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for the mono-ligated species, TPPCu(NO3),, is slightly smaller than for
the bis complexes of TPP and coupling with nitrogen atoms is too small
to be resolved. Strictly speaking, the smaller Ay(cy) value is
associated with greater electron delocalization onto the ligands which
is not reflected in Aj(N) values. An explanation for the observation
of a smaller Aj(cuy) value may be that the unpaired electron of
TPPCu(NO3)2, which has distorted square pyramidal geometry, is in an
orbital which has less s character than that of the other two distorted
octahedral TPP complexes and coupling to the nuclear spin is, in
theory, only possible when the unpaired electron resides in an orbital

which has the capacity for nuclear penetration (220).

5.4 Iron Complexes
5.4.1 Introduction

The use of iron complexes as models for the active sites of
proteins containing oxo-bridged polynuclear centers such as
haemerythrin has been recently reviewed (193).

An X-ray structure solution of azido methaemerythrin (221) has
established details of iron coordination at the active site and this is
illustrated in Figure 5.4.1. Attempts to model the active site with
ligands such as hydro(tris(l-pyrazolyl)borate) (222,223) and
triazacyclononane (224) have been successful as demonstrated by
comparison of their physical properties with those of the protein (in
particular, antiferromagnetic coupling between the two iron nuclei).
The use of the neutral, aromatic TPP as a ligand in these systems would

provide a bridge between the negatively charged, aromatic 1igand
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Fe— his

Figure 5.4.1 The active site of metazidohaemerythrin (194)

complexes of HB(pz3) and the neutral secondary amine sites of TACN.
Furthermore, incorporation of gold(l) into the TPP ligand is possible
and may have an effect on properties such as solubility. A discussion
of synthesis, crystallography and spectra of some iron(Il) and
iron(I1I) complexes of TPP and CIAuTPP appears in the following
sections of this chapter as well as in the summary of crystallographic
and infrared data found in Chapter 6.

5.4.2 Preparations
diaquo(tris-2-pyridylphosphine-N,N’,N"-)sulphatoiron(Il) trihydrate
(TPPFe(S04) (H20)2; Fe(S04)-7H20 (0.217 g, 0.78 mmol) was dissolved in
10 mL of water. An ethanol solution (15 mL) containing 0.207 g (0.78
mmol) of TPP was added dropwise to the aqueous solution and stirred for
12 hours. All but 5 mL of solvent was removed under reduced pressure
and the resulting orange precipitate was filtered and recrystallized
from water to yield 0.068 g of product (44%). Analysis required for
Ci5H16FeN30gPS+3H20: C; 35.5, H; 8.3, N; 4.4%. Found: C; 35.2, H; 8.1,

N; 4.1%.
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(chloro(tris-2-pyridylphosphine-P)-gold(1))-N,N’,N"-)iron(I1I)sulphate
(C1AuTPP)FeS04; CI1AuTPP (0.27 g, 0.54 mmol) was dissolved in 50 mL of
methanol /acetone (49:1). A methanol solution (10 mL) containing 0.08 g
(0.54 mmql) of FeS04-7H20 was added dropwise and the solution was
stirred for 12 hours. The solvent was removed under reduced pressure
to a volume of 10 mL. The red precipitate (0.156 g) was filtered and
recrystallized from acetone/water in 39% yield. Analysis required for
Ci5H16AUCIFeN30gPS+2.8H20; C; 24.5, H; 3.0, N; 5.7, Cl; 4.8%.

Found: C; 24.9, H; 3.1, N; 5.6, Cl; 5.1%.
bis(tris-2-pyridylphosphine-N,N’,N"-)iron(11) perchlorate
(TPP)2Fe(C104)2; This compound was prepared according to the method of
Boggess and Zatko (185).
bis[chloro(tris-2-pyridylphosphine)-gold(I)-N,N’,N"-]Jiron(II)
perchlorate (C1AuTPP)2Fe(C104)2; Fe(C104)2 (0.127 g, 0.25 mmol) was
refluxed for 8 hours in 20 mL of a solution consisting of

2,2’ -dimethoxypropane and ethanol (1:1). A solution of 0.25 g (0.5
mmol) of CIAUTPP in 20 mL of ethanol was added to produce an immediate
red precipitate. The reaction mixture was stirred for a further 6
hours at room temperature. The precipitate filtered and recrystallized
from acetone/hexanes to give 0.256 g of product (82% yield). Analysis
required for C3gH24AuC]4FeNgOgP: C; 28.8, H; 1.9, N; 6.7, Cl; 11.3%.
Found: C; 28.1, H; 1.8, N; 6.5, Cl; 11.6%.
trichIoro(tris-z—pyridylphosphine—N,N’,N"—)iron(lIf) (TPPFeCl3);

TPP (0.2458 g, 0.93 mmol) was dissolved in 10 mL of ethanol. An
ethanol solution containing 0.2505 g (0.93 mmol) of FeCl3:6H20 was

added to yield a yellow precipitate. The reaction mixture was stirred
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over night. The precipitate was filtered and recrystallized from
acetone/hexanes to yield 0.334 g of product (847% yield). Analysis
required for CygHipCl3FeN3P: C; 42.1, H; 2.8, N; 9.8, Cl; 24.9%.

Found: C; 41.8, H; 2.6, N; 9.5, Cl; 25.0%.

5.4.3 The crystal and molecular structure of (TPPFe(H20) 2504

The molecule is illustrated in Figure 5.4.2. Atomic positional
parameters and anisotropic temperature factors are given in Tables
5.4.1 and 5.4.A and a list of bond distances and angles is found in
Table 5.4.2. The environment of the iron atom is octahedral with
facial Fe-N bonds as well as coordination to a sulphate anion and two
molecules of water. The Fe-N distances (Fe-Nl; 2.184(3), Fe-N2;
2.174(3) and Fe-N3; 2.172(3) A) are equivalent within error and are
typical of those found in similar complexes of high spin iron(l1), for
example, Fe-N bond lengths are 2.17(2) A in
bis(bipyridyl)bisthiocyanatoiron(1l) (225), 2.190(4), 2.179(4) and
2.147(4) R in bis(hydrotris(3,5-dimethylpyrazol-1-yl)borate)
iron(I1) (226) and 2.174(4) and 2.157(4) A in the bis(triaquatris-
(4-ethyltriazole)iron(ll) cation (227). In the sterically crowded
hexakis(pyridine)iron(ll) cation, Fe-N bond lengths are very long in
comparison and average 2.26(1) & (228); Such steric effects are not
observed to the same extent in complexes of TPP since the phosphorus
atom has the ability to restrain the pyridine rings in a C3, geometry.
The Fe-OHp distances in TPPFe (Fe-OHp; 2.112(4) and 2.103(4) &) are
also comparable to those reported in similar structures (Fe-OHj

distances are 2.099(2) and 2.159(2) A in tetraquobis(saccharin)iron(Il)



Table 5.4.1 Crystal data for diaquo(tris-2-pyridylphosphine-N,N’,N")

sulphatoiron(Il)trihydrate
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Formula

Formula weight

Crystal size and shape
Systematic absences
Space group
Diffractometer
Temperature

Unit cell parameters

PcalcrPobs
Range of hkl

Maximum 26

Number of reflcns measured
Number of independent reflcns
Standard reflcns(e.s.d)

Rint

Final R,Rw

Final shift/error max(ave)
Error in obs of unit weight
Highest peak, lowest valley
Weighting

F(000)

Linear Absorption coefficient
Absorption Coefficient limits
Number of Variables

C5H16FeN306PS - 3H20

507.23

0.26x0.27x0.39mm3 cylinder
none

P1

P3

220C
a=8.339(2)A
b=9.489(3)A 8=91.31(2)0
c=14.086(3)A v=102.49(2)0
V=1070.5(5)A3 Z=2
1.573,1.59 CHC13/CHBr3
0<h<9,-11<k<11,-16<1<16

500

4077

3797

201 (1.5%),0 -3 3 (1.9%)
0.0082

0.0588,0.0570

0.015(0.001)

S=1.8369

0.56eA-3,-0.15eA~3

w=(02(F) + 0.000387F2)-1

525.2

u=9.45 cm-1

1.53¢<A*<1.95"

297

a=99.71(2)°

* an absorption correction was applied
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Table 5.4.2 Positional parameters (x104) and Ueq (x104) for
diaquo(tris-2-pyridylphosphine-N.N’,N"-)sulphatoiron(II)

trihydrate
Atom X Yy z Ueq
Fe 5840.1(7) 7409.1(6) 7832.6(4) 314
P 4770(1) 3595(1) 7273.6(9) 407
Cll 6026(5) 4546 (5) 6413(3) 395
Cc21 6501(7) 3690(7) 5614(3) 603
C31 7517(8) 4383(11) 4997 (4) 808
C41 8019(8) 5853(10) 5167(4) 696
C51 7496(6) 6639(6) 5956(3) 522
N1 6512(4) 6018(4) 6577(2) 384
Cl2 3073(4) 4559(4) 7408(2) 321
c22 1496(5) 3690(5) 7336(3) 394
C32 174(5) 4369(6) 7444(3) 439
Cc42 466(5) 5859(5) 7617(3) 428
C52 2061(5) 6662(5) 7690(3) 385
N2 3357(3) 6041(3) 7585(2) 327
Cl13 6029(4) 4401 (4) 8402(3) 327
C23 6526(6) 3464(5) 8945(4) 506
C33 7527(7) 4021(6) 9756(4) 598
C43 8003(6) 5506(6) 10035(3) 518
C53 7489(5) 6408(5) 9476(3) 415
N3 6508(4) 5872(3) 8663(2) 326
(0] 5351(4) 8894(4) 6964(3) 708
02 5127(4) 8553(4) 9104(2) 590
Sl 9118(1) 10196(1) 8070.2(8) 371
03 8231(3) 8674(3) 8095(2) 431
04 8318(4) 10774(3) 7331(2) 583
05 10823(4) 10192(4) 7861(3) 672
06 9113(6) 11115(4) 9002(2) 770
07 7474(4) 239(4) 484(2) 631
08 9130(8) 993(6) 5464(4) 412
09 2489(7) 613(6) 6312(4) 399

Ueg=1/3(U]1+U22+U33+2Cosal23+2CosBU|3+2CosyU2)
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Table 5.4.2 continued

Hydrogen positional parameters (x104)

Atom X Yy z

H21 6171 2471 5586
H31 7827 4000 4598
H41 8513 6192 4649
H51 7714 7703 6035
H22 1522 2544 7199
H32 -859 3791 7359
H42 -230 6371 7628
H52 2145 7611 7778
H23 6434 2659 8753
H33 8018 3463 10128
H43 8720 5880 10603
H53 7840 7469 9625
HI 4689 9050 6682
H2 6206 9742 7005
H3 4342 8965 9115
H4 5613 9109 9517
H71 8021 165 947
H72 8223 407 183

Hydrogens were located and fixed with isotropic temperature
factors of 0.05 A2



Table 5.4.3.

Bond lengths (&) and angles (°) for diaquo(tris-2-
pyridylphosphine)-N,N’,N")sulphatoiron(1l) trihydrate
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Fe-N1
Fe-01

P-Cl1
Cl1-C21
C21-C31
C31-C41
C41-C51
C51-NI
N1-Cl11

S-03
5-06

N1-Fe-N2
Nl-Fe-02
N2-Fe-0l
N3-Fe-01
Ol-Fe-02

Cl11-P-Cl12
P-Cl11-C21
Cl1-C21-C31
C21-C31-C4l
C31-C41-C51
C41-C51-NI
C51-N1-Fe
C51-N1-Cl1
Fe-N1-Cl1
NI-Cl11-P
N1-C11-C21

03-5-04
04-5-05

.184(3)
.112(4)

NN

1.843(4)
1.382(5)
1.379(8)
1.352(1)
1.365(7)
1.332(6)
1.348(5)

1.480(3)
1.453(3)

87.8(1)
174.2(1)
93.7(1)
175.6(1)
94.3(1)

102.1(2)
118.0(3)
119.2(5)
119.1(5)
119.4(5)
123.0(5)
119.1(3)
118.1(3)
122.8(2)
120.7(3)
121.3(4)

109.8(2)
110.7(2)

Fe-N2
Fe-02

P-Cl12
C12-C22
C22-C32
C32-C42
C42-C52
C52-N2
N2-Cl2

5-04

Nl1-Fe-N3
N1-Fe-03
N2-Fe-02
N3-Fe-02
0l-Fe-03

Cl12-P-C13
P-C12-C22
Cl12-C22-C32
C22-C32-C42
C32-C42-C52
C42-C52-N2
C52-N2-Fe
C52-N2-C12
Fe-N2-C12
N2-Cl2-P
N2-Cl12-C22

03-5-05
04-5-06

2.174(3)
2.103(3)

1.840(4)
1.384(5)
1.384(6)
1.366(7)
1.375(5)
1.340(5)
1.354(4)

1.463(4)

85.9(1)
92.2(1)
89.4(1)
89.0(1)
88.1(1)

101.6(2)
116.7(3)
118.9(4)
119.6(3)
118.7(4)
123.2(4)
119.9(2)
117.9(3)
122.0(2)
121.5(2)
121.8(4)

108.4(2)
109.7(2)

Fe-N3
Fe-03

P-C13
C13-C23
C23-C33
C33-C43
C43-C53
C53-N3
N3-C13

S-05

NI-Fe-0l
N2-Fe-N3
N2-Fe-03
N3-Fe-03
02-Fe-03

Cl1-P-C13
P-C13-C23
C13-C23-C33
C23-C33-C43
C33-C43-C53
C43-C52-N3
C53-N3-Fe
C53-N3-C13
Fe-N3-C13
N3-C13-P
N3-C13-C23

2.172(3)
2.082(2)

1.838(4)
1.380(7)
1.361(7)
1.362(7)
1.377(7)
1.345(5)
1.350(4)

1.459(3)

90.9(1)
89.2(1)
178.2(1)
89.0(1)
90.5(1)

100.4(2)
118.3(3)
119.9(4)
119.2(5)
119.2(4)
122.4(4)
118.6(3)
117.9(3)
123.5(2)
120.2(3)
121.5(3)

109.9(2)
108.3(2)
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Table 5.4.3 continued

