complexes »

3

. .Primarily on thé basis of symmetry and @Gé:l&p
argument s\, Rossi and HaffménnlBE have shown that for a8
trigohél bipyramidal ﬁransitiﬂn metal complexes the
stronger o-donor ligand would p:efe;entially occupy an
axial si;; while the étréﬁger m-acceptor Iiéand would
be found in aﬁ\equtorial positior. These conclusiohs
h;ve received améle‘qxperimentél verification mainly from
x;raf crystallographic studies on numerous five coordindte

molecules. Thus, in Fe(CG)4L complexes where L is a

» s
stronger o-donor and weaker T=acceptor than CO,. such as
PPh3,140 pyridine141 or CN_ 142'axigl coordination of L

, { . .
is observed. ) : ' “~

i1

The relative o-donor .and T-acceptor strength of an

olefin with respect to CO clearly depends on the type

‘'of olefin under investigation. Nevertheless, structural

/
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Table 45. Bond Lengths and Bond Angles in Fe(GD)B(PP§3Nfum)

. \ -]
*" ,i) ‘Bond Lengths (A)

Fe-P
Fe-C(1)
Pe+C(2)
Fe-C(3)
C(4)-C(5)
Fe-C(4)
C(4)-C(41)
C(4)-H(4)
c(41)-0(41)
C(41-0(42)
0{42)-C(42)
C(42)-C(43)
P-C(11)
P—C(Zl)i,

ii) Bond Angles (degq)

2.274(1)
1.766(5)
1.800(5)
1.805(5)
.423(6)
. 088 (4)
.467(6)
.90(4)
.201(5)
.345(6)
.462(6)
.486(9)
.841¢2)
.838(2)

Lol S ol o S S TGP

P-Fe-C(1) -
P-Fe-C(2)
P-Fe-C(3)
P-Fe-C(4)
P-Fe-C(5)
C(1l')-Fe-C(2)

~ C(l)-Fe-C(3)

C(l)-Fe-C(4)
C(l)-Fe-C(5)
Fe-(C(4)-C(5)

Fe-C(4)-C(41)

Fe-C(4)-H(4)

C(5)-C(4)-C(41)
C(5)-C(4)=~H(4)
C(41)-C(4)-H(4)
C(4)-C(41)-0(41)
C(4)-C(41)-0(42)
0(41)-C(41)-0(42)
C(41)-0(42)-C(42)
0(42)~C(42)-C(43)
C(11)-P-C(21)
C(110-P-C(31)
C(21)-P-C(31)

110.0()
87.6(2)
90.8(2)

106.2(1)

146.0(1)
90.4(2)
88.0(2)

143.7(2)

- 103.9(2)

69.3(2)
116.4(3)
118(3)
118.7(4)

118(2)

111 (2)
126.6(5)

- 111.1(4)

122.4(5)
115.9(4)
106.8(5)
102.1(1)
102.2(1)
104.6(1)

C(1l)-0(1)

C(2)-0(2)
C(3)-0(3)

Fe-C(5)"

C(5)-C(51)

C(S)-H(Sé
1)

C(51)-0¢(
.C(51)-0(52)

0(52)-C(52)
C(52)-C(53)
P-C(31)

C(2)-Fe-C(3) .,

C(2)-Fe-C(4)
C(2)-Fe~-C(5)
C(3)-Fe-C(4)
C(3)-Fe-C(5)
C(4)-Fe-C(5)
Fe-C(1l)-0(1)
Fe-C(2)-0(2)
Fe-C(3)-0(3)
Fe-C(5)-C(4)

Fe-C(5)-C(51)

Fe-C(5)=H(5)

C(4)-C(5)-C(51)
C(4)-C(5)-H(5)
C(51)-C(5)-H(5)
C(5)-C(51)-0(51)
C(5)-C(51)-0(52)
0(51)-C(51)-0(52)
C(51)-0(52)-C(52)
0(52)-C(52)-C(53)

Fe~-P-C(11)
Fe-P-C(21)
Fe-P-C(31) "

1.141(6)
1.137(6)
1.140(6)

2.069(5)
1.462(7)
0.92(4)
1.202(5)
1.343(5)
1.452(6)
1.504(8)
1.838(3) -

177.2(2)
89.4(2)
94.7(2)
93.2(2) /7).
87.8(2),
40.0(2)

176.4(5)

177.0(5)

174.7(5)
70.7(3)

113.8(3)

114(3)

120.7(4)

118(2)

112(2)

126.9(4)

109.8(4) .

