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ABSTRACT

NEW APPROACHES TO THE MONONUCLEAR AND

HETEROPOLYNUCLEAR CHEMISTRY OF 3d METALS

WITH A HIGHLY BASIC FUNCTIONALIZED LIGAND

By

Anne Quillevéré

In the past thirty years the chemistry of transition metals with

phosphines has been heavily investigated due, in part, to the demonstrated

ability of such ligands to play a pivotal role in homogeneous catalytic

processes and to stabilize metal centers in low oxidation states. The

synergistic o-donor and n-acceptor properties, as well as the steric effects

of such ligands, affect the coordination of tertiary aryl-phosphines to 3d

elements in which there has been a considerable interest because the

complexes that they form exhibit an enhanced reactivity toward small

molecules such as N2, 02, or CO. A recent approach to transition metal

phosphine chemistry involves the use of ether-functionalized phosphines in

which the presence of oxygen donor substituents provides a unique

combination of soft (P) and hard (0) donor atoms, as well as opens up the

possibility to form weak metal-ether interactions that are sufficiently labile

in solution so as to promote chemistry at the metal center.

Tris(2,4,6—trimethoxyphenyl)phosphine (TMPP) is an ether-

functionalized derivative of triphenylphosphine that combines some of the

aforementioned properties, along with steric bulk and high basicity.



Because of its unique combination of properties and the fact that the

transition metal chemistry of the ligand is virtually nonexistent, our group

has been investigating its chemistry with a variety of transition metals. The

unusual properties of TMPP have allowed for the isolation of

unprecedented complexes such as the di-ferrous, ferromagnetic salt [H-

TMPP]2[Fe2C16] (2) (H-TMPP = [H-P{C6H2(0Me)3}3]+) from the

equimolar reaction of FeCl3 with TMPP. The reaction of 2 with

molecular oxygen involves a series of reactions which eventually lead to

the formation of the neutral, mono-phosphine oxide adduct

FeC13(O=TMPP) (6). Compounds 2 and 6, along with two other

intermediates, [H-TMPP]2[FeHCl4] (4) and [H-TMPP][FemCl4] (5), were

characterized by a variety of techniques including single crystal X-ray

crystallography, magnetic susceptibility, as well as epr and Mossbauer

spectroscopies. These studies lend new insight on the mechanism of the

FeCl3-catalyzed oxidation of phosphine to phosphine oxide.

The chemistry of TMPP with Co(II) and Ni(II) has also proven to be

very rich. Demethylation of the ligand resulted in the formation of

phosphino-phenoxide complexes of general formula M(TMPP-0)2 (M =

C0 (12), Ni (18); TMPP-0 = [P{C5H2(0Me)3}2{C6H2(0Me)20}]').

Compound 12, in which the two phosphine ligands are mutually cis, reacts

with MClz (M = C0, Mn) to form the homo- and heterobimetallic species

CleCo{u-n2-(TMPP-0)2}. Oxidation of complex 18 yields

[Nim(TMPP-0)2]+ (19), whose identity as a S = 1/2 spin system was

confirmed by epr spectroscopy and magnetic susceptibility measurements.

The stabilization of compounds 18, Ni“, and 19, Nim, with the identical

ligand set provides an excellent example of how careful tailoring of a

ligand can allow access to unusual oxidation states.



To the Memory of my Grand-Parents,

Louise Vala and Germain Quillevéré.
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CHAPTER I

INTRODUCTION
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Phosphines have been used by coordination chemists for more than

forty years, not only because of their synthetic availability, but also because

of their fascinating chemistry with transition elements [1]. The discovery

in the early 1960's that metal phosphine complexes catalyze numerous

chemical reactions, such as hydroforrnylation or olefin hydrogenation, to

cite a few, spurred a considerable amount of research [2]. The first report

by Wilkinson that RhC1(PPh3)3, which became known as "Wilkinson's

catalyst", played a pivotal role in the catalysis of hydrogenation [3]

spawned a whole field of investigation involving the coordination

chemistry of triphenylphosphine with a variety of transition metals [2].

The electronic "ambivalence" of phosphines, which can act as o-donors as

well as rt-acceptors [4], combined with steric effects, allows for the

stabilization of metal centers in a variety of oxidation states, from low-

valent Ni(O) in Ni(PPh3)4 [5] to high-valent W(IV) in WC14(PMe3)2 [6].

The commercial availability of first-row transition metal halides has

historically placed them in the category of starting materials most used in

the coordination chemistry of a variety of ligands, among which are

phosphines [7]. As early as the late 1950's, Issleib initiated a systematic

investigation of the reactivity of tertiary phosphines PR3 (R = Ph, Cy, Et,

nBu), as well as secondary phosphines PHRz, with 3d metal di- and

trihalides [8]. The results reported in this series of papers constitute the

first data base for MXn(L)m (L = phosphine) compounds. Unfortunately,

no structural information was obtained for these compounds, and it was not

until the advent of X-ray crystallography in the mid-1960's that this area of

inorganic chemistry began to flourish. It was discovered that much of the

earlier work reported in the literature did not take into account the

inherent incompatibility of soft, basic tertiary phosphines with hard, acidic
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3d metal halides. In fact, most of the complexes turned out to be of

general formulae [MX4][MX2(L)2] or [MX4][H-L]n (L = phosphine) [9]; the

paucity of neutral complexes of the type MXn(L)m from the early

chemistry was an indication that a new approach was needed, be it using

different starting materials, or tailoring of the phosphine ligands to render

them more compatible with 3d metals. Several years ago, Girolami and

coworkers developed a very successful synthetic route to low-valent,

coordinatively unsaturated metal—phosphine complexes [10]. These

complexes provide an excellent entry in the organometallic chemistry of

chromium, titanium and vanadium because they exhibit enhanced reactivity

toward small molecules such as 02, CO, N2 or C2H4 [11]. In the case of

titanium, some interesting catalytic properties in the polymerization of

ethylene were discovered [10c]. This approach takes advantage of the

chelating ability of diphosphines such as dmpe

(bis(dimethylphosphino)ethane) or dippe (bis(diisopropylphosphino)ethane)

to stabilize metal dihalides and form complexes of general formula

MX2(P~P)n (X = Cl, Br; 11 = 1, 2). Diphosphines are not easily protonated

and their bidentate coordination mode renders the complexes thus formed

very stable. Several of the complexes reported by Girolami et a1. were

structurally characterized and constitute, to date, the sole examples of

authentic mononuclear phosphine adducts of divalent first-row transition

elements.

The chemistry of monodentate tertiary phosphines with metal halides

was recently revived by Poli and coworkers, who studied the interaction of

both triaryl- and trialkylphosphines with the hard Lewis acid, FeCl3 [12].

They were able to demonstrate in their work that bulky monodentate

phosphine lead to mono-adducts of the type FeCl3(PR3) (R = Cy, tBu),
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whereas less sterically encumbered phosphines favor the bis-adducts

FeCl3(PR3)2 (R = Me, Ph). These results were in contrast to that reported

in the literature for the same phosphines, namely, the complexes

FeCl3(PCy3) [8a] and FeC13(PPh3) [13a], the latter formulation being

subsequently confirmed by Mossbauer spectroscopy [13b]. In addition to

characterization by infrared spectroscopy and elemental analysis, the

earlier reports described the compounds as yellow solids, whereas the

recent work by Poli mentions their color as being dark red. None of the

mono-phosphine adducts were structurally characterized and it appears that

the complexes were not stable in solution. The synthetic difficulties and the

lack of reproducibility encountered in the use of traditional triaryl- and

trialkylphosphines necessitated that the electronic and steric properties of

the ligands be modified; this may be achieved by the functionalization of

the substituents on the phosphorus atom. The past twenty years have

witnessed a development of this approach, in that inorganic and

organometallic chemists have started employing phosphines with nitrogen

[14] and oxygen [15] substituents. Among the most frequently studied in

the latter category are ether groups. The properties, coordination

chemistry and applications to homogeneous catalysis of ether-phosphine

ligands, hereafter referred to as (P,O) ligands, have been extensively

reviewed in the recent literature [15]. The use of (P,O) ligands for

homogeneous catalysis has been extensively explored by Lindner and

coworkers [16], but the earlier work of Anderson [17], Rauchfuss [18] and

Shaw [19] had shown the usefulness of ether-phosphines, in particular

ortho-substituted arylphosphines, for the stabilization of elusive species

such as mononuclear Rh2+ and Ir“, through the formation of five-

membered metallacycles, as illustrated in the scheme below.
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o 11?;2
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MeO R2

R=Me,‘Bu M=Rh,Ir

Some of the most interesting properties of (P,O) ligands are a direct

consequence of the presence of ether substituents that can act as "built-in"

solvent molecules by forming weak interactions with the metal center.

These are quite labile in solution, thereby providing vacant coordination

sites available for substitution or reversible addition chemistry. These

ligands have been referred to as "hemi—labile" [18], since they engage in an

"arm on/arm off" mechanism to accommodate the coordination sphere of

the metal, by coordinating either in an n1 mode through the phosphorus

atom, or in a polydentate mode through the phosphorus and several oxygen

atoms. Moreover, the presence of both soft and hard donor atoms in the

same ligands has allowed for the stabilization of different metals in a

variety of oxidation states (from Group VII to Group X) [15], and the

increased electron density at the metal center facilitates the oxidative

addition of an incoming substrate, as well as the reductive elimination of

the product. The recent work of Lindner with ruthenium and rhodium

ether-phosphine complexes has demonstrated the pivotal role of the ether

groups in catalytic processes such as methanol carbonylation and

hydrocarbonylation to produce ethanol, acetaldehyde or acetic acid, in

addition to selective hydroformylation, hydrosilylation and hydrogenation

[16]. Lindner has recently extended his explorations to include cobalt and

nickel compounds [16v,w], as previous work by Braunstein et a]. had
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already demonstrated promising results with nickel [20]. These

observations, combined with the demonstrated lack of compatibility of

traditional monophosphines with 3d metals, certainly render the concept of

using ether-functionalized phosphines very attractive, since the added

(hard) ether groups should increase the compatibility of the ligands with

the typically hard first-row metal cations.

Our approach is to use an ether-functionalized derivative of

triphenylphosphine, tris(2,4,6-trimethoxyphenyl)phosphine, referred to as

TMPP throughout this dissertation.

OMe

MeO OMe

MeO OMe

P

M60 0M6 M60 OMe

The synthesis of TMPP was initially reported in the Soviet literature

in 1963, by Protopopov et al., by a route that involved the coupling of

(1,3,5-trimethoxy)benzene by PCl3 in the presence of ZnC12 [21]. More

recently, Wada and coworkers reported an alternate synthesis, which

involves lithiation of (1,3,5-trimethoxy)benzene by n-butyllithium followed

by coupling with triphenylphosphite [22]. A modification of this literature

procedure is currently used in our laboratories as shown in equation 1 [23].



OMe OMe MeO

"Bum P(OPh)3

Tr, 0M3

MeO OMe 0% MeO Li OMe (ffh M60

12 h

Wada has explored the use of TMPP in organic reactions such as

epoxidations or Michael additions, as well as for the extraction of metal

ions such as Fe3+ and Ga3+ [24]. These applications are certainly a direct

result of the unusual chemical and physical properties of this phosphine.

One of the most striking features of TMPP is its extreme basicity, which

arises from the presence of three methoxy groups on the phenyl ring. In

fact, the ortho disubstituted phosphine, namely tris(2,6-

dimethoxyphenyl)phosphine, is less basic, and the basicity of the phosphine

increases with the level of methoxy substitution. The pKa of the conjugate

acid of TMPP is 11.0; a comparison with other substituted phosphines and

known bases is shown below [22]:

P{2,4,6-(MeO)3C5H2}3 (TMPP) 2 piperidine, EtzNH, Et3N 2 P{2,6-

(MeO)2C5H3}3 > PPh2{2,4,6-(Me0)3C6H2} > PPh{2,6-(MeO)2C5H3}2 >

pyridine > PPh2{2,4,6-(MeO)3C6H2} > PPh2{2,6-(MeO)2C6H3} 2 P{4-

(MeO)C6H4}3, PPh3.

Figure 1 shows the shift of the CEO stretching frequency for Ni(CO)3L

complexes, in which L is a tertiary phosphine; this shift is a measure of the

donating ability of the phosphine since it bears a direct relationship to the

n-backbonding from the filled d-orbitals into the empty CEO 1t* orbitals,

thereby indicating the strength of the CEO bond, as shown in the study



Figure 1. A plot of the cone angles versus the v(CO)A1 stretch for

various Ni(CO)3L complexes (L = phosphine).
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Figure 2. ORTEP diagram for TMPP showing the atom labeling

scheme [23].
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carried out by Tolrnan [25]. This figure clearly illustrates the fact that

TMPP is the most basic phosphine known to date. Another interesting

feature of this ligand is its steric bulk, which arises from the presence of

the ortho methoxy substituents. An ORTEP diagram of the molecule,

presented in Figure 2 [23], clearly shows the typical propeller arrangement

of the phenyl rings adopted by triarylphosphines. The cone angle value of

184° that was reported by Wada has since been confirmed in our

laboratories, using the Tolman cone angle method [25]. This method

requires the construction of a CPK model with the assumption that the M-P

bond is 2.28 A as illustrated in Figure 3. This experiment confirmed that

TMPP was the third largest phosphine after P(mes)3 (mes = C6H2(CH3)3)

and P(o-tol)3 (tol = C6H4(CH3)), and far more bulky than PPh3, which has

a cone angle of about 145°.

Some of the most useful characterization tools in this chemistry are

NMR and infrared spectroscopies; representative data for TMPP and

various phosphonium salts of TMPP are listed in Table l and Table 2.

Figure 4 depicts the infrared spectra of various TMPP derivatives in the

1000-800 cm'1 region; these patterns are indeed "fingerprints" of the

different types of TMPP derivatives, such as protic phosphonium [H-

TMPP]+, methylphosphoniurn [CH3-TMPP]+ or chloromethylphosphonium

[ClCHz-TMPPP, which are often encountered as by-products in the

chemistry of TMPP. The 1H NMR spectrum of free TMPP (in CD3CN)

consists of three resonances at 8 = + 3.43 (singlet, 18 H) and 8 = + 3.75

(singlet, 9 H) ppm, corresponding to the ortho and para methoxy groups,

respectively, and at 8 = + 6.05 (doublet, 6 H, HvPJ = 3 Hz) ppm

corresponding to the meta protons. Coordination of TMPP to a

diamagnetic metal center is easily detected by 1H or 31P NMR, as it renders
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Figure 3. Tolman cone angle for various tertiary phosphines.
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the rings magnetically inequivalent according to the type of bonding mode

it adopts.

Our initial venture into the chemistry of TMPP with transition

metals was the reaction of the fully solvated dirhodium cation

[Rh2(NCCH3)1o]4+ [26] with four equivalents of TMPP to produce the first

structurally characterized mononuclear Rh(II) species, ie, [Rh(n3-

TMPP)2]2+ [27]. This unusual d7 metalloradical possesses an axially

elongated octahedral geometry, in which two mutually cis phosphine

ligands are coordinated to the metal center in a tridentate fashion.

Furthermore, this complex has four metal-ether interactions that are labile

in solution and allow for some fascinating substitution chemistry with

isocyanides CNR (R = tBu, 1P0 [28] and reversible addition of CO [29].

Our group has also isolated compounds of TMPP with a variety of other

transition metals [30], both early, as in the case of M0(CO)3(113-TMPP)

[31] and late as in Ir(CO)2(TMPP)2 [32], but also with polynuclear systems

such as trinuclear carbonyl clusters of Group VH1 [33] or dinuclear species

such as Rh2(OAc)4 [34]. Our main goal, however, was to access other

mononuclear d7 radical systems to compare their reactivity to the Rh(II)

species. Wayland and coworkers have recently reported facile C-H bond

activation of methane by using a porphyrin-based Rh(II) radical [35], and

in view of these results and our prior experience in Rh(II) chemistry we set

out to investigate the chemistry of d7 systems for 3d metals, namely Co(II)

and Ni(III). The successful use of a fully solvated cation as a starting

material in the Rh(II) chemistry prompted us to begin our study with

solvated cations of Co(II) and Ni(II).

The second, third and sixth chapters of this dissertation describe our

findings in our attempts to prepare monophosphine adducts of Fe, V, Cr,
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Table 1. 1H NMR data for TMPP and various phosphonium

salts.
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Table 2. Infrared data for TMPP and various phosphonium

salts in the 1000 - 800 cm-1 region.

 

 

compound mid-infrared bands

TMPP 950 (s) 920 (w)

[H-TMPP]+' 951 (s) 936 (s) 917 (s) 899 (m)

[H-TMPP]+ "

[CH3-TMPP]+

[CiCHz-TMPP]+

949 (m) 928 (s) 916 (s) 907 (m) 884(m)

950 (s) 918 (8, br)

949 (s) 916 (s)

 

* inal:1 salt

” ina 1:2 salt
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Figure 4. Infrared spectra of TMPP (a), [H-TMPP]+ in a 1:1 salt (b),

[H-TMPP]+ in a 1:2 salt (0), [CH3-TMPP]+ (d), and [ClCHz-

TMPP]+ (e) in the 1000 - 800 cm'1 region.
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and Mn halides. Chapters IV and V are an account of the chemistry of the

solvated cations [M(NCCH3)5]2+ (M = Co, Ni) with TMPP. Finally,

Chapter VII summarizes our findings and projects future directions for this

research.
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1. Introduction

Despite the considerable amount of research that has been carried out

on iron(II) and iron(III) chemistry, only the former oxidation state has

been subjected to a broad investigation of its reactivity with phosphine

ligands [1]. Indeed, there are few documented examples of neutral adducts

of FeCl3 with any ligand type [2] including phosphines [3-6]. In view of

the demonstrated catalytic role of FeCl3 in the oxidation of

triphenylphosphine to triphenylphosphine oxide, especially the recent work

of Ondrejovic et al. [7], we were interested to see if we could stabilize a

mono-TMPP adduct of FeCl3, and study its reactivity with dioxygen.

This chapter reports our investigations of the chemistry of TMPP

with FeC12 and FeCl3, and the reactivity of some of the products with

molecular oxygen.

2. Experimental

A. Synthesis

(1) Reaction of FeClz with TMPP

(i) with one equivalent of TMPP

In a typical reaction, a sample of anhydrous ferrous chloride (0.127

g, 1.002 mol) was reacted with one equivalent of TMPP (0.534 g, 1.003

mmol) in ca. 20 mL of carefully deoxygenated benzene to produce a pale

brown solution. The solution was stirred at room temperature for about

24 hours, after which time it was reduced to a residue. The resulting

brown solid was washed with copious amounts of benzene (3 x 10 mL) and

dried under vacuum; yield of [CH3-TMPP]2[FeCl4] (l): 0. 210 g (16%

relative to FeClz).

After evaporation in air, the washings produced a large crop of

white crystals after 5 days, which was washed with diethyl ether, acetone
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and ethanol and characterized as free TMPP by 1H NMR (CD3CN, 8ppm:

3.50(s), 3.73(s), 6.02(d)) and infrared (949(3) and 918(w) cm'l)

spectroscopies.

The brown solid was identified by 1H NMR (CD3CN, Sppm: 2.48

(d), 3.55(s), 3.86(s) and 6.21(d)) and infrared (949(s) and 916(s, br) cm-l)

spectroscopies as containing the cation [CH3-TMPP]+ and [FeCl4]2- (ch-c1

= 283 cm'l); UV-visible spectrum (CH3CN, Kmax, nrn) : 310, 360.

(ii) with two equivalents of TMPP

An amount of FeClz was reacted with two equivalents of TMPP

following the procedure described in A(1)(i), and a similar work-up was

employed. An attempted characterization of the pale yellow-brown

product revealed only the presence of free TMPP and [H-TMPP]+. No

evidence for a Fe-Cl stretch was observed in the infrared spectrum.

(2) Reactions of [Fe(NCCH3)6][BF4]2 with TMPP

The salt [Fe(NCCH3)6][BF4]2 was prepared as reported in the

literature [8]. The reaction of [Fe(NCCH3)5][BF4]2 with two equivalents of

TMPP was performed in a variety of solvents (MeOH, CH3CN, benzene,

acetone). A typical experiment was carried out as follows. A quantity of

[Fe(NCCH3)6][BF4]2 (0.133 g, 0.280 mmol) was added to 2 equivalents of

TMPP (0.298 g, 0.559 mmol) in ca. 20 mL of solvent and the resulting

pale brown-yellow solution was stirred at room temperature for ca. 1

hour. A pale solid precipitated from the solution after slow addition of

diethyl ether and was dried in vacuo. 1H NMR and infrared spectroscopies

of this residue established its identity as [H-TMPP][BF4]; yield: 0.173 g

(48% relative to TMPP).
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(3) Reactions of FeCl3 with TMPP

(i) Reaction of FeCl3 with TMPP in ethanol

A Schlenk flask was charged with equimolar amounts of anhydrous

ferric chloride (0.167 g, 1.030 mmol) and TMPP (0.549 g, 1.030 mmol).

Upon addition of ethanol (20 mL), a bright orange microcrystalline solid

formed which was filtered through a medium frit, washed with ethanol and

dried; yield: 0.447 g. 1H NMR (CD3CN, 8ppm): 3.69 (s, 002113), 3.88

(s, p-OCHQ), 6.26 (d, m-H), 8.40 (d, P-fl), IR (CsI, Nujol, cm'l): V(Fe-Cl)

= 366(s) and 320(m); UV-visible (CH3CN, lmax (nm)): 381, 320, 286, 260

and 219; electrochemistry: (El/2)er = - 0.44 V (vs. Ag/AgCl). In the

absence of a structure, the identity of the iron-containing anion is

postulated as [Fe2C15(u-OH)2]2'. Anal. Calc'd for Fe2Cl6P2020C54H7o: C:

45.51; H: 4.95; Found: C: 45.10; H: 4.77.

(ii) Reaction of FeCl3 with TMPP in CHCl3

A sample of FeCl3 (0.151 g, 0.931 mmol) was stirred with one

equivalent of TMPP (0.495 g, 0.929 mmol) in 20 mL of CHC13 at r.t. for

ca. 36 hours after which time the solvent was removed under reduced

pressure to produce a dark yellow residue. This solid was washed with

several aliquots of freshly distilled benzene (3 x 10 mL) and dried in

vacuo; yield of [FeCl4][H-TMPP] (5): 0.358 g (53% relative to FeCl3).

The far-infrared spectrum exhibited the typical v(Fe-Cl) stretch for

[FeCl4]‘ at 375 cm'1 whereas the mid-infrared region was indicative of the

presence of [H-TMPP]+ as the cation.

(iii) Reaction of FeCl3 with TMPP in CH3CN

Equimolar amounts of FeC13 (0.144 g, 0.888 mmol) and TMPP

(0.471 g, 0.884 mmol) were dissolved in 20 mL of CH3CN to yield a

homogeneous brown—green solution which was stirred at room temperature
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for ca. 4 days. The volume of the reaction solution was reduced to about 5

mL and layered with hexanes followed by diethyl ether. Within 3 days, a

mixture of red crystals (identified as FeCl3(O=PR3) (6), vide infra) and

yellow crystals were present. The latter were characterized as [H-

TMPP]2[Fe2Cl6] (2) (vide infra) on the basis of infrared and 1H NMR

spectroscopies.

(iv) Preparation of [H-TMPP]2[Fe2HtHCl5] (2) in

benzene

A quantity of anhydrous FeC13 (0.162 g, 0.999 mmol) was added to

one equivalent of TMPP (0.532 g, 0.999 mmol) in 30 mL of deoxygenated

benzene. The resulting suspension was stirred at room temperature for 24

hours, after which time the solvent was decanted from a yellow solid. The

product was washed with several aliquots of benzene (3 x 10 mL) and THF

(3 x 10 mL) until the supernatant was colorless. The resulting pale yellow

product was dried in vacuo; yield: 0.456 g (65% relative to FeC13). Anal.

Calc'd for Fe2C16PC54O13H63: Cl: 15.28; C: 46.61; H: 4.92; Found: Cl:

15.27; C: 45.98; H: 4.90. Slow diffusion of hexanes into an acetone

solution of 2 resulted in the formation of X-ray quality yellow crystals.

Four v(Fe-Cl) stretches were observed in the far-infrared spectrum at

360(8), 300(m), 280(m) and 230(w) cm'l, and the 1H NMR spectrum

exhibited characteristic resonances attributed to the protonated phosphine

(CD3CN, 6ppm): 3.67 (s, 002113), 3.85 (s, p-OCHQ), 6.24 (d, m-H), 8.37

(d, P-H). The electronic spectrum consists of three features (CHC13, lmax

(nm); e, M'1 cm'l): 377(1.80 x 103), 287(sh) and 260(6.80 x 104).

The dark red-brown filtrate was evaporated to a residue; yield of

[TMPP-C1][FeCl4] (3): 0.078 g (11% relative to FeCl3). 1H NMR

(CD3CN, 8ppm): 3.35 (s, 18 H), 3.64 (s, 9 H), 5.95 (d, 6 H); 31P NMR
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(CD3CN, Sppm): - 1.56; IR (CsI, Nujol): v(Fe-Cl) = 380 cm'l, FAB-mass

spectrum: m/z = 567 (corresponding to [TMPP-Cl]+).

(v) Preparation of [H-TMPP]2[Fe2HJIC16] (2) in

diethyl ether

A quantity of FeC13 (0.062 g, 0.380 mmol) was dissolved in 15 mL

of diethyl ether and filtered into a 25 mL diethyl ether solution of TMPP

(0.203 g, 0.380 mmol). The resulting yellow suspension was stirred at

room temperature for 24 hours. The reaction was treated in a manner

identical to that described in A(3)(iv) above; yield: 0.148 g (56 %).

(4) Preparation of [H-TMPP]2[FeHCl4] (4):

(i) Decomposition of [H-TMPP]2[Fe2C16] (2) in ethanol

An amount of 2 (0.050 g, 0.072 mmol) was dissolved in 40 mL of

ethanol. The resulting yellow solution slowly became colorless over the

period of one week under an argon atmosphere. Careful evaporation of

the solvent by purging the solution with a strong flow of argon yielded a

crop of pale yellow crystals of a quality suitable for a single crystal X-ray

study.