Interatomic Distances (&) and angles (o) associated with hydrogen
bonding

01..-09 2.688(6) O1-H1 0.73 09---Hl 1.99 09.-HI-01 160
Ol.--04 2.703(4) O1-H2 0.94 04---H2 1.83 04--H2-01 153

02...07 2.693(7) 02-H3 0.83 O07---H3 1.89 07-.-H3-02 163
02...07’ 2.755(4) 02-H4 0.76 O07’..H4 2.03 O07’-H4-02 162

07...05 2.834(7) O07-H71 0.81 05...H71 2.03 05..H71-07 174
07...06 2.668(5) 07-H72 0.77 06-.-H72 1.99 06..H72-07 147

08...04 2.771(6) 08..-08" 2.792(8)
08...09 2.77(4) 09...05 2.697(7)

09..01-Fe  131.5(2) 04..01-Fe 95.9(1) 04..01..09 128.7(2)
07..02-Fe  133.1(2) 07’.02-Fe . 120.2(1) 07..02..07" 101.6(2)
08..04-5 130.0(2) 07-.05-S 109.4(2) 07..06-5 124.8(2)
05..07--02 136.7(2) 05-.07--02" 113.6(1) 06.-07.--02 85.7(1)
06..07--02" 114.5(2) 05--07--06 120.6(2) 04.--08--08’ 117.0(3)
04.-08--09 136.6(9) 09--08--08" 152.0(7) O1--09--05 108.2(2)
0l..09--08 135.5(3) 05--09--08 115.8(3)
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Table 5.4.4 Best planes, dihedral and torsional angles for
diaquo(tris-2-pyridylphosphine-N,N’,N"-)sulphato-0-
iron(Il)

Plane Distance of atom from the plane (A)

1.c11,c21,€31,C41,C51,NI C11;0.006(5,C21;-0.008(7),C3150.00(1),
C41;0.004(9),C51;0.002(7),N15-0.003(4)

2.Clz2,c22,C32,C42,C52,N2 C12;-0.037(4),C22;0.002(5),C32;0.003(6),
C42;-0.005(6),C52;0.002(5),N2;0.001(4)

3.Cc13,C23,C33,C43,C53,N3 C13;0.002(4),C23;0.002(6),C33;-0.007(7),
' C43;0.005(6),C53;0.007(5),N3;-0.002(4)

4.N1,N2,02,03 N1;0.035(4),N2;-0.028(4),02;0.033(4),
03;-0.026(4),Fe;-0.061(2)

5.N1,N3,02,01 N1;-0.052(4),N3;0.042(4),02;-0.046(4),
01;0.071(5),Fe;0.002(2)

6.N2,N3,03,0l N2;0.025(4),N3;-0.027(4),03;0.025(4),
01;-0.048(5),Fe;0.024(2)

7.Cl11,C12,C13 P;0.827(2)

Dihedral angles'(o)

1 -2 125.9(2) 1 -3 113.0(2) 2 -3 120.9(1) 1 - 4 137.0(2)
2 -4 133.5(1) 3 - 4 92.6(1) 1 -5 133.8(2) 2 -5 95.3(1)
3 -5 131.6(1) 4 -5 89.0(9) 1 -6 91.9(2) 2 - 6 136.3(1)
3-6 139.0(1) 4 - 6 89.8(9) 5-6 90.7(8) 1 -7 90.6(2)
2 -1 87.3(2) 3 -1 89.9(2) 4 -1 125.9(1) 5 -7 125.1(1)
6 -7 123.3(1)

Torsional angles (°)

P-C11-N1-Fe -1.45(1) Cl11-Nl1-Fe-02 15.27(1) Fe-03-S5-04 -30.72(1)
P-C12-N2-Fe -4.09(1) Cl12-N2-Fe-03 -43.45(1) Fe-03-5-05 28.28(1)
P-C13-N3-Fe 1.17(1) CI3-N3-Fe-01 -89.72(1) Fe-03-5-06 90.44(1)

N2-Fe-03-S 22.71(1)
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Figure 5.4.2 A molecule of diaquo(tris-2-pyridylphosphine-N,N",N"-)
sulphatoiron(I1). The intramolecular hydrogen bond is
depicted by the dotted line.

Figure 5.4.3 A stereoview of the unit cell. Hydrogen bonding is
indicated by dotted lines.
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(229) and 2.156(4) &R in the bis(triaqua(tris(4-ethyltriazole)iron(Iil))
cation (227). The Fe-0503 distance (2.082(2) &) is short in comparison
with those previously reported by Naik and Palinik (230) (2.187(5) and
2.165(4) R) where the sulphate group bridges two iron atoms.

Anéles in the octahedral iron environment are slightly distorted
in that all N-Fe-N angles are less than 900 (Nl1-Fe-N2; 87.8(1), Nl-Fe-
N3; 85.9(1) and N2-Fe-N3; 89.2(1)0). No significant changes in the
geometry of TPP with respect to the free ligand are observed, thus, no
effects of chelate strain are apparent. It is concluded that the TPP
ligand maintains a high degree of rigidity and distortions about the
iron center are a result of the long metal-nitrogen distances required
by the high spin iron system. It is speculated that the N-Fe-N angles
would be closer to 90° in the low spin case as observed for
bis(hydrotris(pyrazol-1-yl)borate)iron(l1) where Fe-N bond lengths on
average are 0.119 & shorter than in the 3,5-dimethylipyrazolyl
derivative which is high spin under identical conditions of
crystallographic data acquisition (226). The small Nl-Fe-N3 angle of
85.9(1)0 appears to result from packing effects and corresponds to the
small (113.0(2)9) ring | - ring 3 dihedral angle (vs. ring | - ring 2;
125.9(2) and ring 2 - ring 3; 120.9(1)0) and the relatively small Cll-
P-C13 angle of 100.4(2)o compared to 102.1(2)o (Cl11-P-Cl12) and
101.6(2)0 (Ci2-P-C13).

Other major deviations from 90¢ angles at the iron center
involve Ol (N2-Fe-0Ol; 93.7(1)o and Ol-Fe-02; 94.3(1)0) and may resuit
from the participation of this atom in hydrogen bonding. A potential

mirror plane in the molecule is destroyed because of the internal
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04...01 (2.703(4) R) hydrogen bond depicted by a dotted line in Figure
5.4.1. Such a mirror plane would restrict the N2-Fe-03-S and Fe-03-S-
05 torsional angles to values of 00 where, in fact, the sulphate group
is tipped in order to accomodate the intramolecular hydrogen bond such
that thege torsional angles are 22.7(2)o and 28.28(2)o respectively.

A stereoview of crystal packing is illustrated in Figure 5.4.2.
Molecules pack such that the Fe-P vectors are roughly parallel to ] 1
0. The lattice is composed of alternating hydrophobic (at b=1/2) and
hydrophilic (at b=0,1) layers parallel to the ac plane. The
hydrophilic layer consists of the sulphate-water network through which
extensive hydrogen bonding occurs. Interatomic distances and angles
pertaining to hydrogen bonding are listed in Table 5.4.3. The lattice
water molecule containing 07 is involved in four hydrogen bonds, thus
its geometry may be described as tetrahedral, though greatly distorted.
The six angles about 07 range from 78.4(1) to 136.7(2)o. Because of
the large extent of its involvement in hydrogen bonding, anisotropic
temperature factors associated with 07 are small in comparison with
those of the other two lattice water molecules. This may indicate some
degree of disorder in the case of 08 and 09 each of which is hydrogen
bonded to only three other oxygen atoms as outlined in Table 5.4.3.
Also, as a result of poor definition of 08 and 09, hygrogen atoms
attched to these oxygen atoms could not be reliably located as they
were for 07.

The packing in the hydrophobic layer consists of only a single
n-n interaction between ring 1 and its equivalent by symmetry about the

inversion center at 1/2,1/2,1/2 (3.84(8) A between planes). It appears
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that this interaction is the cause of the distortion in dihedral angles
involving ring 1 (1-2; 125.9(2) and 1-3 113.0(2)°) which occurs in
order to increase ring overlap. Ring 3 is also available for such an
interaction but the long distance (4.076 A) between it and its symmetry
related equivalent about 1/2,1/2,0 precludes its consideration as a
contributor to packing energy. Ring 2 is not in a position in which

such interactions are possible.

5.4.4 Moessbauer ctrosc

A list of Moessbauer parameters for the iron complexes is given
in Table 5.4.1 and representative spectra are shown in Figure 5.4.1.
The complexes TPPFe(H20)2504 and (C1AuTPP)FeS04(H20)2 give rise to
doublets in the room temperature Moessbauer spectrum having isomer
shifts of 1.1 mm/sec and quadrupole splittings of 1.6 mm/sec. This is
typical of iron(Il) in its high spin configuration (231). No spin-
crossover was observed upon cooling to 77K.

Moessbauer data for TPPFeCl3 indicate that in this complex, the
iron(IIl) ion is also high spin. For a symmetrically coordinated
species, this would give rise to a singlet in the Moessbauer spectrum.
As no quadrupole splitting was observed (although the line was somewhat
broad (Ir'=0.74(9) mm/sec)), the complex can be considered octahedral and
symmetric in spite of the two types of ligands present.

The FeNg complexes (TPP)2Fe(C104)2 and (C1AuTPP)2Fe(C104)2 are
both low spin at room temperature as they give rise to Moessbauer
singlets at isomer shifts of 0.34 mm/sec. These values are similar to

that reported for bis[hydrotris(l-pyrazolyl)borateliron(ll) (0.45
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Table 5.4.5 Summary of Moessbauer parameters for iron complexes of TPP

Complex T (K) 8 (mm/sec)@ A (mm/sec) I' (mm/sec)
TPPFe(H20)2504b 300 1.102(3) 1.567(6) 0.313(8)
77 1.197(1) 2.541(2) 0.361(3)
(TPP)2Fe(C104) 2P 300 0.369(3) - 0.325(9)
77 0.436(2) - 0.328(7)
TPPFeCl3 300 0.32(3) - 0.74(9)

8 relative to iron foil at 300K

b Attempts were made to record spectra for the corresponding (ClAuTPP)
iron complexes. Data was collected for several days and a
preliminary examination of the weak spectra which resulted indicated
parameters comparable to TPP iron complexes.
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mm/sec) (232) which converts to the high spin species at 398K. It is
expected that the bis- complexes of TPP would behave in similar way.

The presence of gold(l) bound at the phosphorus atom appears to
have no effect on the Moessbauer parameters QF iron after preliminary

data treatment.

5.5 Chromium(III) and cobalt(lll) complexes
5.5.1 Introduction

The preparations of chromium(III) and cobalt(IIl) complexes of
TPP are combined in this section because of the similar coordinative
properties of the metal ions involved. The chromium(IIll) center has a
tzg3 electronic configuration while the cobalt(III) ion is t296 in its
low spin arrangement thus in neither ion is there electron occupation
of the eg* orbitals. The effect of this is to give rise to compounds
which are kinetically inert because of their relatively large 1ligand
field stabilization energies (38) and this introduces certain
preparative complications which have been overcome in different ways.
In the case of the chromium complexes, trichlorotris(tetrahydrofuran)-
chromium(I1I) was used as the starting material since tetrahydrofuran
is weakly coordinated and thus easily substituted by TPP. A different
approach was taken for the cobalt(IIl) complexes where the trinitrito
complex was synthesized and used as a precursor to the trichloro
compound which formed during the reaction with concentrated HCI
outlined in the following scheme.

(NO2)3CoTPP + cHC1 ---+ C13CoTPP + HNO2

Further reaction of HNO; results in the formation of H20, NO and NOj
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which drives the reaction to the right.

5.5.2 Preparations

trichloro(tris-2-pyridylphosphine-N,N’ ,N"-)chromium(III) (TPPCrCli3); A
solution containing 0.3759 g of (1 mmol) trichlorotris(tetrahydrofuran)
chromium(I11) (233) in 30 mL of CHpCl2 was stirred for 48 hours with
0.269 g (1 mmol) of TPP also dissolved in CHpClp2. The solution was
then filtered and the filtrate evaporated under reduced pressure to
yield 0.337 g (79%) of the green solid product which was recrystallized
from methanol/ether. Analysis required for CigH{2C13CrN3P-3H20: C;
Found: C, 37.1; H, 3.4; N, 8.6; Cl, 21.9%.
trichloro(chloro(tris-2-pyridylphosphine-P-)gold(I)-N,N’,N"-)
chromium(111) (CIAUTPP)CrCl3; HAuCl4 (0.1492 g, 0.38 mmol) in 20 mL of
water was reduced with 0.076 mL (0.76 mmol) of thiodiglycol added as a
1 mL methanol solution and the mixture stirred for 30 minutes at 0°C.
TPPCrCl3 (0.1616 g, 0.38 mmol) was added as a 30 mL methanol suspension
and the mixture stirred for 2 hours and then filtered to yield 0.105 g
(42%) of the yellow-green solid. Crystals used in the diffraction
experiment were grown from DMSO solution and these were also subjected
to elemental analysis. Analysis required for Cl5H12AuCI4CrN3P'0.IDMSO:
C, 27.5; H, 2.1; N, 6.3; Cl, 21.4%. Found: C, 27.7; H, 2.15 N, 6.33
Cc1, 21.2%.

trinitrito(tris-2-pyridylphosphine-N,N’,N"-)cobalt(II1) (TPPCo(NO2)3);
Sodium cobaltinitrite (0.6073 g, 1.5 mmol) was dissolved in 15 mL of
water. Upon addition of a solution of 0.3988 g (1.5 mmol) of TPP in S

mL of methanol an orange solid precipitated. The mixture was heated at
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800C with stirring for 24 hours and filtered to give the 0.548 g of the
title compound (79% yield). Recrystallization was accomplished from
CHpCl2/hexanes. Analysis required for Ci5H]2CoNeOgP: C, 39.0; H, 2.63
N, 18.2%. Found: C, 38.8; H, 2.6; N, 17.6%.
trichloro(tris-2-pyridylphosphine-N,N’,N"-)cobalt(IIl) (TPPCoCl3);
TPPCo(NO2)3 (0.1334 g, 0.29 mmol) was gently heated in 5 mL of conc.
HC1 for 30 minutes until gas evolution ceased. The resulting mixture
consisted of a green precipitate and blue supernatant. The precipitate
was filtered and recrystallized from CHCl3/ether to yield 0.03 g of
plate-like crystals in fairly low (24%) yield. Analysis required for
CisHj2C13Co: C; 41.8, H; 2.8 N; 9.8, Cl; 24.7%. Found: C; 42.0, H;
2.9, N; 9.9, Cl; 25.1%.
trinitrito(chloro(tris-2-pyridylphosphine-P-)gold(I)-N,N’,N"-)
cobalt(III) ((CIAUTPP)Co(NO2)3); The procedure used in the preparation
of this compound was analogous to that for TPPCo(NO2)3 with C1AuTPP as
the ligand.
trichloro(chloro(tris—-2-pyridylphosphine-P-)gold(I)-N,N’,N"-)
cobalt(IIl) ((C1AUTPP)CoCl3); Low yields of this compound were
obtained by a similar route to that for TPPCoCl3 with use of
(C1AUTPP)CoCl3 as the starting material.