123.3(4)

117.7 (4)

109.4(5)

-116.5(10)

115.0(10)
114.7(12)

4
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Bond Lengths and Bond Angleskig FE(QD)B(PPhBngl) -

i) Bond Lengths

(A)

Fe-P
»Fe-C (1)
Fe-C(2)
Fe-C(3)
C(4)=-C(5)
Fe-C(4) f;
C(4)-C(41)
C(4)-H(4)
C(41)-0(41)
C(41)-0(42)
0(42)-C(42)
C(42)-C(43)
P-C(11)
P-C(21)

ii) Bond Angles (deg)

/

P S e e O B e e s

-286(1)
1.783(6)
-788(6)
- 796 (6)

=

077 (5)

-479(7)
-92(5)

.214(6)
-340(6)
-462(7)
-493(11)
-842(3)
-826(3)

P=-Fe-C (1)
P-Fe-C(2)
P-Fe=C(3)
,P~Fe-C(4) '
P-Fe=C(5)
C(l)-Fe-C(2)-
C(l)-Fe-C(3)
C(l)-Fe-C(4)
C(l)-Fe-C(5)
Fe-C(4)-C(5)
Fe-C(4)-C(41)

87.8(2)
91.9(2)
172.2(2)
88.2(1)
94.7(2)
109.6(3)
84.5(2)
114.9(2)
154.5(2)
69.2(3)
114.2(4)

.415(8) °

Ca

E

C(1)-0(1)
C(2)-C(2)
C(3)-0(3)

Fe-C(5)

C(5)-C(51)
C(5)-H(5) -«
C(51)-0(51)
C(51)-0(52)
Q(52)-c(52)
Ct52)-C(53)
P-C(31)

lﬁ§§

C(2)-Fe-C(3)
C(2)-Fe-C(4)~
C(2)-Fe=-C(5) *

- C(3)-Fe-C(4)

C(3)-Fe-C(5)
C(4)~-Fe-C (5)

‘Fe=-C(1)-0(1)

Fe-C(2)-0(2)
Fe-C(3)-0(3)
Fe-C(5)~C(4)
Fe-C(5)~C(51)

-1 1.157(¢6)

1.139(6)
1.134(6)
2. 056 (5)
1.490(7)
0.83(6)
1.194(7)
1.318(7)
1.498(8)
1.380(11)
1.846(3)
. Y

i

91.7(3)
135.4(2)
95.7(2)
94.1(2)
91.7(2)
40.0(2),
175.3(5)"
177.9(5)
172.5(5)
70.8(3)
119.4(4)

/

Fe-C(4)-H(4) + . . 110(4) Fe-C(5)~H(5) 119(4)
C(5)-C(4)-C(41) - ' 123.7(s) C(4)-C(5)-C(51) 124.1(5)
C(5)-C(4)H(4) . ' -115(4) C(4)-C(5)-H(5) 113 (4)
C(41)-c(4)-H(4) 114 (4) C(51)-C(5)=H(5) 108 (4)
C(4)-C¢41)-0(41) 125.2(5)  c(5)-c(51)-0(51) 128.3(6),
C(4)-C(41)-0(42) 110.6(4)  C(5)-C(51)-0(52)  110.0(6)
0(41)~C(41)~0(42) 124,1(5)  0(51)-c(51)-0(52) 121.7(6)
C(41)=-0(42)-C(42) 117.4(5)  C(51)-0(52)-C(52) 118.1(6)
0(42)~-C(42)-C(43) 112.3(6) 0(52)-c(52)-C(53) 110.5(8)
C(11)-p~-C(21) 103.3(2) Fe-P-C(11) 115.9(11)
"C(11)-P-C(31) 103.3(2) Fe-P-C(21) 113.9(15)
C(21)=~-P=C(31) 103.9(2) Fe-P-C(31) 115.1(11)
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studles on Fe(CO)‘(OIEfln) type complexes have lnvarlably \H‘sasJ

found the olefxnxc ligand to occupy an equatorial Bite
, Vlth the carbon-carbon doulbe bond approximately in the
equator1a1 plane (fqr references see Table 49). h;s m

" of coordlnatxon for an olefin is that found for all

pentacoordinate d8~transitien metal complexes and has
been prédicted also by Hoffmann et ay.l36,143

137

agd Vei .