(ii) Reaction of [FeII(NCCH3)6][AlCl4]2 with TMPP

An amount of [Fe(NCCH3)5][A1C14]2 [9] (0.303 g, 0.474 mmol) was

reacted with two equivalents of TMPP (0.505 g, 0.949 mmol) in 20 mL of

methanol. The bright yellow solution was stirred at room temperature for

0.5 h. A pale yellow solid, isolated after reduction of the volume, was

dried under a dynamic vacuum and recrystallized from an acetone/hexanes

mixture (v/v 1:1); yield: 0.240 g (40%). Anal. Calc'd for

FeCl4P2C54013H63: C: 51.29; H: 5.42; Found: C: 49.0; H: 5.89. Pale

yellow microcrystals were grown by slow diffusion of diethyl ether into a

THF solution of 4, or by diffusion of toluene into a CH2C12 solution.
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Infrared (CsI, Nujol, cm'l): 280(8) (v(Fe-Cl)); UV-visible (CHC13, hmax

(nm); e, M'lcm'l): 36l(4.6 x 103), 309(4.9 x 103), 287(sh), 261(7.2 x

104); 1H NMR (CD3CN, Sppm): 3.68(s), 3.88(s), 6.25(d), 8.40(d); cyclic

voltammetry: (E1/2)ox = + 0.04 V, [Jeff = 5.29 HB-

(5) Preparation of [H-TMPPHFemCi4] (5):

(i) Oxidation of [H-TMPP]2[FeHCl4] (4) with molecular

oxygen

An amount of 4 (0.050 g, 0.039 mmol) was dissolved in methanol.

Upon bubbling dry oxygen into the solution, the color changed from

yellow to orange. Rapid evaporation of the solution produced long orange

needles that were of a quality suitable for an X-ray study. Anal. Calc'd for

FeCl4PC2709H34: C: 44.31; H: 4.65; Found: C: 44.26; H: 4.71. IR (CsI,

Nujol, cm'l): v(Fe-Cl) = 380(3); 1H NMR (CD3CN, Sppm): 3.70(s),

3.88(s), 6.26(d), 8.38(d); UV-visible (CHC13, kmax (nm); e, M'1 cm'l):

365(5.05 x 103), 315(4.9 x 103), 289(sh) and 261(7.54 x 104); cyclic

voltammetry: (El/2)red = + 0.03 V; ucff = 6.11 113.

(ii) Reaction of [FeH(NCCH3)6][SbC16]2 with TMPP

A quantity of [Fe(NCCH3)5][SbCl6]2 [10] (0.173 g, 0.179 mmol) was

added to two equivalents of TMPP (0.190 g, 0.357 mmol) in 10 mL of

methanol. Upon addition of the solvent, a bright yellow solid rapidly

precipitated from an orange solution. The orange filtrate was decanted

from the solid and subjected to a dynamic vacuum to yield a residue which

was washed with diethyl ether (2 x 10 mL) and dried in vacuo; yield: 0.064

g (51% relative to Fe“). The yellow solid was characterized as [H-

TMPP][SbC16]; yield: 0.089 g (40% relative to TMPP). Anal. Calc'd for

SbClaPC2709H34: Cl: 24.09; C: 36.69; H: 3.93; Found: Cl: 24.51; C:

37.33; H: 3.92. Infrared (CsI, Nujol): v(Sb—Cl) = 345 cm'l; 1H NMR
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(CDC13, fippm): 369(8), 387(3), 6.11(d) and 8.33(d). The identical

compound was independently prepared from the reaction of Na+SbC15'

with one equivalent of TMPP in MeOH.

(6) Preparation of FemCl3(O=TMPP) (6):

(i) Reaction of [H-TMPPlleezClal (2) with molecular

oxygen

An amount of 2 (0.050 g, 0.072 mmol) was dissolved in 30 mL of

ethanol. The resulting yellow solution was bubbled with dry oxygen for 10

minutes, during which time it turned to a dark orange color. The reaction

solution was then left to evaporate under a purge of 02 gas which produced

red-orange crystals of 6; yield: 0.041 g (80% relative to 2). Anal. Calc’d

for FeC13POloC27H33: C: 45.59; H: 4.64; Found: C: 45.88; H: 4.73. IR

(CsI, Nujol, cm'l): v(Fe-Cl) = 380(3) and 320(w); electronic spectrum

(CHC13, Amax (nm); e, M'1 cm'l): 342(4.3 x 103), 287(sh), 258(4.0 x 104);

FAB-mass spectrum: m/z = 548 (corresponding to TMPP=O); 1H NMR

(CD3CN): very broad; CV: (El/2),“ = - 0.02 V; treff = 6.31 118-

An anaerobic EtOH solution of 2 as described above became

colorless during the period of 1 week. After bubbling 02 through this

solution for 5 minutes, a yellow color ensued which converted to. dark

orange within 10 minutes. Red-orange crystals of 6 formed under an

oxygen atmosphere after several days.

An amount of 2 (0.050 g, 0.036 mmol) was dissolved in 50 mL of

acetone and a stream of 02 gas was passed through the solution for ca. 1

hour. The resulting orange solution was layered with hexanes and diethyl

ether. Crystals of 6 were isolated from this solvent mixture; yield: 0.040 g

(78% relative to 2).
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(ii) Reaction of [H-TMPP]2[FeHCl4] (4) with molecular

oxygen

An amount of 4 (0.100 g, 0.079 mmol) was dissolved in 20 mL of

methanol, treated with 02 for 4 hours, and layered with hexanes and

diethyl ether to produce red-orange crystals of 6; yield: 0.030 g (53%

relative to 4).

(iii) Reaction of [H-TMPP][FeHICl4] (5) with molecular

oxygen

A quantity of 5 (0.100 g, 0.137 mmol) was dissolved in 30 mL of

methanol whereupon the solution was bubbled with 02 for 3-4 days.

During this time, the solvent was replenished regularly to avoid complete

evaporation. Red-orange crystals of 6 were eventually deposited at the

bottom of the flask; yield: 0.058 g (60% relative to 5).

(iv) Reaction of FeCl3 with TMPP in the presence of

oxygen

An amount of FeCl3 (0.142 g, 0.874 mmol) was treated with one

equivalent of TMPP (0.465 g, 0.874 mmol) in 20 mL of ethanol under a

slow stream of 02 for 3 hours. The resulting orange solution was

evaporated under reduced pressure to yield a dark orange solid, which was

then recrystallized from ethanol and diethyl ether.

(v) Reaction of FeCl3 with TMPP=O

A quantity of TMPP oxide (0.404 g, 0.736 mmol), which was

prepared as reported in the literature [46], was added to a suspension of

FeC13 (0.119 g, 0.736 mmol) in 12 mL of ethanol. The resulting orange

reaction solution was stirred at room temperature for ca. 1 hour until all of

the FeCl3 had dissolved. The suspension was then filtered in air and
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washed with ethanol (3 x 10 mL) followed by diethyl ether (1 x 10 mL)

and finally dried in vacuo; yield: 0.423 g (81% relative to FeC13).

Note: it is worth mentioning that all the aforementioned reactions will

eventually yield FeC13(O=TMPP) as the major product if 02 or air is

introduced into the system.

(7) Preparation of TMPP=O

A quantity of FeC13(O=TMPP) (6) (0.067 g, 0.094 mmol) was

reacted with a 10-fold excess of TMPP (0.500 g, 0.939 mmol) in 20 mL of

acetone under a stream of dry 02. The solution was stirred at room

temperature for 1-2 hours during which time a significant amount of white

solid precipitated from the solution. The orange solution was decanted

from the solid, which was washed with ether (3 x 10 mL) and dried in

vacuo. Chilling of the orange filtrate produced an additional amount of of

white product, characterized as TMPP=O; yield: 0.325 g (63% relative to

TMPP). Work-up of the remaining orange solution consisted of successive

extractions by CH2C12 and EtOH which yielded crystals of

FeC13(O=TMPP); total recovered yield: 0.062 g (93% of the initial mass).

IR (CsI, Nujol, cm-l): 951(3), 920(3); 1H NMR (CD3CN, 5ppm): 3.48(s),

3.79(s), 6.10(d).

The reaction can also be performed in acetonitrile but the separation

of TMPP=O and FeC13(O=TMPP) is much less straightforward.

(8) Reaction of FeCi3 with PPh3 in benzene

Anhydrous FeCl3 (0.193 g, 1.187 mmol) and PPh3 (0.312 g, 1.190

mmol) were dissolved in 30 mL of benzene to produce a deep-red solution,

which was stirred at room temperature for 1 day. During this time the

solution had tumed dark yellow and produced an amount of yellow solid.

The solvent was removed under reduced pressure and the resulting residue
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was washed with diethyl ether (1 x 10 mL) and hexanes (1 x 20 mL) and

dried in vacuo. The residue was dissolved in acetone and layered with

hexanes to produce a crop of yellow crystals within 2-3 hours, yield:

0.123 g. The far-infrared spectrum exhibited an identical pattern as the

corresponding spectrum of [H-TMPP]2[Fe2C16], i.e., four Fe-Cl stretching

bands at 380(3), 330(m), 320(m) and 300(w) cm'l, and the highest peak in

the FAB-mass spectrum was at m/z = 263, corresponding to [H-PPh3]+.

The UV-visible spectrum exhibits one feature at 369 nm, and the cyclic

voltammogram consists of one irreversible oxidation at EN = + 0.64 V

(vs. Ag/AgCl).

(9) Reaction of FeC13 with PCy3 in benzene

Equimolar amounts of FeC13 (0.100 g, 0.617 mmol) and

tricyclohexylphosphine (0.173 g, 0.617 mmol) were added to a flask

containing 15 mL of benzene to form a deep-red solution, which was

stirred under ambient conditions for 1 day. A dark yellow solid was

separated from the solution, washed with diethyl ether (10 mL) and dried

under vacuum; yield: 0.110 g. The infrared spectrum exhibited four v(Fe-

Cl) stretches at 380(3), 360(m), 315(m) and 300(w) cm-l; the highest peak

in the FAB-mass spectrum was at m/z = 281, in agreement with [H-PCy3]+.

In addition, the characteristic P-H stretch at 2400 cm'1 was observed in the

mid-IR region.

(10) Preparation of [Cl-TMPP][FeCi4]

(i) Preparation of [TMPP-XIX (X = Cl, 1)

Preparation of TMPP-12: Equimolar amounts of TMPP (0.500 g, 0.939

mmol) and iodine (0.238 g, 0.939 mmol) were dissolved in 20 mL of

benzene to produce a bright yellow solution along with a small amount of

undissolved 12. After ca. 1 hour all the 12 had dissolved and a yellow
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precipitate was present in an orange solution. The solution was decanted

from this solid, which was washed with 10 mL of benzene and dried in

vacuo; yield of TMPP-12: 0.667 g (90% relative to TMPP). 1H NMR

(CDC13, Sppm): 3.61(s), 3.80(3), 6.02(d); IR (CsI, Nujol, cm‘l): 955(3),

919(3); FAB-mass spectrum: rn/z = 659.4 (corresponding to [TMPP-IF)

Preparation of [TMPP-CIICI: A solution of TMPP (0.461 g, 0.867

mmol) in 20 mL of benzene was bubbled with chlorine gas for 1-2 minutes

until it had turned bright yellow. It was then pumped down to a sticky

residue which was used as such in the reaction described below.

(ii) Reaction of [TMPP-Cl]Ci with FeC13

The aforementioned residue of [TMPP-C1]C1 was redissolved in 20

mL of benzene and an amount of FeC13 (0.141 g, 0.867 mmol) was added

to this solution. A color change from yellow to dark red-brown

immediately ensued. The solvent was removed under dynamic vacuum to

produce a brown residue that was recrystallized from an acetone/hexanes

mixture (v/v 1:1); yield: 0.020 g. The properties of this solid were

identical to those described for [TMPP-Cl][FeCl4] (vide supra).

(11) Reactivity of [H-TMPP]2[Fe2C16] (2) in CHzClz

(i) Thermal reaction of (2) in CH2C12

A CH2C12 solution of 1 was refluxed for one week, during which

time the initially yellow solution had turned green-brown. Evaporation of

the solvent under reduced pressure yielded a brown solid which infrared

spectroscopy clearly established as [ClCHz-TMPP][FeC14] (7), with a v(Fe-

Cl) stretch at 379 cm-1 and the typical pattern for

chloromethylphosphonium (950(3) and 918(3) cm'l).
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(ii) Reaction with 02 at room temperature

A stream of dry 02 was passed through a solution of 1 (0.106 g,

0.077 mmol) in 40 mL of CH2C12, which resulted in an instantaneous color

change from yellow to dark green. This reaction was carried out at room

temperature for 1 hour, after which time the solution was pumped down to

a residue; yield: 0.077 g. Infrared (CsI, Nujol): 365(vs) and 320(3) cm-l;

the mid-IR region showed a mixture of [H-TMPP]+ and [C1CH2-TMPP]+;

FAB-mass spectrum: m/z = 533 and 582.

(iii) Reaction with 02 at high temperature

A typical reaction was performed following the procedure described

in A(11)(ii) above but under a reflux conditions (0.061 g of 1, 0.044

mmol). The resulting solution, which was much darker than in the

analogous room temperature reaction, was pumped to a residue after 1

hour; yield: 0.064 g. Infrared (CsI, Nujol): v(Fe-Cl) = 385(vs) cm-l

([FeCl4]'), 950(3, sharp) and 920(3, sharp) cm'1 ([ClCHz-TMPP]+).

(iv) Reaction with 02 at low temperature

A solution of 1 (0.130 g, 0.093 mmol) in 40 mL of CH2C12 was

placed in an acetone/dry-ice low temperature bath, and 02 was bubbled

through the solution for 3 hours resulting in an orange solution. The

solvent was removed under reduced pressure, and an orange solid was

obtained; yield: 0.107 g. Infrared (CsI, nujol): v(Fe-Cl) = 385(vs) cm-1

(for [FeCl4]‘), the 1000-800 cm:l region showed that [ClCHz-TMPP]+ was

the major TMPP species but traces of [H-TMPP]+ could also be detected.

B. X-ray Crystal Structures

The structures of complexes 2, 4, 5 and 6 were determined by

applications of general procedures described elsewhere [11]. Geometric
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and intensity data were collected on a Nicolet P3/F diffractometer for 4

and 6 and on a Rigaku AFC6S diffractometer for 2 and 5; both

instruments were equipped with graphite monochromated MoKa (la =

0.71073 A and 0.71069 A, respectively) radiation. The data were

corrected for Lorentz and polarization effects. Calculations for 2 and 4-6

were performed on a VAXSTATTON 2000 computer using programs from

the TEXSAN Crystallographic Package of the Molecular Structure

Corporation (2, 4, 5) [12] and from the Structure Determination Package

(SDP) of Enraf-Nonius (6) [13].

(1) [H-TMPPlziFezClcl (2)

A yellow parallelepiped of approximate dimensions 0.31 x 0.47 x

0.52 mm3 was mounted at the end of a glass fiber with Dow Corning

silicone grease and placed in a N2 cold stream at -100 i 2° C. A

preliminary monoclinic cell was determined by centering and indexing 20

reflections. The cell was then refined by least-squares determinations of 21

reflections with 23 S 20 S 30. Intensity data were collected over the range

4 - 47° in 20, by using the 0 - 20 scan mode. Three standard reflections

were measured at regular intervals during data collection and showed no

significant decay in crystal quality. After averaging equivalent reflections,

4952 unique data remained, of which 3440 were observed with F022

36(Fo)2.

The position of the metal atom was determined from a solution

provided by the direct method program SHELXS-86 [14]. The positions of

the remaining non-hydrogen atoms and of H(1) bound to the phosphorus

atom were located by use of the program DIRDIF [15]. An empirical

absorption correction was applied by application of the program DIFABS

[16] after isotropic convergence. The positions of the hydrogen atoms that



Table 3. Crystallographic data for [H-TMPP]2[Fe2C16] (2)

 

Formula

Formula weight

Space group

a, A

b, A

c, A

0t, deg

13, deg

13 deg

v, A3

Z

dealer 8/91113

11 (MOKa)r cm'l

Data collection range, 20, deg

No. unique data

total with F02 2 30(F0)2

Number of parameters refined

Trans. factors, max., min.

R

Rw

Quality-of—fit

Largest shift/esd, final cycle

Largest peak, e'/A3 A

F€2C16P2C54018H68

1391.48

P21/n

14.294(8)

10.140(9)

22.543(8)

90.0

105.76(4)

90.0

3144(3)

2

1.469

8.32

4 - 47

4952

3440

370

1.26 - 0.82

0.046

0.079

2.84

0.00

0.96
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were not directly located were generated by a program in the TEXSAN

package. These were included in the structure factor calculations but not

refined. The final full-matrix refinement involved 3440 data and 370

parameters and converged with residuals R(Rw) = 0.046(0.079) and a

quality-of-fit of 2.84. The final difference Fourier map showed a highest

peak of 0.96 e'/A3. Table 3 contains a summary of important

crystallographic data.

(2) [H-TMPPlleeHCl4](4)

Crystallographic data are summarized in Table 4. A pale yellow

crystal of approximate dimensions 0.12 x 0.22 x 0.32 mm3 was mounted at

the end of a glass fiber and placed in a N2 cold stream at —160° C. A

preliminary triclinic unit cell was determined by centering and indexing 16

reflections chosen from a rotational photograph. The cell was then refined

by least-squares determination of 25 reflections with 15 S 20 S 22.

Intensity data were collected over the range 5 - 35° in 20, using the 0 - 20

scan mode. Three standard reflections were measured at regular intervals

during data collection and showed no significant decay in crystal quality.

After averaging equivalent reflections, 3291 unique data remained, of

which 2274 were observed with F02 2 30(Fo)2.

Failure to solve the structure in a triclinic space group prompted us

to re-examine the data. The program CLEGG [17] gave a monoclinic cell.

Transformation of the initial cell was performed using the following

matrices: -1 2 0 and 0 0-1 ,

-100 010

0-11 101

which gave the final monoclinic cell used in the solution and the

refinement. The position of the metal atom was obtained from a solution
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Table 4. Crystallographic data for [H-TMPP]2[FeCl4] (4) and

[H-TMPP][FeCl4](5)

 

Formula FeCl4P2C54013H63 FeCl4PC2709H34

Formula weight 1264.7 731.19

Space group 12/a Pbca

a, A 2327(2) 19.952(5)

b, A 10.06(1) 19.3520)

c, A 2807(3) 17.821(4)

01, deg 90.0 90.0

[3, deg 108.9(1) 90.0

7, deg 90.0 90.0

v, A3 6211(12) 6881(6)

Z 2 8

dcalc. g/cm3 1.352 1.411

11 (MoKa), cm'1 5.29 8.40

Data collection range, 20, deg 5 - 35 4 - 45

No. unique data 3291 3612

total with F02 2 36(F0)2 2274 1472

Number of parameters refined 177 379

Trans. factors, max., min. 1.13 - 0.83 1.00 - 0.79

R 0.105 0.051

Rw 0.143 0.066

Quality-of-fit 3.67 1.457

Largest shift/esd, final cycle 0.01 0.07

Largest peak, e-/A3 2.22 0.49
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provided by the direct method program SHELXS-86. The positions of the

remaining non-hydrogen atoms and of H(1) bound to the phosphorus atom

were located by use of the program DIRDIF. A sequence of successive

difference Fourier maps and least-squares cycles was then carried out. An

empirical absorption correction was applied by application of the program

DIFABS. The positions of the hydrogen atoms that were not directly

located were generated by a program in the TEXSAN package. These were

included in the structure factor calculations but not refined. Only the iron,

chlorine and phosphorus atoms were refined anisotropically. Lack of data

and problems with refining the solvent molecule precluded a full isotropic

refinement of the structure; the final refinement converged with residuals

of R = 0.105 and Rw = 0.143, and included 2274 data and 177 parameters.

(3) [H-TMPP][FeIHCi4] (5)

A summary of crystallographic data can be found in Table 4. An

orange platelet of approximate dimensions 0.10 x 0.21 x 0.52 mm3 was

selected and mounted on the end of a glass fiber with epoxy cement.

Intensity and geometric data were collected at room temperature. A

preliminary orthorhombic unit cell was determined by centering and

indexing on 20 reflections. The cell was then refined by a least-squares

determination of 24 reflections with 9 S 20 S 23. Intensity data were

collected over the range 4 - 45° in 20, by the 0 - 20 scan mode. Three

standard reflections were measured at regular intervals during data

collection and showed no decay over time. After averaging equivalent

reflections, 3612 unique data remained, of which 1472 were observed with

F02 2 30(Fo)2. The position of the metal atom was determined from a

solution provided by the direct method program MITHRIL [18]. The

positions of the remaining non-hydrogen atoms and of H(1) were located
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by the program DIRDIF. An empirical absorption correction coefficient

of 8.404 was applied using the PSI-Scan program within the TEXSAN

package. All of the non-hydrogen atoms were refined anisotropically. The

position of the hydrogen atoms were calculated by programs located in the

solution package; they were included in the structure factor calculations but

not refined. The final full-matrix refinement involved 1472 data and 379

parameters. The refinement converged with residuals, R and Rw of 0.051

and 0.066, respectively, and a quality-of-fit indicator of 1.457. The final

difference Fourier map showed a highest peak of 0.49 e'/A3.

(4) FeIHCl3(O=TMPP) (6)

A red-orange parallelepiped of approximate dimensions 0.28 x 0.20

x 0.13 mm3 was mounted at the end of a glass fiber with epoxy cement.

Intensity and geometric data were collected at room temperature. A

preliminary triclinic unit cell was determined by centering and indexing on

14 reflections chosen from a rotational photograph. The cell was further

refined by a least-squares determination of 12 reflections with 15 S 20 s

20. Axial photographs and intensity data confirmed the choice of the

triclinic cell. Intensity data were collected at room temperature over the

range 4 - 40° in 20, using the 0 - 20 scan mode. In addition, three check

reflections were measured at regular intervals during intensity data

collection. A plot of the intensity of these reflections versus time showed

that no decay in crystal quality had occurred. After averaging equivalent

reflections, 2886 unique data remained of which 1606 were observed with

F02 2 36(Fo)2. The position of the metal atom was obtained from a

solution provided by the direct methods program in SHELXS-86. The

positions of the remaining non-hydrogen atoms were located through a

sequence of successive difference Fourier maps and least-squares cycles.
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Table 5. Crystallographic data for FeCl3(O=TMPP) (6)

 

Formula FeCl3PC54010H33

Formula weight 710.74

Space group P-l

a, A 1223(1)

b, A 1406(1)

c, A 1313(1)

01, deg 110.78(7)

[3, deg 109.88(8)

7, deg 7258(8)

V, A3 1648(3)

Z 2

deals. g/cm3 1.432

11 (MoKa), cm"1 7.976

Data collection range, 20, deg 4 - 40

No. unique data 2886

total with F02 2 3o(Fo)7- 1606

Number of parameters refined 374

R1“:1 0.068

wa 0.078

Quality-of-fitc 1.919

Largest shift/esd, final cycle 0.01

Largest peak, e'lA3 0.454

 

a R = XllFol-IFCIIIZIFOI; b R = 12(W1Fol-IFCI)2/ZWIF012] 1,2; W = 1/0'2(|Fo|)

c QualitY'Of‘fit = [2(WIF01'chl)2/(Nob3'Nparameters)l U2
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All of the non-hydrogen atoms, except one carbon in the meta-position of a

phenyl ring, were refined anisotropically. The final full-matrix refinement

involved 374 parameters and 1606 data. The refinement converged with

residuals, R and Rw of 0.068 and 0.078, respectively, and a quality-of-fit

of 1.919. The final difference Fourier map showed a highest peak of 0.45

e'/A3. A summary of crystallographic parameters is found in Table 5.

3. Results and Discussion

A. Synthesis

The reaction of FeClz with TMPP produces the

tetrachloroferrate(II) salt containing the methylphosphonium form of the

TMPP ligand, [CH3-TMPP]2[FeC14] (1). These results are similar to those

obtained in the chemistry with other metal di-halides as described in the

Chapter VI of this dissertation. Reactions carried out in the presence of an

excess of the ligand did not affect the outcome, since the only isolable

product was free TMPP.

The chemistry of TMPP with FeC13 was, however, much more

promising and produced one very unusual compound. Although hard first-

row transition metals are not particularly compatible with a soft donor

atom such as phosphorus, as evidenced by the paucity of homoleptic first-

row metal phosphine complexes in the +2 or +3 oxidation state [6], it was

our rationale that a soft and basic phosphine would be rendered more

compatible with a hard Lewis acid such as FeC13 by the presence of the

harder oxygen donors, and that it would then be possible to form a mono-

TMPP adduct, namely FeCl3(n3-TMPP). Indeed, the equimolar reaction

between FeC13 and TMPP in benzene yielded a pale yellow, air-sensitive

solid, which analyzed as "FeCl3(TMPP)". In the absence of an X-ray
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determination, its molecular structure was proposed to be octahedral on the

basis of the number of v(Fe-Cl) modes in the infrared spectrum. Three

stretches at 360, 300 and 230 cm'1 were observed, in agreement with an

overall Cs symmetry. Such a tridentate mode for TMPP had previously

been observed in M0(CO)3(113-TMPP) [47] and [Rh(n3-TMPP)2][BF4]n (n

= 2, 3) [48], wherein the ligand is coordinated to the metal center through

the phosphorus atom and two oxygen atoms from the pendent methoxy

groups on the phenyl rings. Initial studies on the magnetism of this

compound revealed that it followed a non-Chrie-Weiss behavior, with a

Heft corresponding to an iron(II) center at room temperature [19]. In

order to probe the validity of our structural assignment (tetrahedral vs.

octahedral) and to determine the oxidation state of the metal center in this

complex, Mossbauer and epr studies were carried out and are discussed in

Chapter III of this dissertation. These results also did not agree with the

aforementioned mononuclear formulation of an Fe(III) complex. We were

finally able to crystallize compound 2 from the aprotic, non coordinating

solvent acetone, and the single crystal X-ray study revealed that the

complex is actually [H-TMPP]2[Fe2C16], which results from a reduction of

FeIII to Fe11 and protonation of the phosphine. Facile reduction of FeC13 is

common in solvents such as ethanol, as in the synthesis of FeHC12(HPyS)2

from the reaction of FeC13 and HPyS (HPyS = 2-mercaptopyridine) [20].

However, TMPP is sensitive to quatemarization in the presence of metal

halides, as discussed in Chapter VI, with similar chemistry also occurring

in the reaction of CoC12 with TMPP in benzene to form [CH3-

TMPP]2[C02C15] [21]. To our knowledge, there is no documented

literature regarding the existence of the [Fe2C16]2' di-anion although the

Co(II) and the Cu(II) analogues are known [21]. When the reaction is
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carried out in acetonitrile, small amounts of 2 can also be isolated, but if

other solvents such as chloroform or ethanol are used, [H-TMPP][FemCl4]

(5) is obtained, indicating that no reduction of the metal center is taking

place in these solvents.

Upon slow dissolution of [H-TMPP]2[Fe2C15] in ethanol under

anaerobic conditions, the phosphonium salt 4, [H—TMPP]2[FeHC14], is

observed to form. This salt was prepared independently by the reaction of

[FeH(NCCH3)5][A1Cl4]2 with two equivalents of TMPP in methanol.