Discussion of the syntheses; Attempts to make TPPCo(NO2)3 via the
reaction of 0.2278 g (0.86 mmol) of TPP with a solution containing
0.2503 g (0.86 mmol) of Co(NO3)2-6H20 and 0.2622 g (3.8 mmol) of NaNO2
in sodium acetate buffer (0.0691 g NaOH, 0.2074 g acetic acid in 5 mL

of water) also yielded the desired product but this appeared to be

contaminated with TPPCo(NO3), as a result of incomplete oxidation of
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cobalt(Ill).

Low yields of the trichlorocobalt(IIl) species were obtained
after reaction of the respective compounds with conc. HCl. Evaporation
of the blue supernatant produced a blue residue which when taken up in
water gave rise to an orange-pink solution. After evaporation of
solvent, infrared spectra of the resulting pale orange residue
indicated Co(II)-Cl stretches (137). Upon close examination of the
crude green precipitate, it was noted that a white material was also
present. Other reactions which appear to occur at the same time as the
desired reaction are ligand protonation which would result in a white
solid and, once this has occured, the reduction of Co(IIl) to Co(lI) by

water is imminent (8).

5.5.3 The crystal and molecular structure of (CIAuTPP)CrClj

Crystal data and information related to data collection are
given in Table 5.5.1. Atomic positional parameters and anisotropic
temperature factors are listed in Tablés 5.5.2 and 5.5.A respectively.
- Temperature factors for all but Cr, Au, Cl and P were refined
isotropical ly because of their tendency to become non-positive
definite. A list of bond lengths and angles is given in Table 5.5.3
and least-squares planes, dihedral and torsional angles are listed in
Table 5.5.4. The molecule is illustrated in Figure 5.5.1. The gold
atom exists in its typically linear environment (Cll-Au-P; 178.6(1)0)
with Au-Cl (2.268(3) R) and Au-P (2.222(3) R) distances similar to
those in other CIAUTPP structures (see sections 4.4 and 5.3.4). The

octahedral environment of the chromium atom is distorted such that all



Table 5.5.1

Crystal data for trichloro(chloro(tris-2-

pyridylphosphine-P-)gold(I)-N,N’N"-)chromium(III)

Formula

Formula weight

Crystal size and shape
Systematic absences

Space group
Diffractometer
Temperature

Unit cell parameters

Pcalc
Range of hkl

Maximum 26

Number of reflcns measured
Number of independent reflcns
Standard reflcns(e.s.d)

Rint

Final R,Rw

Final shift/error max(ave)
Error in obs of unit weight
Highest peak, lowest valley
Weighting

F(000)

Linear Absorption coefficient
Absorption Coefficient limits
Number of Variables

CsH]2AuC1 4Cry3P-CgH180353
890.43

0.097mm3 cube

ha1; h+1=2n

0k0; k=2n

00t; 1=2n

P21/n

P3

-100°C

a=9.726(2)A B=114.35(1)0
b=19.414(3)A v=3116.1 A3
c=18.114(3)& Z=4
1.90gcm™1
0<h<10,0¢k<20,-19<1<17

450

4233

4103

052 (1.6%),0 3 -3 (1.9%)
0.0087

0.0820,0.0605

0.153(0.019)

S=1.1688

1.4ea"3,-1.3eA™3

w=(02(F) + 0.0004F2)-1
1735.0

u=58.29cm" !

1.42<A*<1.95"

184

* absorption correction was not applied introducing a maximum error in

Fo of =8%.
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Table 5.5.2 Positional parameters (x104) and Ueq (x104) for
trichloro(chloro(tris-2-pyridyliphosphine-P)gold(1))-
N,N’,N")chromium(III).

Atom x y z Ueq
Au 2964.9(6) 9758.2(3) 4684.8(3) 211
Cl1 3521(4) 10310(1) 5877(1) 322
P 2458(3) 9235(1) 3509(1) 182
cr 1725(2) 8424(0) 1731(1) 144
c12 3552(3) 8314(1) 1232(1) 240
C13 -97(3) 8780(1) 511(1) 237
Cl4 953(3) 7288(1) 1457(1) 216
Cll 554(13) 8894(6) 3000(6) 71
c21 -510(12) 8992(5) 3321(6) 64
C31 -1907(13) 8729(6) 2940(7) 86
cal -2263(13) 8381(6) 2222(7) 90
c51 -1213(13) 8313(6) 1904(6) 78
N1 211(10) 8566(4) 2284(5) 65
c12 3590(12) 8472(5) 3572(6) 44
c22 4627(13) 8245(6) 4344(6) 80
c32 5409(13) 7637(6) 4387(6) 81
ca2 5152(13) 7293(6) 3669(7) 91
c52 4142(13) 7553(6) 2935(7) 87
N2 3332(9) 8137(4) 2885(5) 53
C13 2618(11) 9771(6) 2724(6) 57
c23 2959(13) 10460(6) 2875(6) 86
C33 3039(13) 10855(6) 2243(7) 95
C43 2821(14) 10556(6) 1521(7) 103
C53 2487(13) 9862 (6) 1425(6) 82
N3 2370(10) 9456 (4) 2004(5) 66
sl 6749(3) 5188(1) 3390(2) 111
0l 6268(10) 5883(5) 3019(5) 163
Cl 7255(15) 5288(7) 4451(7) 136
c2 8627(16) 5049(6) 3488(8) 137
s2 5811(3) 8055(1) 9942(2) 104
02 5769(10) 8817(4) 9783(5) 134
c3 3953(14) 7732(6) 9399(7) 111
c4 6632(17) 7651(7) 9345(9) 171
s3 873(4) 9030(1) 5932(2) 133
03 790(11) 8776(5) 5131(6) 198
c5 -501(17) 8559(7) 6120(9) 173
cé 2535(17) 8620(8) 6673(9) 184

Ueg=1/3(U11+U22+U33+2U3CosB)
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Table 5.5.2 continued

Hydrogen positional parameters (x104)

Atom X y z

H21 -46 9272 3842
H31 -2788 8527 3225
H41 -3292 8251 1814
H51 -1820 8175 1226
H22 4865 8585 4910
H32 6124 7417 5007
H42 5367 6840 3596
H52 3996 7275 2407
H23 3226 10601 3439
H33 3342 11295 2397
H43 2740 10836 967
H53 2373 9627 993

Hydrogen atom positions were calculated and fixed with
isotropic temperature factors of 0.06 A2
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Table 5.5.3 Bond Lengths (&) and Angles (o) for trichloro(tris-2-
pyridylphosphine-P-)gold(I)-N,N’,N"-)chromium(III).

Au-Cll1  2.268(3)
Cr-C13  2.295(3)
Cr-N2 2.105(9)
P-Cl1 1.82(1)
Cl1-C21 1.39(2)
C21-C31 1.35(2)
C31-C41 1.38(2)
C41-C51 1.37(2)
CS51-N1 1.36(1)
N1-Cl1 1.36(1)
S1-01 1.49(1)
S1-Cl 1.79(1)
S1-C2 1.78(1)
Cll1-Au-P  178.6(1)
Ci3-Cr-C14 91.5(1)
N1-Cr-C14  89.9(3)
N2-Cr-C14  90.1(3)
N3-Cr-C14 177.7(3)
N2-Cr-N3 89.5(3)
Au-P-Cl11 115.4(4)
Cl1-P-Cl12 101.4(5)
P-Cl11-C21 121.0(9)
Cl11-C21-C31 120(1)
C21-C31-C41 119(1)
C31-C41-C51 120(1)
C41-C51-N1 122(1)
C51-N1-Cr  118.5(7)
C51-N1-C11 117(1)
Cr-N1-Cl11 124.7(8)
N1-Cl11-C21 122(1)
N1-C11-P 116.9(8)
01-S1-C1 106.5(6)
01-S1-C2 107.4(6)
01-S1-C2 95.4(6)

Au-P
Cr-Cl4
Cr-N3

Cl12-C22
C22-C32
C32-C42
C42-C52
C52-N2
N2-Cl12

52-02
52-C3
S2-C4

—

Ci2-Cr-C13
NI-Cr-C12
N2-Cr-Cl12
N3-Cr-Ci12
N1-Cr-N2

Au-P-Cl12
Cl1-P-Cl13
P-C12-C22
C12-C22-C32
C22-C32-C42
C32-C42-C52
C42-C52-N2
C52-N2-Cr
C52-N2-Cl12
Cr-N2-Cl12
N2-Cl12-C22
N2-C12-P

02-52-C3
02-52-C4
C3-52-C4

2.222(3)
2.317(3)
2.096(9)
P-Cl12 1.
1
1
1
1
1
1

82(1)

.41(2)
.39(2)
.39(2)
.38(2)
.36(1)
.33(1)

.504(9)
.78(1)
77(2)

93.7(1)
174.7(3)
89.3(3)
88.7(3)
86.6(3)

114.9(4)
102.1(5)
118.8(8)
118(1)
118(1)
121(1)
122(1)
117.3(7)
117.6(9)
125.0(7)
124(1)
117.5(8)

107.5(6)
107.5(6)
96.7(7)

Cr-Ci2
Cr-Nl

P-C13
C13-C23
C23-C33
C33-C43
C43-C53
C53-N3
N3-CI13

$3-03
53-C5
S3-C6

Ciz2-Cr-C1
NI-Cr-C13
N2-Cr-C13
N3-Cr-C13
N1-Cr-N3

Au-P-C13
Cl12-P-Cl13
P-C13-C23
C13-C23-C3

2.313(3)
2.113(9)

1.82(1)
1.38(2)
1.41(2)
1.37(2)
1.38(2)
1.36(1)
1.37(1)

1.50(1)
1.77(2)
1.81(2)

4 93.5(1)
90.3(3)
176.4(3)
88.7(3)
87.9(4)

115.5(4)

105.7(5)

119.3(8)
3 117(1)

C23-C33-C43 121(1)

C33-C43-C5
C43-C53-N3
C53-N3-Cr
C53-N3-C13
Cr-N3-C13
N3-C13-C23
N3-C13-P

03-53-C5
03-53-Cé
C5-53-Cé

3 118(1)
124(1)
119.1(8)
116(1)
124.8(8)
124(1)
116.8(8)

105.9(7)
104.4(7)
98.4(7)
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Table 5.5.4 Best planes, dihedral and torsional angles for
trichloro(chloro(tris-2-pyridylphosphine-P-goid(1))-
NyN’ ,N"=)chromium(III)

Plane : Distance of atom from the plane (&)

1.c11,C21,C31,C41,C51,N1 Cll;-0.02(2),C2150.01(2),C31:-0.00(2),
C41;-0.01(2),C51;0.01(2),N150.00(1)

2.c12,c22,C32,C42,C52,N2 C12;0.00(1),C2250.01(2),C32;-0.01(2),
C42;0.00(2),C52;0.02(2),N2;0.01(1)

3.Cc13,C23,C33,C43,C53,N3 C13;0.00(1),C23;0.01(2),C33;-0.01(2),
C43;0.01(2),C53,0.00(2),N3;-0.00(1)

4.N1,N2,C12,C13 N1;0.03(1),N2;-0.03(1),C1250.003(5),
03;-0.003(5),Cr;-0.049(4)

5.N1,N3,C12,C14 N1;0.06(1),N3;-0.07(1),C12;0.006(5),
C14;-0.006(5),Cr;-0.043(4)

6.N2,N3,C13,C14 N2;0.01(1),N35-0.02(1),C13;0.002(5),
C14;-0.002(5),Cr;0.052(4)

7.Cl1,C12,C13 P30.777(8)

Dihedral angles (9)

1 -2 114.7(4) 1 - 3 116.5(4) 2 -3 128.8(4) 1 - A 133.8(3)
2 - 4 130.9(3) 3 - 4 93.4(3) 1 -5 136.7(3) 2 -5 92.6(3)
3 -5 132.6(3) 4 -5 90.5(2) 1 -6 90.3(3) 2 -6 137.9(3)
3 -6 135.9(3) 4 -6 89.0(2) 5-6 88.8(2) 1 -7 91.1(4)
2 -1 89.4(5) 3 -1 87.7(5) 4 - 7 126.4(4) 5 - 7 126.2(4)
6 -7 124.3(4)

Torsional angles (9)

Cll-Au-P-Cl1 -147.0(3) Au-P-Cl1-NI -178.5(4)
Cl1-Au-P-Cl12 95.5(3) Au-P-C12-N2 179.2(4)
Cl1-Au-P-C13 27.5(3) Au-P-C13-N3 177.3(4)
P-Cl11-NI1-Cr -1.0(4) Cl1-N1-Cr-C12 5.4(4)
P-C12-N2-Cr 1.4(4) Cl12-N2-Cr-C13 29.1(4)

P-C13-N3-Cr 3.3(4) C13-N3-Cr-C14 17.7(4)
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Figure 5.5.1 A molecule of trichloro(chloro(tris-2-pyridyl-
phosphine-P-gold(I)-N,N’,N"-)chromium(III)

Figure 5.5.2 A stereoview of the packing in the unit cell
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N-Cr-N angles are less than 900 (N1-Cr-N2; 86.6(3), N1-Cr-N3; 87.9(4)
and N2-Cr-N3; 89.5(3)9) and all Ci-Cr-Cl1 angles are greater than 900
(C12-Cr-C135 93.7(1), C12-Cr-Cl14; 93.5(1) and C13-Cr-Cl14; 91.5(1)0).

Cr-N distances (Cr-N1; 2.113(9), Cr-N2; 2.105(9) and Cr-N3;
2.096(9) &) are longer than Cr-N(pyrazole) lengths reported in the
structure of dichloro(hydrotris(1-pyrazolyl)borato)pyridine
chromium(IIl) (2.043(3), 2.065(3) and 2.060(3) A) but are similar to
the Cr-N(pyridine) distance (2.108(3) &) of the same structure (234).
Cr-C1 bond lengths (2.313(3), 2.295(3) and 2.317(3) A) are also similar
to the above previously.reported structure (2.312(1) and 2.311(1) R) as
well as to those reported for mer-trichloro(dimethylformamide)(1,10-
phenanthrolene)chromium(II1) (235) and fac-trichloro
(diethylenetriamine)chromium(I11) (236). The formation of a facial
isomer involving coordination of three pyridine molecules is made
possible by their bond to phosphorus. Only the meridional isomer of
trichlorotris(pyridine)chromium(IIll) is known and attempts to react
this with boiling pyridine fail to produce the tetrakis(pyridine)
complex (237).