‘et al. for olefins and other "single-faced" n-accer -

ligands. he ostensible reason for such 1li igand arrar -

ment is that it provides for optimum- n back-bonding
L}

interactions.

The electronically preferreé arrangement of_ 1i§andg

would therefore be axial phosphine, equatefial olefin,

This disposition of llgands has been faund for
v
144 '

Fe(CO)g}PPh3)(qcry) (acry = methylacrylate) a;d it . S
is that’observed for Fe(co)3PPh3(mal)_ However, the

equatoriaf coordination of the phosphine in the fumarate
complex ig surprising.

The anomaly can be satisfactorily fatienali;ed if .
the importance of steric effects upon eeérdiﬁatien\
geometry and the arrangement of the ligands are also
recognised and taken into con31derat1enﬁ The olefjin
belng a sxngle-faced m-acceptor ligand is eeoréiﬁeted

equatorlally with its double bond lying rcughly in the
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. -
~equatoriai pPlane. If the Phosphine ligand were now to
‘be coordigated in either axial site the trans arrangement
of the substituents in the diethyl fumarate l;gand'would
give rise to severe unfavourable steric interactions witn
the bulky phosphine. - To_avoid this situapion the |
phos!line prefers to Occupy an equatorial position.
Cleanly. in this inetance, steric effects domlnate the

electronic site preference in determining the flnal

+ ligand arrangement in the molecule.*tIt should be noted

Ld

-

that in both the acrylate ana maleate complexes the
olefin substituents are Qirected towards the other side

of the molecule away from the trlphenyl pPhosphine ligand-

[

-

as to mlnlmlze steric repulsions in the compounds.

‘ \ ’
Bond Distances in the Fe(CO)3(PPh3) Molecular Fragment

- In addatlon to the site preference of ligands, .
Rossi and Hoffmann136 have also evaluated the relative

_ Strength of the axial and eqpatqiial bonds in tﬁlgonal- ¥
bipyfa?idal complexes. The1r conclusxons concerning d8
metafitompounds can be summarized as follows: - metal-
ligand o-bonding results in stronger axial bonds-
m-donation will weaken the metal-ligand bonds but greater
weakening of the equatorial bonds is anticipated on the
other handq, T-acceptor 1igands strength.n tho metal~ligand

bondlng and do so more when the ligand OCcupies an equatorial

T

o



gite. As.expectéd the conclusions*-parallel the site

preference arguments. Kl‘:i o

In cfgancmetéllic complexes éﬁe:e the .ligands éfé
both ¢v-donors and n-accepters, the opposing natu%é of
c and 7 effects on bénding indicate that the Gbgerve§ ’
distances are dbftermined by the ieistiva o and ¥ bonding-
capabilities of the ligands. Not surprisingly the 7
relative iengths of axial and equatorial Fe-CO bonds in
EE(CQ)S and i;s derivative have generated considerable,
if flot always harmonicus, debate,

Eh; metal-carbonyl bond lengths for several trigcﬁal_ v
bipyramidal iron earEﬂﬂyl :amplexesiare given’in 2§bié 47. i
In.Fe(CG)S the axial metal-carbonyl bond is shorter

than the equatorial one, this would be consistent with the

o effect being dominant. Replacement of an axial CO

»
with a better o.donor and weaker m-acceptor ligand such as
pyriéing,ul py:aziﬁeul or N~ 142 shortens both axial angd
- . - N -

equatorial bonds, as expected from the greater (amount of

back bonding to the carbonyl ligands in these campfexes —

ngever, this trend is not universally cbserqid since in T
2 147 Pth HD) the equatorial bonds
7

gppear ta exhibit greater contraction. = Preferential

Fe (CO), L (L- = PHPh

back bonding to the equatorial carbonyl moieties, vide
Supra, was invoked to account for the observed diitaneé;.

I,'Ee(ca)4(olef1ﬁ) complexes the metal-carbonyl dx:tances

&
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Table 47.

a

Trigonal Bipyramidal

ron Carbonyl Complexes

1s4.