Redissolution of 2 in methanol, followed by rapid evaporation in air, or by

treatment with a stream of 02 gas yielded the oxidized form [H-

TMPP][FeIHCl4] (5). The conversion of FeII to Fe111 was monitored by

infrared spectroscopy in the far-IR region, according to the Fe-Cl

stretching frequency which occurs at 280 cm"1 for v(FeH-Cl) and 380 cm"1

for v(Fem-Cl). Compound 5 was, in turn, independently prepared by the

reaction of [FeH(NCCH3)5][SbCl5]2 with two equivalents of TMPP in

methanol. Approximately fifty percent of the original phosphine is

consumed to form [H-TMPP][SbCl5], as determined by NMR and IR

spectroscopies as well as elemental analysis. Antimony (V1) is a very

strong oxidizing agent [22], and therefore it is not surprising to observe an

oxidation from FeII to FeIII in this reaction. In a similar fashion to 4,

protonation of the phosphine occurs with the formation of the very stable

[FeCl4]‘ anion, which is quite a common phenomenon observed by others

[4b]. The spectroscopic and electrochemical properties of 4 and 5 are in

excellent agreement with the reported literature on various salts of

[FeHCl412' and [FemCl4l' [23].

Lastly, FeCl3(O=TMPP) (6) can be obtained, inter alia, from the

reaction of 5 with 02 in methanol over the period of 1-2 days. The
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Figure 5. Synthetic routes to FeC13(O=TMPP) (6).
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stability of FeC13(O=TMPP) is evidenced by the extreme facility with

which this compound is formed directly or indirectly from 2, 4 or 5.

Figure 5 summarizes the different synthetic routes to 6.

B. Molecular Structures

(1) [H-TMPPllee2C16](2)

The X-ray structure unequivocally established the identity of 1 as a

[Fe2C1612‘ salt for which two protonated phosphines serve as counterions.

Important bond distances and angles are summarized in Table 6. An

ORTEP representation of the [H—TMPP]2[Fe2C16] salt is presented in

Figure 6, and Figure 7 shows the structure of the [Fe2C16]2' di-anion. It

consists of two edge-sharing tetrahedra with two terminal and two bridging

chlorides per metal atom, with an inversion center at the midpoint of the

Fe(1)---Fe(1)' axis, as had been previously observed in the isomorphous

structure of [CH3-TMPP]2[C02C15] [21]. The long Fe(1)---Fe(1)'

separation of 3.350(4) A, much larger than the sum of the covalent radii,

precludes the assignment of a direct bond, and is comparable to the

distances of 3.32 A found [Fe2(il-OH)(OAc)2(Me3TACN)2](C104) [24] and

3.35 A in [Fe2(BPMP)(OPr)2](BPh4) [25], but shorter than the

corresponding value reported for [Fe2(BIPhMe)2(02CCH)4] (3.585 A)

[26]. The Fe---Fe distances reported for the two closely related structures

[Fe2(SEt)5]2' and [Fe2Cl4(OPh)2]2' are considerably shorter, being

2.978(1) and 3.177(3) A, respectively [27,28]. The average Fell-C1 bond

distance for the terminal chloride (2.231[2] A) is somewhat intermediate

between the reported range for Fell-c1 (2.35-2.35 A) [29] and Fem-Cl

(2152.20 A) [30]. As expected, the average distance for the bridging

chlorides is longer (2.397[2] A) than the terminal chlorides. The Cl—Fe-Cl

bond angles fall in the range expected for tetrahedral geometry (108.02(9)
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Table 6. Selected Bond Distances (A) and Angie (deg) for

[H-TMPP]2[Fe2C15] (2)

Atom 1 Atom 2 distance

Fe(l) Fe(l)' 3.350(4)

Fe(l) Cl(l) 2.235(2)

Fe(l) Cl(2) 2.385(2)

Fe(l) Cl(3) 2.227(2)

Fe(l) Cl(2)‘ 2.409(2)

P(l) C(l) 1.773(6)

P(l) C(10) 1.782(6)

P(l) C(19) 1.793(6)

Atom 1 Atom 2 Atom 3 angle

Cl(l) Fe(l) Cl(2) 108.02(9)

Cl(1) Fe(l) Cl(2)' 110.57(8)

Cl(l) Fe(l) Cl(3) 120.5(1)

Cl(2) Fe(l) Cl(2)' 91.36(8)

Cl(2) Fe(l) Cl(3) 1 10.96(9)

Cl(3) Fe(1)( Cl(2)‘ 1 1 150(8)

Fe(l) Cl(2) Fe(l)' 8864(8)

C(l) P(l) C(10) 115.3(3)

C(l) P(l) C(19) 109.2(3)

C(10) P(l) C(19) 114.4(3)
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Figure 6. ORTEP drawing of [H-TMPP]2[Fe2C16] showing the atom

labeling scheme. All phenyl-group atoms are represented as

small circles for clarity, whereas all other atoms are

represented by their 50% probability ellipsoids.
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Figure 7. ORTEP diagram of the [Fe2C16]2' anion.
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Cl(1)'

 

Figure 7.
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Figure 8. Three-dimensional packing diagram for [H-TMPP]2[Fe2C16]

viewed down the b-axis.
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- 120.5(1)°) but the Cl(2)-Fe(l)-Cl(2)' and the Fe(1)-Cl(2)-Fe(1)' angles of

91.36(8) and 88.64(8)°, respectively, are considerably distorted from ideal

geometry. A three-dimensional packing diagram of [H-TMPP]2[Fe2Cl5] is

presented in Figure 8 and clearly shows the segregated packing of cations

and anions when viewed down the b-axis.

(2) [H-TMPP]2[FenCl4] (4)

An ORTEP drawing of [H-TMPP]2[FeHCl4] (4) is shown in Figure

9. Pertinent bond distances and angles are summarized in Table 7. The

metal atom lies on a crystallographic 2-fold axis and is ligated by four

chlorine atoms to form the [FeCl4]2' anion. Two protonated phosphines,

[H-TMPP]+, serve as countercations in this structure. The Fe-Cl distances

(Fe(1)-Cl(l) = 3.304(6) and Fe(1)-Cl(2) = 2.303(6) A) are typical of Fe“-

Cl bond lengths and are in the range of the reported values [29]. The C1-

Fe-Cl angles vary from 106.4(2) to ll3.5(3)°, which overall allows for a

rather regular tetrahedron. The slight "flattening"of the tetrahedron is

obviously a result of packing forces. The structural features of the cation

are similar to those of the free phosphine and other phosphonium salts [31].

It is noteworthy that the [FeCl4]2' anion can only be crystallized using very

large countercations such as quaternary ammoniums or phosphoniums [23].

(3) [H-TMPP][FeHICl4] (5)

An ORTEP diagram of the two ions present in molecule 5 is

depicted in Figure 10. Important bond angles and distances are listed in

Table 7. The metal atom is surrounded by four chlorine atoms to form the

well-known [FeCl4]' anion. The Fe-Cl bond distances are in the range

2.161(4)-2.182(5) A, which is in perfect agreement with the literature [30].

The Cl-Fe-Cl bond angles are comprised between 106.2(2) and 112.6(2)°,
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Table 7. Selected Bond Distances (A) and Angles (deg) for

[H-TMPP]2[FeCl4] (4) and [H-TMPP][FeCl4] (5)

Atom 1 Atom 2 Bond Distances

(4) (5)

Fe(l) Cl(l) 2.304(6) 2.161(4)

Fe(l) Cl(2) 2.303(6) 2.155(4)

Fe(l) Cl(3) --------- 2.168(4)

Fe(l) Cl(4) --------- 2.182(5)

P(l) C(l) 1.78(2) 1.76(1)

P(l) C(10) 1.78(2) 1.76(1)

P(l) C(19) l.77(2) l.79(1)

Atom 1 Atom 2 Atom 3 Bond Angles

(4) (5)

Cl(l) Fe(l) Cl(1)'/Cl(3) 109.8(3) 106.2(2)

Cl(l) Fe(l) Cl(2) 106.4(2) 1 12.6(2)

Cl(l) Fe(l) Cl(2)'lCl(4) 1 10.3(2) 109.8(2)

Cl(2) Fe(l) Cl(2)'/Cl(4) 1 13.5(3) 1 10.0(2)

Cl(2) Fe(l) Cl(3) --------- 106.9(2)

Cl(3) Fe(l) Cl(4) --------- 1 1 1.2(2)

C(l) P(l) C(10) 113.9(9) 114.5(7)

C(l) P(l) C(19) 108.5(9) 1 16.0(6)

C(10) P(l) C(19) 115.0(8) 112.4(7)
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Figure 9. ORTEP drawing of [H-TMPP]2[FeCl4] showing the atom

labeling scheme.
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Figure 10. ORTEP drawing of [H-TMPP][FeCl4] showing the atom

labeling scheme. All phenyl group atoms are

represented as small circles for clarity, whereas all

other atoms are represented as their 50% probability

thermal ellipsoids.
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which deviates very little from the ideal tetrahedral geometry. The

phosphonium cation is similar to reported structures [31].

(4) FeHICl3(O=TMPP) (6)

Figure 11 presents an ORTEP diagram of molecule 6, and Table 8

lists important bond distances and angles. The metal center is surrounded

by three chlorine atoms and the oxygen atom of a phosphine oxide ligand,

resulting in an overall distorted tetrahedral coordination environment. The

average Fe-Cl bond distance is 2.179(4) A, which is typical of the Fe-Cl

distances found in salts of the anionic complex [FeCl4]' [30]. The O-Fe-Cl

angles vary from 108.6 to 110.8°, which is not a large difference, and may

be due to a minor steric influence of the phosphine oxide which forms a

bent interaction with the metal (Fe-O-P = 163.6(5)°). As a result, the O-

Fe-Cl bond angles are considerably distorted from an ideal tetrahedral

geometry. The Fe-O bond distance of 1.791(6) A in 6 is much shorter

than the metal-oxygen found in similar tetrahedral phosphine oxide

complexes such as CoC12(O=PPh3)2 for which the average Co-O distance is

1.999(9) A [32]. Conversely, the P-O distance of 1.550(7) A in the

FeCl3(O=TMPP) case is much longer than the average corresponding

distance in CoC12(O=PPh3)2 (1)-om) = 1.499(9) A) [32]. These structural

data are not to be interpreted strictly since a comparison of iron(III) and

cobalt(II) chemistry must also take into consideration the oxidation state

and size of the metal ion. A more relevant comparison would be to the

recently reported Lewis acid—triphenylphosphine oxide adducts

MX3(O=PPh3) (M = A1, Ga; X = C1 or Br) [33], in which the P-O

distances are 1.519(4) A for A1C13(O=PPh3), 1.513(7) A for

AlBr3(O=PPh3), and 1.487(11) A for GaCl3(O=PPh3). Similarly the

metal-oxygen distances are much closer to ours at 1.733(4), 1.736(7) and
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Table 8. Selected Bond Distances (A) and Angles (deg) for

FeCl3(O=TMPP) (6)

 

 

 

 

Atom 1 Atom 2 Bond Distance

Fe(1) Cl(l) 2.196(4)

Fe(l) Cl(2) 2.155(4)

Fe(l) Cl(3) 2.187(4)

Fe(1) C(10) 1.791(6)

O(10) P(l) 1.550(7)

P(l) C(1) l.76(1)

P(l) C(10) 1.79(l)

P(l) C(19) 1.80(1)

Atom 1 Atom 2 Atom 3 Bond Angle

Cl(l) Fe(l) Cl(2) 109.4(2)

Cl(l) Fe(l) Cl(3) l 10.4(2)

Cl(l) Fe(l) C(10) 109.9(3)

Cl(2) Fe(l) Cl(3) 107.8(2)

Cl(2) Fe(l) C(10) 108.6(3)

Cl(3) Fe(l) C(10) 110.8(3)

Fe(l) O(10) P(1) 163.6(5)

O(10) P(l) C(1) 107.3(5)

0(10) P(l) C(10) 107.3(5)

O(10) P(l) C(19) 108.5(5)

 



68

Figure 11. ORTEP drawing of FeC13(O=TMPP) showing the atom

labeling scheme. All phenyl-group atoms are

represented as small circles for clarity, whereas all

other atoms are represented by their 40% probability

thermal ellipsoids.
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1.818(10) A, for the A1C13, AlBr3 and GaC13 adducts, respectively.

Interestingly enough, the M-O-P angles are strictly linear in all three

structures, and this was rationalized by the consideration of the strong

acceptor capacity of the Lewis acid. Finally the average C-P-C bond angle

for the O=TMPP group in 6 is 111.2[5]° which deviates considerably from

the ideal tetrahedral geometry due to repulsions between the bulky

trisubstituted phenyl rings. This results in a flattening out of the C-P-C

angles.

C. Discussion

(1) Chemistry of FeC13 with TMPP

The salt [H-TMPP]2[Fe2C16] (2) is the first reported example of a

compound containing [Fe2C1612‘ unit. The unusual feature of this di-anion

is the ferrous oxidation state of both metal centers. Fe2C16(III,III) is

known to be the stable form of gaseous FeC13, and other di-ferric

compounds of the type [Fe2C19]3' or [Fe2C16(ll-O)]2’ or [Fe2C15(u-OR)2]2'

have been structurally characterized [4b,23]. Compound 2 represents the

first all-halide synthetic analogue of the di-ferrous species [Fez(SEt)6]2'

and [Fe2C14(OPh)2]2' [27,28]. The highly unusual, yet very simple nature

of [Fe2C15]2' prompted us to further investigate its magnetic properties by

epr and Mdssbauer spectroscopies as well as to re-examine the early

magnetic susceptibility data; these will be discussed in Chapter III. The

formation of an iron(II) species from the simple stoichiometric reaction of

FeC13 with TMPP casts a serious doubt on the identity of the previously

reported other species of this kind, FeCl3(PCy3) [3] and FeCl3(PPh3) [5a],

although the structure of the latter was subsequently confirmed by

Méssbauer spectroscopy [5b]. The analytical and infrared properties of the

twoaforementioned complexes agreed with the FeC13(PR3) formulation,
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and both compounds were reported to be yellow ill color as is compound 2.

As it turned out, three v(Fe-Cl) were also observed in the infrared

spectrum of 2, one being split (which accounts for the four bands expected

for a D21, symmetry, as illustrated in Figure 12) and the addition of two

hydrogen atoms to the molecular weight does not have much effect on the

elemental analyses (ie FeCl3(TMPP) vs. [FeCl3(H-TMPP)]2). More

recently, Poli et al. reported the syntheses of FeCl3(PCy3) and

FeCl3(P‘Bu3) [4b], along with FeCl3(PMe3) and FeCl3(PPh3) as elusive

species in low-temperature epr experiments [4a]. Neutral, four-coordinate

adducts of FeC13 are quite rare in general; among them only FeCl3(S4N4)

[2a] and FeC13(THF) [20] have been structurally characterized. Most

neutral FeX3L compounds have actually proven to have the ionic

formulation [FeC12L2][FeCl4] which was ruled out early on in our case

because of the absence of any of the characteristic spectroscopic features of

the [FeCl4]° anion. A more common stoichiometry for this type of

complexes is FeCl3(PR3)2 (R= Me, Ph) [4a], as in the recent report of

FeBr3(PMePh2)2 [34]. The synthesis of [H-TMPP]2[Fe2C15] is then quite an

unexpected result. It is relevant to point out that Poli et al. also detected

the formation of Fe(II) species in the 1:1 interaction of FeC13 and PPh3 in

toluene. The reduction of the metal center was rationalized by the

detection of chlorosubstituted toluene, which is the oxidized species. In our

case, work-up of the benzene reaction filtrate produced a red-brown solid.

The mass-spectrometry, the 1H and 31P NMR, and the IR data point to a

[Cl-TMPP][FeCl4] formulation for this by-product. To verify this, [C1-

TMPP]+C1' was independently prepared by reacting TMPP with C12 gas in

benzene, and subsequently reacted with one equivalent of FeC13, to form
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Figure 12. Far-infrared spectrum of [H-TMPP]2[Fe2C16] showing

the four v(Fe-Cl) expected for a D211 symmetry.
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[C1-TMPP][FeCl4]. Therefore we propose the following mechanism for

the formation of 2:

3 FeC13 + 3 TMPP 2 HCl : [H-TMPP]2[Fe2C16] +[Cl-TMPP][FeC14]

Fe(III) P(III) Fe(II), P(IH) Fe(III), P(V)

The source of the protons and the extra chloride needed to balance

the equation is postulated to be adventitious HCl present in the iron(III)

starting material, which is a common feature of metal halides. In order to

generalize this result and to compare the results with the previous work on

tertiary phosphine chemistry with FeC13, we set out to investigate the

chemistry of PPh3 and PCy3 with FeC13 in benzene. The reactions of

FeC13 with one equivalent of PR3 (R = Cy, Pb) in benzene produce dark

red solutions instantaneously, from which red solids can be isolated. Their

spectroscopic properties are in agreement with those of the reported

mononuclear FeCl3(PR3) complexes. However, if the reaction is allowed

to continue, the solutions revert to a yellow color. The far-infrared

spectra of the yellow solids isolated from the longer reaction time present

the same pattern as that of 2 (v(Fe-Cl) = 380(3), 360(m), 315(m), 300(w)

cm-1 for R = Cy and 380(3), 330(m), 320(m), 300(w) cm-1 for R = Ph). In

addition, the highest peaks in the FAB mass-spectrum of these complexes

are m/z = 281 and m/z = 263 corresponding to [H-PCy3]+ and [H-PPh3]+,

respectively, and in the case of the tricyclohexylphosphonium compound,

the characteristic P-H stretch at 2400 cm-1 can be observed in the infrared

spectrum. We take these spectral characteristics as good evidence for the

formation of the [Fe2C15]7-' anion with phosphonium cations.
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The final oxidized product FeCl3(O=TMPP), 6, is a very stable

compound and unique in itself, since it is not typical for a mono-phosphine

oxide adduct of FeC13 to be more stable than the bis-adduct. To date only

two analogous compounds have been reported; these are FeCl3(O=PPh3) by

Lindner et al. in 1967 [35], and FeC13(O=PCy3) by Issleib et al. in 1954

[3], but neither has been structurally characterized. A more common

stoichiometry is FeX3L2 or [FeL4]n+, where L is a phosphine oxide ligand

[36].

(2) Oxidation Chemistry of [Fe2Cl512-

We now wish to discuss the reaction pathway that leads to the

formation of complex 6 (Scheme 1). In order to understand the present

results, we must first take note of previous work in the area, particularly

with respect to the solvent dependency of this chemistry. Let us first

consider the reactions of FeC13 and PR3 ligands that have been carried out

in CH3CN. In the course of studying the oxidation of triphenylphosphine

to triphenylphosphine oxide in the presence of iron(III) complexes and

molecular oxygen, Ondrejovic and coworkers isolated a series of stable

complexes with the empirical formula FeX3(O=PPh3)2 (X= Cl, NCS, Br)

[7a], among which "FeCl3(O=PPh3)2" was structurally characterized and

shown to actually have the formula [FeCl2(O=PPh3)4][FeC14] [37]. In the

1970's, Sutin et al. also investigated the oxidation of PPh3 in the presence

of iron(III) and iron(IV) dithiolate complexes of the type [Fe(mnt)2]',

where [mnt]2' is maleonitliledithiolate [38]. In this work, only the stable

bis-phosphine oxide complex [Fe(mnt)2(O=PPh3)2]' was observed,

however, with no evidence of other intermediate species such as the

previously postulated dioxygen adducts [39,40]. When the identical

chemistry was carried out in a protic solvent such as methanol, a different
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[H-TMPPth62C161 (2)

EtOH

slow (~ 1 week)

 

[H-TMPP]2[FeC14] (4)

02, MeOH (EtOH)

fast (~ 10 min)

 
——> [H-TMPP][FeCl4] (5)

HCl 02, EtOH (MeOH)

~ 1 hour

FeCl3(O=TMPP) (6)

Scheme 1. Successive reactions involved in the formation of 6

in protic solvents
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compound, [CH3—PPh3][FeCl4], was isolated [30a]. Ondrejovic proposes

that protic solvents induce the quatemarization of the phosphine, by

methylation in this case, which is then oxidized to Ph3P=O [30a]. Recently,

McAuliffe and co-workers reported that 02 assists in the decomposition of

FeBr3(PMePh2)2 to an orange product that exhibits a strong P=O

stretching frequency in the infrared spectrum, but no molecular oxygen

species were isolated. This observation also disfavors the hypothesis of

stable dioxygen complexes as intermediates in such chemistry [34].

As in previous reports of the phosphine chemistry of ferric chloride,

the reaction between FeC13/TMPP and 02 is also solvent-dependent. When

[H-TMPP]2[Fe2C15] (2) is dissolved in acetonitrile, bubbled with oxygen

and the solution is layered with a mixture of hexanes/ether, red crystals of

. FeCl3(O=TMPP) (6) are form within hours. No evidence was found to

support the existence of detectable phosphonium intermediates. As Scheme

1 clearly indicates, the reaction pathway is quite different in alcohol

solvents. In alcohols, the chemistry involves formation of protic

phosphonium salts of tetrachloroferrate(II) and (111), respectively. A

suspension of [H-TMPP]2[Fe2C16] (2) reacts with molecular oxygen in

ethanol or methanol to form [H-TMPP][FeCl4] (5), as determined by

infrared spectroscopy and confirmed by X-ray crystallography. One must

bear in mind, however, that this reaction is not quantitative, since some of

the [H-TMPP]2[Fe2Cl5] must be sacrificed to yield extra chloride ion for

[FeCl4]'. The salt [H-TMPP][FeC14] further reacts with oxygen in alcohols

to form FeCl3(O=TMPP) (6) which was fully characterized. The scheme

depicted in Scheme 1 also points out that if [H-TMPP]2[Fe2C16] is

suspended in ethanol (but without deliberate addition of 02) for a period of

time in excess of 1 week, the compound eventually dissolves with
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decomposition to the Fe(H) species [H-TMPP]2[FeCl4] (4). Compound 4

can, in turn, be reacted with O2 in methanol or ethanol to form compound

5, and subsequently, compound 6. We have independently prepared

complexes 4 and 5 and showed that they indeed behave as indicated in the

proposed scheme.

It is worth mentioning at this point that the reaction proceeds quite

differently when carried out in dichloromethane. Indeed, upon bubbling

dioxygen through a CH2C12 solution of compound 2, an instantaneous color

change from yellow to dark green is observed. We initially hypothesized

that the species was possibly a dioxygen adduct, but subsequent infrared

studies of the behavior of 2 in CH2C12 revealed the appearance of [FeCl4]'

and [ClCH2-TMPP]+ ions over time. Facile decomposition of free TMPP

in CH2Cl2 to give [ClCH2-TMPP]C1 has been documented [41], thus we

conclude that the [H-TMPP]+ cation in [H-TMPP]2[Fe2C16] is fairly

unstable in a polar medium such as CH2Cl2. Furthermore,

photochemically induced reactions of similar FeC13/PR3 compounds in

chlorinated solvents are known; in fact recently the formation of

[FemCl2(dmpe)2][FemCl4] from the photochemical oxidation of

FeHC12(dmpe)2 in chlorinated solvents such as CH2C12, CHC13 or CC14 was

reported [42]. Based on the newly acquired supporting evidence and the

literature precedence for such chemistry, we propose that two equivalents

of [ClCH2-TMPP][FemC14] (7) are formed by the oxidation of [H-

TMPP]2[F02C15] in CH2Cl2. However, when 02 was introduced in the

system, the reaction proceeded much less cleanly, in that the presence of

another iron species can be detected. Indeed, two strong Fe-Cl stretches

were observed in the infrared spectrum at 380 and 320 cm-1 corresponding

to the [FeCl4]' unit and to another "Fe-Cl" species, respectively.
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Nonetheless, further reaction of this mixture with molecular oxygen

eventually leads to FeCl3(O=TMPP) in high yield, demonstrating once

again the pivotal role of the [FeCl4]' anion in this chemistry.

(3) Catalytic Formation of TMPP=O

Finally, in view of Ondrejovic's work, we were interested to see

whether FeCl3(O=TMPP) (6) could act as a catalyst for the oxidation of

TMPP to TMPP oxide. Indeed, when FeC13(O=TMPP) is reacted with an

excess of the phosphine (from 10 to 100-fold) in acetone or acetonitrile, in

the presence of 02, TMPP=O is formed in high yield with almost total

recovery of the catalyst 6. At this point it is important to mention that

TMPP=O cannot be synthesized by the mere reaction of TMPP with

oxygen.

3. Summary

In summary, the chemistry of FeC13/PR3 compounds with 02 appears

to be dictated by the formation of [FeCl4]2', [FeCl4]' and [H-PR3]+ species.

In accord with this observation is the demonstrated role of quaternary

onium tetrachloroferrate salts in numerous catalyzed reactions such as

hydrosilylation [43], polymerization of e-caprolactone [44], and

polymerization of a-oxides [45]. This work supports the conclusion that

the formation of the stable and unprecedented mono-phosphine oxide

adduct FeC13(O=TMPP) does not proceed via the formation of metal-

oxygen adducts, but via quatemarization of the phosphine. Finally, we did

not observe the formation of bis-phosphine oxide complexes, a result that is

in contrast to previously reported work.
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1. Introduction

The ubiquity of iron in biological and catalytic processes has spurred

a considerable amount of research by both bioinorganic and coordination

chemists [1]. The demonstrated role of non-heme iron-sulfur proteins as

electron transport agents in a variety of fundamental processes such as

nitrogen fixation, photosynthesis or hydroxylation to cite a few, generated

the need to prepare synthetic analogues of the active sites of these proteins

and study their magnetic and redox properties. These model compounds,

which have the minimal composition [Fe2S2(SR)4]2'r3' (Fem, FeIII or Fem,

Fe“) [2] have been studied by a variety of techniques, such as epr,

Mossbauer spectroscopies and magnetic susceptibility measurements [3].

Mossbauer spectroscopy is a powerful tool in iron chemistry since it can

provide information on the oxidation state as well as the geometry of the

metal center [4].

The unexpected synthesis of the unprecedented salt [H-

TMPP]2[Fe2C16] (2) from the 1:1 reaction of the FeC13 with TMPP in

benzene prompted us to further investigate its magnetic properties by epr,

Mossbauer and SQUID experiments for comparison to those of the known

di-ferrous systems. In our studies, we took advantage of the fact that we

had an homologous series of compounds, viz. [Fe2Cl5]2' (2), [FeCl4]2' (4)

and [FeCl4]' (5) with the same phosphonium countercation, which would

provide us with a good data base. The compound FeC13(O=TMPP) (6) was

also fully studied since its simple magnetic behavior would serve as a useful

reference.

This chapter describes the preliminary magnetic study of compounds

2 and 4-6 by SQUID, epr and Mossbauer spectroscopies. Some of these
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results have been obtained as part of a collaboration with Dr. W. R.

Dunham at the University of Michigan.