Dihedral angles between rings give an indication as to
deviation from C3, symmetry in that the ring 2 - ring 3 dihedral angle
is large (128.8(4)°) where the others are small (1 - 2; 114.7(4),

1 - 35 116.5(4)9). The apparent twisting of rings 2 and 3 away from
each other is also evidenced by the distance of the chromium atom from
these planes (Cr-ring 2; 0.16(1), Cr-ring 3; 0.12(1) R) where chromium
lies much closer to the ring 1 plane (0.03(1) R). As well, the

torsional angle involving ring | is close to 00 (Cl12-Cr-N1-Cl1;
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5.37(4)°) while the C13-Cr-N2-C12 (29.0(4)°) and Cl4-Cr-N3-C13
(17.7(4)°) angles are much larger. Furthermore, the N2-Cr-N3 angle is
the largest of the three though it is still less than 90° (89.5(3)9).
Such a ring twist does not appear to be a result of any intramolecular
effects and may be caused by crystal packing.

A stereoview of the packing is shown in Figure 5.5.2.
Molecules pack such that their approximate C3 axes are aligned with [1
2 1] and [0 2 1] and their octahedral axes are aligned approximately
with b and the two ac diagonals. The chromium octahedra form layers
about b=1/4 and 3/4 while the gold centers are located at b=0 and 1/2.
Molecules are arrahged in pairs positioned about inversion centers at
1/2,0,1/2 and 0,1/2,0 such that the chlorine atom of each P-Au-Cl axis
lies between rings 2 and 3 of the other molecule of the pair. Although
this stacking brings gold atoms together, the distance between them is
(3.759(3) A) longer than the sum of van der Waals radii, therefore no
attractive intermolecular interaction is indicated. The closest
approaches of the chlorine atom to the rings are 3.19(1) & (Cll---ring
2) and 3.31(1) & (Cll---ring 3) and the effect of this packing
arrangement appears to be the cause of the larger ring 2 - ring 3
dihedral angle. Otherwise, packing in the structure may be described
as featureless and the source of lattice energy is solely van der Waals
forces. The presence of twelve molecules of dimethylsulphoxide in the
unit cell is likely disruptive to any n-n interaction which may

otherwise have resulted.



CHAPTER 6
SUMMARY OF STRUCTURAL AND INFRARED DATA FOR TPP AND ITS COMPLEXES

6.1 Summary of structural data

A summary of salient features obtained from crystallographic
determinations of the structures of TPP and its complexes is given in
Tables 6.1a and 6.1b. With such information it is possible to
establish trends in the effects of P- and N-metal binding on the 1igand
itself.

Length of the P-C bond is immune to metal binding at either the
N- or the P- donor site.

C-P-C angles (although their values are, to some extent,
determined by packing effects in individual structures) are generally
smaller in the free ligand and N-bound complexes but widen slightly
when gold(I) binds to the phosphorus atom. A better indication of this
angle widening comes from comparison of distances of the phosphorus
atom from the C11-C12-C13 plane (see Figure 4.3.1). In cases where the
phosphorus atom is not involved in coordination, these distances are
relatively large (0.832(6) R (ave.)) and decrease to 0.74(2) A (ave.)
when gold(l) binds. This has been explained as a result of removal of
sterically demanding lone pair electron density from phosphorus, in
turn reducing the effects of lone pair.- pyridyl ring repulsions.

A more subtle change which occurs in accordance with the above
observation is the fact that N-Cl-P angles are consistently larger than
120° (and P-C1-C2 angles are consistently smaller than 120°) in the N-

bound complexes TPPZn(H»0)3, TPPFe(H20)2504 and TPPCu(NO3), but

198
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Table 6.1a A summary of structural parameters involving the phosphorus
atom for TPP and its complexes

Complexa P-C(R) C-P-C(0) P-(CCC) P-CI-N(o) P-C1-C2(0) P-M(R)

TPP 1.832(2) 101.4(1) 0.822(2) 119.9(2) 116.5(2) -

1.844(2) 100.6(1) 120.2(2) 116.7(2)
1.835(3) 102.5(1) 111.3(2) 117.4(2)
TPPZn 1.839(4) 98.5(2) 0.828(3) 120.3(3) 117.8(3) 3.438(1)
1.844(4) 102.6(2) 120.6(3) 117.3(3)
1.847(4) 102.9(2) 120.8(3) 116.9(3)
TPPCu 1.835(5) 105.8(3) 0.849(4) 121.8(5) 117.1(5) 3.336(1)
1.842(5) 97.6(3) 121.3(3) 116.9(6)
1.851(7) 97.8(2) 120.6(4) 117.7(5)
TPPFe 1.834(4) 102.1(2) 0.827(2) 120.7(3) 118.0(3) 3.481(1)
1.840(4) 101.6(2) 121.5(2) 116.7(3)
1.838(4) 100.4(2) 120.2(3) 118.3(3)
AuTPP 1.84(1) 103.9(6) 0.73(1) 119(1) 118(1) -
(A) 1.84(2) 106.3(8) 112(1) 121(1)
1.82(2) 105.3(6) 114(1) 124(1)
1.86(1) 102.1(7) 0.72(1) 109(1) 124(1) -
(A") 1.84(2) 110.7(8) 114(1) 120(1)
1.86(2) 105.0(7) 120(1) 115(2)
1.834(6) 103.6(3) 0.726(3) 120.0(4) 115.8(5) -
(B) 1.820(6) 105.9(3) 116.5(5) 120.6(5)
1.821(6) 106.5(3) 114.3(4) 122.2(5)
AuTPPCr 1.82(1) 101.4(5) 0.777(8) 116.9(8) 121.0(9) 3.386(3)
1.82(1) 102.1(5) 117.5(8) 118.8(8)
1.82(1) 105.7(5) 116.8(8) 119.3(8)
(AUTPP)2Cu  1.82(2) 103.0(6) 0.74(1) 116(1) 119(1) 3.321(3)
(A) 1.81(1) 106.7(6) 117.5(9) 121.3(9)
1.84(1) 104.7(6) 117.9(9)
1.82(1) 104.2(6) 0.75(1) 118.9(9) 119.7(9) 3.353(3)
(B) 1.84(2) 103.9(7) 119(1) 119(1)
1.81(2) 103.9(7) 121(1)

3 Complex codes have been abbreviated such that they do not include
the other ligands in the respective metal coordination spheres.
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Table 6.1b A summary of structural parameters involving the pyridyl
rings for TPP and its complexes

Complex@ ring-ring N-C5(R) N-CI(R) M-N M-N-C5(0) M-N-Cl(0)

TPP 97.0(1) 1.330(3) 1.346(3) - - -
97.4(1) 1.341(3) 1.335(3) - - -
91.8(1) 1.331(3) 1.343(3) - - -

TPPZn 108.3(1) 1.341(5) 1.358(5) 2.153(3) 120.0(3) 122.1(2)
123.0(2) 1.340(5) 1.352(5) 2.164(3) 119.9(3) 121.7(3)
128.5(2) 1.341(5) 1.351(5) 2.126(3) 119.6(3) 122.3(3)

TPPCu 137.7(2) 1.335(6) 1.352(9) 2.034(3) 121.5(5) 119.5(3)
113.1(2) 1.353(7) 1.345(9) 2.109(3) 122.5(5) 119.0(3)
108.8(2) 1.340(8) 1.351(9) 2.069(3) 122.0(5) 120.1(4)

TPPFe 125.9(2) 1.332(6) 1.348(5) 2.184(3) 119.1(3) 122.8(2)
113.0(2) 1.340(5) 1.354(4) 2.174(3) 119.9(2) 122.0(2)
120.9(1) 1.345(4) 1.340(5) 2.172(3) 118.6(3) 123.5(2)

AuTPP 124.4(8) 1.32(2) 1.30(3) - - -
(A) 122.0(7) 1.39(2) 1.30(2) - - -
134.7(6) 1.36(3) 1.31(2) - - -

103.4(7) 1.35(2) 1.32(2) - - -
(A7) 157.0(9) 1.36(3) 1.34(2) - - -
100.0(8) 1.32(3) 1.32(3) - - -

100.6(3) 1.36(1) 1.324(8) - - -
(B) 105.3(3) 1.34(1) 1.333(8) - -
113.7(3) 1.343(9) 1.321(7)

AuTPPCr 114.7(4) 1.36(1) 1.36(1)
116.5(4) 1.36(1) 1.33(1)
128.8(4) 1.36(1) 1.37(1)

L113(9) 118.5(7) 124.7(8)
L105(9) 117.3(7) 125.0(7)
.096(9) 119.1(8) 124.8(8)

NN

(AUTPP)oCu 110.6(6) 1.36(2) 1.32(1)
(A) 127.4(6) 1.34(2) 1.38(2)
121.8(6) 1.34(2) 1.32(1)

L31(1) 121.0(8) 121(1)
.08(1) 119.5(9) 122.0(9)
.061(9) 118.4(7) 122.6(9)

NN

(B) 126.0(6) 1.35(2) 1.35(2)
118.0(6) 1.36(3) 1.32(2)
115.7(7) 1.34(2) 1.33(2)

.04(1) 118.2(8) 123.5(8)
.16(1) 118.6(9) 122(1)
.24(1) 120.5(9) 123.0(9)

NN

8 Complex codes have been abbreviated such that they do not include
the other ligands in the respective metal coordination spheres.
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decrease to values less than 1200 in those structures where the
phosphorus atom is also involved in coordination (CIAuTPP)CrCl3 and
(C1AUTPP)2Cu). This is the expected result if the ligand framework is
shifted toward the phosphorus atom.

M-N-C5 angles are generally smaller than corresponding M-N-Cl
angles in the complexes TPPZn(H70)3, TPPFe(H20)2504, (CIAuTPP)CrCl3 and
(C1AUTPP)2Cu but this is reversed in the case of TPPCu(NO3)2. Two
factors appear to be relevant to this trend. The first has to do with
the presence of gold for the reasons explained above. The decrease in
P-CCC plane distance is concomitant with a shift of the pyridyl rings
towards the phosphorus atom. Because the metal ion is restricted in
its motion in the same direction because of repulsion by the phosphorus
atom, a change occurs in M-N-C angles. The second factor influencing
these angles is the M-N distance. In complexes with no
P-gold bonding, M-N-C5 angles are smaller than M-N-Cl angles, with
relatively long M-N bonds (2.148(5) A (ave.) for the zinc complex and
2.177(5) A (ave.) for the iron complex) whereas the opposite is true in
TPPCu(NO3)2 which has relatively shorter (2.071(5) A (ave.)) M-N
distances. Thus the metal ion, depending on its size, appears to sit
in the same place under the phosphorus atom while slight changes in
ligand geometry occur around it. M-P distances are comparable to the
sum of van der Waals radii in every case and thus, seems not to be
factor in determining complex geometry.

An obvious change in ring - ring dihedral angles occurs as a
result of metal binding at the nitrogen sites. Dihedral angles in TPP

and Cl1AuTPP, where pyridyl rings are free, deviate most from 1200,
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their values being subject solely to packing effects. Although still
subject to packing effects, ring - ring dihedral angles in N-bound
complexes are closer to 1200, An examination of cone angles (238)
about the phosphorus atom for free and N-bound complexes suggests that
the sterfc requirements of the ligand decrease slightly when metal ions
are incorporated and rings are restricted by N-binding.

Changes in N-Cl vs. N-C5 bond lengths and C5-N-Cl angles upon
metal binding to nitrogen sites are too small to be considered
significant. Thus the effect of metal binding within the pyridine

groups is negligible.

6.2 Summary of infrared results

A listing of infrared peaks and their assignments is given in
Table 6.2. Spectral assignments were facilitated by previous
vibrational analyses of pyridine, 2-substituted pyridines (239-242), as
well as those on triphenyl compounds of group VA elements (156,157).
Infrared spectra of TPP will be discussed in some detail with reference
to these studies as well as observed changes in the spectra as a result
of metal binding.

6.2.1 Infrared spectra of tris-2-pyridylphosphine

Infrared spectra of tris-2-pyridyl phosphine have been assigned
according to work done by Wilson et al. (239) on pyridine in
combination with Whiffen’s (155) analysis of substituted benzenes. The
notation developed by Whiffen (155) for substituted benzenes will be
used for band assignment of pyridine ring modes.