”~
Cempound ! FE_CS;in» FEQCEQu;t@:ial Reference
. T - - ' — ‘7 - - )
Fe (CO) 5 ¥-ray ¢ é 82 (2) 145
Electron . - — Y ae ,
Gife. 1.806(3) ~  1.833(2) 146 )
] - . S e
- [Fe(co)  (cn)) 1.723(8) 1.768 68) R 12 |
Fe(CO), (py) 1.772(7) 1.805(8) 141 y
Fe (CO) , (pyr) 1.774(4) 1.810(4) 141
Me (CO) [ (PHPh,)  1.792(8) 1.793(9) . 147 '
B —— sy P .
. F&(C0) ( (PPR,) 1.795(2) 1.795(4) vy
[Fe(éb)#]zfc 1.805(7) 1,782(8) 148
= = !‘ ,
Fe(Co), (¢, 1.812'(3) 1.793(1g0 149
(Pe(CO),1,(dpf)  1.816(6) '1.783(6) 130
Fe (CO) , (C,F 1.823(10) 1.846(10) 151
Fe (CO)'y (PPh,) - ' .
. {.784(2) 1.781(2) | 144
(acry)
Fe(CO) 3 (PPh,) (mal) 1.796(6) 1.786(6) this work
Fe (CO) 5 (PPh,) (fum) 1.803(5) . 1.766(5) this wéfk;;‘f
»
)
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reflect the relative’ n-acldlty of the olef1n1c l}gands.
Since the olefin occuples an equatorjal ﬁosltlon it is

$the equatorlal metal-carbony#kdlstances whith are not

affected by olefin substltutlon. ‘In general, olefinic ~+ -

] 4
'ligends‘are weaker m-acids than carbon monoxide and it

the equatorial carbonyls which are more tigntlﬁ bonded to
) . e . 4 .

- iron (cf. structures of'Fe(CO)‘ 1l,5-cyclooctadiene,

Cale.lfB acenaphthylene, C12 8.149'and diphenwylfulvene,
dp ); only with the very strong w-acceptor,'tetra— ‘
fluoroethylene, does the converse Appear to be true.

In dlscu551ng the metaflcarbonyl bond dlstanees in
Fe(CO)3(PPh )(olefln) complexes, the dlstrlbutlon of’
llgands must also be,con51oered. Ligand arrangement in
the acrylate and maleate coMplexes is consistent with
the electronic site preference arguments and as a result
the molecules cag be %on81dexed to be derlvatlves of-

Fe (CO) PPh3. Therefore in going from Fe (CO) PPh3 to

Fe(CO) (PPh )(olefln) (olefin = mal, acry) llttle change

would be - expected in the axial metal-carbonyl bond lengths

and the equatorial bonds would be. expected to change

dependent on the relative n~acidity of the olefin compared

to CO. fThe zxpectations.are borne out by the observed

dlstances and indicate that dlethylmaleate is comparable

in u-acxdlty to CO. The marginal increase in the metal-

-~

carbonyl distance between®the acr}late_and maleate

185.
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deri _atlve :cnf%:ms the vlewls #1533 that th latter olefin
is a better n-acid than the former.

In éansidériﬂg the fumarate complex our point of
reference is an FE(CD)"(QlEfiD) complex in wh;lch the
equatorial bonds are almost alwafs shorter than axial
bonds. Subﬂtltut;aﬁ of an equatarlal carbonyl in a
Fe(§0)4( lefin) camplex by EPh a w'aker T-acceptor than,
co shéuld strengthen the €'iﬂteractleﬁ between the metal
and the sole :emalnlﬁﬁ equatorial carbonyl and thus
further shorten this bond 1ength with respect to the “
axial metal-carbonyl distance. This is indeed what is
observed. |

Einallyi we note that the Fe-p dig'anées in these
complexes aréasimilar to those found in Fe(C0) PPh314°

\__ (2.244(11) A) and Fe (co) 3 (PPhy) (acry) 144 (2 2751y 3.
Surprisingly the equatorially substituted Phosphine in

* the fumarate derivative has a marginally shorter Fe-p

" bond (2i274(1} A) than the phosphine ligand in the maleate

complex which occupies an axial site (2.286(1) A)g

Ge@mégry and Egn@inistggcgsjin the Fe-olefin Molecular

F%a";ent

Bonding between an olefinic ligand: and a metal atom

134 and later

was first ;ueee£§£ully described by Dewar
applied to the description of the bén&ing in Zeise's salt

by Chatt and puncanson.'®® This so callea



7 bonding to ather unsaturated organic llgaﬁds as well. The

bonding angement is shown in SchEme 6. It 1ﬁvalves§\
SCHEME 6: . : .
> _,‘—; .