2. Experimental

A. Synthesis

Compounds 2, 4-6 were prepared as described in Chapter H of this

dissertation. In addition, a more rational synthesis of [H-TMPP]2[F02C15]

from Fe(II) starting materials was investigated.

(1) Preparation of [H-TMPP]C1

An amount of TMPP (0.222 g, 0.417 mmol) was dissolved in 10 mL

of benzene and stirred at room temperature for 10 minutes. Addition of

two drops of hydrochloric acid with a pipet caused the precipitation of a

white solid. The resulting suspension was stirred for 15 minutes, after

which time the solvent was removed under vacuum to produce a white

residue, which was then dissolved in ethanol. Diethyl ether was

subsequently added with vigorous stirring, resulting in the precipitation of

a white microcrystalline product, which was collected by filtration in air;

yield: 0.189 g (80% relative to TMPP).

(2) Reaction of FeClz with [H-TMPP1C1

A suspension of [H-TMPP]C1 (0.081 g, 0.142 mmol) in a 20 mL

acetone/benzene mixture (v/v 1:1) was added dropwise to a suspension of

FeCl2 (0.018 g, 0.142 mmol) in 10 mL of benzene over the course of 0.5

hour. This resulted in the precipitation of a pale yellow solid. The

reaction mixture was stirred at room temperature for ca. 24 hours, after

which time the supernatant solvent was decanted and the solid dried in

vacuo; yield: 0.060 g (~ 30% relative to FeCl2). The infrared spectrum

was identical to that of an authentic sample of [H-TMPP]2[Fe2C15] (CsI,
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Nujol, cm'l): 950, 925, 910, 900 and 880 ([H-TMPP]+ in a 1:2 salt);

360(3), 300(m), 280(m) and 230(w) (v(Fe-Cl) for [Fe2C16]2').

B. Spectroscopy

Magnetic susceptibility measurements were carried out in the Physics

and Astronomy Department at Michigan State University, while the epr and

Mdssbauer experiments as well as the fitting of the magnetic data were

performed by Dr. W. R. Dunham of the Biophysics Research Division at

The University of Michigan.

(1) Magnetic susceptibility

The magnetic susceptibility of compounds 2 and 4-6 was studied

over the temperature range 5-300 K under an applied magnetic field of 500

G. The diamagnetic corrections were applied as follows: [H-

TMPP]2[Fe2C16]: - 843.60 x 10’6 cgs/mol (- 2 x 13 x 106 for 2 Fe“, - 6 x

26 x 10‘6 for 6 Cl', - 2 x 330.80 x 10‘6 for 2 TMPP); [H-TMPP]2[FeCl4]: -

778.60 x 10‘6 cgs/mol (- 13 x 10‘6 for Fe“, - 4 x 26 x 106 for 4 Cl’, and -

2 x 330.8 x 10'5 for 2 TMPP's); [H-TMPP][FeC14]: - 447.73 x 10‘6 cgs/mol

(- 10 x 10'6 for Fe3+, - 4 x 26 x 10'6 for 4 Cl', - 330.80 x 10‘6 for TMPP

and - 2.93 x 10‘6 for l H); FeCl3(O=TMPP): - 430.8 x 10'6 cgs/mol (10 x

10'6 for Fe3+, 3 x 26 x 105 for 3 x Cl', 330.80 x 10‘6 for TMPP and 12 x

10'6 for O).

( 2) epr spectroscopy

The epr experiments were carried out on frozen samples in acetone

(2, 4 and 5) and CH2C12 (6), at various temperatures, for known

concentrations. The epr tubes were sealed under vacuum for compounds 2

and 4 to ensure complete anaerobic conditions.
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(3) Miissbauer spectroscopy

The experiments were performed on the solid samples at 125 and

175 K. All samples were prepared in a dry-box under an argon

atmosphere, and subsequently frozen in liquid nitrogen.

3. Results and Discussion

A. Magnetic susceptibility

(1) [H-TMPPlziFezCl6l (2)

Initial magnetic susceptibility measurements on powder

unrecrystallized samples of [H-TMPP]2[Fe2Cl5] (2) before its identity as a

di-ferrous system was established revealed a non-Curie-Weiss behavior

with a magnetic moment ueff corresponding to an iron(II) center at room

temperature (see previous Chapter). After the nature of the compound was

undoubtedly established as [H-TMPP]2[Fe2C15] by X-ray crystallography,

we became very interested in re-investigating its magnetic behavior.

Experiments run on the crystalline material obtained from the

recrystallization in an acetone/hexanes mixture gave very different results.

Figure 13 shows a plot of of the molar susceptibility 1611) versus 1/1‘ and

clearly indicates that the compound does not follow a simple magnetic

behavior, but that it obeys a Curie-Weiss law at high temperature (T220K).

The magnetic moment at room temperature is lieff = 7.22 [.13 which

is very close to the spin-only value of 8.94 1,113 expected for a S = 4 system,

once the spin orbit coupling terms are taken into account; this suggests that

there is little, if any, interaction between the two ferrous centers, which are

actually ferromagnetically coupled (see Figure 14). A preliminary fit of

the data employing the isotropic spin Hamiltonian H = -2JS1-S2 (S1 = S2 =

2) yields a value of J z 100 cm'1 for the exchange constant which is

entirely without precedence in di-iron systems. Only a few di-iron systems
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Figure 13. Plot of the molar magnetic susceptibility Xm versus lfl‘

for [H-TMPP]2[Fe2Cl5].
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Figure 14. . Plot of the effective magnetic moment lleff versus

temperature for [H-TMPP]2[F02C16].
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have been reported to exhibit ferromagnetism and these are weakly coupled

[5].

(2) [H-TMPP]2[FenCi4](4)

The magnetic susceptibility of compound 4 follows a Curie-Weiss

behavior in the 5 - 300 K temperature range, with a Weiss temperature of

= - 1.62 K, as illustrated in Figure 15 (top). The lieff value of 5.29 1113 is

in the reported range (5.1 - 5.9 1113) for S = 2 spin systems [6].

(3) [H-TMPP][FenICl4](5)

A plot of the molar susceptibility Xm versus 1/T for [H-

TMPP][FemCl4] is shown in Figure 15 (bottom) and clearly shows that the

magnetism of 5 follows a Curie-Weiss behavior with a Weiss temperature

of 0 = -5.44 K. The value for the magnetic moment is ueff = 6.11 1113

which is consistent with a S = 5/2 spin system [6].

(4) FeCl3(O=PR3) (6)

Figure 16 presents a plot of Xm versus 1/T for compound 6 and

shows that the magnetic behavior obeys a Curie-Weiss law, with a Weiss

temperature of -10.08 K. The value of 6.3 HB for the magnetic moment is

in agreement with a S = 5/2 system [6].

B. epr spectroscopy

Although the chemistry of such simple systems as the [F004] ion has

been extensively studied, there are actually no definitive epr studies on

tetrachloroferrate salts or any other Fe(H) or Fe(III) chlorides. There are

only two reports in the literature from the early 1960's describing the

solution epr studies of the decomposition of FeC13 [7] or [Cp2Fe]+ [8] in the

presence of an external source of Cl' ions. It then renders any comparison

or interpretation of our results very difficult since their is little precedence

in, the literature.
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Figure 15. Plot of the molar magnetic susceptibility Xm versus

1/1‘ for [H-TMPP]2[FeCl4] (top) and [H-TMPP]-

[FeC14] (bottom).
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Figure 16. Plot of the molar magnetic susceptibility Xm

versus T (top) and versus l/T (bottom) for

FeC13(O=TMPP).
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(1) [H-TMPPlziF62Cl6l(2)

This compound is expected to be epr-silent because it possesses an

integer spin value of S = 4 as its ground state. However, the first

experiments that were carried out showed a large signal at ca. g = 2.0,

which increased in intensity overtime. Being aware of the series of

reactions which this compound undergoes in the presence of oxygen, it

occurred to us that what we were observing was actually the in situ

formation of [H-TMPP][FemCl4] (5). Indeed we were able to identify this

"impurity" as the same signal observed for an authentic sample of

compound 5 (vide infra). When the epr experiment was performed under

anaerobic conditions (sample prepared in the dry—box and tube sealed

under vacuum), the spectrum still showed a minor signal at g = 2, but no

additional resonances could be detected. Quantitations revealed that this

species was a minor component of the sample.

(2) [H-TMPP]2[FenCl4](4)

We were not able to obtain a spectrum of an authentic sample of

compound 4, since the only detectable signal was that of [H-

TMPP][FemCl4], 5, at g = 2. The quantitative experiments yielded spin

density values far larger than those expected, thereby indicating the impure

nature of the sample.

(3) [H-TMPP][FeIHCl4] (5)

The spectrum of 5 at 7 K exhibits a large signal at g = 2, which is in

agreement with the reported literature on [FeCl4]' [7,8].

(4) FeCl3(O=PR3) (6)

The epr spectrum for compound 6 at 7 K contains two signals at g1 ~

2 and g2 = 6, which is typical for a high spin Fe(III) center [3a].
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C. Mbssbauer spectroscopy

(1) Background

The Mossbauer effect is a nuclear gamma-ray resonance with such

high precision that spectral features reflect the chemical state of the

corresponding atom. It is a very powerful technique for measuring

oxidation state, local symmetry and magnetic ordering [4]. The source of

radiation is generally a metastable isotope which decays to the nuclear

excited state of the Mo'ssbauer isot0pe in its ground state (Scheme 2).
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Scheme 2. Nuclear decay scheme for the Mdssbauer resonance in 57F0

(adapted from reference 40)

There are two spectral parameters of particular interest in

Mossbauer spectroscopy; these are the isomer shift, 8, measured as the

centroid of the spectrum, and the quadrupole splitting, AB. The isomer

shift (8) is a measure of the "s" electron density and is influenced by the

occupation of d orbitals, d-electrons affecting its value because of

shielding. Thus, an increase in the number of 3d electrons from Fe3+ to
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Figure 17. Mdssbauer spectrum of the Fe2+ ion in an absorber of

FeS04-7H2O at nitrogen temperature using a room-

temperature stainless steel source.
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Fe2+ results in a more efficient screening of the 4s electrons from the

nucleus and yields more positive values for 5. The quadrupole splitting

values vary considerably and are determined by the 6th electron ((16 vs. 05)

and which orbital it occupies. Figure 17 presents a schematic Mdssbauer

spectrum and summarizes the spectral parameters.

(2) [H-TMPPlziFe2C161(2)

Initial studies carried out on a powder sample of compound 2

resulted in the spectrum presented in Figure 18. The isomer shift of 5 =

0.31 mmS'1 is not in the reported range for Fe11 species. The quadrupole

splitting is AB = 1.25 mm3'1. Work is in progress to determine whether

this value of the isomer shift is a result of the presence of an FeIII impurity

in the sample, or of the unprecedented nature of the [Fe2Cl6]2' di-ferrous

anion.

(3) [H-TMPP]2[FeHCl4] (4) and [H-TMPPHFeHICM] (5)

The Mdssbauer spectra of the [FeCl4]2' and [FeCl4]' ions have been

known for almost thirty years [9,10]. These tetrachloroferrate salts were

studied in the early days because their simple geometry and spin

configuration made them the ideal reference compounds. We undertook

this study because we wanted to have an homologous series of Fe11 and Fe111

compounds with the same phosphonium counterion, and indeed our results

(Figure 19) are in agreement with the literature.

(4) FeCl3(O=TMPP) (6)

Mossbauer results for compound 6 are in accord with those reported

for tetrahedral high-spin FeIII complexes. A high-spin tetrahedrally

coordinated FeIII complex has each d orbital singly occupied, thus

generating a cubic electric field. The Mossbauer spectrum should then
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Figure 18. Mdssbauer spectrum at 125 K for [H-TMPP]2[Fe2Cl6].
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Figure 19. Mossbauer spectra at 125 K for [H-TMPP]2[FeCl4] (top)

and [H-TMPP][FeCl4] (bottom).
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Figure 20. Mtissbauer spectrum at 125 K for FeC13(O=TMPP).
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consist of a single unsplit line, as was observed in the case of the [FeCl4]-

anion (vide supra). Replacement of one chloride ligand, as in

FeC13(O=TMPP), produces an electric field gradient and removes the

degeneracy of the I = 3/2 state. A quadrupole split doublet is then

observed [11]. These distortions, arising from a non-equivalence of the

ligands about a d5 ion are generally small and result in small AE values,

sometimes unobserved. Our results for compound 6 (Figure 20) are in

good agreement with those reported for the four-coordinate species

FeCl3(PPh3) and FeC13(AsPh3) (6 = 0.46 mm3°1 vs 0.46 and 0.57 mm3'1,

respectively) [11]. We were not, however, able to observe a quadrupole

splitting at 125 K because of spin relaxation.

4. Summary

Preliminary studies on the magnetism of compounds 2, 4-6 have

been carried out, the last three compounds serving as references. The

magnetic susceptibility data for [H-TMPP]2[Fe2C16] (2) revealed that the

two FeII centers are ferromagnetically coupled, which is entirely without

precedence in di-ferrous systems. More detailed fitting of the magnetism

data, along with epr and Mdssbauer studies are underway since this

compound presents a new Opportunity to study a stable di-ferrous system

without any sulfur co-ligands, thereby precluding ligand-based chemistry.

All energy level diagram for a ferromagnetically coupled di-ferrous

system with a S = 4 ground state is depicted in Figure 21. Due to the

complicated magnetic behavior of such species, little is known regarding

their epr properties. There are only two reports of di-ferrous systems

studied by epr spectroscopy in the literature; these are

[Fe2(BPMP)(OPr)2](BPh4) [12] and [Fe2(BIPhMe)2(02CH)4] [13] for
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Figure 21. Energy level diagram for a ferromagnetically coupled

di-ferrous system with a S = 4 ground state.



S=0

S=i

l l

 

 

 

111

 

 

 

 

 

 

 

 

 

 

  

ml

' 0 r :

1:1 1 A la"

16' fi

30

l L...—

112 1 “'3

us2 ‘

50

1 ____/

1:3 1 8dr= ‘2

IA, \

X-Band EPR

7o 1 hv-0.3cm-'

-——-———o

it

“a 16

A 11v: (4% (3‘0 10’)“

A

Figure 21.



112

which extremely low field epr signals were observed at g = 16, presumably

derived from a coupled di-ferrous system [30].

We are also investigating the possibility of preparing the [F02C16]2'

anion by a more rational direct route by using an FeII starting material such

as FeC12. This approach has recently shown promise in the 1:1 reaction of

FeC12 with the independently prepared [H-TMPP]C1 salt. We are further

curious to learn whether this anion can be stabilized by other bulky

counterions such as [PPh4]+, [H-PPh3]+ or [tBu4N]+, which would render

this salt more soluble and therefore more useful to the bioinorganic

community.
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1. Introduction

The chemistry of Co(II) is a vast area of investigation, particularly

with respect to O2 binding and transport [1]. A major advantage of five-

coordinate Co(II) is that its complexes typically exhibit a low-spin

electronic configuration, with an S = 1/2 ground state, thereby providing

the researcher with a convenient epr probe for elucidating small molecule

binding and electron distribution. Apart from Co(II) and to a lesser degree

Ni(III), little is known regarding the chemistry of d7 metal ions, primarily

since these species are highly reactive, appearing only as short-lived

intermediates or impurities in the chemistry of d6 and (18 metal complexes.

It is of considerable interest to design d7 complexes and study their

reactivity in stoichiometric and catalytic reactions of the late transition

elements, especially Rh, in which their presence has been detected but

whose potential role in the chemistry is not known [2]. Metalloradicals

exhibit the greatest promise for undergoing reversible reactions with

important molecules such as CO and 02 since they bind much less tightly to

substrates than their (18 counterparts.

In order to ascertain whether it was feasible to use a basic tertiary

phosphine such as TMPP to stabilize 3d metals, we set out to investigate the

chemistry of this ligand with Co(H), in the form of CoCl2, but also

[Co(NCCH3)6]2+, since the use of the solvated dirhodium(II,II) species,

[Rh2(NCCH3)1o][BF4]4, had proven to be very successful in our earlier

work. This chapter reports the chemistry of CoCl2 and of the solvated

acetonitrile Co(II) salts of A1C14‘, SbC15' and BF4' with TMPP. The

reactions depend on choice of solvent and counterion as well as the Co:PR3

ratio. Details describing these findings as well as the structures and

reactivity of key products are discussed.



117

2. Experimental

A. Synthesis

(1) Reactions of CoC12 with TMPP

(i) Preparation of [CH3-TMPP]2[C02C16] (8)

Anhydrous CoC12 (0.112 g, 0.94 mmol) was added to one equivalent

of TMPP (0.500 g, 0.94 mmol) in 10 mL of freshly distilled, deoxygenated

benzene. The reaction mixture was stirred at room temperature for five

days, during which time a bright blue solid formed. This was collected by

filtration and washed with 00pious amounts of benzene. Characterization

of this initial product by NMR spectroscopy revealed the presence of [H-

TMPP]+ (3.69(s), 3.85(s), 6.33(d) and 8.38(d) ppm in CD3CN) and [CH3-

TMPP]+ (2.54(d), 3.58(s), 3.84(s) and 6.30(d) ppm in CD3CN). The crude

product was recrystallized from a dichloromethane solution layered with

toluene. Blue X—ray quality crystals formed within 24 hours, and their

identity was established as [CH3-TMPP]2[C02C16] (8); 1H NMR (CD3CN,

8ppm): 2.46(d), 3.54(s), 3.84(s) and 6.22(d); Infrared (voo-c1): 380(3),

300(m), 255(w) and 240(w) cm'l.

(ii) Reaction of CoC12 with TMPP in CHCi3

A quantity of CoC12 (0.159 g, 1.335 mmol) was added to one

equivalent of TMPP (0.711 g, 1.335 mmol) in 10 mL of CHC13. The

resulting dark blue solution was stirred at room temperature for 3 days,

after which time it had turned emerald green with precipitation of a

turquoise-blue solid. The reaction mixture was filtered anaerobically

through a medium porosity frit to yield a blue solid (yield: 0.023 g) and a

dark green solution. This solution was then pumped down to a residue,

which was washed with diethyl ether (2 x 10 mL) and dried in vacuo;

yield: 0.141 g. The blue solid was characterized as [H-TMPP]2[C0C14] (9)
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by 1H NMR and infrared spectroscopies (vide infra). The dark green

product was identified as [CH3-TMPP]2[CoCl4] (10); 1H NMR (CD3CN,

8ppm): 2.46(d), 3.53(s), 3.84(s) and 6.21(d); Infrared (VCo-Cl)2 292(3) cm'

1; electronic spectrum (CH3CN, Amax (nm)): 687, 665(sh), 631(sh) and

589.

(2) Reactions of [Co(NCCH3)5][AlCi4]2 with TMPP

A quantity of [Co(NCCH3)5][AlCl4]2 [3] (0.274 g, 0.427 mmol) was

reacted with two equivalents of TMPP (0.455 g, 0.854 mmol) in 20 mL of

methanol. The resulting solution which changes from blue to pink as the

solvent is being added, was stirred at room temperature for ca. 30 minutes.

Slow evaporation of the solvent, in air, yielded a crop of blue-green

crystals of [H-TMPP]2[CoCl4], 9, that were suitable for an X-ray study;

yield: 0.221 g (40% relative to C02+). Anal. Calc'd for

CoCl4P2019C55H72: C: 50.82; H: 5.58; Found: C: 50.13; H: 5.58. Infrared

(CsI, nujol, cm'l): 295 (VC0-C1); 1H NMR (CD3OD, Sppm): 3.56(s),

3.74(s), 6.16(d), 8.26(d); UV-visible (CH2C12, Amax (nm)): 694, 669, 634.

612(sh), 361, 287(sh), 260; CV: (El/2)ox = + 1.16 V; magnetic moment:

lieff = 4.41 i-lB (S = 3/2).

(3) Reactions of [Co(NCCH3)5][SbC15]2 with TMPP

A quantity of [Co(NCCH3)5][SbC16]2 [4] (0.276 g, 0.284 mmol) was

added to a flask containing 2 equivalents of TMPP (0.302 g, 0.568 mmol).

Upon addition of methanol (20 mL), a bright yellow crystalline solid

precipitated from a pink solution. Subsequent chilling of the filtrate

yielded additional yellow product, formulath as [H-TMPP][SbC15]; yield:

0.229 g (47% relative to TMPP). Anal. Calc’d for SbCl5P09C27H34: C:

36.69; H: 3.93; Cl: 24.09; Found: C: 37.33; H: 3.92; CI: 24.51. The pink

(solution was evaporated to a blue-green residue that was subsequently
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dissolved in a mixture acetone/hexanes (v/v 1:1). A crop of navy blue and

turquoise crystals grew over the period of 2 days from this solvent

mixture. The two crystalline products were separated by taking advantage

of the preferential solubility of the turquoise product in THF; yield of the

blue crystals, [H—TMPP]2[CoCl4], 9; 0.033 g (10% relative to C02+); yield

of the turquoise compound, [ClCH2-TMPP]2[CoCl4], 11; 0.012 g (4%

relative to C027“).

(4) Reactions of [Co(NCCH3)6][BF4]2 with 2 equivalents of

TMPP

The 1:2 reaction between [Co(NCCH3)5][BF4]2 [5] and TMPP was

carried out in a variety of solvents (MeOH, CH3CN, C5H5, THF, acetone),

and the following procedure describes a typical experiment performed in

acetone. A sample of [Co(NCCH3)6][BF4]2 (0.138 g, 0.287 mmol) was

reacted with two equivalents of TMPP (0.306 g, 0.575 mmol) in 8 mL of

acetone to produce a dark blue-green solution, after stirring at room

temperature for 2 hours. After this time, the volume was reduced under

dynamic vacuum to ca. 4 mL, and 5 mL of diethyl ether were slowly

added. A grey solid precipitated from the solution, which was then

decanted into another Schlenk tube. The grey by-product was dried, in

vacuo; yield of [H-TMPP][BF4]: 0.215 g (60% relative to TMPP). The

solution was pumped down to a residue, washed with diethyl ether and

dried under vacuum; yield: 0.057 g. The NMR spectrum of this solid

showed a mixture of [H-TMPP]+ and [CH3-TMPP]+.
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(5) Reactions of [Co(NCCH3)6][BF4]2 with 4 equivalents of

TMPP

(1) Preparation of Co(TMPP-0)2 (12)

An amount of [Co(NCCH3)6][BF4]2 (0.282 g, 0.590 mmol) was

added to 4 equivalents of TMPP (1.256 g, 2.360 mmol) in 10 mL of

acetone. The solution, which turned dark purple upon addition of the

solvent, was stirred at room temperature for 48 hours until it had turned

dark green. The volume was reduced to ~ 5 mL, and diethyl ether was

added (~ 10 mL), which caused the precipitation of a white solid. The

green solution was decanted from the solid, reduced to a residue by

evaporation, and dissolved in 10 mL of THF. Additional precipitation of

the white solid, [CH3-TMPP][BF4], ensued; yield: 0.686 g (46% relative to

TMPP). The green THF solution was again evaporated to a residue, which

was finally washed with diethyl ether (2 x 10 mL) and dried in vacuo;

yield: 0.499 g (77% relative to C02+). Slow diffusion of hexanes into an

acetone solution produces dark green X-ray quality crystals of Co(TMPP-

0)2, 12. 1H NMR (CDC13, 8ppm): l.10(s), 1.55(s), 2.30(s), 284(3),

333(3), 340(3), 3.45(s), 3.78(s), 405(3), 419(3), 460(3), 468(3), 532(3),

618(3), 6.92 (3)), 8.18(s), 8.62(s); electronic spectrum (CH2C12, Amax

(nm); e, M-1 cm-l): 595(370), 459(310), 379(sh), 312(sh), 287(sh), 257;

electrochemistry: Ep.a = + 0.50 V; FAB-mass spectrum: m/z = 1093

(corresponding to [Co(TMPP-0)2]+), magnetic moment: lieff = 4.48 1.113 (S

= 3/2).

(ii) Preparation of [ClCH2-TMPP]2[CoCl4] (11)

The salt [Co(NCCH3)5][BF4]2 (0.111 g, 0.231 mmol) was allowed to

react with 4 equivalents of TMPP (0.493 g, 0.925 mmol) in the manner

specified in method (5)(i) above, with the exception that the reaction was
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ceased while the solution was in the intermediate purple stage (< 24 h). By

employing the same work-up procedure as described above, the isolated

by-product was [H-TMPP][BF4] (~ 33% relative to TMPP), and the major

isolated product was a purple solid. Recrystallization of the solid by slow

diffusion of diethyl ether into a CH2C12 solution produced a crop of

turquoise-blue crystals of [ClCH2-TMPP]2[C0C14], 11, that were suitable

for an X-ray study. Anal. Calc'd for CoC15P2C56H70013: C: 49.28: H:

. 5.17; Found: C: 51.05; H: 5.52. 1H NMR (d5-acetone, 5ppm): 3.53(d),

3.80(3), 4.69(d), 6.05(d); Infrared (CsI, nujol): 290 cm'1 (VC0-Cl); UV-

visible (CH2C12, Amax (nm); e, M'1 cm'l): 694(570), 669(490), 634(370),

610(sh), 338(sh).

(iii) Preparation of [Co(TMPP)2][BF4]2 (13)

An amount of [Co(NCCH3)5][BF4]2 (0.290 g, 0.607 mmol) was

added to four equivalents of TMPP (1.292 g, 2.426 mmol) in 10 mL of

THF to form an opaque purple solution, which was gently heated until the

Co(II) salt had totally dissolved, and finally stirred at room temperature

for ca. 1 hour. After this time a large quantity of white solid was

suspended in the reaction solution, which was removed by filtration of the

solution through a medium porosity frit. The resulting dark purple filtrate

was layered with 10 mL of hexanes, and the white solid was dried in vacuo;

yield of [H-TMPP][BF4]: 0.445 g (30% relative to TMPP). After 48

hours, a mixture of white and purple microcrystals had precipitated out of

the acetone/hexanes solvent mixture. This microcrystalline material was

then rinsed with diethyl ether, and separated by careful examination under

the microscope; yield of purple crystals, [Co(TMPP)2][BF4]2 (13): 0.306 g

(~ 40% relative to C024“); yield of white crystals, free TMPP: 0.156 g

(12% relative to TMPP). Characterization of 13: UV-visible (acetone,
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Amax (nm); e, M-1 cm'l): 584(170), 460(sh), 380(sh); electrochemistry:

Elm = + 0.55 V; Infrared (CsI, nujol, cm-l): 1057 and 521 (V3-13).