Like spectra reported for 2-alkylpyridines, two bands are



Table 6.2 Summary of infrared data for complexes of tris-2-pyridylphosphine

L Law  cul®  cut,® cu(taw),? zai? zm.z" Zn(Lau),® FeL® Fe[.zb Fe(LAw)® Fe(LAu),° reld  coL? co(Law? crL cr(rau)? assgat
3450br 3400br 3370br . vO-H
3050m 3040m 3110w 3090w 3090w 3090sh 3090m 3060w 3090m 3070m 3090w 3115m 3110w 3100w 3100m v CH
2985w 2980w 3090w 3050w 3040m 3040w 3070w 3075m 3070w 3070w 3072m "
3010vw 3005w 3000w 2990w 2990w 2985w 3000w 2960w 2952m N
2920w 2917m
2425m nitrate
2385m overtones
1970vw 1975w
1870w 1870w
1762w nitrate
1729m combinations
1703w 1765sp 1770sp 1769sp
1670w 1660vw 1635m 1633m 1626m 1640s 1635w 1640s 1640s 1595m 1638m 1630m 1620m 1640m 1630w 1627w S6CH comb iffe
1610w
1603w :
1575s 1572s 1581s 1580s 1583s 1582s 1584s 1587s 1582s 1573m 15848 1583s 1585s 1590s 1585s 1590s 1588s vCC in plane
1565sh 1565s 1565w 1562m 1571sh 1579w 1561m 1562m 1560m 1565sh 1558w 1565w 1564w 1584w "
1560s 1560s 1560w 1562w "
1473s v NO asym
14568 1459s 1454s 14548 1458s 1460s 1461s 1460s 1460s 1463s 1467m 1451s 1452s 1460s 1452s 1455m 1461s uCC in plane
14528 1450s "
1445sh "
14298 1422s 1428sh 1421sh 1423sh 1430s 1430s 1428s 1430s 1428m 1437s 1422s 1423s  1431s 1428s 1421s 1422s "
1418s
1386m 1383m 1386m 1400m 1384m 1387m
1375vs 1380vs 1381vs 1380vs 1382vs v3N-02bend
1286m 1284m 1286m 1280m 1287m,br 1280m 1280m 1290m 1290m 1280m 1283m 1274s 1282s 1280s 1278m 1282m YCH + uNO sym
1279m  1280m 1270m
12758h 1275m 1272m 1250w 1261w
1230w 1230w 1235m 1230w 1244w 1236m  1234m 1230m 1232m 1240w 1228m 1229w 1232w 1235w
1179m
1161m 1154m 1169m 1165sh 1162m,br 1165m 1160m 1160m 1160m 1160m 1160m 1170m 1167m 1162m YCH
11558 1164m 1159m "
1148s 1150sh "
1119w  1123m 1112w 1115w 1132m 1123w 1130m 1132m 1115w 1129w 1134m 1120w 1135m vP-C
1110vs 1090vs vS04
1090s 1085vs 1082vs vC104
1083m 1084m 1096sh 1095sh 1092m 1092m 1089m 1088m 1094m 1090m 1089m 1093m P-C
1089m 1087m
10463 1045m 1057m 1057m 1058m 1056m 1059m 1065m 1051m 1056m 1060m 1052m 1056m 1061m Y CH
1049m 1050m
1009w
1021sh 1011m 1018 uNO

€02



Table 6.2 continued

L Lau  cut®  cut,® cutau),? zat®  zal,® zn(Law),? Fel® FeL,® Fe(Lau)® Pe(Lau),® Fer?  cot! co(tam? ce! ceiram®  assgat
989s 988s 1009s 995m 1004 1011s 1011s 1012s 1010m 1011m 1008m 1010m 1009s 1019m 1011s 1022s 1018s ring breath.
984s 985sh 986 982w  989m  982m 995w  985m v
958m 969w 965w 960w
904m 900w 900w 890w 899w 905w 900w 910w 894w 895w 900w
892m ’

837m 832w 819m 835w 828m v2 NO3
823s 825m 8lim 821m
7708 7748 762s 767s 760s 769s 7708 771s 769s 761s 7178s 765s 767s 785m 767s 7708 771s Y CH f-vib
761s 7608  764sh 769s 765sh
743s 738s T4Tm 756m 746m 755m 740m 748m 740m T45m 750w 750w 745m Y CH r-vib
739s 132s 740w 740m 738m
727m,sp
719w 721im 707w 705w 704w 709w 709m 719m 712w T719m 720m 727s 709w 720m 729m 716w v-vib
708w 712w 719m "
613m 612m 627m 638w 635w 633m 640m 639m 640m 631w 642w 631m 642m 638m s-vib
620s 631m Clo4
620w 622w 610m 618m 610w 616m 625w
552s 547vs 550w  550m 559s 549m 549w  561s 570m 552w 572s 574s
537sh 549s 561s
515s 511s 506s 510s 519s 515s 515s 520s 510s 516m 520s 518s 514s 519s 519s 515s 523s y-vib
506s 5058 490m 490m 501m 500m 500sh "
498s ‘ "
432s 462m 434m 434m 444m 460w, ,br 440m 460w 462m,.br 455m 462m,br 465m 442s 465s 462m 457m t-vib
427s 426m 446s
409sh 399m 417m 416w 408w 412s 425m 410m 421m 411m 390m 423m 409m 424w 431m w-vib
404m 393m 420w "
396m
368m 368m 348s 345s uCr-Cl
342m 349m 334s 334s
329s 340m 335m 330m 329m 360s vAu-Cl
320s 330m )
310s uM-0
301w 308m 300m 297m 296sh 306w uM-N
299s vFe-Cl
280s *
293w 278m 289sh 294w 288m 282s 291s 278m 288m 269w 291m 296s x-vib
270s 258m 281m 282 274w 278s 262w 276m
258m 250w 260w 253m 262m 263w
248s 232w 238w 250m 237m 241w 233m 255m 255m vM-N
216m SN-M-0
205m 215w 200m 210vw 208vw 194vs 187m 218s 212m u-vib

v0¢e



Table 6.2 continued

L tau  cut®  cut,® cuctau),? zac? Zanb zn(Lau),® FeL’ FeLab Pe(LAu)® Fe(Lau),° retd  cotd co(raw? crt? crraw)? assgat
197m 197w 195m 212sh "
180s 180s vZn-N
165s 165s
172sh 169m é6Cl1-Cr-Cl
165s 162m
169w
148n 154m
131sh
1158

L=tris-2-pyridylphosphine (TPP)

abbreviations: s=strong, m=medium, w=weak, v=very, sh=shoulder, sp=sharp

a nitrate salts
b perchlorate salts
¢ sulphate complex

d chloride complexes

€ alphabetical labels refer to modes assigned by Whiffen (155) for substituted benzenes

S0¢Z
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observed in the vCH region of TPP at 3050 and 2985 cm-!. Cook and
Church (241) have shown that alkyl substituted pyridines have
characteristic absorption bands in the 2000-1650 cm-! region attributed
to overtone absorptions which depend on substituent location on the
aromatic.ring. Bands reported for 2-alkylpyridines are located at 1960
and 1755 cm~1 and compare with those for TPP which occur at 1970 and
1870 cm-1., A weak, broad absorption at 1670 cm~! has been assigned to
a combination of modes i at 904 and 892 cm-1 and f at 770 and 761 cm-1.
Similar assignments have been made for the spectra of triphenylarsine
(156).

Pyridine shows four bands in the 1650-1350 cm-1 region
attributable to ring stretches 1, m, n and o. Shifts in the
frequencies of these bands from those observed in pyridine (1580 cm-1)
(243) depend on the nature of the substituent. Katritzky and Hands
(240) report bands at 1586 and 1573 cm-! in 2-chloro and 2-
bromopyridine respectively and attribute the shift to heavy atom
effects. They also observe shifts to lower frequency as electron
acceptor quality of the substituent is increased. With strong electron
acceptors, the intensity of the peaks decrease. Since the 1575 cm~!
peak in the spectrum of TPP is relatively strong, any indication of the
ability of phosphorus to act as an electron acceptor is not conveyed
and the observed shift is probably a result of substituent mass. The
other peaks in this region are at the low end of frequency ranges
defined by spectra of 2-substituted pyridines (240) (1560-1575 cm~! vs.
1565 and 1560 cm-1 for TPP, 1460-1480 cm-1 vs. 1456 and 1452 cm-1 for

TPP and 1425-1440 cm-1 vs. 1429, 1422, and 1418 cm-! for TPP). The
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peak multiplicity observed in spectra of TPP arises from lattice
effects which lower its potential C3, symmetry.

Four bands attributable to BCH modes are expected in the 1300-
1000 cm~! region for monosubstituted pyridines. In TPP these are
located at 1286 and 1279 cm-!, 1230 cm-!, 1161, 1155 and 1148 cm-! and
1083 cm~l. An additional weak band at 1119 cm-! has been tentatively
assigned as the g-vibration and is one of the six modes described by
Whiffen (155) as having some P-pyridine component.

The symmetric ring breathing mode absorbs at 989 cm-1 in
agreement with frequencies reported for other 2-substituted pyridines
(994 + 4) (240).

The intensities of bands attributed to the j, i and f out-of-
plane CH bending modes correspond to those reported for halobenzenes.
The f mode in particular is expected to give very strong absorption in
the infrared and its frequency (770 cm~!) is within range of similar
bands observed in 2-substituted pyridines (780-740 cm-!). Bands at 743
and 739 cm-! are assigned to the r-vibration and contain a contribution
from P-pyridine stretching. This band is considerably shifted in
frequency from its position in triphenylphosphine (688 and 680 cm-1).
Other vibrations in the 800-400 cm-! region are assigned as the v and w
vibrations (out-of-plane ring deformation) located at 719, 708 cm-! and
409, 404, 398 cm-! respectively and the s-vibration (in-plane ring
deformation) at 613 cm~1. Whereas bands resulting from the w-
vibration are weak in spectra of benzene and triphenylphosphine, they
have relatively high intensity in TPP.

Out-of-plane modes may be expected to be more sensitive to
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lattice effects. This fact has been used as an aid to assignment of
peaks in the CH and CC bending region. Consistent with the above
assignments is the observation that the extent of band splitting is
larger in CH and CC mpdes with out-of-plane components. Those modes
resultiné from in-plane vibrations give bands with either smaller or
non-existent splittings.

The substituent-sensitive mode gives rise to peaks at 515, 506
and 498 cm-! and like x (293 cm-1) and u (205 and 197 cm-1) is
attributed to a certain extent to P-pyridine bending. Of the
substituent sensitive vibrations, assigned according to previous
studies on triphenylphosphine (156), the t-vibration is expected to
show the largest shift as a result of changing substituent (410 cm-! in

triphenylphosphine and 432 and 427 cm-1 in TPP).

6.2.2 N-bound metal complexes

In general, the frequencies of pyridine ring modes are little
affected by metal ion coordination. It has been suggested that the
similarity between spectra of its complexes and pyridine itself is an
indication of back-donation of electron density from the metal atom to
the pyridine ring (244). E.S.R. evidence suggests 2 or 3 % back
donation of unpaired electron density delocalizing onto the rings (see
section 5.3.6).

In most cases, bands which are split in the spectra of the free
ligand or TPPAuCl have become degenerate in the spectra of N-bound
metal complexex indicative of the ability of the metal ion to restrain

the ligand in a higher (C3y) symmetry conformation.
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In an extensive far-infrared study on metal pyridine complexes
(245), two metal sensitive pyridine vibrations were monitored, namely
the 601 cm-! s-vibration and the 403 cm-! w-vibration, and found to
shift invariably to higher frequencies upon metal coordination. In
spectra of N-metal complexes of TPP, these peaks shift from 613 and 403
cm-! to 627-642 cm~1 and 412-444 cm-1.

A peak which does not receive attention in the summary by Clark
and Williams (245) is the ring breathing mode (p) at ca. 989 cm-! in
TPP and 984 cm~1 in TPPAuUC! which consistently shifts to higher
frequency (1011-1025 cm-1) upon metal binding although to a lesser

extent than the s and w vibrations.

6.2.3 P-bound metal complexes

The overall appearance of the spectrum of TPPAuUC! resembles
that of the free ligand with particular regard to splittings of peaks
observed for trénsitions whose potential degeneracy has been removed by
lattice packing effects.

No significant changes in freguency are observed for bands
arising from the in-plane aromatic ring stretching modes which have
been reported to be susceptible to changing mass and electronegativity
of substituents at the pyridine 2- position.

Tentative assignment of the g-vibration (having a ring-P
component) is made for the band located at 1123 cm-1 in TPPAuCI
compared to its position at 1119 cm-1 in the free phosphine. This peak
is also shifted to slightly higher frequency in spectra of other

phosphorus bound complexes (1135 cm-1 in (C1AuUTPP)CrCl13, 1132 cm~! in
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(AUCITPP)2Cu(NO3)2 and 1133 cm~! (AuCITPP)FeSO4). A shift in the same
direction (1089 to 1100 cm~1) was also noted upon gold binding to
triphenylphosphine (see section 3.3.5). Other alterations may be
expected to occur in peaks resulting from the substituent-sensitive
vibrations. Notably the t-vibration located at 432 and 427 cm-! in the
free ligand shifts to 462 and 426 cm-1 in the gold complex. This trend
is also followed in the mixed metal complexes i.e. the t-vibration
absorbs at 434 cm~! in mono and bis TPP copper complexes and this
shifts to 444 cm-! when gold is also incorporated. Likewise, the band
at 423 cm-1 in (TPP)Zn(H20)3(NO3)2 and 425 cm~! in (TPP)2Zn(C104)7
shifts to 441 cm-1 in (AUCITPP)2Zn(NO3)2 and the band at 442 cm~! in
(TPP)CrCl3 shifts and splits in (AuCITPP)CrCi3 to 457 and 446 cm~l.

The spectra of gold-bound complexes invariably exhibit a peak
at ca. 550 cm~!. Because of its proximity to bands resulting from y-
mode vibrations at ca. 500 cm~! (metal-sensitive), this peak was at
first assigned as a y-band which shifted to higher frequency when the
gold atom was bound to phosphorus. Such an assignment, however, is not
consistent with the previous observations (156) that the vibration most
sensitive to substituent effects is in fact the t-mode. In TPP and its
complexes, the magnitude of t-band shifting-ranges from 10 cm~! (copper
complexes) to 30 cm~! (TPP to TPPAuCl). If the shift to ca. 550 cm~!
was attributed to the y-vibration, this would constitute a shift of ca.
50 cm~!, a difference 20 cm~! greater than any observed for a t-
vibration. After further consideration, the peak at 552 cm-1 in
TPPAuUCl was tentatively assigned as a combination band involving the

Au-C1 stretch located at 329 cm-! and the metal sensitive u-vibration
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(215 cm~l). In support of the assignment of a vAu-Cl component in this
band is the existence of splitting (547 and 537 cm~1) in the case of
(TPPAUC1)2Cu(NO3)2 which may correspond to the isotopic splitting of
the Au-C1 stretch at 340 and 330 cm~! with the u-vibration at 208 cm-!.
Furthermore, the combination band at 574 cm~! in (AuCITPP)CrCl3 is at a
higher frequency than found in the other compounds but can still be
shown to correspond to the sum of vAu-CI.and u-vibration peak
frequencies. The Au-Cl stretch is also found at higher frequency (360
em-1) and combines with the u-vibration at 212 cm~l. As a test of the
above hypothesis, the spectrum of (BrAuTPP)CrCl3 was recorded and the
peak again appeared at 570 cm~!. It appears that this band occurs as a
result of some mode which experiences a change in dipole moment upon
coordination of gold(l). It remains to be seen to what extent this

occurs upon binding of other metals to the phosphorus site.