AR AYS
- OO e Og C?éb

E’ - o *

Ed VEi
[ - -

formation of a o-bond by donation of n-el tfans from

! - - -

the olefin to thé metal and the formation of a 7=bond -

by back-donation from filled métal d-orbitals into the
empty m*-orbital of thé olefin. ¥

Population of the n* orbital reduces the bond order
of the olefin double bond aﬁg resuits in a bending baek
of the olefinic ‘substituents out of ﬁhe plane of the

olefin and away from the metal. }

Consideration of a limiting case of the bonding
scheme in which two electrons are donated in the forward

o-bond and two electrons are returned in the n-back bond
. -~ ,
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gives the metallocyclopropane model of olefin coordination.
/

In both models the carbbn atorls may be considered

to pndergo a rehybridiéatiéﬁ from sp2 towards spgfi The
) 5 ~ o .

metal-carbon bgnds having more p charaster than the

f
external olefin-substituent bonds.

=
€

Althaugh the relative 1mpartance of o and L cgntr;bu—
tions to the metal- §1Eflﬁ bonding is difficult to assess, <
as the elééﬁr negativity of the unsaturated ligand
lnczeaégg back- hgndlng begaﬁgs more lmpﬂftaﬁt Since it
>has been shawh that with electran rich Fe(C))152 153 and
N;(D)l56 157 oclefin complexes the component iszthe most
important bonding factor, the ncn;lanarity of thé olefinic
ligand and the metai*carbgn distances are expected to’
reflect;the ﬁ—éCldlty of the olefin.

The dihedral angles and interbond angles that have
been used to dezcr;bg the degree of defgrmaﬁign of the

coordinated olefin are shown in Scheme 7. The angle B is

SCHEME. 7: - . »~




atoms, o is the angle between the plane normals. Because
of the larger errors normally ;ssqciated with the posi-
tions of the hydrogen atoms in X-ray structures an
alternative measure of bending back are the torsion
angles, 6 and vy, of the substituent groups about the
olefin double bond .- M
Referene€ to the tabulation of olefin complexes by -
Ittel and Ibérslssshawsthat, as predicted, the bending
is least for hyarsgé; atoms, iﬁcreases for ester and
cyano groups and is greatest for halogen substituents.
The values of a, B, vy and § for FE(CD)B(PPhg)gfum) and
Fe (CO)  (PPh,) (mal) are listed in Table 48. For the’
fumarate complex the § angles are not too dissimilar for
the twé éarbgethaxy substituents, 109.6(4)° and 106.8(4)°
for C(41) and C(51), ?espectivelyi Both carboethoxy

groups are oriented in the game manner with respect to

the olefin and the slightly larger angle at C(41) may be

f‘s

due to Bteric interactions with the adjacent triphenyl- [fés
f:phésphine ligand. The value of y for the fumarate complex &
is 142(3)°, slightly smaller than the avefage value of
150(4)° found in Fe(cﬂ)g’(fumafic acid),ls9 and taken ~
together with the other angles in Table 48 indicates that

the degree of bending back of the olefin is about the same



Table 48. Angles describing the geometry of the

coordinated olefin.

\ N
MALEATE FUMARATE
C(41) 105.9(5) 109.6(4)
.- ) c(51) 113.0(6) “  106.8(8)
] (
H(4) 10%14) 111(3)
H(5) 113 (4) ' 108 (3)
. { c(4) 151 (4)- - 139(3)
.
c(5) 133 (4) 145(3)
c(4) 66 (3) | 57(2)
B- - .
{ C(5) 54 (3) 62 (2)
a | 60(4) , 61(3)
{\2(4) . 69.2(3) 69.3(2)
.
| c(5) 70.8(3) 70.7(2)
e ) k
y § for

25 and Y are torsion agglea about the C(4)-C(5) bond.
the substituent atom C(41) is the torsion angle between the
Fe-C(4) bond and the C(4)-C(41) bond. The idealized value
of 6§ for no bending back of the olefin is therefore 90°.