(iv) Preparation of Cl2C02{u-n2-(TMPP-0)2} (14)

Slow diffusion of diethyl ether into a CH2C12 solution of 12 yielded

a crop of blue-green needles of C12C02{p.-112-(TMPP-0)2}, l4, suitable

for a single crystal X-ray study. Anal. Calc'd for C12C02P2C52013H60: C:

50.69; H: 4.94; Found: C: 51.04; H: 4.98. 1H NMR (CDC13, Sppm):

1.19(s), 169(3), 213(3), 283(3), 3.46(s), 4.38(s), 4.54(s), 508(3), 525(3),

6.05(3), 7.09(s), 7.99(s), 9.80(s); infrared (ch-c1): 330 cm-1; UV-visible

(CH2C12, Amax (nm); e, M'1 cm'l): 654(750), 630(sh), 570(590), 458(495),

380(sh); electrochemistry: (Ep,a)1 = + 0.50 V, (Ep,a)2 = -1- 1.09 V; FAB-

mass spectrum: m/z = 1093.

(6) Reaction of [Co(NCCD3)5][BF4]2 with 4 TMPP

The deuterated starting material [Co(NCCD3)5][BF4]2 was prepared

by the action of NOBF4 on cobalt pellets in CD3CN. A quantity of the

compound was dissolved (0.168 g, 0.339 mmol) in a 10 mL THF solution

containing 4 equivalents of TMPP (0.722 g, 1.356 mmol), resulting in an

instantaneous dark red-brown color. The reaction was stirred at room

temperature for ca. 30 minutes after which time it was filtered through a

fritted funnel to yield a white by-product and a dark brown solution. The

white solid was characterized as [H-TMPP][BF4]; yield: 0.377 g (45%

relative to TMPP); 1H NMR (CD3CN, fippm): 3.67(s, 18 H), 3.86(3, 9 H),

6.25(d, 6 H) and 8.38 (d, 1 H). The brown solution was layered with 10

mL of hexanes, which resulted in the precipitation of a red-brown

microcrystalline product. 1H NMR (CD3CN, 8ppm): 2.46(d), 3.54(s),

3.84(s), 6.22(d) ([CH3-TMPP]+); infrared (CsI, nujol): traces of [BF4]'.
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(7) Conversion of [Co(TMPP)2][BF4]2 (13) into Co(TMPP-0)2

(12)

A sample of 13 was dissolved in 5 mL of acetone, and an equal

volume of hexanes was layered on top of this solution. Within a few days,

a crop of dark green crystals of Co(TMPP-0)2, 12, grew from this solvent

combination. The transformation from [Co(TMPP)2]2+ to Co(TMPP-0)2

can also occur in the solid state over a period of several days.

(8) Oxidation of Co(TMPP-0)2 (12) with [Cp2Fe][BF4]

A sample of 12 (0.044 g, 0.040 mmol) was reacted with one

equivalent of [Cp2Fe][BF4] (0.011 g, 0.040 mmol) in 10 mL of acetone.

An immediate color change from dark green to olive green ensued. The

resulting solution was stirred at room temperature for 0.5 h, evaporated to

a residue, washed with copious amounts of diethyl ether (3 x 10 mL) and

dried in vacuo; yield. 0.015 g (32% relative to 12, based on a [Co(TMPP-

0)2][BF4] formulation). 1H NMR (CDC13): very broad; UV-visible

(acetone, Amax): 605 nm.

(9) Reaction of Co(TMPP-0)2 with 02

A solution of Co(TMPP-0)2 in CH2C12 was bubbled with oxygen gas

for ca. 24 hours. The solvent was replenished regularly, to avoid

evaporation. There were no spectroscopic changes to indicate that a

reaction had taken place.

(10) Reactions of Co(TMPP-0)2 with n-acceptor ligands

(i) with CO

A solution of Co(TMPP-O)2 in THF or CH2C12 was bubbled with

carbon monoxide for about 2 hours. Infrared and UV-visible studies of the

resulting solution showed that no reaction had occurred.

(ii) with CNPri
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A quantity of Co(TMPP-0)2 (0.024 g, 0.022 mmol) was dissolved in

10 mL of acetone, and 2 equivalents of CNPri (4.16 11L, 0.044 mmol) were

added with a microsyringe. This resulted in a color change from dark

blue-green to olive-green. An infrared spectrum of this solution after 5

minutes exhibited three v(CEN) bands at 2162, 2145 (free CNPri) and

2120 cm'l. The reaction was stirred at room temperature for one hour

until it had turned brown—green. After removal of the solvent under

reduced pressure the residue was redissolved in acetone, and the solution

was layered with hexanes. Unfortunately, we were unsuccessful at isolating

a tractable product from this experiment.

(11) Reactions of Co(TMPP-0)2 with metal di-halides:

Synthesis of homo- and heterobimetallic compounds

(ii) with CoC12

A quantity of 12 (0.100 g, 0.091 mmol) was added to 1 equivalent of

CoC12 (0.011 g, 0.091 mmol) in 10 mL of acetone. The solution was

heated for 0.5 h to hasten the dissolution of CoCl2, after which time it was

stirred at room temperature for 24 hours. The resulting intensely colored

blue-green solution was pumped to a residue, washed with diethyl ether (2

x 5 mL) and dried; yield, 0.082 g (74% relative to 12). Recrystallization

from acetone/hexanes (v/v 1:1) produced dark needles of C12C02{ll—n2-

(TMPP-0)2}, 14.

(iii) with MnC12

A sample of 12 (0.021 g, 0.020 mmol) was reacted with one

equivalent of MnCl2 (0.0024 g, 0.020 mmol) in 10 mL of acetone. The

solution was heated under reduced pressure for 24 hours, after which time

the resulting bright green solution was layered with hexanes. A crop of

green X-ray quality crystals formed within 48 hours; yield of Cl2MnCo{|.1-
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nZ-(TMPP-0)2}, 15: 0.008 g (40% relative to 12). Anal. Calc'd for

CoMnCl2P2 C53020 H72: C: 50.82; H: 4.88; Found: C: 50.50; H: 4.94.

IR(an-c1): 325 cm'l; UV-visible (acetone, Amax (nm)): 660(sh), 631, 597.

(12) Reactions of Co(TMPP-0)2 with metallocene and diene

complexes: Attempts to synthesize early-late and late-late

heterobimetallic compounds

(i) with szTiClz

Co(TMPP-0)2 (0.151 g, 0.138 mmol) and Cp2TiCl2 (0.034 g, 0.138

mmol) were dissolved in 10 mL of acetone and the resulting dark red-

brown solution was stirred at room temperature for 24 hours, after which

time a bright green solid had deposited on the sides of the flask. The

solvent was removed under dynamic vacuum to produce a mixture of green

and brown residues. Redissolution in 10 mL of acetone followed by slow

addition of of diethyl ether caused the precipitation of a bright green solid.

A brown filtrate was decanted from the solid, which was dried in vacuo;

yield: 0.057 g (56% relative to C02+, based on a [Cp2TiCo{u-n2-(TMPP-

0)2][CoCl4] (l6) formulation). Anal Calc'd for TiC02Cl4P2C52013H7o:

C: 50.57; H: 4.79; Found: C: 49.90; H: 5.25. Infrared (CsI, Nujol): v(Co-

C1) = 295 cm"1 ; UV-visible (acetone, Amax (nm)): 692, 667(sh), 635, 592;

1H NMR: spread out from 1 to 10 ppm, and 8 = 6.50 ppm (Cp2TiZ+).

(ii) with [Rh(COD)Cl]2: Preparation of [(COD)Rh-

Co(TMPP-0)2]2+ (17)

The Rh(I) dinuclear species [Rh(COD)Cl]2 (0.017 g, 0.038 mmol)

was reacted with 2 equivalents of AgBF4 (0.013 g, 0.076 mmol) in 8 mL

of THF, and stirred at room temperature for 15 minutes. After this time,

the yellow solution was filtered into an 8 mL solution of Co(TMPP-O)2

(0.037 g, 0.038 mmol) in THF, followed by stirring at room temperature
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for 10 minutes and finally removal of the solvent under reduced pressure.

The dark brown residue was washed with diethyl ether, redissolved in

acetone, and layered with hexanes. This treatment produced dark brown

X-ray quality needles within one week; yield: 0.040 g (73% relative to 12).

Anal. Calc'd for RhCoP2C50013H72B2F3: C: 48.71; H: 4.87; Found: C:

48.81; H: 5.24. 1H NMR (d5-acetone, Sppm): 301(3), 331(3), 3.49(s),

3.58(s), 3.61(s), 3.84(s), 3.90(s), 4.17(s), 543(3), 567(3), 578(3), 594(3),

6.30(3), 6.89(s); 31P NMR (CD3CN): 8 = + 5.6 ppm; UV-visible (A (nm),

acetone): 621(sh), 370.

(13) Reactions of Co(TMPP-0)2 with solvated cations: Attempts

to synthesize homo- and heterotrimetallic compounds

(1) with [Co(NCCH3)6][BF4]2

The solvated Co(II) salt [Co(NCCH3)6][BF4]2 (0.022 g, 0.046 mmol)

was added to a flask containing 2 equivalents of 12 (0.100 g, 0.091 mmol)

in 10 mL of acetone. The resulting blue-green solution was stirred at

room temperature for 24 hours, after which time the volume was

concentrated to ca. 5 mL and layered with 5 mL of hexanes. Dark green

crystals grew from this solvent mixture within 48 hours; these exhibited

the same unit cell as that of 12. All other spectroscopic data were also in

agreement with those of an authentic sample of Co(TMPP-0)2.

(ii) with [Ni(NCCH3)6][BF4]2

Co(TMPP-0)2 (0.100 g, 0.091 mmol) and [Ni(NCCH3)6][BF4]2

(0.022 g, 0.046 mmol) were charged in a flask, and 10 mL of acetone were

added. Upon complete dissolution of the starting materials, a bright green

color was observed. A work-up similar to that described in (13)(i) above

was employed; yield: 0.020 g. The product exhibited the same spectral

characteristics as an authentic sample of Co(TMPP-0)2.
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B. X-ray Crystal Structures

The structures of complexes 8-12 and 14-17 were determined by

applications of general procedures described elsewhere. Geometric and

intensity data were collected on a Rigaku AFC6S diffractometer for

compounds 9, 12, 14, 15 and on a Nicolet P3/F upgraded to a Siemens

P3/V instrument for compounds 8 and 11 and 17; both are equipped with

graphite monochromated MoKa(Aa = 0.71069 A and 0.71071 A,

respectively) radiation. The data were corrected for Lorentz and

polarization effects. Calculations were performed on a VAXSTATION

2000 computer using programs from the TEXSAN Crystallographic

Package of the Molecular Structure Corporation (9-17) and from the

Structure Determination Package (SDP) of Enraf-Nonius (8).

(1) [CH3-TMPP]2[C02C|6]-2 CH2C12 (8)

A blue crystal of approximate dimensions 0.60 x 0.35 x 0.20 mm3

was selected and mounted in a glass capillary which was then sealed with

epoxy cement. Cell parameters were refined from a least-squares fit of 19

reflections in the range 20 S 20 S 25°. Intensity data were collected at

room temperature by using a 0 - 26 scan mode from 4 - 40° ill 20. Three

intensity standards were monitored at regular intervals and showed no

significant decay. An absorption correction was applied by using the

program DIFABS. The position of the Co atom was found by the direct

methods program in SHELXS-86. The remaining non-hydrogen atoms

were located through successive difference Fourier maps and least-squares

cycles. All atoms were refined with anisotropic thermal factors with the

exception of a C and a Cl atoms of a lattice methylene chloride solvent

molecule. The positions of the hydrogen atoms were calculated and then

ref‘med using 3204 unique reflections with F02 2 30(Fo)2. The structure



128

Table 9. Crystallographic data for [CH3-TMPP]2[C02C16] (8)

 

Formula C02C110P2C58018H76

Formula weight 1595.6

Space group P-l

a, A 10.889(5)

b, A 1354(6)

c, A 14.005(5)

01, deg 6345(3)

B, deg 83.87(3)

7, deg 78.18(4)

v, A3 1808(2)

Z 1

dcalc. g/cm3 1.465

11(MOKa), cm'1 9.35

Data collection range, 20, deg 4 - 40

No. unique data 4756

total with F02 2 30(Fo)2 3204

Number of parameters refined 396

Ra 0.069

wa 0.090

Quality-of-fitc 2.538

Largest shift/03d, final cycle 0.02

Largest peak, e'/A3 1.73

 

a R = leFol-IFcH/ZIFOI; b R = l2(wlFol-|Fcl)2/2wlFo|2]1/2; w = 1/62(|Fo|)

c Quality-of-fit = [2:(WlFol'ch92/(Nob3'Nparameters)l1/2
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refinement converged with R = 0.069 and Rw = 0.090 and a goodness-of-

fit of 2.538. The ratio of maximum shift to e.s.d. was 0.02. The highest

peak from the final difference map was 1.73 e'/A3 and was associated with

the methylene chloride. The methylene chloride molecule is disordered but

attempts to model the disorder in a chemically sensible manner proved

unsatisfactory. A summary of crystallographic data is presented in Table

9.

(2) [H-TMPPlleoCl4l-MeOH (9)

A blue-green block-shaped crystal of approximate dimensions 0.25 x

0.30 x 0.50 mm3 was sealed inside a glass capillary. A preliminary

monoclinic unit cell was determined by indexing on 20 well-centered

reflections. The cell was further refined by least-squares refinement of 24

reflections in the range 20 S 20 S 30°. Intensity data were collected at

room temperature over the range 4 - 50° in 20, using the 0 - 20 scan mode.

Measurement of three standard reflections at regular intervals during data

collection showed no decay in crystal quality. After averaging equivalent

reflections, 5740 unique data remained of which 2581 were considered to

be observed, i.e., with F02 2 30(Fo)2. The position of the metal atom was

obtained from a solution provided by the direct methods program

MITHRIL. The positions of the remaining non-hydrogen atoms were

located by using the program DIRDIF and were refined anisotropically.

The position of the hydrogen atom H(1) bonded to the phosphorus atom,

was located from a difference Fourier map, whereas all other hydrogen

atom positions were generated by the programs within the TEXSAN

package. These were included in the structure factor calculations but not

refined. The carbon atom of the interstitial methanol molecule, C(28), was

. found to be disordered over two sites. After attempts to fix the atom on
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the same special position as the oxygen atom 0(10), viz., (1/2, y, 3/4),

failed, the multiplicity was assigned as 0.5 in each site. An empirical

absorption correction was applied using programs in the solution package.

The final full-matrix refinement involved 2581 data and 369 parameters.

The refinement converged with residuals of R = 0.048 and Rw = 0.049 and

a quality-of-fit of 1.93. The final difference Fourier map showed a highest

peak of 0.39 e'/A3. Table 10 summarizes important crystallographic data.

(3) Co(TMPP-0)2 (12)

A dark green triangular platelet of approximate dimensions 0.39 x

0.54 x 0.73 mm3 was mounted at the end of a fiber with epoxy cement and

placed in a N2 cold stream at - 100° C. A preliminary hexagonal unit cell

was determined by centering and indexing 20 reflections. The cell was

then refined by least-squares determination of 25 reflections with 20 S 20

S 30. Intensity data were collected in the 4 - 47° range in 20 by the to scan

mode. During data collection, three check reflections were collected at

regular intervals and showed no decrease in intensity. After averaging

equivalent reflections 7607 remained of which 6942 were observed with

F02 2 30(Fo)2. Due to the large volume of the unit cell, it was difficult to

run any of the programs in the TEXSAN solution package, and no

chemically sensible solution was obtained. The extremely high symmetry

of this crystal system, combined with such a large volume points to an

intimate twinning phenomenon, which could not be detected before data

collection. However, the acetone/hexanes mixture from which the crystals

were grown is the only solvent combination that has allowed for the

growth of large crystals of complex 12.

(4) [ClCH2-TMPP]2[C0C14]03CH2C12 (11)
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A blue crystal of approximate dimensions 0.35 x 0.20 x 0.83 mm3

was mounted with epoxy cement on the tip of a glass fiber and placed in a

N2 cold stream at - 120 °C. A preliminary monoclinic unit cell was

determined by centering and indexing 20 reflections chosen from a 10

minute rotational photograph. The cell was then refined by least-squares

refinement of 25 reflections in the range 20 S 20 S 30°. Intensity data

were collected at room temperature over the range 4 — 47° in 20, using the

(1)-scan mode. Measurement of three standard reflections at regular

intervals during data collection showed no decay in crystal quality. After

averaging equivalent reflections, 5887 unique data remained of which 2727

were observed with F02 2 30(Fo)2. The position of the metal atom was

obtained from a solution provided by the direct methods program

MITHRIL. The positions of the remaining non-hydrogen atoms were

located by using DIRDIF. An empirical absorption correction was applied

with the use of the program DIFABS. All non-hydrogen atoms were

refined anisotropically. Hydrogen atoms were generated by the programs

within the TEXSAN package; these were included in the structure factor

calculations but not refined. The final full-matrix refinement involved

2727 data and 416 parameters. The refinement converged with residuals

of R = 0.068 and Rw = 0.074 and a quality-of-fit of 1.68. The final

difference Fourier map showed a highest peak of 1.24 e-/A3, which is a

ghost atom associated with the Cl(5) atom in one of the interstitial CH2C12

solvent molecules. Table 10 lists important crystallographic data.

(5) C12C02{il-112-(TMPP-0)2}~2CH2C12(14)

A blue-green crystal of approximate dimensions 0.32 x 0.41 x 0.22

mm3 was sealed inside a glass capillary. A preliminary monoclinic unit

_ cell was determined by centering and indexing on 20 low-angle reflections.
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Table 10. Crystallographic data for [H-TMPP]2[CoCl4] (9) and

[ClCH2-TMPP]2[C0CI4] (ll).

 

Formula CoCl4P2C55019H53 CoCl12P2C59013H76

Formula weight 1295.82 1618.07

Space group C2/c C2/c

a, A 30.011(4) 27.061(6)

b, A 10.135(3) 12.471(5)

c, A 23.047(3) 24.201(5)

01, deg 90.00 90.00

B, deg 118.183(7) 116.05(2)

7, deg 90.00 90.00

V, A3 6179(4) 7338(4)

Z 4 4

dcalc. g/cm3 1.393 1.466

11 (MoKa), cm:1 5.679 7.780

Data collection range, 20, deg 4 - 50 4 — 47

No. unique data 5740 5887

total with F02 2 30(Fo)2 2581 2727

Number of parameters refined 369 416

R 0.048 0.068

Rw 0.049 0.074

Quality-of-fit 1.93 1.78

Largest shift/esd, final cycle 0.01 0.12

Largest peak, e-/A3 0.39 1.24
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The cell was further refined by a least-squares fitting of 22 reflections in

the range 25$ 20 S 30 °. Intensity data were collected at room temperature

over the range 4 - 47° in 20, using the 0 - 20 scan mode. Measurement of

three standard reflections at regular intervals during data collection showed

a decay in crystal quality of 6% which was corrected for. After averaging

equivalent reflections, 4872 unique data remained of which 2946 were

observed with F02 2 30(Fo)2. The positions of the two unique cobalt atoms

were obtained from a solution provided by the direct methods program in

the SHELXS-86 software package. The positions of the remaining non-

hydrogen atoms were located using cycles of DIRDIF. After isotropic

convergence, an empirical absorption correction was applied using the

program DIFABS. All non-hydrogen atoms were subsequently refined

anisotropically to convergence. Hydrogen atoms were generated by the

program HYDRO within the TEXSAN package and were included in the

structure factor calculations but not refined. The final full-matrix

refinement involved 2946 data and 371 parameters which led to residuals

of R = 0.050 and Rw = 0.058 and a quality-of-fit of 1.94. The final

difference Fourier map showed the highest peak to be 0.58 e-/A3. A list of

crystallographic data can be found in Table 11.

(6) C12MnCo{u-n2-(TMPP-O)2}-2CH3COCH3 (15)

A green platelet of dimensions 0.36 x 0.18 x 0.08 mm3 was selected

and mounted at the end of a glass fiber with Dow Corning grease and

placed in a N2 cold stream at -90°C. A preliminary monoclinic cell was

determined by centering and indexing 20 reflections. The cell was refined

by a least-squares fit of 13 reflections with 13 S 20 S 25 °. Intensity data

were collected in the 4 - 47 ° range in 20, using the 0 - 20 scan mode.

, Measurement of three standard reflections at regular intervals during data

 



Table 11. Crystallographic data for C12C02{u-n2-(TMPP-O)2}
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(14) and C12MnCo{u-n2-(TMPP-O)2} (15)

 

Formula C02C15P2C54013H60

Formula weight 1389.59

Space group C2/c

a, A 15.577(5)

b, A 21.193(3)

c, A 19.544(4)

01, deg 90.00

B, deg 118.183(7)

7, deg 98.78(2)

v, A3 6376(4)

Z 4

dcalc. g/cm3 1.447

11 (MoKa), cm”1 8.85

Data collection range, 20, deg 4 - 47

No. unique data 4872

total with F02 2 3<5(F(,)2 2946

Number of parameters refined 371

R 0.050

Rw 0.058

Quality-of—fit 1.94

Largest shift/03d, final cycle 0.01

Largest peak, e-/A3 0.58

CoMnC12P2C58019H72

1335.92

C2/c

15.255(5)

21.322(9)

l9.576(6)

90.00

1 1605(2)

9974(3)

6276(7)

4

1.414

6.61

4 - 47

4796

1830

375

0.078

0.096

2.47

1.45

0.58
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collection showed no decay in intensity. After averaging equivalent

reflections, 4796 data remained, of which 1935 were observed with F02 2

30(Fo)2. The two metal atoms Co(l) and Mn(1) were located by the direct

methods program MITHRIL in the TEXSAN software package. All other

non-hydrogen atoms were located by the use of the program DIRDIF and

were refined anisotropically with the exception of the oxygen atom of the

interstitial acetone molecule O(10). The hydrogen atoms were placed in

calculated positions and were included in the structure factor calculation

but not refined. The final full-matrix refinement involved 1830 data and

375 parameters and converged with residuals of R = 0.078 and Rw = 0.096

and a quality-of-fit of 2.47. The highest peak in the final difference

Fourier map was 0.58 e'/A3. Table 11 summarizes crystallographic data

for compound 15.

(7) [(COD)Rh-Co(TMPP-0)2][BF4]2-2CH3COCH3 (17)

A red-brown needle of approximate dimensions 0.13 x 0.52 x 0.98

mm3 was selected and mounted at the end of a glass fiber with Dow

Corning silicone grease, and placed in a N2 cold stream at - 90 i 2° C. A

preliminary monoclinic cell was determined by centering on 20 reflections

chosen from a 20 minute rotational photograph. Axial photographs

confirmed the choice of a monoclinic cell. The cell was further refined by

a least-squares fit of 25 reflections in the range 10 S 20 S 25°. Intensity

data were collected in the 5 - 47° range in 20 using the co-scan mode.

Three standard reflections were collected at regular intervals during data

collection and showed no decay in intensity. After averaging equivalent

reflections, 11731 unique data remained of which 5798 were observed with

F02 2 30(Fo)2. The two metal atoms Rh(1) and Co(1) were located by the

‘ direct methods program SHELXS-86. The position of all other non-

 



Table 12. Crystal data for [(COD)Rh-Co(TMPP-0)2][BF4]2 (17)

 

Formula

Formula weight

Space group

a, A

b, A

c, A

01, deg

i3. deg

11. deg

v, A3

Z

dealer 3/91113

11 (Mo K01), cm-1

Data collection range, 20, deg

Number of unique data

Total with F02 2 2.2o(Fo)2

Number of parameters refined

R

Rw

Quality-of-fit

Largest shift/esd, final cycle

Largest peak, e'/A3

RhCoP2C6602oH84B2F8

1594.82

P21/n

15.890(4)

17.209(5)

27.705(9)

90.00

74.57(2)

90.00

7303(4)

4

1.450

7.976

5 - 47

1 1731

5798

815

0.088

0.090

1.97

1.7

1.34

 

a R = leFol-IFCIIIXIFOI; b R = 12(WlFol-IFCI)2/ZWIF012] 1,2; W = 1/62(|Fo|)

. c QualitY'Of‘fit = [2:(W'Fol'4Fcl)2/(1‘Iob3'1\lparameters)lll2
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hydrogen atoms were found by using the program DIRDIF, and were

refined anisotropically. Hydrogen atoms were generated by the program

HYDRO in the TEXSAN package and placed in calculated positions. They

were included in the structure factor calculation but not refined. An

empirical absorption correction was applied using the PSI-Scan program.

the final full-matrix refinement involved 5798 data and 815 parameters and

converged with residuals of R = 0.088 and Rw = 0.090. The final

difference Fourier map showed the highest peak to be 1.34 e'lA3 and the

final shift/esd was 1.7. A summary of important crystallographic data can

be found in Table 12.

3. Results and Discussion

A. Synthetic approaches

The 1:1 reaction of CoC12 with TMPP in CHC13 produces salts of the

type [R-TMPP]2[CoCl4] (R = H, CH3), whereas the benzene reaction yields

[CH3-TMPP]2[C02C15] (8). When the solvated acetonitrile Co(II) cations

are used as starting materials in the presence of a chloride source and in

protic solvents, the anion [CoCl4]2' is isolated. While the

tetrachlorocobaltate anion is ubiquitous in Co(II) chemistry, there are very

few instances of the dinuclear [C02C16]2' unit. Its existence has been

documented in the decomposition reactions of CoC12 adducts and in the

chemistry of the mononuclear ion [CoCl4]2' with the chloride salts Et4NCl,

NH4C1 or MCI (M = Li, K) [6]. The analogous di-ferrous species,

[Fe2C15]2’ was also isolated from the 1:1 reaction of FeC13 with TMPP, as

described in Chapter H. If the chemistry of [Co(NCCH3)6]2+ with TMPP

is performed with the [BF4]‘ salt in the presence of an excess of the ligand,

one obtains the neutral species Co(TMPP-O )2, 12. Surprisingly,

. compound 12 is one of the few simple bis(ether-phosphine) complex of
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Co(II) to be reported, in spite of the extensive chemistry of such ligands

with cobalt [7]. The reactions of [Co(NCCH3)6][X]2 (X = A1C14', SbCla')

with 2 equivalents of TMPP in methanol yield tetrachlorocobaltate salts of

the type [R-TMPP]2[CoC14] where R is either H or C1CH2. Both [H—

TMPP]2[CoCl4], 9, and [ClCH2-TMPP]2[C0C14], 11, were structurally

characterized, the latter also being obtained in a reaction described later in

this chapter. Spectroscopic data for compound 9 and 11 are in excellent

agreement with the reported literature on various salts of [CoCl4]2' [8].

The results obtained for CoC12 reactions with TMPP are in

agreement with the general lack of compatibility between first-row

transition metals and the soft TMPP ligand that had previously been

established in the analogous iron chemistry for which the complexes [H-

TMPP]n[FeCl4] (n = 1, 2) were isolated. It is apparent that whenever there

is a competition between Cl' anions and the phosphine, the formation of

[CoCl4]2' is favored; furthermore quatemarization of the phosphine is

easily effected in a solvent that provides H+, C1CH2+ or CH3+ groups.