6.2.4 Nitrate modes

The possibility of using nitrate bands in the infrared spectra
near 1750 cm~! for structural diagnosis was initiated by Curtis and
Curtis (246) and developed further by Lever et al. (247). This band
has been assigned to a combination of the free nitrate (D3p) v
symmetric stretch and the v4 in-plane bending modes. Local symmetry of
the nitrate is reduced to Cy, upon coordination and as a result vg
splits into two components each of which couple with v, thus the vj+vg4
combination band also splits. The extent of this splitting has been
used to fingerprint monodentate (A=5-26 cm~1) and bidentate (A=20-66

cm=1) nitrate coordination in ammine complexes of transition metals
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summarized by Lever et al. (247). The larger extent of splitting in
the bidentate case is explained by the larger deviation from Djp
symmetry which occurs in bidentate coordination. The spectra of
TPPZn(H20) 3(NO3)2 exhibit the sharp single band at 1769 cm~!,
(TPP)2Cu(NO3)2 and (CIAUTPP)Cu(NO3)2 at 1765 and 1770 cm~!
respectively, indicative of free nitrate. The spectrum of TPPCu(NO3)»
on the other hand, has three weak bands in this region at 1762, 1729
and 1703 em~!, According to Lever et al., complexes with both
monodentate and bidentate nitrate groups may be expected to show four
combination bands - one pair being generated from each coordination
mode (247). In the case of TPPCu(NO3)p, two of these bands probably
overlap. A simple calculation of the splitting of these bands is
likely not a reliable method of assigning therbands explicitly because
of the asymmetric nature of the bidentate nitrate established in the

crystal structure determination.

6.2.5 Metal - skeletal band assignments

Clark and Williams (245) have reported a range of M-N
stretching frequencies from 214 to 287 cm~1 for metal complexes of
pyridine having monomeric octahedral geometry. A more recent study on
nitrato complexes of cobalt, nickel and zinc with varying pyridine
stoichiometries took into consideration the effects of metal isotope
and deuteriopyridine substitution on bands in the 400-100 cm~! region
of the infrared (249). Although these assignments give some indication
of frequencies, none of the previously reported compounds have facial

pyridine coordination geometries with the exception of complexes of
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rhodium and iridium (vM-N; 266, 245 cm~! (rhodium), 270, 266 cm~!
(iridium) (245)).

The meridional isomer of Cu(py)3(NO3)2 exhibits peaks at 268,
223, 211 and 156 cm~! which have been assigned to vCu-0, vwCu-N, &N-Cu-N
and 8N-Cu-0 respectively (248). Peaks in the spectrum of (TPP)Cu(NO3)»
which are absent in that of TPP itself are those at 310 and 216 cm~!
and these are tentatively assigned as vCu-0 and 8N-Cu-0 respectively
since they are also absent in spectra of the CuNg species. In support
of the vCu-0 assignment is the observation of strong bands at 322 and
282 cm~! attributed to vCu-O in the spectrum of Cu(py)2(NO3)2. A
corresponding band in the spectrum of (TPP)Cu(NO3)2 at approximately
281 cm~! may be present but coincidental with a ligand absorption.
Bands resulting from the vCu-N mode in the spectra of [hydro
tris(pyrazol-1l-yl)borate]copper(l1) have been located at 263 and 244
cm~! and [hydro tris(3,4,5-trimethyl)pyrazol-1-yl)boratelcopper(ll) at
233 cm~! (249). Cu-N stretches in Cu(bipy)32t and Cu(phen)32t have
been located at 297 and 255 cm~! and 287, 272 and 265 cm~! (250).
Bands in this region are present in spectra of the Cu-TPP complexes but
cannot be definitely assigned as vCu-N since they are also present in
spectra of the free ligand. The zinc complexes exhibit bands at 180
and 165 cm-1 for (TPP)Zn(H20)2(NO3)2 and 180 and 169 cm~! for
(C1AUTPP)2Zn(NO3)2) which have greater intensity with respect to those
in the free ligand. It is possible that vZn-N contributes to their
intensity. Frequencies for the Zn-N modes are also in agreement with
assignments made by Hutchinson et al. (249) for the pyrazolylborate

ligands (227 and 180 cm-1 for (HB(pz)3),Zn, 204 cm~! for
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(HB((Me)3pz)3))2Zn and Takemoto et al. (250) for bands at 230 and 184
cml in Zn(bipy)32t and 198 and 175 cm~1 in Zn(phen)32*. A strong band
appears in the spectrum of (TPP),Zn(C104)2 but it is overlapped by a
broad peak at 194 cm~! tentatively attributed to éN-Zn-N. The Zn-0
mode was not assigned but may contribute to the band at 250 cm~!. M-N
stretches in the case of the chromium complexes are found at much
higher frequency (296 cm~! for (TPP)CrCl3 and 306 cm~! for
(C1AUTPP)CrCl3). This is explained by the relatively higher charge on
the metal center and the fact that its three d electrons are in
orbitals which are oriented between the Iligands (tzg3) whereas in all
the other examples for which far infrared data were collected the eq
orbitals are occupied (250).

Frequencies of the vM-Cl modes have been assigned at 347 and
330 cm™! in (TPP)CrCl3, 345 and 334 cm~! in (ClAuTPP)CfCl3. 299 and 280
cm~! in (TPP)FeCl3, 368 and 342 cm~! in (TPP)CoCl3 and 368 and 349 cm~!
in (C1AuTPP)CoCl3. The relatively lower frequency of the bands in the
iron complex suggest a high spin electronic configuration in accordance
with Moessbauer results (see section 5.4.4). Far infrared spectra of
the chromium complexes reveal other doublets at 172 and 162 cm~!
((TPP)CrCli3) and 169 and 162 cm~1 ((CI1AUTPP)CrCl3) which have been

assigned to the 8C1-M-Cl modes.



CHAPTER 7

GENERAL CONCLUSIONS AND FUTURE CONSIDERATIONS

The deQelopment of the oral anti-arthritis compound, auranofin,,
has shown both advantages and disadvantages in its use as a drug.
Among the disadvantages is its possible carcinogenicity which becomes a
greater risk during long-term RA treatment. The source of this
carcinogenicity is likely the phosphine ligand itself and not a result
of gold-DNA interactions similar to those implicated in the series of
platinum(IIl) anti-cancér drugs (although chloro- complexes of gold(I)
with triphenylphosphine and t-butylisocyanide have shown their ability
to bind to DNA in in vitro experiments). Comparison of the properties
of other gold(l) complexes with respect to their anti-arthritis effects
has potential to lend insight into the nature of the disease itself as
well as its treatment (like the established structure-activity
relationships of platinum(ll) complexes in cancer therapy). Attempts
to synthesize compounds analogous to auranofin with ligands other than
phosphine suggest that these complexes are either unstable (i.e.
aromatic nitrogen donor) or are too labile to survive subsequent
reaction with thiols (i.e. isocyanide complexes) to form auranofin-like
species. This lack of stability limits the use of alternative
compounds even for initial clinical comparisons with auranofin and the
injectable gold drugs. Complexes of gold(Ill) are more similar to
those of platinum(i1) and have also shown ability to bind to DNA in

vitro. These, too, are unstable in biological systems where other
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reactions result in compound decomposition. In summary, it has been
difficult to find a ligand which will stabilize gold(I) (or gold(I1I))
in a biological milieu and which also forms a characterizable complex.

For the purposes of future in vitro and in vivo experiments,

complexes of TPP have been prepared and characterized. Among these are
complexes with copper(Il) (section 5.3) which have also been
characterized on the basis of E.S.R. and electronic absorption
spectroscopies. These complexes have promising potential as the copper

ion provides a relatively sensitive label with which to follow in vivo

reactions in future experimentation.

Some effort has been exerted to establish trends in E.S.R. and
UV/Visible data to ultimately describe which d orbitals are involved in
bonding in copper complexes and thus make predictions as to structure.
In order for this to be possible, it is necessary to gather spectral
information for which complex structure has been determined
crystallographically. The TPP ligand is useful in this respect because
it restricts the copper ion to facial geometries. The hydro(tris-1I-
pyrazolyl)borate ligand places facial restrictions on copper as well,
but these are accompanied by rhombic distortions in the bis complex and
the mono- ligated species has not been reported.

In general, TPP is intermediate in ligand field strength
between aromatic amine ligands such as bipy and phen and primary (and
secondary) amines like en and dien.

A preliminary study of E.S.R. parameters for the copper

complexes of TPP suggest similarities in electronic structure between

CuNg species, as expected. The TPPCu(NO3)2 complex, which gives rise
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to relatively large gl and g} values, remains to be fully characterized
by single crystal E.S.R. work. Its crystallographically determined
structure is of distorted square pyramidal geometry. Although Hathaway
(202) has included compiexes of this geometry in his hypothesis
regarding g values and structure, a square pyramidal complex has not
yet been tested on these grounds.

TPP has been conceptualized as a protein model, for example, as
zinc(11) and iron(ll) or iron(l1l) complexes and a discussion of
structural data with respect to this potential has been included in
sections 5.2 and 5.4.

In the case of zinc, the octahedral coordination observed is
apparently what prevents the complex from catalysing the hydration of
carbon dioxide at biological pH for reasons outlined in section 5.2.4.
The study of complexes of similar ligands with the pyridine 5- position
occupied by groups of ranging steric demands is suggested as a course
of possible further work. Examination of the steric properties of
tris(imidazole)phosphine derivatives has already begun.

It is unfortunate that the lability of the zinc(Il) ion allows
decomposition of the [(CIAUTPP)Zn(H20)3]1(NO3)2 and
[(C1AUTPP)2Zn](C104)2 complexes in agueous solution through
precipitation of Cl1AuUTPP. The diamagnetic nature of zinc(IIl) would
have been ideal for a study of the reactions of these complexes in NMR
experiments. Instead, a kinetically inert diamagnetic ion is required.
Development of cobalt(lll) complexes has begun for this purpose (see
sections 5.5 and 6.2) and work on these systems continues.

Structurally, iron complexes of TPP have shown their potential
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as models for the active site of haemerythrin although the actual
diiron species has yet to be synthesized.

While, in theory, it may be possible to affect slight changes
in the electronic properties of the phosphine site by incorporation of
other trénsition metals at the nitrogen sites, this does not appear to
occur in practice as evidenced by comparison of structural properties
reported in Chapter 6. The only indications of structural changes
result from restrictions placed on the pyridyl rings upon metal binding
where they are no longer free to assume a propeller-like arrangement
but are forced to adopt C3y symmetry. Distortions in this C3y symmetry
have been observed to result from packing effects. Also, gold is able
to withdraw lone pair electron density from the phosphorus atom
allowing the pyridyl rings to spread out regardless of the presence of
N-bound metal ions.

The effect on ring distances and angles of binding transition
metals to the byridyl nitrogen atoms is too slight to suggest any
trend. THis observation coincides with infrared results summarized in
section 6.2 where pyridine ring frequencies were little affected by
metal coordination.

The large quantity of work already reported for benzenes,
pyridines and pyridine complexes (155, 239-248) have allowed fairly
complete assignments to be made for infrared absorptions of TPP
complexes. With the variety of data presented in this thesis, certain
trends have surfaced which allow predictions to be made about the
structures of complexes.

Evidence for gold(I) binding at the phosphorus atom comes from



219
the slight shift in frequency of the band assigned as the g-vibration
at 1119 em-1 in the spectrum of TPP which is located at higher
wavenumber in phosphorus-bound complexes. Also, shifts to higher
Frequency (A=30 cm-l) are apparent for the t-vibration at 432 and 427
cm-1 in the free ligand. The most dramatic effect on the infrared
spectra of phosphorus-bound complexes is the appearance of a peak at
=550 cm~! absent in spectra of phosphorus-free compounds. An
assignment of this peak has yet to be made. It may prove valuable to
monitor this peak as a function of other atoms bound at the phosphorus
site ranging from oxygen or sulphur to metal ions other than gold(l).

An obvious effect of N-metal coordination on the overall
appearance of infrared spectra is the removal of band degeneracy
arising from the ability of the metal ion to impose C3y symmetry on the
ligand. The 601»cm“l s-vibration and 403 cm'l'w-vibration shift
invariably to higher frequency upon metal N-binding as does the ring
breathing mode located at 989 cm-! in TPP.

As usual, it is difficult to assign M-N and M-0 skeletal modes
with certainty. It becomes necessary to make a study involving metal
and ligand isotopic substitution in order to define bands arising from
these modes and even then, bands at low frequencies may contain a large
contribution from lattice vibrations.

So far, literature reports of TPP complexes have been concerned
only with the tripod nature of the ligand and transition metal-pyridine
binding. The availability of phosphorus as a binding site seems to
have been overlooked.The phosphorus site may, however, provide these

complexes with other properties. Phosphines are prevalent as ligands
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in organometallic chemistry and the possibility presents itself, for
example, where the ability to alter compound solubilities by changing
N-metal coordination may prove useful. Also, while protein active site
models thus far discussed exhibit their activity in solution, it may
now be péssible to fix, for example, a diiron or a zinc center on to a
surface to provide heterogenous catalysts which perform the same

function as biological enzymes.
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Table 3.2.A Anisotropic temperature factors (x103) for
chloro(t-butylisocyanide)gold(l).