Y for C(4) is the torsion angle between the C(4)-C(41) and
C(4)-H(4) bonds about the C(4)-C(5) bond. The idealized
value of y for no bending back is 180°. )
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as that abservedlsa in the tcne complexes Ni (tEuHC)Z(tcﬁeﬁE

lgbut not as great as that found for
the olefin in Pt<{PPh,),(Cl,cccl,). %2 -

and Pt (PPh,) , (tcme)!®

The maleate derivative has 6 angles of 105.9(5) and
113.0(6) for C(41l) and C(51), respectively. This difference
between the two is clearly duye to the distinctly different

orientations of the two ester substituents. The orienta-

and fumarate complexes are the result of both steric and
electronic influences. !

Steric interactions between the carb@et%@xy ércuﬁs
and the axial carbonyl ligands in the fumarate complex
are minimized in the canfcrmatiéﬂ observed where the
planes farméa by atom O(41), C(41), 0(42), C(4) and
0(51), C(51), 0(52), C(5) are close to being;caplanar
with the olefin planes C(41), C(4), C(5) and C(51), C(5),
C(4), respectively. This conformation is observed for
the ester group in the acrylate complex, Fe(CQ)B(PPhB)(acry)
as well.

r
For the maleate complex both substituents cannot

adopt such a *conformation because the cis arrangement of
the olefin makes such an arrangement sterically ?éry
unfavourable. The maleate therefore has one carboethoxy

group oriented as those in the fumarate complex while

the other is approximately perpendicular to this. The
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observed orientations minimize both intraligand (olefin)
and interligand steric interactions.

can be used to predict the elgﬁtranically prefgrred
conformation of the carboethoxy groups which are =
withdrawing substituents. The similarity between the
orbitals involved in ﬁhe conventional Dewar-Chatt-
‘Duncanson concept, Scheme 6, and the highest occupied
molecular orbital, HOMO, of cyclopropane capable of
interacting with w-substituents in the Walsh model,

163

Scheme 8, is evident. Thus, the Walsh model which

SCHEME 8: ' .

has been used successfully to explain the conjugation
of cyclopropane with n-bonding substituents éaﬂ also be
applied to investigate the effect of n interaction in
metal-olefin cgmgléxeii

Reference to the Scheme shows that conjugation of

]
the HOMO with the n* orbital of the carbonyl group of



J

~the carboethoxy substituent has a stab11121ng 1nfluence

on the newly:¥ormed molecular orbital. Maxlmum inter-

S

action between the 7* orbital of the ester carbonyl and

the ﬁetallocyclopropane HOMO occurs yhen the O(41), C(41), .

C(4), 0(42) and 0O(51), C(51), C(5), 0(52) planes "are
perpendicular to the Fe,C(4), C(5) plane.

The angles between these planes for subs¥ituents

at C(4) and C(5) are 79° and 76°, respectiveiy for the

'fumarqte and 78° and 54° for the maleate derivatives.

The corresponding angle in the acrylate complex is 81°.
The torsion angles about the C(41)-C(4) bond and
C(51)-C(5) bond (the dihedral angle'between planes
0(41), C(41),.C(4) and'C(41), C(4), C(5), and 0(51),
C(51), C(5) and C(51), C(5), C(4)) are 16.1(7)° and
6.1(7)°, respectively for the fumarate. The corresponding
vélues for the maleate .are 7.5(9)° and 79.5(9)°. For
the acrylate the torsion angle is 10°,
These anglesnare directly dependent on thé,degree
of bending back of ther olefin substituents, which is
described'by the angle 8. A§ the substituents are bent
*back mbre the plane of the substituent must rotate,

increasing the torsion angle, in order to remain perpen-

dicular to Fe C(4) C(5) plane. The hypothetical torsion

angles where substituent planes would be perpendicular to
the Pe, C(4), C(5) plane are 33°'and 28° for C(41) and c(51),

respectively.

[ 4
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Thus both olefin substituentsg of th; ;umarate and one
of the;maleate complex hpve conformations intermediate
between being coplanar with the alefin,éné pPerpendicular
to the Fe, C(4), C(5) pPlane. The remaining ester group
of the maleate moiety 4s grossly distorted from the
preferred orientation for wéstabili;atién, this has
already been attributed to steric congestion in this
ligand system. Nevertheless, it appears that the metallo-
cyclopropane model presents an oversimplified picture for
the bonding of olefin to iron in thesexf’ mplexes.