Realizing this, we set out to modify the reaction parameters and find the

optimal conditions for Co(II)-phosphine binding.

The use of an aprotic, non-chlorinated solvent such as acetone and a

chloride-free Co(II) starting material, combined with the use of a two-fold

excess of TMPP, constitute the most favorable conditions for this

chemistry. The rationale behind this approach is that the presence of a free

nucleophile, such as TMPP, promotes demethylation of one of the ortho

methoxy groups on the phenyl ring of the ligand, thereby forming a

phenoxide moiety. Demethylation or deprotonation of an OR group (R =

CH3, H) in the ortho position of a phenyl ring of a phosphine ligand was

usedby Rauchfuss [9] and also by Shaw [10] to form chelating phosphino—
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phenoxide ligands and our group has made use of this synthetic strategy in

our work with rhodium [11]. The ligand itself has proven to be the most

"innocent" demethylating agent as opposed to CH3I or KCl that can also act

as an oxidizing agent or as a Cl' source.

B. Characterization

The reaction of [Co(NCCH3)6][BF4]2 with four equivalents of TMPP

in acetone formed the neutral complex Co(TMPP-0)2, 12, which was not

structurally characterized, the most important feature of this compound

being the cis configuration of the phosphine ligands, proposed on the basis

of its derivative chemistry. The FAB-mass spectrum of 12 exhibits its

highest peak at m/z = 1093 which corresponds to the molecular ion

[Co(TMMP-0)2]+ (Figure 22). The 1H NMR spectrum was sharp and

contact-shifted as expected for a paramagnetic species.

It was discovered quite by accident, that if Co(TMPP-0)2 was

recrystallized from a mixture of CH2C12 and diethyl ether, the dinuclear

complex Cl2C02{u—n2-(TMPP-0)2} (14) was obtained in low yield. This

transformation was monitored by UV-visible or 1H NMR spectroscopy. A

time-dependent UV-visible study of the conversion of 12 into 14 in

CH2C12 is shown ill Figure 23. Complex 12 exhibits a transition at 595 nm

and a shoulder at 490 nm while compound 14 exhibits two bands at 654

(shoulder at 630) and 570 nm, corresponding to the tetrahedral and

octahedral Co(II) centers, respectively [8]. In order to obtain C12C02{|J.—

nZ-(TMPP-0)2}, 14, in a higher yield, Co(TMPP-0)2 was reacted with

one equivalent of anhydrous CoC12 in acetone to give 14 in quantitative

yield. In an attempt to generalize the approach, reactions of Co(TMPP-0)2

with other metal dihalides were investigated. For example, the equimolar

reaction between Co(TMPP-0)2 and MnCl2 produces Cl2MnCo{ u—nz-
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Figure 22. Positive ion FAB-Mass spectrum of Co(TMPP—0)2.
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Figure 23. Time-dependent UV-visible study of the transformation

of Co(TMPP-0)2 into Cl2C02{11-n2-(TMPP-0)2} in

CH2C12.
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(TMPP-0)2}, 15, which presents the same general features as complex 14.

It is worth mentioning at this point that the reaction to give

Co(TMPP-0)2 is extremely moisture-sensitive. In situations where the

acetone solvent is not carefully dried and distilled prior to use, or if the

atmosphere of the laboratory is very humid, the reaction solution turns

dark purple instantaneously. Subsequent work-up leads to a purple solid

and a by-product identified as [H-TMPP][BF4]. Recrystallization of the

purple product from CH2C12/diethyl ether gives [ClCH2-TMPP]2[CoCl4].

Mild heating of the reaction and longer reaction times promotes a

transformation from purple to blue and finally to green. Work-up of the

reaction at the green stage revealed that [H-TMPP][BF4] was only present

in small quantities contaminating large quantities of [CH3-TMPP][BF4], and

that Co(TMPP-0)2 was the metal-containing product. In order to ascertain

what conditions promote phosphine protonation, we carried out the

reaction using the deuterated starting material [Co(NCCD3)(,][BF4]2. As

before, the by-product of the reaction was [H-TMPP][BF4], and no trace of

[D-TMPP][BF4] could be detected, by 1H NMR spectroscopy. The identical

reaction was performed in acetone that had been treated with NaI and

distilled prior to use to rigorously remove any H2O, with similar results.

From these observations we conclude that the nitrile is not responsible for

the protonation of the phosphine but that even under extremely careful

moisture-free conditions protonation can not be avoided.

We were curious to see if we could isolate a non-demethylated bis-

TMPP-Co(II) complex from the purple solid. To this end, the 1:4 reaction

between [Co(NCCH3)(,]2+ and TMPP was carried out in THF since [H-
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Figure 24. Proposed structure for Co(TMPP-0)2.
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TMPP]+ and [CH3-TMPP]+ are only slightly soluble in this solvent. In

fact, the interaction of the solvated Co(II) salt with 4 equivalents of TMPP,

resulted in the formation of a dark purple solution and a white precipitate.

This by-product, confirmed to be [H-TMPP][BF4], accounted for about a

third of the TMPP ligand. The purple solution was layered with hexanes to

produce a mixture of white and purple microcrystals. Surprisingly, the

white product was identified as free TMPP and calculations revealed that

approximately 50% of the ligand had been used to form both [H-

TMPP][BF4] and free TMPP. The purple solid was characterized as

[Co(TMPP)2][BF4]2(13), but could not be structurally characterized since

it converts into Co(T‘MPP-0)2 (12) very readily, in solution or in the solid

state. Similar "spontaneous" demethylation was previously been observed

in Rh(lIl)/TMPP chemistry [11].

Unfortunately, we were not able to structurally characterize

compound 12, as it persistently crystallizes in a hexagonal space group

with one very long axis which most likely is due to an intimate twinning

problem. On the basis of the successful structural determination of two

derivatives of Co(TMPP-0)2, complexes 14 and 15, we propose the

structure depicted in Figure 24 for this compound, in which the cobalt

center is coordinated to mutuallycis phosphino-phenoxide ligands.

B. Molecular Structures

(1) [CH3-TMPP12IC02Cl6l (8)

Selected bond distances and angles are listed in Table 13 and Figure

25 depicts the molecular structures of the two ions present in 8. As Figure

25 clearly shows, the dicobalt anion consists of two edge-sharing

tetrahedra, with two terminal and two bridging chlorides per metal atom.

The methyl phosphonium cation exhibits the characteristic propeller

r .l

'_:1 
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Table 13. Selected Bond Distances (A) and Angles (deg) for

[CH3-TMPP]2[C02C15] (8)

 

 

 

 

Atom 1 Atom 2 Bond Distance

Co(l) Co( 1 )' 3.245(2)

Co(l) Cl(l) 2.223(2)

Co(l) Cl(2) 2.218(2)

Co(1) Cl(3) 2.345(2)

Co(l) Cl(3)‘ 2.339(2)

P(l) C(1) 1.794(5)

P(l) C(10) 1.805(5)

P(l) C(19) 1.783(5)

P(l) C(28) 1.803(5)

Atom 1 Atom 2 Atom 3 Bond Angle

Cl(3) Co(l) Cl(3)’ 92.32(6)

Co(l) Cl(3) Co( 1 )' 87.68(6)

Cl(l) Co(l) Cl(2) 1 1 108(8)

Cl(l) Co(l) Cl(3) 109.42(7)

Cl(2) Co(l) Cl(3) l 16.99(7)

C(1) P(l) C(10) 112.7(2)

C(1) P(l) C(19) 115.2(2)

C(1) P(l) C(28) 102.4(2)

C(10) P(l) C(19) 105.9(2)

C(10) P(l) C(28) 108.9(2)
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Figure 25. ORTEP diagrams of the two ions present in [CH3-

TMPP]2[C02C16]. All atoms are represented by their

50% probability ellipsoids.
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arrangement found in aromatic tertiary phosphines. To our knowledge,

only two salts of [C02C16]2' have been previously structurally

characterized; these are [CoClN6P6(NMe2)12]2[C02C16]-2CHC13 [12] and

[C02(C5Me5)(u-Cl)3]2 [C02Cl5] [13]. In 8, the average Co-Cl (bridge)

distance (2.342[2] A) is intermediate between those of the two previous

structures found in the literature (2.336 and 2.378 A). The Co-Cl-Co and

the Cl-Co-Cl bond angles (87.68(6) and 92.32(6)°) are more distorted from

ideal geometry than in the previous two examples (89.1 and 90.2, 90.1 and

899°). Furthermore, the non-bonding Co-o-Co distance of 3.245(2) A in

the present structure is shorter than the corresponding distances in the

other two complexes by 0.03 and 0.12 A. The considerable distortion

from ideal tetrahedral geometry in the present case is attributed to packing

influences due to the very large cation.

(2) [H-TMPP]2[CoCl4] (9) and [C1CH2-TMPP]2[CoCi4] (11)

ORTEP drawings of complexes 9 and 11 are shown in Figures 26

and 27 and pertinent bond distances and angles are listed in Table 14. Both

complexes crystallize in the space group C2/c and indeed exhibit the same

general features. In both cases the cobalt atom lies on a two-fold axis and

is ligated by four chlorine atoms to form the well-known [CoCl4]2‘ anion.

Two protonated [H-TMPP]+ or chloromethylated [ClCH2-TMPP]+

phosphine ligands serve as counterions in the structures of 9 and 11,

respectively. The C0-C1 distances in various salts of the [CoCl4]2' anion

have been recently reviewed by Rheingold and Burrneister [14]. The bond

distances observed in structures 9 and 11 fall in the reported range of

2.23-2.34 A. The Cl-Co-Cl angles vary from 108.34(6) to 111.8(1)° for 9

and from 107.4(1) to 111.5(2)° for 11, which overall describes a fairly

regular tetrahedron. The structural features of the protic and the



Table 14. Selected Bond Distances (A) and Angles (deg) for

[H-TMPP]2[C0C14] (9) and [ClCH2-TMPP]2[C0CI4]

 

 

 

 

(1 1)

Atom 1 Atom 2 Bond Distances

9 1 1

Co(l) Cl(l) 2.268(2) 2.300(3)

Co(l) Cl(2) 2.263(2) 2.276(3)

P(1) C(1) 1.777(5) 1.796(9)

P(1) C(10) 1.778(6) 1.810(1)

P(1) C(19) 1.793(6) 1.805(9)

P(1) C(28) --------- 1.813(9)

Atom 1 Atom 2 Atom 3 Bond Angles

9 1 1

Cl(l) Co(l) Cl(2) 109.33(7) 107.4(1)

Cl(l) Co(l) Cl(1)' 111.80(l) 110.7(2)

Cl(2) Co(l) Cl(l)’ 108.34(7) 109.9(1)

Cl(2) Co(l) Cl(2)’ 109.60(1) 111.5(2)

C(1) P(1) C(10) 115.4(3) 114.4(4)

C(1) P(1) C(19) 109.0(3) 113.3(4)

C(10) P(1) C(19) 114.8(3) 105.5(4)

C(1) P(1) C(28) --------- 104.0(4)

C(10) P(1) C(28) --------- 112.7(5)

C(19) P(1) C(28) --------- 107.0(4)
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Figure 26. ORTEP diagram of [H-TMPP]2[CoCl4]. All atoms are

represented by their 50% probability ellipsoids.
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Figure 27. ORTEP diagram of [C1CH2-TMPP]2[CoCl4]. All atoms

are represented by their 50% probability ellipsoids.



0‘s

‘
4

i
v

C
l
(
l
)

C
o
(
l
)

C
l
(
2
)

F
i
g
u
r
e

2
7
.

 

156



157

chloromethyl phosphonium cations are similar to those of the free

phosphine and other phosphonium salts [15,16], and are without exceptional

qualities. Unlike previous reports of [CoCl4]2' salts, we do not observe any

hydrogen bonding between any of the chlorine atoms and H(1) [17].

(3) C12C02{11-n2-(TMPP-0)2} (14)

Figure 28 depicts an ORTEP representation of 14 and a list of

important bond distances and angles is given in Table 15. In this structure,

the two Co atoms reside on a two-fold axis. Co(1) is ligated by mutually

cis phosphorus and oxygen atoms. The two oxygen atoms 0(6) and O(6)',

derived from demethylated ortho methoxy groups, are further attached via

a bridging mode to Co(2). The coordination sphere of Co(2) is completed

by two Cl atoms Cl(l) and Cl(2). This structure can be viewed as that of

Co(TMPP-0)2, described above, with a "CoC12" fragment attached to it.

The Co(1)-P(1) distance of 2.198(2) A is somewhat shorter than the

corresponding distances (2.3-2.5 A) reported for other Co/(P,O)

structures, as is the Co(1)-O(6) bond of 1.927(4) A [7]. This may be

rationalized by considering the very strong o-donation of the phosphorus

lone pair combined with an electron withdrawing effect from the

phenoxide ligand in the present case. The two oxygen atoms 0(9) and

O(9)' form a weak axial interaction at a distance of 2.313(4) A with the

angle O(9)-Co(l)-O(9)' = 172.0(2)°. This long bond distance is in

agreement with other reported weak Co(H)-ether interactions [7]. Finally,

the distance between the two cobalt centers is 3.034(2) A, precluding the

existence of a metal-metal bond. This coordination mode for TMPP,

referred to as (ll-n2), in which the phosphine is both chelating one metal

center through a phosphorus and an oxygen atom (112) and bridging two

metal centers through an oxygen atom (11), has been seen only once in our



158

Table 15. Selected Bond Distances (A) and Angles (deg) for

Cl2C02{u-n2-(TMPP-0)2} (14) and ClenCo{u-n2-

(TMPP-0)2} (15)

 

 

 

 

Atom 1 Atom 2 Bond Distances

1 4 1 5

Co(l) Co(2)/Mn(1) 3.034(2) 3.046(5)

Co(l) P(1) 2.198(2) 2.202(5)

Co(l) 0(6) 1.927(4) 1.93(1)

Co(l) 0(9) 2.313(4) 2.30(1)

Cl(l) Co(2)/Mn(1) 2.215(2) 2.224(6)

0(6) Co(2)/Mn(1) 1.983(4) 1.99(1)

Atom 1 Atom 2 Atom 3 Bond Angles

1 4 1 5

P(1) Co(l) P(1)’ 110.10(9) 109.2(3)

P(1) Co(l) 0(6) 85.3(1) 85.9(3)

O(6) Co(l) O(6)' 79.5(2) 79.2(6)

0(9) Co(l) O(9)' 172.0(2) 172.3(7)

P(1)‘ Co(1) 0(6) 164.4(1) 164.7(3)

Cl(l) Co(2)/Mn(1) Cl(l)‘ 112.0(1) 114.2(4)

Cl(l) Co(2)/Mn(1) 0(6) 118.6(1) 117.6(3)

Cl(l) Co(2)/Mn(1) O(6)' 113.4(1) 113.0(3)

O(6) Co(2)/Mn(1) O(6)' 76.9(2) 76.5(6)
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Figure 28. ORTEP drawing of C12C02{u-n2-(TMPP-0)2}.

Phenyl- group atoms are represented as small circles for

clarity, whereas all other atoms are represented by their

50% probability ellipsoids.
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Figure 28.
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Figure 29. ORTEP drawing of Cl2MnCo{ll-n2-(TMPP-0)2}.

Phenyl-group atoms are represented as small circles for

clarity, whereas all other atoms are represented by their

50% probability ellipsoids.
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Figure 29.
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prior chemistry with this phosphine; namely in the trinuclear osmium

carbonyl cluster 033(11-OH)(CO)9{u-nZ-(TMPP-0)} [18]. Such a p.412

bridging mode for an oxygen atom, although unusual, has been previously

described for keto- or carboxylato- groups [19]. The closest example to

the present case is found in a paper by Kraihanzel et al. who reported a

complex in which two cobalt centers are bridged by the oxygen atom from

a carboxylate group of a (P,O) ligand to form the hexanuclear species

"C06(P,O)12" [7a]. To our knowledge, Cl2C02{|.t-n2-(TMPP-0)2} is the

sole example of a dinuclear Co(II) species in which the geometries of the

two metals are entirely different.

(4) ClenCo{u-n2-(TMPP-0)2} (15)

The molecular structure of compound 15 is presented in the ORTEP

diagram in Figure 29 and important bond distances and angles are listed ill

Table 15. This structure is the analogue of compound 14, described above,

with the "CoC12" fragment being replaced by a "MnCl2" unit. The Co(1)-

P(1) and Co(l)-O(6) distances remain essentially unchanged. The distances

between the two metal atoms is slightly longer than in the aforementioned

structure.

(5) [(COD)Rh-Co(TMPP-0)2][BF4]2 (17)

The structure of compound 17 is presented in the ORTEP diagram

in Figure 30 and important bond distances and angles are listed in Table

16. As the Figure clearly indicates the Co(III) center is surrounded by

four oxygen and two phosphorus atoms to form an overall very regular

octahedral environment. The phosphorus and the methoxy—oxygens are

mutually cis, whereas the phenoxide oxygens are disposed in a trans

fashion. The average Co-P bond distance of 2.167[5] A and the metal-ether

interactions (2.074[9] versus 2.313(4) A) are shorter than in the Co(II)
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Figure 30.

165

ORTEP drawing for the molecular cation [(COD)Rh-

Co(TMPP-0)2]2+. All phenyl-group and COD carbon

atoms are represented as small circles for clarity,

whereas all other atoms are represented by their 40%

probability ellipsoids.
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Figure 30.
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structure C12C02{u-n2-(TMPl>-0)2 } (14) (2.198(2) A), as expected for a

more electrophilic metal center. The Co-O distances for the oxygen atoms

from the phenoxide groups are comparable to those in 14, being 1.888[9]

A compared to 1.927(4) A; this value is also in agreement with the Com-0

bond distance of 1.899(2) A reported for the macrocyclic carboxylato-

Co(III) complex [Co(L3-H)][C104]2 [20]. The angles about the Co(III)

center define a quasi-octahedral geometry with the 0(9)-Co(1)-0(18) bond

angle being 174.1(4)° and the P(1)-Co(l)—P(2) 101.4(2)°. Such a stable

octahedral geometry is expected for a (16 electronic configuration.

The most interesting feature about this structure however is the

mode of binding for the Rh(1) atom to the TMPP ligand. The Rh(1) center

is ligated to a COD ligand in the usual manner on one side, and in an 714

fashion to one of the demethylated phenyl rings of the phosphine on the

other side. To date, this constitutes the first example of a TMPP ring

participating in such a bonding interaction.

Two [BF4]' counterions and two interstitial acetone molecules are

also present in the structure.

C. Spectroscopy and Magnetism

The magnetic properties of compounds 9-15 were studied by a

variety of techniques, including epr and magnetic susceptibility

measurements. The properties of [H-TMPP]2[CoC14] (9) and [C1CH2-

TMPP]2[CoCl4] (11) were quite unremarkable and exhibited the properties

anticipated for tetrahedral high-spin Co(II) complexes (S = 3/2) [8].

Co(TMPP-0)2: The compound Co(TMPP-0)2 (12) was expected to be a

S = 1/2 system, based on an analogy to the related species [Rh(T‘MPP)2]2+

[21], but studies of the magnetic susceptibility of 12 over the 5-300 K

temperature range revealed a Curie-Weiss behavior with a ucff = 4.48 1113;
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this value was in good agreement for a S: 3/2 spin system. High-spin

configurations for octahedral or planar Co(II) complexes are actually the

general rule, and there are very few instances of octahedral low-spin

Co(II) complexes. Only 5-coordinate species favor low-spin (S = 1/2)

configurations [22].

C12C02{p.-112-(TMPP-0)2}: The magnetic behavior of compound 14

was studied over the temperature range 5 - 300 K and showed a Curie-

Weiss behavior between 140 and 300 K with a value for the effective

moment of 3.65 1113 which corresponds to a S = 1 spin system for the

molecule. The integer spin value for the spin state might be the reason

why we were not able to observe an EPR signal for this compound at 110

K.

D. Discussion

Given suitable conditions (vide supra), [Co(NCCH3)5]2+ cations react

with the highly basic and bulky ligand tris(2,4,6-

trimethoxyphenyl)phosphine (TMPP) to give the two unusual phosphino—

phenoxide Co(II) complexes Co(TMPP-0)2 (12) and Cl2MCo{p.-'n2-

(TMPP-0)2} (M = C0 (14), Mn (15)). Although there are numerous

Co(II)/ether phosphine complexes in the general literature, few are of the

types found in the present work. All previously reported structures are of

the types CoX2(P,0)2 [7i-j] or "Co(P402) [7b-f], where P402 is a (P,0)

macrocycle, or the hexanuclear complex C05(Ph2PCH2C02)12 [7a]. The

closest resemblance to 12 and 14-15 are the compounds Co(0C6H4PBu2‘)2

and Co[(C5H5)2PCH2C(CF3)2O]2 [7g,h]. However, in both cases the

complexes were assigned a trans square-planar geometry by analogy to the

structurally characterized Ni(II) species and found to be orange in color,

whereas all our compounds are blue or green.
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The neutral compound Co(TMPP-0)2, which is formally a 15—

electron complex if the axial ether interactions are not taken into account,

may be predicted to be electron-deficient. Consequently we expected this

complex to be very reactive, especially since reversible uptake of dioxygen,

high reactivity towards small molecules and enhanced oxidative addition

have been noted for many (P,0) ligand complexes [7h]. Since Co(TMPP-

0)2 contains two weakly bound MeO' groups in the axial positions, it

prompted us to explore its reactivity. We found no reaction between

Co(TMPP-0)2 and 02 under ambient conditions of pressure and

temperature. This is certainly a result of the electronic configuration of

this compound (8 = 3/2 instead S = 1/2). We also investigated the

reactivity of 12 with Tc-acceptors such as carbon monoxide (CO) or

isopropylisocyanide (iPrNC), but only in the latter case were promising

results obtained. After the addition of two equivalents of iPrNC to a

solution of Co(TMPP-0)2, two v(CEN) stretches were observed, one at

higher energy (2162 cm'l) and one at lower energy (2120 cm'l), possibly

corresponding to a mono- and a bis-adduct. However, we were not able to

isolate any solid from this reaction. The only successful reaction was the

rational preparation of Cl2MCo{ u-nZ-(TMPP-0)2} (M = C0, 14, M = Mn,

15) from Co(TMPP-0)2 and MCl2, as shown ill the scheme below:

R2 PR2
P

I
\ Cll.. ’ I

M012 + o’(‘\° —> CI,M\O>C‘\0
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This approach has recently been used by M. Darensbourg et al. to form bi-

and heterometallic compounds from square-planar Ni(II) complexes

possessing a N2S2 environment [23]. Other have also used the readily

available sulfur donor groups in such complexes to link two units together

via coordination of a third metal atom to form either linear or triangular

trinuclear complexes [24]. Wieghardt has studied the magnetic properties

of asymmetric homo- and heterodinuclear complexes containing the u-oxo-

bis(u-acetato)dimeta1 core [25]. In general, this type of chemistry has

primarily been investigated with complexes possessing carboxylate ligands

[26]. In fact, to our best knowledge there is only one report of an

heterobimetallic complex of this type containing a phenoxide ligand [27].

After researching the topic, we became interested in the possibility of

preparing other heterobimetallic compounds and study their magnetic and

structural properties. As a backdrop for these studies, we note that there

are several reports in the literature by Wolczanski et al. of early-late

heterobimetallic complexes, namely trans-Me2Ta(u-CH2)(1J.-

0CMezCH2Ph2P)2PtMe, (TMEDA)Ta(u-CH2)(iJ-0CH2)(ll-Me)(lt-

OCMe2CH2Ph2P)2Ni [28], and Cp*Zr(u-OCH2Ph2P)2RhM02 [29]. To

ascertain the possibility of preparing an early-late heterobimetallic

compound from the Co(TMPP-0)2 "synthon", the 1:1 reaction between 12

and titanocene dichloride, Cp2TiCl2, was carried out. The formulation of

the product as [Cp2TiCo{u-nZ-(TMPP-0)2}][C0Cl4] (16) was based on

infrared, NMR and UV-visible spectrOSCOpies (equation 2). The presence

of the [CoC14]2' anion was easily confirmed by the voo.c1 stretch in the far-

IR region at 295 cm-1 as well as in the electronic spectrum, while a

resonance attributed to the Cp2T12+ fragment was observed at 6 = 6.50

ppm in the NMR spectrum, along with other resonances due to the TMPP
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ligand. In order to improve the yield of this reaction and avoid that half of

the cobalt be consumed to form the CoCl42' anion, we tried to remove the

chlorides from Cp2TiC12 by the use of AgBF4 prior to the reaction with

12, but this led to decomposition.

m7 2‘”
a. O P

CO(TMPP-0)2 '1' Cp2TiC12 —> cplnri/ \Co/

Cp \0/ \P

U

(equation 2)

A similar reaction was canieed out with [Rh(COD)(TI-IF)2]+ (COD =

1,5-0yclooctadiene), which was prepared by the action of AgBF4 on the

chloro-bridged dimer [Rh(COD)Cl]2 [30]. The rationale behind this

reaction was that the Rh(1) center would favor the phenoxide oxygen atoms

over the THF molecules as ligands (equation 3).

1+

K 0?
Co(TMPP-O)2 + [Rh(COD)Cl‘HF)2 1* —> fig >Co:

\\ U

(equation 3)

Surprisingly, the 1H NMR spectrum of the product of the equimolar

reaction between [Rh(COD)(THF)2]+ and Co(TMPP-0)2 exhibits the

typical pattern of a tridentate TMPP ligand, coordinated to a diamagnetic

Inatal center (see Figure 31). The X-ray structure of this compound
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established its identity as [(COD)RhI-C01H(TMPP-0)2]2+ (17), in which the

Rh(1) atom is bound in an 114 fashion to one of the demethylated phenyl

ring of the TMPP ligand from the [C0111(TMPP-0)2]+ fragment. The

diamagnetic nature of complex 17 arises from the presence of a RhI and a

C0111 center in the molecule. The 1H NMR spectrum shows the presence of

6 meta protons and 8 methoxy groups, indicating that the two phosphine

ligands are equivalent in solution, the "Rh(COD)+" moiety being labile in a

coordinating solvent such as d6—acetone or d3-acetonitrile. The 31P NMR

result confirmed the equivalence of the phosphines in solution since only

one signal was observed at 8 = + 5.6 ppm. When the NMR experiment is

carried out in a non-coordinating solvent such as CD2C12, 16 methoxy and

12 meta resonances are observed, attributed to 2 inequivalent phosphines,

thereby indicating that the Rh(COD)+ fragment remains coordinated. The

most surprising aspect of this reaction is undoubtedly the oxidation of the

CoII to a CoIII center, which may have occurred due to the presence of

residual Ag+ as a contaminant in the Rh(1) starting material. Independent

deliberate oxidation of Co(TMPP-0)2 (12) by AgBF4 is then in order.