Atom Uy U22 Us3 Uuz3 ui3 Uiz
Au 49.7(4)  68.7(5)  57.1(4) 0 0 0
Cl 54(2) 112(4) 81(3) 0 0 0
c(1)y  76(12) 50(9) 58(9) 0 0 0
N 56(8) 66(8) 58(8) 0 0 0
C(2)  38(8) 82(12) 55(9) 0 0 0
C(3)  71(9) 108(11)  111(11)  -7(10) -15(7) 20(9)
C(4) 112(17)  103(16) = 59(11) 0 0 0
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Table 3.2.B. Vibrational data for isocyanide and related complexes
t-BuNC t-BuNCAuCl (t-BuNC)zAuPF6 PhNC PhNCAuCl1 (PhNH)ZCAuCI assgmt
IR IR Raman IR IR IR IR
3260s uNH
3200m "
3100w 3135w uCH
3070w 3070w 3070w "
3030w "
3000s 2998w 3000m "
2992w
2989m 2987m
2979w
2955m 2960m 2958w 2955m
2938m 2027m 2920m
2900m 2878w 2882w 2888m
2120s 2248s 2262m 2251s 2119s 2233s uCN
2060w 2259s
1960m over-
1890m tones
1805w "
1750w "
1590s 1590m 1597s vring
1554s,br
1497m 1482s 1490s "
1482s
1480s 1476m 1480m
1467m 1464w 1468w 1461m
1458w
1451m 1456m 1448s
1439m 1450m 1447w
1400m 1399m 1400m
1385w 1386m 1380m
1374s 1374m 1373s
1369m
1328m
1282m 1290m 1295w 8CH
1269m
12398 1236s 1239w 1239s
1237w
1225s 1210sh 1184s
1190s
1181m 1200w 1219m 3CH
1160n 1160w 1166w
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.Table 3.2.B continued

t-BuNC t-BuNCAuCl (t—BuNC)zAuPF6 PhNC PhNCAuCl (PhNH)ZCAuCI assgmt
IR IR Raman IR IR IR IR
1136w
1122w
1118w
1090w 1090w
1062m 1067m 1075m
1040w 1045w 1042w 1046w
1020m 1019m 1013m ring breathing
1010m 999w
908m 911w YCH
929w 933w 933w 938w
863s 853m 859w 865m
839m
827m
830vs vPF
744w 738w 744m 765w
745s 748s 747s YCH
730s
701w 710w
679m
673s 673s 682s
635w
551s
560m
S514m 523m 522w
510m 510m
455m 466m 464w
378w
353m 354w 355m 328m,br vAuCl
345m 345w 436m "
217m 221w 223w
204w
116w 116w
109w
76w
T2w
abbreviations: s=strong, m=medium. w=weak, v=very, br=broad
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Table 3.2.C Vibrational data for nicotinamide and its gold(l) complex

free ligand complex
IR IR Raman assagmt
3380s,br 3320s,br wNH
3160s,br - 3160s "
3090s , vCH
3075m
2790w 2780w
1690s,br 1720s vCO
1625s,br 1640s "
1600m 1620s 1621w vring
1581s 1577m 1588w "
1572m A
1490s 1483m 1483w "
1430s 1435s 1428m "
1402s,br 1395s 1412m
1347m 1340w
1258w 1249w 1245w YCH
1231w
1207s 1200m 1399w
1154m 1153m 1162m YCH
1126m 1120m 1126w
1090m 1060w 1102m
1070w
1031s 1022w 1030s
992w ring breathing
970m
936m 920m
829m 821m 823m
808w 809s
775s 770m YCH
700s 680s 679w v-vib
641m 649m 651w s-vib
600s
515s 520m y-vib
448m 432w t-vib
412s 390m 404s w-vib
398m 390w
345w
302s
260s
176m
200s u-vib
193s "
150m
129m 129s
108m 110m
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Table 3.3.A Anisotropic temperature factors (A2 x103) for

(1-methylthyminato-N3-)triphenylphosphinegold(l)

Atom Upg uz22 U33 ui2 U13 uz23
Au 48.5(3) 41.8(3) 51.9(4) 3.2(4) -5.9(4) -9.8(4)
N(1) 74(11) 40(10) 108(14) 7(10) -7(12) 12(9)
C(l) 132(23) 41(10) 224(35) -7(14) -22(23) 51(17)
C(2) 47(11) 59(11) 50(13) 14(10) 1(10) 17(9)
0(2) 123(14) 92(11) 62(10) -14(11) 24(12) -2(8)
N(3) 38(8) 38(7) 46(8) -6(6) -3(6) 5(7)
C(4) 35(9) 58(11) 69(12) 7(11) 10(10) -8(10)
0(4) 78(11) 58(8) 95(12) -10(8) 10(8) -14(8)
C(5) 65(12) 65(12) 43(11) 3(13) -9(12) -15(9)
C(5") 87(18) 90(17) 76(16) -11(12) -3(12) -22(12)
C(6) 45(12) 50(12) 96(17) -2(8) 2(10) 0(11)
P 34(2) 49(2) 42(2) 8(2) 1(2) -5(3)
C(7) 52(10) 45(9) 36(10) -9(8) 5(10) 11(10)
C(8) 84(17) 100(20) 78(19) -41(15) 7(13) 9(14)
C(9) 92(24) 175(42) 213(48) 4(26) -40(26) -22(39)
C(10) 127(32) 96 (24) 151(36) -6(23)  -50(25) 55(24)
COiy  31(1D 219(34) B6(19) 12(18) 3(12) 66(23)
C(12) 50(13) 124(21) 71(16) -26(13) -9(12) 11(14)
C(13) 68(14) 30(9) 50(12) -5(9) -11(10) 12(8)
C(14)  47(11) 51(11) 90(18) 2(9) 4(11) 29(10)
C(15)  59(13) 52(12) 101(18) 22(10) -8(12) 0(12)
C(16) 107(19) 79(17) 60(15) 58(15) -6(14) 27(13)
C(17) 134(23) 58(14) 85(18) 57(15) 76(17) 38(12)
C(18) 105(19) 52(12) 63(14) 29(12) 10(12) 5(10)
C(19) 67(12) 32(10) 51(11) 12(9) ~ -5(9) -18(9)
C(20) 126(24) 106(18) 43(12) 53(17) 11(14) 28(12)
C(21) 82(20) 135(28) 170(39) 21(20)  -20(22) 28(24)
C(22) 268(48) 87(22) 52(16) 110(28) 15(25) -4(14)
C(23) 124(22) 83(18) 140(25) 57(18) -78(20) -7(20)
C(24) 78)14) 53(13) 60(13) 17¢11)  =21(11) -4(10)
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Table 3.4.A Ames tests results for compounds 1 - 13 (see Table 3.4.1)

Average number of revertants per plate

Complexes

conc x 10-6M
: 1 2 3 4 5 6 7 8 9 10 11 12 13

10 6 0 0 0 0 0 o0 O
3 6o 0 0 o0 o0 O0 o0 O
1 0o 0 0 o0 14 0 0 O
0.3 45 0 0o 0 0 o0 73 0 4 O
0.1 75 240 0 37 18 9 3 58 5 8 0 0 O
0.03 143 68 49 138 97 103 110 129
0.0l 200 215 206 160 240 84 75 174
0.003 10 64 117 224 191 271 142 189 206 234 190
0.001 242 239 258 213 193 177 4 79
0.0003 331 313 240 301 262 270 244 240
0.0001 327 306 225 295 319 354 310 335
0.00003 352 309 331 311 199 294 316 343
0.00001 343 372 340 330 269 290 325 306
0.000003 370 365 387 311 254 152 354 297
0.000001 388 375 357 353 265 337 334 242
0.0000003 388 381 346 306 374 333 266 205
0.0000001 316 357 348 361 317 319 265 238
0.00000003 246 372 246 361 344 325 243 317
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Figure 3.4.B
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Table 3.4.A Anisotropic temperature factors (A2 x103) for dichloro-
[N,N-bis-(2-hydroxyethyl)dithiocarbamate 5,5’ ]gold(II1).

Atom Upi U22 U33 uz3 U3 Ui2
Au 37.2(2) 33.6(2) 32.8(2) 2.3(2) 1.9(2) 0.9(2)
Cl1 65(2) 30(2) 58(2) -2(1) 4(2) 2(2)
c12 64(2) 65(3) 37(2) 4(2) -1(2) -1(2)
Sl 52(2) 32(1) 33(1) -6(1) 0(2) 0(2)
52 65(2) 37(2) 32(1) -5(1) 5(2) -1(2)
cl 40(7) 28(6) 41(6) 0(5) 1(5) 4(6)
N 39(6) 30(5) 48(6) -1(4) 1(4) -4(4)
c2 40(7) 44(7) 41(7) -13(6) 14(6) -10(6)
c3 69(9) 43(9) 63(8) -16(7) 3(9) -18(9)
01 97(9) 60(8) 82(7) 0(6) 28(7) -29(7)
C4 53(9) 66(10) 37(7) -3(7) -7(6) -5(8)
c5 77(11) 54(10) 41(7) 12(7) 15(8) 7(10)
02 85(8) 63(7) 60(6) -2(6) 16(7) -21(7)
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Table 4.2.A Vibrational data for auranofin and TPPAuUTATG

auranofin TPPAUTATG
3100w
2950w
2968s
2930m
2898m
2859m
1750vs,br 1750vs,br
1570s
1455m
1449m
1420m 1420s
1380m
1370s 1370s
1235vs,br 1235vs,br
1088m 1090w
1051m 1050sh
1029s 1029s
970m 980m
948m
902m 909w
859w
813m 810w
760m 760s
744m 745m
729m
690m
671w
655w
620m
594m
559m
550m 549s
521m 510m
505m 500m
478m
452m 455w
438m
400w
372m
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Table 4.3.A Anisotropic temperature factors (A2 x103) for tris-2-
pyridylphosphine.

Atom  Uj) Uz2 U33 uz3 U3 U2

P 39.6(4) 45.2(4) 40.3(3) -0.8(3) 8.3(3) -1.3(3)
Cll 39(1) 38(1) 31(1) -6(1) 3.4(9) -1.3(2)
c21 43(2) 46(2) 39(1) -1(1) 4(1) 5(1)
C31 65(2) 39(2) 41(1) 5(1) 7(1) 2(1)
C4l 61(2) 47(2) 51(2) 2(1) 23(1) -6(1)
C51 42(2) 52(2) 58(2) 3(1) 15(1) 5(1)
N1 42(1) 43(1) 46(1) 6.0(9) 10.6(9) 5(1)
c12 46(1) 38(1) 41(1) 2(1) 12(1) 1(1)
c22 57(2) 60(2) 56(2) -7(2) 24(1) -9(2)
C32 83(2) 68(2) 55(2) -1(2) 38(2) 4(2)
C42 87(2) 55(2) 39(1) -6(1) 14(2) 7(2)
C52 70(2) 61(2) 51(2) -14(2) 11(2) -11(2)
N2 57(2) 60(2) 44(1) -8(1) 15(1) -9(1)
C13 37(1) 43(1) 39(1) -1(1) 1(1) -9(1)
c23 62(2) 50(2) 44(2) -1(1) 4(1) -4(1)
€33 68(2) 63(2) 61(2) 22(2) 6(2) 5(2)
C43 66(2) 40(2) 84(2) 9(2) 33(2) 3(2)
c53 57(2) 46(2) 63(2) -7(1) 25(1) -8(1)
N3 45(1) 49(1) 47(1) -6(1) 14(1) -8(1)
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Table 4.4.A. Anisotropic temperature factors (&2 x103) for
chloro(tris-2-pyridylphosphine)gold(l), cell A.

Atom Ujj u22 U33 uz3 U3 uj2

Au 40.8(3) 36.3(3) 34.8(3) 18.7(2) 14.6(2) 22.4(2)

Cl 73(3) 69(3) 57(2) 45(2) 33(2) 43(2)
P 35(2) 31(2) 30(2) 14(1) 10(1) 16(2)
(| 45(8) 47(9) 30(7) 19(7) 20(6) 29(7)
C21 48(9) 34(8) 52(9) 16(7) 16(7) 17(7)
C31 39(9) 41(9) 66(11) 19(8) 19(8) 13(7)
C41 41(9) 53(11) 60(10) 33(9) 15(7) 12(8)
CS51 64(11) 69(12) 56(11) 37(9) 18(9) 28(10)
N1 41(7) 70(8) 33(7) 30(6) 6(5) 26(6)
C12 43(8) 20(7) 36(7) 14(6) 12(6) 17(6)
c22 42(9) 54(10) 65(10) 29(8) 13(8) 26(8)
C32 68(12) 82(13) 91(14) 52(11) 47(11) 46(11)
C42 37(9) 64(11) 92(14) 47(11) 14(9) 17(8)
C52 36(9) 81(12) 717(12) 55(10) 19(8) 23(9)
N2 58(8) 58(9) 45(8) 18(7) 0(6) 28(7)
C13 24(7) 30(7) 46(8) 25(6) 6(6) 11(6)
c23 65(10) 35(8) 57(9) 22(7) 20(8) 30(8)
C33 50(9) 33(8) 52(8) 28(7) 19(7) 24(7)
C43 48(9) 45(9) 65(10) 27(8) 20(8) 28(8)
C53 68(11) 49(10) 80(11) 38(9) 37(9) 46(9)
N3 43(7) 55(8) 62(8) 32(7) 12(6) 23(6)
Au’ 50.2(3) 46.4(3) 40.2(3) 26.7(2) 24.8(2) 31.3(3)
Ct’ 82(3) 76(3) 55(2) 43(2) 46(2) 58(2)
P’ 32(2) 41(2) 36(2) 23(2) 17(1) 20(2)
Cl1”  38(8) 49(9) 49(8) 6(7) 18(6) 30(7)
Cc21" 58(10) 54(10) 57(9) 31(8) 19(8) 39(8)
C31”  47(10) 67(12) 81(12) 44(10) 7(8) 26(9)
C41”  61(11) 87(14) 61(10) 49(10) 19(8) 40(10)
- C517  49(10) 71(12) 56(10) 33(9) 21(8) 19(9)
N1’ 52(8) 52(8) 55(8) 16(6) 11(6) 33(7)
c12®  29(7) 28(7) 41(8) 14(6) 10(6) 11(6)

C22’ 87(12) 92(13) 62(10) 59(10) 44(9) 76(11)
C32* 88(13) 107(16) 88(13) 72(13) 47(11) 70(13)

C42'  69(11) 59(11) 56(10) 39(9) 0(9) 27(9)
C52"  62(10) 58(10) 42(8) 36(8) 19(7) 36(8)
N2’ 56(8) 59(8) 35(7) 34(6) 35(6) 41(7)
C13"  35(8) 59(10) 30(7) 29(7) 11(6) 14(8)
C23" 85(13) 50(11) 69(11) 30(9) 40(10) 32(10)
C33” 111(16) 30(10) 82(14) 27(10) 32(12) -4(11)
C43” 130(18) 53(11) 46(9) 23(8) 34(11) 66(13)
C53" 69(12) 67(13) 87(13) 31(11) 11(10) 45(11)
N3’ 67(9) 18(7) 80(9) 5(6) 10(7) 30(6)
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Table 4.4.B Anisotropic temperature factors (A2 x103) for
Ci5H12N3PAUCT, cell B.