Another test for the metallccycl@prapane bandlng
model are the angles at the- hcnded carbon atam The

anticipated tetrahedral geametry for these atgms cannot

be achieved becaus se of severe strain impeseé’by the three
membered ririg. A geometrical model has been proposed Ey
Guggenberger and Cramerl®4 to account for the simplest

" of steric considerations. 1In this model o, and ET are

. calculated using n, the internal angle at the carbon

atom of the olefin, and fepreseﬁt the hypothetical values
of a and B if a true metallocyclopropane Structure were
found. The planes containing the substituents in this
situation would contain the bisectors of the internal

ring angles at the coordinated olefin. Thus

= 'ﬁ-’-'é7 .’ifl
Ay %*E'E 90- 3, By = 90- 3 .

191,
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The calculated values are: Fe(C0)3(PPh3)(fumarate)

= ° = .3° '8 = .6°;
op = 70%, By crgy = 55:3°\By o5y = 54:6
= °‘ = ]
Pe(CO)3(th3)(maleate) GT 70°, BT,C(4) 55.4°,
] = 54.5°. Reference to Table 48 show that a

T,C(5) T
is consistently larger, and BT ig, with the exception

of the sterically congested ester group of the maleate
compiex, consistently smaller than the experimeﬂial
values. Thus, excessiwve bending back is predicted based
on the "pure" metallocyclopropane model. This seems to
be a general result for the majority of olefini; ligands
and only halogen-substituted olefins produce bending
" back of the substituents greater than predicted.158
Tpg iron-olefin carbon bond lengths of several
‘Fe(CO),Jblefxn) and Fe (CO) 4 (PPh,) (olefin) complexes are
listed in Table 49. The general trend in the metal-carbon
distances reflects the m-acidity of olefinic ligands;
the.shortest distances are found with the strongly n-
accepting olefin, tetrafluoroethylene. The trend
corrobroates the contention that in these molecu}es the
7-back bonding is the more important component 6f the
metal-olefin interaction. As expected, it also parallels
the trend observed for the bending back of the substituents
on the olefinic ligands. .
Concentrating on the FQ(CO)3(PPh3)(olofin) complexes
it can be seen that the greater n-acidity of the disub-

stituted olefins results in shorter metal-carbon bond
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Table 49. Fe-C(olefin) ‘.ﬂ C-C Double Bond Lengths in
Fe(CO), (olefin)? and Fe(CO)3(PPh3)(olefin)b
Complexes.‘b
Olefin Fe-C(5), Fe-C(4), C(5)-C(4) Ref.
(-] . (-] [ ] .
A A A
o 2.146(3) 2.156(4) 1.421(5) 149
2.147(3) 2.160(4) 1.404(4) 150
1.989(10) 1.989(10) 1.530(16) 151
) 2.098(5) 2.127(4)- 1.408(7) 166
/CH(C02Me)a
HyC=C_| 2.092(7) 2.024(5) 1.401(9) 167
- cH Co,Me) -
H,C=CHCO, eP 2.092(2) 2.106(2) 1.413(3) 144
b
(CO.Et) . ,
2" Se=c] ' 2.069(5) 2.088(4) 1.423(6) 52;:
H (CO,Et)
b
H _H .
Se=c 2.056(5) 2.077(5) 1.415(8) :g;z
(CO,Bt) (CO,Et) .

aFe(CQ)‘(olefin) complexes.

bFe(C0)3(PPh3)(olefin) complexes.

In the complexed olefin the first olefinic carbon atom
as written is labeled C(5) and the second C(4).

»
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lengths in the fumarate and maleate derivatives than in
the acrylate substituted ¢Gﬁpﬂuﬂ§; However, this greater
n-acidity is not reflected in significantly different D
carbon-carbon double bond lengths.  This lack of
sengitivity of the coordinated double bond to the nature
of the olefin substituents has been noted ér:viaﬁilylsaflss
and this is also evident from Table 45.}§here only the
F2C=CF2 distanc; is significantly different from the

other values.

Closer examination of the data listed in the table
also reveals that the complexes containing unsymmetrically
substituted olefins possess unequai metaléglefin Carbon
bond lengths. It is seen that, with the exception éf}
Feist's acid (HZCC(CHCQZHe)Z). the metal-carbon bond
length to the carbon carrying the n-withdrawing substituent
(C(4)) is longer than the other distance. The fumarate
and maleate derivatives represent somewhat special cases
and will be treated separately.