The isomerization from cis to trans phenoxide ligands that occurred during

the oxidation from CoII to CoIII explains the irreversibility of the cyclic

voltammogram. It is interesting to note that similar results were observed

in the chemistry of RhH(TMPP-0)2 and Rhm(TMPP-0)2+ [11].

As a final topic in this research, we were interested in the possibility

of preparing linear heterotrimetallic complexes from the Co(TMPP-0)2

synthon. These complexes are quite rare as evidenced by the fact that there

only are two reports in the recent literature of linear trimetallics; these are
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Figure 31. 1H NMR spectrum of [(C0D)Rh-Co(TMPP-0)2][BF4]2

in CD3CN.
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[Cu{ClRu[(Me0)2P0]2(C6Me5)} 2] [31] and a series of NiH-CuH-NiII

complexes with oxamate bridging groups [32].

fl—I
P... QM,o P

2 C TMPP-0 + M NCCH 2* Co’

°< >2 1‘ 3).] ——* P. so,MQC‘i

U

(equation 4)

Equation 4 shows the proposed reaction between Co(TMPP-0)2 (12) and

[M(NCCH3)5]2+ (M = Co, Ni), but the only isolable product in these

reactions was complex 12.

4. Summary

Although there are many Co(II)/complexes reported in the literature,

Co(TMPP-0)2 represents one of the very simple homoleptic "Co(P,0)2"

complexes to be fully characterized. This must certainly be a result of

electronic rather than steric effects since the phosphine ligands used in

previous studies were also quite bulky. Despite the considerable size of the

TMPP ligand, the two phosphines are cis to each other, as is the case in the

rhodium(II) analogue, [Rh(TMPP)2]2+. This observation is in direct

contrast to the two previous reports in the literature in which a trans

geometry was postulated for Co(H)-ether phosphine complexes [7g,h].

We have been successful in preparing homo- and hetero-bimetallic

complexes from the "Co(TMPP-O )2" synthon, but our preliminary

attempts to synthesize linear trinuclear species did not yield promising

results. Another entry into this chemistry would be to use the already
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assembled bimetallic compound, and attempt the addition of a third metal

complex, as shown in equation 5.

—| 2+

Co(TMPP 0) P P

C12M’ :Co: +2AgBF4 ° ‘ o’O‘M o:

LP 3 PC)“ LP

2 AgCl

(equation 5)
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1. Introduction

Following the successful chemistry of TMPP with Rh(II) and Co(II),

we were interested in extending this work to other catalytically relevant

metals of the first-row series, particularly nickel, since Ni(III) would

provide us with another d7 system. Interestingly, (P,O) ligands have

demonstrated a selectivity enhancing effect in the nickel-catalyzed

oligomerization of ethylene [1]. Although many (P,0) ligand/Ni(II)

complexes have been reported, the only structurally characterized ones are

of general formula NiX2(P,O)2 (X = Cl, Br, I, SCN) [2]. The use of

macrocyclic polyphosphine ligands of the crown-ether or crown thio-ether

type afforded the stabilization of several 6-coordinate Ni(II) complexes [3].

In the late 70's, Shaw reported compounds of the type trans-Ni(P,O)2

whose structure was assigned by analogy to the platinum and palladium

analogues [4], and the use of a fluoro-alcohol diarylphosphino ligand

afforded the stabilization of an homoleptic trans 4-coordinate bis-(P,O)

ligand Ni(II) complex, namely Ni[Ph2PCH2C(CF3)2O]2, which was

structurally characterized [5].

This chapter describes the successful use of the solvated cation

[Ni(NCCH3)(,]2+ in preparing a bis-TMPP/Ni(II) complex and its oxidation

to a stable Ni(III) species.

2. Experimental

A. Synthesis

(1) Reaction of [Ni(H20)5][BF4]2 with TMPP

(1) Reactions with 2 equivalents of TMPP

A quantity of [Ni(H2O)5][BF4]2 (0.164 g, 0.481 mmol) was reacted

with 2 equivalents of TMPP (0.512 g, 0.962 mmol) in 20 mL of methanol.
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The limpid, pale green solution was stirred at room temperature for 1

hour, after which time its volume was reduced to ca. 5 mL. Slow addition

of diethyl ether resulted in the precipitation of a pale green solid which was

dried in vacuo. 1H NMR and IR spectroscopic measurements established its

identity as [H-TMPP][BF4]. Similar results were obtained when the

reaction was carried out in acetonitrile.

(ii) Reaction with 4 equivalents of TMPP

The solvated Ni(II) salt (0.129 g, 0.377 mmol) and 4 equivalents of

TMPP (0.809 g, 1.519 g) were dissolved in 10 mL of acetone to produce a

green solution that was stirred at r.t. for 2 hours. After this time the

solvent was removed under reduced pressure to yield a pale green residue,

which was washed with diethyl ether and dried under vacuum. Dissolution

of this solid in 10 mL of THF resulted in the separation of a white solid

from a yellow solution; yield of the white solid, [H-TMPP][BF4]: 0.422 g

(45% relative to TMPP). The yellow solution was pumped to a residue and

its identity was established as free TMPP by NMR and IR spectroscopies;

yield: 0.340 g (42% relative to TMPP).

(2) Reaction of [Ni(NCCH3)6][BF4]2 with 4 TMPP: Preparation

of Ni(TMPP-0)2 (18)

A quantity of [Ni(NCCH3)6][BF4]2 [6] (0.099 g, 0.207 mmol) was

reacted with four equivalents of TMPP (0.441 g, 0.828 mmol) in 8 mL of

acetone. The resulting green-brown solution was stirred at r.t. for 24 h,

after which time its color had turned red-brown, and the volume was

reduced under dynamic vacuum to ~ 4 mL. Addition of diethyl ether (10

mL) induced precipitation of [CH3-TMPP][BF4] as a dingy white solid.

The brown filtrate was decanted from this solid, and subsequently pumped

to a residue which was redissolved in THF to give additional [CH3-
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TMPP][BF4] and a brown solution; total yield of [CH3,-TMPP][BF4]: 0.226

g (43% relative to TMPP). The remaining solution was decanted from the

solid, evaporated to a residue and finally dissolved in acetone. After

careful layering of hexanes over the acetone solution, red—brown crystals

of 18 formed at the bottom of the Schlenk tube within 1 week; yield: 0.121

g (53% relative to Ni2+). Anal. Calc'd for NiP2013C52H6o: C: 57.11; H:

5.53; Found: C: 56.92; H: 5.68; electronic spectrum (acetone, Amax (nm); e,

M'1cm'1): 598(sh), 470(1050), 377(sh); FAB-mass spectrum: m/z = 1093

(corresponding to [Ni(TMPP-0)2]+); cyclic voltammetry: (E1/2)ox = - 0.07

V (vs. Ag/AgCl).

(3) Chemical oxidation of Ni(TMPP-0)2 (18) with [Cp2Fe][BF4]

An amount of 18 (0.031 g, 0.029 mmol) was reacted with one

equivalent of ferrocenium (0.008 g, 0.029 mmol) in 10 mL of acetone. A

color change from red-brown to dark green immediately ensued. The

solution was stirred at r.t. for 30 min., after which time it was evaporated

to a residue, washed with a copious amount of diethyl ether (3 x 10 mL)

and dried in vacuo; yield: 0.026 g (78% relative to 18). Anal. Calc'd for

NiP2013C52H60BF4: C: 52.91; H: 5.12: Found: C: 52.54; H: 5.20. X-ray

quality crystals were grown by slow evaporation of a Me-THF/CH2C12

solution of 19. UV-visible (CH2C12, Amax (nm); e, M'1cm'1): 704(sh),

620(sh), 444(6500), 370(sh); cyclic voltammetry: (El/2)rcd = - 0.07 V;

FAB-mass spectrum: m/z = 1093; IR: v(B-F) = 1057(br, s) and 520(m)

cm-1; magnetic moment: peg = 2.13 1.13.

(4) Reaction of Ni(TMPP-0)2 (18) with 02

A sample of 18 (0.062 g, 0.056 mmol) was dissolved in 20 mL of

acetone and a stream of dry 02 was passed through this solution for ca. 24

h after which time its color had turned from red-brown to dark green.
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Slow diffusion of hexanes into this solution produced a crop of dark green

crystals; yield: 0.013 g (21% relative to 18). This compound was

identified as [Ni111(TMPP-0)2][BF4] (19) by infrared and UV-visible

spectroscopies, electrochemistry and preliminary crystal data.

(5) Reactivity of Ni(TMPP-0)2 (18) with C02

A stream of CO2 was passed through a solution of 18 (0.021 g,

0.019 mmol) in acetone for ca. 2 hours. The solution was allowed to stand

under a C02 atmosphere at r.t. for another hour. An aliquot of the

solution was used to perform an infrared experiment, which revealed only

the presence of free carbon dioxide (vco at 2330 and 650 cm'l).

B. X-ray Crystal Structures

The structure of complex 18 was determined by applications of

general procedures described elsewhere. Geometric and intensity data

were collected on a Rigaku AFC6S diffractometer, equipped with graphite

monochromated MoKaOta = 0.71069 A) radiation. The data were

corrected for Lorentz and polarization effects. Calculations were

performed on a VAXSTATION 2000 computer using programs from the

TEXSAN Crystallographic Package of the Molecular Structure

Corporation.

(1) Ni(TMPP-0)2 (18)

A red-brown platelet of approximate dimensions 0.15 x 0.44 x 0.59

mm3 was mounted at the end of a glass fiber with the use of epoxy cement

and placed in a cold N2(g) stream at - 90 1 2° C. A preliminary triclinic

unit cell was determined by centering and indexing on 20 intense

reflections. The cell was then further refined by a least-squares

determination of 24 reflections in the range 19 S 20 S 30°. Intensity data
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were collected over the range 4 - 47° in 20 by the 0 - 20 scan mode. Three

standard reflections were measured at regular intervals during data

collection and showed no decay. After averaging equivalent reflections,

4605 unique data remained, of which 2875 were observed with F02 2

30(Fo)2. The position of the metal atom was determined from a solution

provided by the direct methods program in SHELXS-86. The positions of

the remaining non-hydrogen atoms were located by the program DIRDIF.

An empirical absorption correction was applied using the program

DIFABS. After isotropic convergence had been achieved, all of the non-

hydrogen atoms were refined anisotropically. The hydrogen atoms were

generated by programs in the solution package and were included in the

structure factor calculations but not refined. The final full-matrix

refinement involved 2875 data and 367 parameters. The refinement

converged with residuals R and Rw of 0.062 and 0.108, respectively, and a

quality-of-fit indicator of 2.77. The final difference Fourier map showed

the highest peak to be 0.51 e'lA3 and the final shift/esd was 0.01.

Important crystallographic data are listed in Table 17.

(2) [Ni(TMPP-0)2][BF41(19)

A dark green parallelepiped was carefully selected and mounted at

the end of a glass fiber with Dow Corning silicone grease and placed in a

N2 cold stream at -100 i 2°C. A preliminary triclinic cell was determined

by centering and indexing 20 reflections and this cell was further refined

by a least-squares fit of 10 reflections with 20 S 20 S 25°. Unfortunately

we were not able to continue with a full data collection due to the poor

quality of the crystals. The final refined cell parameters were as follows: a

= l4.591(6) A, b = 18.458(6) A, c = 12.468(5) A, 01 = 97.66(3)°, 13 =

108.58(3)°, y = 73.36(3)° and V = 3046(3) A3 and Z = 2.



Table 17. Crystallographic data for Ni(TMPP-0)2 (l8)

 

Formula

Formula weight

Space group

a, A

b, A

c, A

01, deg

13. deg

11. deg

v, A3

Z

dcalc. g/cm3

11 (MOKG)9 cm'l

Data collection range, 20, deg

Number of unique data

total with F02 2 3o(Fo)2

Number of parameters refined

Ra

wa

Quality-of-fit

Largest shift/esd, final cycle

Largest peak, e'lA3

NiP2C58020H72

1209.84

P-l

12.218(4)

12.829(3)

1 1.940(4)

l 1484(2)

l 14.85(2)

9371(3)

1473(1)

1

1.363

7.976

4 - 47

4605

2875

367

0.062

0.108

2.77

0.01

0.51

 

a R = XllFol-chll/ZIFOI; b R = [2(WIFol-IFCI)2/ZWIFO|2]1,2; W = 1/02(|FO|)

C Quality-of-fit = [230171170141301)2/(Nobs"'Nparameters)lll2
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3. Results and Discussion

A. Synthetic Approach

The reactions of the Ni(H) aqua cation [Ni(H2O)5]2+ with 2 or 4

equivalents of TMPP yield [H-TMPP][BF4] as the major phosphine-

containing product; we were not able to isolate any metal-containing

species. These results are perhaps not unexpected in view of our previous

work with the Co(H) solvated cations, in which we showed that any source

of H1” would promote the formation of the protonated phosphine [H-

TMPP]+ (see Chapter IV). However, if one uses the same synthetic

approach that was successful in the preparation of Co(TMPP-0)2, a stable

bis-phosphino-phenoxide complex of Ni(II) is obtained. Indeed, the

reaction of [Ni(NCCH3)5][BF4]2 with 4 equivalents of TMPP in acetone

yields the neutral compound Ni(TMPP-0)2 (18), along with the anticipated

quantity of [CH3-TMPP][BF4] as the by-product.

B. Molecular Structure of Ni(TMPP-0)2 (18)

The ORTEP drawing of Ni(TMPP-0)2 (18) depicted in Figure 32

clearly shows that the Ni(II) center, which lies on a crystallographic

inversion center, is ligated by two phosphorus atoms in a trans disposition

and two oxygen atoms from the demethylated ortho-methoxy groups,

engendering an overall square-planar geometry. The Ni(1)-P(1) distance

of 2.232(3) A is somewhat shorter than those values normally observed for

trans-NiX2(PR3)2 complexes, which range from 2.23 to 2.32 A [7], but is

longer than the corresponding value in Ni[Ph2PCH2C(CF3)2O]2 (2.193(3)

A) [5]. The short Ni-P bond in the latter structure was rationalized on the

basis of a strong o-donation from the phosphorus lone pair combined with

electron withdrawal from the nickel atom to the two fluorine-containing

alkoxide ligands; this is likely to be occurring in the present case but to a
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Figure 32. ORTEP drawing for Ni(TMPP-0)2. All phenyl-group

atoms are represented as small circles for clarity,

whereas all other atoms are represented by their 50%

probability ellipsoids.
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Figure 32.
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lesser extent. The Ni-O bond length of 1.856(5) A also falls short of the

reported range for square planar nickel(H) compounds (1.85 - 1.93 A) [8],

but is similar to that found in the aforementioned structure of

Ni[Ph2PCH2C(CF3)2O]2 (1.839(2) A). There is essentially no axial

interaction between the nickel center in the present structure and pendent

methoxy groups. The closest contact is between Ni(l) and 0(4) at 2.78 A

which is outside any expected range for covalent radii bonding. The P(1)-

Ni(1)-O(9) and P(1)-Ni(1)-O(9)' angles are 87.6(2)° and 92.4(2)°,

respectively, allowing for an almost perfect square planar geometry about

the metal center. The O(9)-Ni-P(l) angle of 78.6(2)° demonstrates the

extreme flexibility of the TMPP ligand, which has also been shown to

adopt chelating O-M-P angles ranging from 71.6(2)° [9] to 107.1(1)° [10].

Interestingly comparison with the recently reported cis-

bis(diphenylphosphino-enolate) [Ni(Ph2PCH=COR)2] suggests that the trans

disposition of the ligands dramatically affects the Ni-P bond distance ill the

present structure, with the Ni-P being considerably shorter in the

aforementioned compound (2.185(1) versus 2.232(3) A) [11].

Another interesting feature of this structure can be seen in the three-

dirnensional packing diagram presented in Figure 33. As it is often the

case for d8 square-planar structures, a stacking of the molecules is

observed, but it does not consist of a stacking along the z axis via overlap

of the dz2 orbitals, but of the phenyl rings of the TMPP ligand, and this in

all three directions. The perfect ordering of the crystal structure certainly

explains the great stability of this compound in the solid state, even after

loss of the solvent of crystallization.

A selection of bond distances and angles is listed in Table 18.
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Table 18. Selected Bond Distances (A) and Angles (deg) for

Ni(TMPP-0)2 (18)

 

 

 

 

Atom 1 Atom 2 Bond Distance

Ni(l) P(1) 2.232(3)

Ni(l) 0(9) 1.856(5)

P(1) C(1) 1.841(8)

P(1) C(10) 1.834(8)

P(1) C(19) 1.807(8)

Atom 1 Atom 2 Atom 3 Bond Angle

P(1) Ni(l) P(1)‘ 180.00

P(1) Ni(l) 0(9) 87.6(2)

P(1) Ni(l) O(9)' 92.4(2)

0(9) Ni(l) O(9)' 180.00

Ni(l) P(1) C(1) 115.8(3)

Ni(l) P(1) C(10) 115.5(3)

Ni(l) P(1) C(19) 97.7(3)

C(1) P(1) C(10) 109.9(4)

C(1) P(1) C(19) 111.9(4)

C(10) P(1) C(19) 105.0(4)
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Figure 33. Three-dimensional packing diagram for Ni(TMPP-O)2.
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Figure 33.
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C. Magnetic properties of Ni(TMPP-0)2 (18)

The 1H NMR spectrum of a pure crystalline sample of Ni(TMPP-0)2

(18) reveals a mixture of diamagnetic and paramagnetic complexes in

solution, leading us to conclude that an equilibrium exists between square-

planar and tetrahedral solution structures. This phenomenon has been

noted in the literature for Ni(H) complexes both in the solid state and in

solution [2f,4,11,12,17]. A solid state magnetic susceptibility study of 18

in the 5 - 300 K temperature range revealed diamagnetism at low

temperature (5 - 80 K, 11 S 0.80 1113) and paramagnetism from 80 to 300 K.

We were not completely satisfied with this result, thus we carried out an

epr study of this compound. The solid-state spectrum at room temperature

is featureless as expected for a diamagnetic compound.

D. Electrochemical and Chemical Oxidation of the Ni(II) to the

Ni(III) Complex

Of utmost importance in this work is the discovery that Ni(TMPP-

0)2 (18) exhibits a very accessible and reversible oxidation at - 0.07 V as

first demonstrated by cyclic voltammetry (Figure 34). Chemical oxidation

was carried out in acetone with one equivalent of ferrocenium to produce

[Nim(TMPP-0)2][BF4] (19) in high yield. Compound 19 is a remarkably

stable Ni(III) complex in striking contrast to most previously reported

examples [13]. As expected in the case of an authentic reversible redox

couple, compound 19 exhibits a reversible reduction at - 0.07 V under the

same experimental conditions. The Ni(IH) species can also be obtained by

the reaction of Ni11(TMPP-0)2 (18) with molecular oxygen. We had noted

quite accidentally that solutions of 18 left in contact with air would turn

from a brown to a dark green color, characteristic of the Ni(III) complex,

and that their electronic spectrum was identical to that of 19. The
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Figure 34. Cyclic voltammogram of Ni(TMPP-0)2 in 0.1M

TBABF4 in CH2C12,
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deliberate purging of an acetone solution of 18 with dry oxygen for about

1 day, followed by the layering of hexanes atop resulted in the formation

of dark green crystals of the Ni(III) compound. The identity of the

product was confirmed by UV-visible spectroscopy, cyclic voltammetry,

elemental analysis as well as by the determination of the preliminary unit

cell. The source of the [BF4]' anion is likely to be the presence of [CH3-

TMPP][BF4] as a contaminant in the starting material and this explains the

rather low yield of the species (~20%). Deliberate addition of a

counterion, ill the form of NaPF5 for example, during the oxygen reaction

definitively ought to be tested.

E. Magnetic Properties of [Ni111(TMPP-0)2][BF4] (19)

The 1H NMR spectrum of [Ni111(TMPP-0)2][BF4] is broad and

featureless as expected for a d7, odd-electron complex. The

paramagnetism of compound 19 is supported by variable temperature

magnetic susceptibility measurements, carried out in the range 5 - 300 K.

The magnetism follows a Curie-Weiss behavior, with ueff = 2.13 1113, which

is consistent with a S = 1/2 (d7, low-spin) system and Figure 35 shows a

plot of the molar susceptibility Xm versus UT. The epr spectrum is shown

in Figure 36 and is typical of a (1;2 ground state for an axially elongated

octahedral d7 complex [14], with g values of g_ = 2.28 and g// = 2.04 and

an hyperfine coupling to the phosphorus center (I = 1/2) of A// = 8 G.

These results are in agreement with a participation of the axial ether

groups in a bonding interaction with the Ni(III) metal center, since a

purely square planar geometry would require g//> g_ [14].

4. Summary

The use of the unusual tris(2,4,6-trimethoxyphenyl)phosphine

.(TMPP) has allowed for the stabilization of Ni(H) and Ni(III) centers with
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Figure 35. Plot of the molar magnetic susceptibility Xm versus

1/1‘ for [Ni(TMPP-0)2][BF4].
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Figure 36. EPR spectrum of [Ni(TMPP-0)2][BF4] at 110 K in a

Me-THF/CH2C12 glass.
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an identical ligand set. The chemistry of low-valent nickel (0 to +2) with

phosphines, especially (P,O) ligands, is quite rich due to the use of nickel

phosphine complexes in homogeneous catalysis [1,2f], but the chemistry of

higher valent nickel (+3 and higher) with soft donor ligands has not been

extensively developed [15]. In fact, the domain of investigation has been

primarily that of the bioinorganic chemists who employ biologically

relevant ligands with sulfur or nitrogen donors [16]. The present work is a

unique example of how the use of a bulky phosphino-phenoxide ligand can

link two distinct areas of inorganic chemistry that are not ordinarily

associated, thereby Opening new avenues into the chemistry of Ni(III).
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1. Introduction

Phosphine chemistry has been heavily investigated by inorganic and

organometallic chemists for more than twenty years, primarily because of

their ability to stabilize metal centers in low oxidation states [1]. The

synergistic o-donor and Tc-acceptor properties, as well as steric effects,

play a major role in the coordination of phosphines to transition elements.

The complexes thus formed exhibit an enhanced reactivity toward small

molecules such as N2, 02, CO or C2H4 and therefore can be of great

interest for homogeneous catalysis [2]. Our contribution in this domain has

been centered on the study of the coordination chemistry of tris(2,4,6-

trimethoxyphenyl)phosphine (TMPP) with 3d metals such as vanadium,

chromium and manganese. In general, the large atomic radii and the

relatively electropositive nature of low-valent transition metals suggest that

electron-donating phosphines would be good ligands. First-row metal

cations however, are much smaller hard acids than their second and third

row conjugers, therefore are not as compatible with the soft tertiary

phosphines. Our goal was to synthesize highly coordinatively unsaturated

complexes with TMPP, and we rationalized that this could be achieved due

to the chelating ability of this phosphine, and that loose oxygen-metal

interactions could easily be cleaved in solution, leaving vacant coordination

sites.

Despite their insolubility in common solvents, the commercial

availability of first-row transition metal halides, MX2 or MX3, as well as

the easy access to partially solvated compounds such as MX3(THF)3,

prompted us to use them in our study of the coordination chemistry of

TMPP, along with the fact that compounds of the type MXn(PR3)x
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constitute excellent starting materials for the investigation of low-valent

organometallic complexes of 3d metals [3].

2. Experimental

(1) Reaction of VCl3 with TMPP

A sample of anhydrous vanadium trichloride (0.156 g, 0.931 mmol)

was reacted with one equivalent of TMPP (0.496 g, 0.931 mmol) in ca. 20

mL of benzene. The resulting purple solution was stirred at room

temperature for 10 days, after which time the solvent was removed under

dynamic vacuum to yield a pale grey residue. The solids were washed with

10 mL of THF and dried in vacuo, yield: 0.072 g. 1H NMR (CD3CN,

8ppm): 3.67 (s, 18 H, o-OCl-lg), 3.86 (s, 9 H, p-OCHQ), 6.25 (d, 6 H, m-H ,

”U = 6.25 Hz) and 8.38 (d, 1 H, P-fl, PrHJ = 543 Hz) corresponding to

[H-TMPP]+ and 3.50 (s, 18 H, o-OCHQ), 3.80 (s, 9 H, 12-09111), 4.88 (d, 2

H, —§;LI_2_C1, RR] = 9 Hz) and 6.22 (d, 6 H, m-Ii , PaHJ ~ 6 Hz)

corresponding to [ClCH2-TMPP]+ in approximately a 6:1 ratio.

(2) Reaction of Cer with TMPP

A quantity of CrCl3 (0.150 g, 0.950 mmol) was added to one

equivalent of TMPP (0.5062 g, 0.950 mmol) in 10 mL of carefully

deoxygenated benzene to give a purple solution which was stirred at room

temperature for about 6 days. Evaporation of the solvent yielded a pink-

purple solid which was washed with benzene (10 mL) followed by THF (10

mL) and dried in vacuo, yield: 0.040 g. 1H NMR (CD3CN, 5ppm): 3.67

(s, 18 H, o-OQHQ), 3.86 (s, 9 H, 0052113). 6.25 (d, 6 H, m-H , RH] = 5 Hz)

and 8.38 (d, l H, P-fl, PtHJ = 542 Hz) corresponding to [H-TMPP]+ and

2.47 (d, 3 H, P-Qflg, PrHJ = 15 Hz), 3.54 (s, 18 H, o-OQHE), 3.86 (s, 9 H,

. p-OQHQ) and 6.22 (d, 6 H, m-H , PtHJ ~ 6 Hz) corresponding to [CH3-
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TMPP]+ in approximately a 4:1 ratio. Infrared (C31, nujol; cm-l): 320 (s)

(v Cr-Cl).

(3) Reaction of CrCl3(THF)3 with TMPP

CrC13(THF)3 was prepared as reported in the literature [4]. A

sample of this partially solvated compound (0.279 g, 0.746 mmol) was

added to one equivalent of TMPP (0.397 g, 0.746 mmol) in 20 mL of

THF. The resulting purple solution was stirred at room temperature for

ca. 24 hours during which time a pale purple solid precipitated from

solution. The solvent was decanted from the solid, which was washed with

THF (3 x 10 mL) and benzene (3 x 10 mL) and dried in vacuo, yield:

0.175 g. The 1H NMR spectrum is identical to the one described for the

previous reaction and the infrared spectrum exhibits two Cr-Cl stretching

modes at 345 (s) and 290 (w) cm-1.