Atom Uy Uz2 U33 Uz3 U3 Ui2

Au 55.2(1) 43.0(1)  39.4(1) 11.06(9) 24.5(1) 3.65(9)

Cl 88(1) 65.3(9)  67(1) 33.0(8) 50.5(9) 15.5(8)
P 47.3(8) 43.3(6) 36.7(6) 9.7(5) 20.0(6) -0.2(5)
Cll 46(3) 42(3) 42(3) 10(2) 17(2) 2(2)
cz21 76(5) 70(4) 39(3) -1(3) 12(3) 20(4)
C31 88(6) 69(5) 74(5) -16(4) 28(4) 16(4)
C41 66(5) 55(4) 102(6) 9(4) 29(4) 13(3)
CS1 80(5) 712(5) 67(5) 9(4) 12(4) 22(4)
N1 83(4) 55(3) 66(4) 9(3) 16(3) 19(3)
Cl2 46(3) 48(3) 44(3) 5(2) 20(3) 3(2)
c22 55(4) 57(4) 17(5) 15(3) 19(3) 17(3)
C32 64(5) 85(5) 82(6) 14(4) 25(4) 25(4)
C42 45(4) 102(6) 86(6) -12(5) 22(4) 8(4)
C52 63(5) 110(7) 99(7) 32(6) 35(5) -15(5)
N2 56(4) 83(4) 16(4) 38(3) 22(3) -5(3)
C13 52(3) 45(3) 40(3) 8(2) 22(3) 3(2)
C23  102(6) 91(6) 61(5) -16(4) 47(5) -43(5)
C33 115(8) 119(8) 63(5) -21(5) 55(6) -40(7)
C43 84(5) 69(4) 52(4) -9(3) 29(4) -2(4)
C53 68(4) 66(4) 60(4) -4(3) 25(4) -13(3)
N3 59(3) 64(3) 46(3) 0(2) 26(2) -13(2)
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Table 5.2.A. Anisotropic temperature factors (&2 x103) for
triaquo(tris-2-pyridylphosphine-N,N’ ,N"-)zinc(I1])
dinitrate hydrate.

Atom Uy Uz22 U33 Uz3 U3 Ui2
Zn 34.8(3) 29.4(2) 32.5(2) 2.9(2) -0.3(2) -1.4(2)
P 60.0(8) 28.9(6) 45.9(6) 1.3(5) -2.4(6) 1.0(5)
N4 41(2) 48(2) 45(2) -18(2) 4(2) -7(2)
NS 46(3) 62(3) 67(3) 27(2) 7(2) 9(2)
01 71(2) 56(2) 50(2) -18(2) 21(2) 0(2)
02 77(2) 54(2) 58(2) 0(2) 1(2) 18(2)
03 69(2) 63(2) 38(2) -5(2) 3(2) -6(2)
04 98(3) 60(2) 71(2) 8(2) 21(2) 16(2)
05 53(2) 95(3) 85(3) 18(2) -5(2) 20(2)
06 45(2) 224(6) 65(2) 44(3) -1(2) 42(3)
07 39(2) 39(2) 44(2) 9(1) -6(2) -4(1)
08 54(2) 44(2) 42(2) -4(2) 7(2) -4(2)
09 35(2) 61(2) 42(2) 17(2) 0(1) -4(2)
010 46(2) 129(4) 56(2) 24(2) -1(2) -1(2)
Clt 37(2) 40(2) 41(2) 5(2) 1(2) 2(2)
c21 55(3) 43(3) 48(3) 12(2) -7(2) 3(2)
c31 53(3) 64(3) 44(3) 14(2) -13(2) 6(3)
c4l 45(3) 60(3) 35(2) 3(2) -5(2) -4(3)
51 47(3) 40(2) 39(2) 1(2) -1(2) -5(2)
N1 43(2) 31(2) 34(2) 3(1) -5(2) -3(2)
cl2 45(2) 37(2) 36(2) -5(2) -9(2) 0(2)
c22 53(3) 41(3) 49(3) -15(2) -8(2) 6(2)
c32 54(3)  62(3) 49(3) -25(2) 3(2) 6(3)
c42 51(3) 69(3) 39(2) -11(2) 8(2) -2(3)
c52 50(3) 48(3) 34(2) 5(2) 2(2) 0(3)
N2 41(2) 39(2) 36(2) 1(2) 1(2) 5(2)
C13 46(3) 35(2) 31(2) 0(2) -2(2) -9(2)
c23 69(3) 41(3) 40(2) 1(2) -5(3) -20(2)
€33 70(4) 68(4) 48(3) 9(2) -6(3) -38(3)
ca3 46(3) 78(4) 44(3) - 4(2) 0(2) -18(3)
53 43(3) 51(3) 39(2) 3(2) 1(2) -11(2)
N3 39(2) 37(2) 33(2) 3(1) -1(2) -7(2)
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Table 5.3.A Anisotropic temperature factors (A2 x103) for
dinitrato(tris-2-pyridylphosphine-N,N’,N"-)copper(11)

Atom Upy U22 Us3 Uz3 U3 U2
Cu 44.7(3)  44.0(3)  37.4(3)  24.1(3)  32.4(3)  33.5(3)
P '52.3(7)  50.8(6)  39.2(6)  26.1(6)  35.2(6)  39.5(6)
cl1 41(2) 52(3) 37(2) 30(2) 31(2) 33(2)
c21 51(3) 80(4) 56(3) 48(3) 43(3) 50(3)
c31 46(3) 74(4) 70(3) 50(3) 44(3) 37(3)
c4l 45(3) 54(3) 56(3) 37(3) 32(3) 27(3)
c51 43(3) 44(3) 43(2) 28(2) 29(2) 27(2)
N1 36(2) 41(2) 37(2) 23(2) 28(2) 27(2)
c12 43(2) 37(2) 29(2) 20(2) 24(2) 27(2)
c22 62(3) 49(3) 35(2) 22(2) 30(2) 38(3)
€32 57(3) 43(3) 33(2) 16(2) 19(2) 24(3)
c42 47(3) 47(3) 41(3) 28(2) 23(2) 27(2)
52 42(3) 48(3) 44(3) 29(2) 27(2) 29(2)
N2 41(2) 42(2) 34(2) 22(2) 26(2) 29(2)
C13 33(2) 35(2) 32(2) 17(2) 21(2) 21(2)
c23 49(3) 49(3) 44(2) 27(2) 31(2) 38(2)
€33 50(3) 49(3) 44(3) 31(2) 28(2) 34(2)
43 38(2) 47(3) 33(2) 24(2) 23(2) 25(2)
C53 37(2) 40(2) 33(2) 21(2) 23(2) 24(2)
N3 38(2) 39(2) 34(2) 21(2) 27(2) 26(2)
N4 84(3) 83(3) 99(3) 59(3) 66(3) 61(3)
N5 136(5) 126(5) 82(4) 84(4) 98(4) 119(5)
01 133(4) 117(4) 88(3) . 77(3) 91(3) 101(3)
02 116(3) 104(3) 82(3) 75(3) 85(3) 96(3)
03 158(5) 134(4) 133(4) 106(4) 108(4) 131(4)
04 73(3) 68(2) 71(3) 40(2) 46(2) 51(2)
05 79(3) 116(4) 108(4) 66(4) 52(3) 62(3)
06 274(8) 261(8) 195(6) 190(7) 219(7) 240(8)
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Table 5.3.B Anisotropic temperature factors (&2 x103) for
bis[chloro(tris-2-pyridylphosphine-P-)gold(I)-N,N’,N"-]
copper(ll) dinitrate dihydrate

Atom Upi uz2 Uss uz3 U3 U2
Aul 59.7(6) 28.2(2) 43.8(2) 8.5(1) 30.6(3) 11.2(2)
Cul 27(2) 25.3(8) 25.4(8)

Cll 75(4) 27(1) 57(2) 7(1) 37(2) 9(2)
Pl 51(4) 30(2) 39(2) 8(1) 29(2) 13(2)
Cll 49(13) 35(6) 24(5) 10(4) 20(6) 6(6)
c31 49(15) 61(9) 63(9) 16(7) 24(9) 13(8)
cal 79(18) 61(9) 69(10) 16(8) 45(11) 33(10)
c51 38(14) 59(8) 36(7) 11(6) 25(8) 11(8)
N1 45(11) 30(5) 47(6) 12(4) 39(6) 12(5)
c12 35(12) 36(6) 36(6) 9(5) 33(7) 19(6)
c22 46(13) 63(8) 34(7) 14(6) 31(8) 35(8)
c32 30(13) 83(11) 30(7) 8(6) 10(7) 31(9)
c42 66(15) 63(9) 50(8) 14(7) 37(9) 33(9)
c52 36(14) 56(8) 46(8) -4(6) 29(8) 5(8)
N2 45(11) 38(5) 43(6) 6(4) 32(7) 13(6)
C13 35(12) 33(6) 34(6) 5(5) 27(7) 10(6)
c23 39(12) 36(6) 33(6) -2(5) 6(6) 14(6)
C33 59(15) 59(9) 44(7) -4(6) 31(8) 21(8)
c43 35(12) 49(8) 47(7) 13(6) 13(7) 15(7)
c53 49(13) 51(7) 34(6) 11(5) 33(7) 15(7)
N3 34(9) 35(5) 36(5) 9(4) 23(5) 9(5)
Au2 54.8(5) 29.1(2) 49.4(2) 14.6(2) 29.5(3) 16.0(2)
Cu2 31(2) 24.7(8) 22.2(8)

c12 92(4) 40(2) 81(2) 29(2) 46(3) 34(2)
P2 50(3) 25(1) 38(2) 9(1) 24(2) 15(2)
Cl4 46(12) 29(6) 37(6) 10(5) 22(7) 11(6)
c24 58(14) 42(7) 46(7) 13(5) 34(8) 18(7)
C34 57(14) 50(7) 41(7) 8(6) 30(8) 15(8)
C44 50(13) 42(7) 45(7) 7(5) 28(8) 26(7)
C54 24(11) 29(6) 36(6) -11(5) 10(6) -2(6)
N4 38(10) 37(5) 35(5) 11(4) 24(5) 9(5)
c15 23(12) 34(6) 39(6) 6(5) 24(7) 6(6)
c25 61(16) 50(8) 60(9) 1(6) 47(10) 19(9)
35 113(21) 42(8) 92(12) 3(8) 66(14) 5(10)
c45 73(17) 67(11) 54(9) -1(7) 21(10) -4(11)
c55 55(16) 46(8) 50(8) 0(6) 28(9) 6(8)
NS 55(11) 36(5) 43(6) 17(4) 33(6) 16(6)
Cl6 76(15) 38(7) 47(7) 7(5) 41(8) 19(8)
C26 51(15) 37(7) 72(10) 10(6) 48(10) 7(8)
C36 18(14) 63(9) 65(9) 3(7) 23(9) 13(8)
C46 61(15) 71(10) 48(8) 9(7) 33(9) 27(10)
C56 69(16) 61(9) 85(11) 33(8) 66(11) 37(10)

XXXVii



Table 5.3.B continued

N7
0l
02
03
N8
04
05
06
0l1
022

57(15)

85(13)
127(15)
238(23)

36(15)
127(18)
112(16)
209(28)
159(16)
138(17)

85(11)
68(8)
81(8)
112(11)
142(18)
185(18)
129(12)
372(37)
73(8)
161(16)

76(10)
151(13)
109(11)
121(12)

91(13)
172(17)
166(15)
131(17)
104(9)
140(14)

-22(9)
3(8)
11(8)
72(10)
15(13)
116(15)
99(12)
-65(20)
36(7)
=25(12)

37(10)
22(10)
83(11)
115(14)
18(11)
46(15)
62(12)
-40(17)
67(10)
30(12)

-20(10)
-11(8)
-5(9)
97(13)
6(12)
28(13)
53(11)
209(27)
23(9)
-61(13)
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Table 5.4.A Anisotropic temperature factors (A2 x103) for
diaquo(tris-2-pyridylphosphine-N,N’N")sulphatoiron(Il)

trihydrate.
Atom upg u22 Uss uz3 ui3 ui2
Fe 24.3(3) 30.2(3) 43.7(3) 0 5.2(2) 1.x(2) 4.6(2)
P 33.9(6) 33.8(5) 56.0(7) -3.8(5) 1.3(5) 6.5(4)
Cll 31(2) 59(3) 35(2) -6(2) -2(2) 17(2)
c21 56(3) 82(4) 50(3) -17(3) 1(3) 27(3)
C31 73(4) 153(8) 34(3) -12(4) 15(3) 46(5)
cal 61(4) 125(6) 39(3) 16(4) 14(3) 22(4)
51 49(3) 77(4) 43(3) 18(3) 10(2) 13(3)
N1 32(2) 53(2) 35(2) 3(2) 3(2) 9(2)
C12 27(2) 36(2) 34(2) 2(2) 3(2) 1(2)
C22 34(2) 46(3) 39(2) 8(2) 0(2) -5(2)
€32 21(2) 69(3) 47(3) 14(2) 3(2) 1(2)
C42 27(2) 68(3) 44(3) 7(2) 4(2) 17(2)
C52 36(2) 45(2) 42(2) 2(2) 2(2) 12(2)
N2 25(2) 38(2) 38(2) 0(1) 0(1) 6(1)
C13 27(2) 33(2) 46(2) 10(2) 9(2) 10(2)
C23 59(3) 40(3) 67(3) 18(2) 9(3) 17(2)
€33 69(4) 76(4) 59(3) 35(3) 5(3) 29(3)
c43 52(3) 78(4) 39(3) 13(3) -3(2) 22(3)
53 43(3) 48(3) 41(2) 6(2) 3(2) 11(2)
N3 31(2) 37(2) 36(2) 6(1) 5(1) 11(1)
0l 47(2) 65(2) 116(3) 48(2) -24(2) 1(2)
02 37(2) 64(2) 73(2) -32(2) -7(2) 19(2)
sl 30.7(5) 34.6(5) 50.2(6) 10.5(4) 3.0(4) 1.0(4)
03 30(2) 36(2) 70(2) 19(1) -1(1) 1(1)
04 53(2) 54(2) 78(2) 33(2) -11(2) -2(2)
05 35(2) 76(3) 104(3) 32(2) 17(2) 6(2)
06 108(4) 58(2) 67(2) -11(2) 1(2) 13(2)

07 40(2) 92(3) 65(2) =15(2) -8(2) 32(2)

XXX X



Table 5.5.A Anisotropic temperature factors (A2 x104) for
trichloro(chlorotris(2-pyridylphosphine-P-golid(1))-
NyN’ ,N")chromium(111)

Atom Upi U2z U3s uz3 U3 Uiz
Au .288(2) 265(2) 163(2) -54(2) 100(2)  -16(2)
Cll 400(19)  462(21)  258(16) -188(17) 183(15) ~-137(18)
P 243(18)  227(18) 158(16)  -30(14) 98(15)  -5(15)
Cr 169(10) 166(10) 145(10) -8(8) 56(8) 4(8)
C12 240(17)  314(18)  281(17)  -12(14) 139(14)  32(14)
C13 248(18)  288(18)  219(16) 42(13) 53(14)  30(14)
Cl4 311(18) 177¢16)  255(17)  -12(13) 113(15)  -16(14)
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