This bonding asymmetry can be explained successfully
when the polarization of the olefin n and »* orbitals by
T-acceptor substituents is also t;&en into account.

Libit and Hoffmannl®® have shown that the pﬁlarizéﬁ%@h
is in the sense il;ustrated in Bcheme 9. Since in these
Fe(O)-olefin complexes the back-bonding into the n*

orbital of the olefin is more important than the forward



SCHE!NE 9: (:::>iz:::> C:f; ‘I‘I."T!'Ill'
@C@ \ SO <O

: HOMO  \_ LUMO

o-donation, it is clear from Scheme 9 that a shortening
of the metal-carbon bond opposite to the site of %—aceegtcr
substituent should and does result.

THe differences betw;en the two bond lengths in the
acrylate complex is significant but small and this is a
little surprising in view of the large asymmetry of the
olefin. 1In the fumarate complex ﬁﬁe olefin is symmetrically
substituted and the ester functionalities are oriented in
the same fashion, the two ends of the pléfin are .rendered
inequivalent by the phosphine ligandrggcupying an equatori4l
site of the trigonal bipyramid. The difference in the
bond lengths is small and at the limit of being significant.
Nevertheless, iE is gratifying to see that ié is the
metal-carbon bond adjacent to the phosphine ligand which
is longer. Steﬁic repulsion from the gﬁlky triphenyl
Phosphine is expected to lengthen this bond. Further,
sinc% the phosphine ;- a weaker w-acceptor than carbon
monoxide it makes more electron density on the iron

available for back bonding to €(5) whicrh ia $#varmae o~ ao_
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phosphine. Both these effects act to shortén the Fe-C(5)
bond relative to the Fe-C(4). .

In the mal®date derivative the Qituation of having
- one ester group in a conformation in which it dan act
as a n-withdrawing group and the other effectively
orthogonal to éhis orientation-yields a truly asymmetric
olefinic ligand. The difference in metal-carbon distances
is again small, but the shortér Fe-C(5) bond is, as
predicted, across from the n-accepting ester substituent.
The fact that differences‘@n'substituent ofientation,
and the sc produced subtle ef‘ctronic phanges, can produﬁe
detectable changes in iron-olefin carbén_bond lengths

' which follow the predictions of Hoffmann's polari{?tion R

model is a clear vindication of the theory. ' e

\.
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Appendix 1:

Athgr
Northwestern
University
Version

J.A. Ibers
A.P. Gaughan

S.K. Dwight

M.J. Bennett

B. Faoxman

G. Germain
P. Main
M.M. Woolfson

P. Main
C.T. Grainger

MULTAN

NORMAL

ORTEP

Programs Used in Crystal Structure Solution,

Refinement and Analysis.

Description

Abscrptian ccrrectlcn pr@gram

Refines crystal alignment
and cell parameters.

Outputs tables of position
and thermal parameters for
publication.

Fourier summation for
Patterson or Fourier maps.

Calculates positions of
hydrogen atoms attached to
atoms which are sp3 or sp?
hybridized.

Calculates starting parameters
for rigid bodies and hindered
rotors.

General direct methods
program.

Caleulates E's, does w;l on
statistics. ¢ For input t

Calculated least-squares
Planes.

Calculates bond lengths, angles
and associated standard devia-
tions. Modified by W.L.
Brooks and M, Elder for
hindered rotors and rigid
bodies.

Thermal elllp;aids plotting
pragram



Appendix 1: (contipued)

M.Jl

A.P.

Author

Bennett

Gaughan

M. Cowie

R.C.

Elder

Dwight

Prewitt

Lawton

PMMO

PRCNTA

RIGIDH

SFLS5

Description

ransforms raw data to
ntensities, lapplying
orrections.

[ ]

0 e

Molecular weight, % composi-
tion, density, absorption
coefficient calculations from
formula and cell.

Sorts data according to any
desired sequence of h, k or 1.

Prints structure factor
amplitude tables, modified by
S.K. Dwight for use on the
page printer,

Calculated rigid body
parameters for hydrogen atoms.
f

Structure factor caféulatign
and least-squares refinement
of parameters. Modified by
B.M. Foxman and M.J. Bennett
for rigid body routine, and by
W.L. Hutcheon and M.J. Bennett
for the hindered rotor.

. a
General Cell Reduction Program.
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