(4) Reaction of Crlz with TMPP

Anhydrous CrI2 (0.230 g, 0.752 mmol) was added to one equivalent

of TMPP (0.400 g, 0.752 mmol) in 10 mL of ethanol to produce a dark

green solution. After ca. two hours a grey solid had deposited at the

bottom of the flask (yield: 22 mg). The solution was filtered through a

sintered glass filter under argon and dried to give a green residue, which

was subsequently washed with copious amounts of ethanol (3 x 10 mL) and

dried under vacuum, yield: 0.389 g. 1H NMR (CD3CN, 8 ppm): 3.67 (s,

18 H, o-OQHQ), 3.85 (s, 9 H, p-OQHJ), 6.25 (d, 6 H, m-H , 1’th = 5 Hz)

and 8.37 (d, 1 H, P-H, RH] = 537 Hz) corresponding to [H-TMPP]+. The

infrared spectrum of this product does not contain a band due to a Cr—I

stretch.
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(5) Reaction of MnC12 with one equivalent of TMPP

An amount of anhydrous MnC12 (0.119 g, 0.948 mmol) was reacted

with one equivalent of TMPP (0.505 g, 0.948 mmol) in 15 mL of THF.

The resulting pale pink suspension was stirred at room temperature for ca.

24 hours after which time the solution was decanted and the solid washed

with several aliquots of THF and dried under vacuum; yield, 0.311 g. The

product is insoluble in THF, toluene and benzene and slightly soluble in

CH3CN. 1H NMR (CD3CN, 8ppm): 3.43 (broad), 3.75 (broad), 6.05

(broad); infrared (CsI, nujol; cm'1): 288(3), 275(m) (an-c1); electronic

spectrum (CH3CN; A, nm): 288(sh), 260, 198; cyclic voltammetry: EN, =

+ 0.49 V; magnetic data: lJ-eff = 5.5 1le FAB-mass spectrum: m/z 533

([TMPPl”).

(6) Reaction of MnC12 with two equivalents of TMPP

MnC12 (0.072 g, 0.572 mmol) was reacted with two equivalents of

TMPP (0.610 g, 1.145 mmol) in 20 mL of diethyl ether to produce a thick

white suspension during a 24 hours period. After this time, the solvent was

decanted from the white solid, which was washed with diethyl ether and

dried under vacuum, yield: 0.559 g. 1H NMR (CD3CN, 6ppm): 3.44 (s,

18 H, o-OCHQ), 3.75 (s, 9 H, p-OCHQ), 6.05 (d, 6 H, m-H, PtHJ ~ 5 Hz)

corresponding to free TMPP and small resonances corresponding to [H-

TMPP]+.

3. Results and Discussion

The reactions ofMXn(M=V,Cr;n=3andX=Cl;M=Cr,n=

2, X = I) or MCl3(THF)3 (M = Cr) with one equivalent of TMPP in

aprotic solvents such as benzene produce phosphonium salts of general

(formula [H-TMPP][MX4] as established by infrared and 1H NMR
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spectroscopies. In some cases, the presence of the methyl- and

chloromethylphosphonium cations can also be detected, revealing that

redistribution of chloride and/or demethylation of the phosphine is

occurring. Tetrachlorometallate salts of first-row transition elements are

ubiquitous [5], and the very nature of the phosphine ligand, in particular its

extreme basicity, renders the stabilization of the metal center by such a soft

ligand very difficult. It was our rationale that the presence of methoxy

substituents on the phenyl rings of the phosphine would increase its

compatibility with (hard) early transition metals such as chromium and

vanadium. Several years ago, Girolami had shown that the use of bidentate

diphosphines such as dippe or dmpe, allowed for the stabilization of

complexes of general formula MX2(P~P)n (X = Cl, Br; 11 = 1, 2) with a

variety of 3d elements [60], thus the demonstrated chelating ability of

TMPP prompted us to investigate its reactivity with Cr and V.

The chemistry of low-valent vanadium is still very little

characterized, due in part to the lack of suitable starting materials [6a], and

VCl2(dmpe)2 and VBr2(dippe) are the only two structurally characterized

V(II)-phosphine complexes [6a]. Vanadium(II) complexes are of interest as

potential catalysts for the polymerization of ethylene [6] as well as for the

study of their reactivity with small molecules (02, N2, CO) [7]. Recently,

Gambarotta reported the first dinitrogen—V(II) adduct [8] and earlier this

year, the structure of trans-[V(N2)(dppe)2]' was published [9]. We

investigated the chemistry of TMPP with V(II) starting materials such as

VBr2 and [V(NCCH3)5]2+ but could not isolate any tractable products from

these reactions. The chemistry of vanadium(HI) with phosphines has been

widely investigated, but only two monodentate phosphine complexes,

. VCl3(PMePh2)2 and VC13(PEt3)2, were reported [10,11]. It was therefore
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our contention that the bulk of TMPP would allow for the stabilization of a

V(III)-TMPP adduct. Nevertheless the only isolable products in this

chemistry were [H-TMPP]+ and [ClCH2—TMPP]+ and it was not possible to

identify the metal—containing anion (probably [VC14]').

Many phosphine adducts of Cr(III) are known, with either

monodentate phosphines as in CrCl3(PHEt2)3 [12], [CrCl3(PR3)]n (R = Ph,

n-Bu) [l3], bidentate as in CrCl3(dppe)(H2O) [14], CrCl3(dippe) [60], or

tridentate as ill CrCl3(tripod) [15]. The latter compound is an example of

the tridentate capping mode that we expected to observe for a

"CrCl3(TMPP)" complex, this particular coordination mode having been

previously observed in our earlier work with (n3-TMPP)M0(CO)3 [16].

As in the V(III) chemistry we were not able to isolate anything other than

salts of general formulae [H-TMPP][CrCl4] or [CH3-TMPP][CrCl4].

Although Cr(II) seems to be more compatible with TMPP than Cr(III),

similar results were obtained.

The equimolar reaction of MnC12 with TMPP yields a product

formulated as "MnCl2(TMPP)" on the basis of infrared spectroscopy and

magnetic measurements. Two v(Mn-Cl) stretching modes are observed in

the far-infrared spectrum of "MnCl2(TMPP)" at 288 and 275 cm'1, which

can be attributed to the A' and A" vibration modes in the Cs point group.

A proposed structure of this compound is shown below:

Cl h". MeO

Gym/M\R = QOMB

MeO
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The magnetic susceptibility of MnC12(TMPP) was studied over the 5-

400 K temperature range and follows a Curie-Weiss behavior with a lleff =

5.5 113 corresponding to a S = 5/2 system (Mn2+, d5, high-spin). A study

of the electrochemistry of a series of Mn(II) complexes with tertiary

arylphosphines (including TMPP), namely, [{Mn[P(aryl)3]X2}n], was

recently published by McAuliffe [17], wherein an irreversible oxidation at

+ 1.70 V (in CH2C12 vs. Ag/AgCl) is reported for [MnC12(TMPP)]n; this

does not agree however, with our results (+ 0.48 V vs. Ag/AgCl in

CH3CN). The interest in the chemistry of Mn(II) halides with tertiary

phosphines was sparked by the contention that such complexes could

reversibly bind dioxygen and other small molecules [18]. Ten years ago,

McAuliffe and coworkers reported a series of complexes of general

formula MnX2L (L = tertiary phosphine), which they claim react

reversibly with dioxygen. It was then proven that this reversible reaction

was actually accompanied by an irreversible ligand oxidation, producing a

phosphine oxide complex [19]. It was not until 1989 that a reversible

interaction of dioxygen with a MnX2L complex was identified in an

unequivocal manner, by Worley et al. The other unsettled aspect of this

chemistry was the actual identity of the "Mn(II)-O2" species, namely was it

a superoxo or a peroxo species. Once again, Worley showed that at low

temperature a side-on peroxo species was formed, whereas ambient or

higher temperature reactions yielded a superoxo species which

subsequently decomposed to form a phosphine oxide complex [20]. In view

of this interesting and, for the most part, unresolved chemistry, we set out

to investigate the reactivity of MnC12(TMPP) with molecular oxygen. We

found that no reaction occurred under ambient conditions of temperature
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and pressure. In addition, the solubility problems encountered hampered

all attempts at any further investigations.

4. Summary

The chemistry of TMPP with di- and trihalides of early first-row

transition elements such as vanadium and chromium was investigated and

resulted primarily in the formation of phosphonium salts. In the case of

manganese dichloride, a product, formulated as "MnCl2(TMPP)" was

obtained. These data did not agree with those reported by McAuliffe and

coworkers [21] and, in our case, no reactivity with molecular oxygen was

observed.

From these results, it is apparent that our approach with these metal

dihalides is not promising and that, especially in the case of early transition

metals, the extreme basicity, and not the bulk, of TMPP is a major

drawback. In addition, the readily available Cl' ions compete with the

phosphine ligand for coordination to the metal center. Recently, a new

approach to the preparation of MXn(L)m (L = tertiary phosphine)

complexes was advanced by McAuliffe for a variety of metals [49] that

involves the use of coarse-grain metal powder and phosphoranes, R3P—X2,

according to the following reaction:

M + 2 R3P-X2 > MX2(PR3)2 '1" X2 (g)
 

This is a clean route to mononuclear phosphine complexes and should

definitively be used in the chemistry of TMPP with early transition

elements. Alternatively, the phosphine could be modified so that its
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basicity would be decreased, and this could be achieved by changing the

number of methoxy substituents on the phenyl ring.

 

 

 



216

LIST OF REFERENCES

McAuliffe, C. A.; Levason, W. Phosphine, Arsine and Stibine

Complexes of the Transition Elements; Elsevier: New York, 1979.

(a) Alyea, E. C.; Meek, D. W. Catalytic Aspects ofMetal Phosphine

Complexes.; Adv. in Chemistry Series 196; American Chemical

Society: Washington, DC, 1982. (b) Pignolet, L. H. Homogeneous

Catalysis with Metal Phosphine Complexes; Plenum: New York,

1983. (c) Kagan, H. B. Comprehensive Organometallic Chemistry;

Pergamon Press: Oxford, 1982, vol. 8, p. 464. (d) Parshall, G. W.

Homogeneous Catalysis: Applications and Chemistry of Catalysis by

Soluble Transition Metal Complexes; Wiley: New York, 1980. (e)

Stelzer, 0. Top. Phosphorus Chem. 1977, 9, l. (f) McAuliffe, C.

A. Comprehensive Coordination Chemistry; Pergamon Press:

Oxford, 1987, Vol. 2, Ch. 14, p. 989. (g) Lukehart, C. M.

Fundamental Transition Metal Organometallic Chemistry;

Brooks/Cole Publishing Company: Monterey, CA, 1985, Ch. 13, p.

389.

(a) Hermes, A. R.; Girolami, G. S. Organometallics 1987, 6, 763.

(b) Hermes, A. R.; Girolami, G. S. Organometallics 1988, 7, 394.

(c) Hermes, A. R.; Moris, R. J.; Girolami, G. S. Organometallics

1988, 7, 2372.

Herwig, W.; Zeiss, H. H. J. Org. Chem. 1958,23, 1404.

Cotton, F. A.; Wilkinson, G. Advanced Inorganic Chemistry, 5th

Edition; John Wiley, Ed.: New York, 1988.

(a) Girolami, G. S.; Wilkinson, G.; Galas, A. M. R.; Thomton-Pett,

M.; Hursthouse, M. B. J. Chem. Soc., Dalton Trans. 1985, 1339.

(b) Hermes, A. R.; Girolami, G. S. Inorg. Chem. 1988, 27, 1775.

(c) Hermes, A. R.; Girolami, G. S. Inorg. Chem. 1990, 29, 313.

Hall, V. W.; Schmulbach, C. D.; Soby, W. N. J. Organomet. Chem.

1981, 209, 69.

Edema, J. J. H.; Meetsma, A.; Gambarotta, S. J. Am. Chem. Soc.

1989, 111, 6878.

 

 

 

 



10.

11.

12.

13.

14.

15.

16.

17.

18.

217

Rehder, D.; Woitha, C.; Priebsch, W.; Gailus, H. J. Chem. Soc.,

Chem. Commun. 1992, 364.

Bansemer, R. L.; Huffman, J. C.; Caulton, K. G. Inorg. Chem.

1985, 24, 3003.

Issleib, K.; Frohlich, H. 0. Z. Anorg. Allg. Chem. 1959, 298, 84.

Issleib, K.; D611, G. Z. Anorg. Allg. Chem. 1960, 305, 1.

Bennett, M. A.; Clark, R. J. H.; Goodwin, A. D. J. Chem. Soc. (A)

1970, 541.

Gray, L. R.; Hale, A. L.; Levason, W.; McCullough, F. P.; Webster,

M. J. Chem. Soc., Dalton Trans. 1984, 47.
 

Arif, A. M.; Hefner, J. G.; Jones, R. A.; Whittlesey, B. R. Inorg.

Chem. 1986, 25, 1080.

 

Dunbar, K. R.; Haefner, S. C.; Burzynski, D. J. Organometallics

1990, 9, 1347.

Li, G. Q.; McAuliffe, C. A.; Mackie, A. G., Mac Rory, P. P.;

Ndifon, P. T. J. Chem. Soc., Dalton Trans. 1992, 1297.

(a) Levason, W.; McAuliffe, C. A. J. Chem. Soc., Dalton Trans.

1973, 455. (b) Casey, S.; Levason, W.; McAuliffe, C. A. J. Chem.

Soc., Dalton Trans. 1974, 886. (c) Levason, W.; McAuliffe, C. A.

J. Inorg. Nucl. Chem. 1975, 37, 340. ((1) Jones, M. H.; Levason, W.;

McAuliffe, C. A.; Parrott, M. J. J. Chem. Soc., Dalton Trans. 1976,

1642. (d) Hosseiny, A.; McAuliffe, C. A.; Minten, K.; Parrott, M.

J.; Pritchard, R.; Tames, J. Inorg. Chim. Acta 1980, 39, 227. (e)

Hosseiny, A.; Mackie, A. G.; McAuliffe, C. A.; Minten, K. Inorg.

Chim. Acta 1981, 49, 99. (f) Howard, C. G.; Wilkinson, G.;

Thornton-Pett, M.; Hursthouse, M. B. J. Chem. Soc., Dalton Trans.

1983, 2025. (g) Howard, C. G.; Girolami, G. S.; Wilkinson, G.;

Thomton-Pett, M.; Hursthouse, M. B. J. Chem. Soc., Dalton Trans.

1983, 2631. (h) Wickens, D. A.; Abrams, G. J. Chem. Soc., Dalton

Trans. 1985, 2203. (i) Hebendanz, N.; thler, F. H.; Muller, G.

Inorg. Chem. 1984, 23, 3043. (j) Beagley, B.; Briggs, J. C.;

Hosseiny, A.; Hill, W. E.; King, T. J.; McAuliffe, C. A.; Minten, K.

J. Chem. Soc., Dalton Trans. 1984, 305. (k) Beagley, B.; Benson,

C. G.; Gott, G. A.; McAuliffe, C. A.; Pritchard, R.; Tanner, S. P. J.

 



19.

20.

21.

218

Chem. Soc., Dalton Trans. 1988, 2261. (l) Barratt, D. S.; Gott, G.

A.; McAuliffe, C. A. Inorg. Chim. Acta 1988, 145, 289. (m) Al-

Farhan, K.; Beagley, B.; El-Sayrafi, 0.; Gott, G. A.; McAuliffe, C.

A.; Mac Rory, P. P.; Pritchard, R. G. J. Chem. Soc., Dalton Trans.

1990, 1243. (n) Beagley, B.; Mackie, A. G.; Matear, P. P.;

McAuliffe, C. A.; Ndifon, P. T.; Pritchard, R. G. J. Chem. Soc.,

Dalton Trans. 1992, 1301. (o) Godfrey, S. M.; Kelly, D. G.;

McAuliffe; C. A. J. Chem. Soc., Dalton Trans. 1992, 1305.

(a) McAuliffe, C. A.; Al-Khateeb, H.; Jones, M. H.; Levason, W.;

Minten, K.; McCullough, F. P. J. Chem. Soc., Dalton Trans. 1979,

736. (b) McAuliffe, C. A. J. Organomet. Chem. 1982, 228, 255.

(0) Barber, M.; Bordoli, R. S.; Hosseiny, A.; Minten, K.; Perkin, C.

R.; Sedgwick, R. D.; McAuliffe, C. A. Inorg. Chim. Acta 1980, 45,

L89. ((1) Burkett, H. D.; Newberry, V. R; Hill, W. E.; Worley, S.

D. J. Am. Chem. Soc.1983, 105, 4097. (e) Newberry, V. F.;

Burkett, H. D.; Worley, S. D.; Hill, W. E. Inorg. Chem. 1984, 23,

3911. (f) McAuliffe, C. A.; Al-Khateeb, H. Inorg. Chim. Acta

1980, 45, L195. (g) Beagley, B.; McAuliffe, C. A.; Mac Rory, P.

P.; Ndifon, P. T.; Pritchard, R. G. J. Chem. Soc., Dalton Trans.

1990, 309.

Burkett, H. D.; Worley, S. D. J. Am. Chem. Soc. 1989, 111, 5992.

(a) Godfrey, S. M.; Kelly, D. G.; Mackie, A. G.; Matear, P. P.;

McAuliffe, C. A.; Pritchard, R. G.; Watson, S. M. J. Chem. Soc.,

Chem. Commun. 1991, 1447. (b) McAuliffe, C. A.; Godfrey, S.

M.; Mackie, A. G.; Pritchard, R. G. J. Chem. Soc., Chem. Commun.

1992, 483.



CHAPTER VII

CONCLUDING REMARKS AND FUTURE DIRECTIONS

219

 



220

The results presented in this dissertation have demonstrated the

extreme versatility of the ligand tris(2,4,6-trimethoxyphenyl)phosphine

(TMPP), which can act as a large counterion (in its protonated form) to

stabilize small cations, as an anionic phosphino-phenoxide ligand or as a

neutral, multidentate ligand. Figure 37 summarizes the different bonding

modes that we have discovered in our laboratories, some of which have

been presented throughout this work. In addition to those depicted, we

have recently unearthed a new mode in the compound [(COD)Rh-

Co(TMPP-0)2]2+ (17), namely an 114 coordination of one of the phenyl

rings of the ligand to the metal center.

The unusual properties of the TMPP ligand, in particular its bulk,

have allowed for the isolation of unprecedented compounds such as the di-

ferrous, ferromagnetic anion [Fe2C16]2'. The subsequent reactivity with

molecular oxygen in which this salt is involved, eventually leads to the

formation of the stable mono-phosphine oxide adduct FeC13(O=TMPP) (6),

chemistry that lends new insight into how the FeC13-catalyzed oxidation of

triphenylphosphine to triphenylphosphine oxide might proceed. Future

directions include the preparation of the [Fe2C15]2' unit by more rational

routes, as well as the generalization of this chemistry to other tertiary

phosphines such as PCy3 and PPh3. Stabilization of the [Fe2C16]2' with

other cations should be investigated, in order to study the effect of the size

of the counterion on the stability and reactivity of the resulting salt. We

are also interested in preparing other [M2X6]2' anions with 3d elements in

order to study their magnetism.

The chemistry of TMPP with solvated cations of Co(II) and Ni(II)

has revealed that, given suitable reaction conditions, bis-phosphino-

phenoxide complexes of general formula M11(TMPP-0)2 (M = Co, Ni) may



221

Figure 37. Different binding modes for TMPP.
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be isolated. In both cases it was possible to prepare the oxidation product,

namely [MIH(TMPP-0)2]+, either chemically or electrochemically. The

Con/CoIII redox reaction involves an isomerization of the phenoxide

groups from a cis to a trans disposition, whereas the NiIII complex retains

its trans configuration. Further studies of this redox chemistry, along with

additional structural characterization, are in order. The compound

Co(TMPP-0)2 represents a very suitable "synthon" for the preparation of

homo- and heterometallic complexes, due to the presence of nucleophilic

phenoxide groups in a cis-position which can be used to bridge to a second

metal center. This has been achieved by the equimolar reaction of

Co(TMPP-0)2 with MClz (M = C0, Mn) to produce the dinuclear species

C12MCo{u-n2-(TMPP-0)2}. Preliminary magnetic studies on the di-cobalt

system have shown coupling of the two metal centers and further

investigations are in order. Synthesis of linear trinuclear compound was

briefly mentioned in Chapter IV and is certainly one of the directions in

which this chemistry should be taken.

Finally, one of the greatest challenges in this chemistry will be to

investigate how minor modifications of the TMPP phosphine ligand affect

its chemistry with transition metals and then subsequent reactivity. As

mentioned in Chapter VI of this dissertation, decreasing the number of

substituents on the phenyl rings will reduce the basicity of the ligand,

thereby rendering it more compatible with early 3d metals. A phosphine

possessing di-substituted phenyl rings in the ortho position will have a

much lower basicity [1], while maintaining the considerable bulk required

for stabilizing purposes.

Although there is a considerable interest in continuing our research

with ether—phosphines [2], we are also interested in preparing a sulfur
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analogue of TMPP, viz. P{C6H2(SMe)3}3, and study its reactivity with

transition elements. In view of the successful chemistry of TMPP with NiII

and Nim, it is even more relevant because of the inherent compatibility of

NiIII with sulfur. A recent paper by Hursthouse and co-workers highlights

the use of mixed sulfur-phosphine ligands with PdII and Pt11 complexes,

which possess ortho-substituted methyl-thio phenyl rings [3] and serves as a

useful back-drop for this chemistry.
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1. Synthesis

All reactions were carried out under an inert atmosphere using

standard Schlenk and dry-box techniques, unless otherwise specified. All

solvents were predried over 4A molecular sieves for 3 months prior to use.

Diethyl ether, THF, benzene, toluene, hexanes were distilled from

sodium/potassium benzophenone ketyl radical, whereas acetone, methylene

chloride, acetonitrile and alcohols were distilled under a nitrogen

atmosphere from Mg(OCH3)2 or P205.

All metal halides, metal pellets, NOBF4 and AgBF4 were purchased

from Strem Chemicals whereas triphenylphosphite, (1,3,5-

trimethoxy)benzene and n-butyllithium from Aldrich; all were used

without further purification.

Elemental analyses were performed by Galbraith Laboratories, Inc.

or Desert Analytics.

2. Spectroscopy

Infrared spectra were recorded on a Perkin-Elmer 599 or a Nicolet

FT-IR/42 spectrophotometer. 1H NMR spectra were measured on a

VARIAN VXR-3OO MHz or on a VARIAN Gemini 300 MHz instrument

and referenced to the residual proton impurity of deuterated solvents (1.93,

2.05, 3.30 and 4.78, 5.32, 7.24 ppm with respect to TMS for d3-

acetonitrile, d6-acetone, d4-mcthanol, d2-dichloromethane and d-

chloroform, respectively). Electronic spectra were recorded on a Hitachi

U-ZOOO UV spectrometer. Electrochemical measurements were performed

by using an EG&G Princeton Applied Research Model 362 scanning

potentiostat in conjunction with a BAS Model RXY recorder. Cyclic

voltammetry experiments were carried out at 22 i 2°C in methylene

chloride containing 0.1 M tetra-n-butylammonium tetrafluoroborate
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(TBABF4) as the supporting electrolyte. E1/2 values, determined as (Ema

+ Ep,c)/2 were referenced to the Ag/AgCl electrode and are uncorrected

for junction potentials. The Cp2Fe/Cp2Fe+ couple occurs at E1/2 = + 0.52

V and shows a Ep,a to Ep,c separation of 30 mV under the same

experimental conditions. X-band EPR spectra were obtained by using a

Brucker ERZOOD spectrometer. Variable temperature magnetic

susceptibility measurements were carried out on a Quantum Design MPMS

susceptometer housed in the Physics and Astronomy Department at

Michigan State University and provided by The Center for Fundamental

Materials Research, Michigan State University. Data points were collected

over the 5 to 300 K temperature range at 20 degree intervals. Mossbauer

spectra and the epr spectra presented in Chapter III were recorded by Dr.

W. R. Dunham at the Institute of Science and Technology, The University

of Michigan. FAB-mass spectrometry experiments were performed at the

Mass Spectrometry Facility in the Department of Biochemistry, Michigan

State University.
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1. Experimental: Synthesis of [Re2(NCCH3)1o][BF4]4 (20)

An amount of Re2(02CC3H7)4C12 (0.118 g, 0.149 mmol) was

reacted with 2 equivalents of AgBF4 (0.058 g, 0.298 mmol) in 10 mL of

acetonitrile. The resulting green solution was stirred for ca. 0.5 hour,

after which time the AgCl was removed by filtration and the filtrate

transferred to a clean vessel. An aliquot of liquid Et3OBF4 (8 mL) was

added, resulting in a color change from green to orange. This solution was

refluxed for 20 days, after which time the volume was reduced to about 5

mL with addition of ca. 5 mL of CH2C12. After about 12 hours at - 10°C,

a crop of blue microcrystals deposited, along with some white by-product,

from a dark brown solution. The solution was filtered from the solid

which was washed with diethyl ether (2 x 10 mL) and hexanes (2 x 10 mL)

and dried in vacuo. The sample was recrystallized from a mixture of

CH3CN/CH2C12 (v/v 1:1); yield: ~ 0.075 g (~ 45% relative to

Re2(02CC3H7)4C12).

2. Characterization of [Re2(NCCH3)1o][BF4]4 (20)

The presence of coordinated acetonitrile was confirmed by infrared

spectroscopy (v(CN) = 2320(w), 2280(m) cm‘l) and the BF4' counteranion

was evident by the prominent stretches at v(B-F) = 1030(s) and 520(m)

cm'l.

The electronic spectrum (in CH3CN) consists of a very broad

absorption at 561 nm (e = 425 M'lcm-l) with a shoulder at 650 nm and

three bands at 450 nm (e = 507 M'lcm'l), 351 nm (e = 2.3 x 104 M'lcm'l)

and 246 nm (e = 3.0 x 104 M'lcm'l). In dimethylacetamide (DMAA), the

spectrum exhibits the same general features ( 572(414), 356(1.19 x 104))

with the exception that the shoulder at 650 nm is much diminished.
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The 1H NMR spectrum of 20 exhibits a singlet at 8 = + 3.38 ppm

along with a large signal at 5 = + 1.95 ppm attributed to the equatorially

bound CH3CN and free CH3CN, respectively.

The cyclic voltammogram of 20 in CH3CN exhibits two quasi-

reversible reductions at E1/2 = + 0.25 V and E1/2 = + 0.08 V as well as an

irreversible reduction at Ep,c = - 0.82 V versus Ag/AgCl (in 0.05 M

TBABF4).

3. X-ray Crystallography

Data Collection and Reduction:

A blue cubic crystal was mounted on the tip of a glass fiber with

Dow Corning silicone grease and placed in a N2 cold stream at - 100 :1:

2°C. A preliminary cubic cell was determined by centering and indexing

on 20 reflections. The cell was then refined by a least-squares fit of 14

reflections in the range 20 .<_ 20 S 30. Intensity data were collected over

the range 4 - 50 in 26 , using the (o-scan mode. Measurements of three

standard reflections at regular intervals during data collection showed no

decay in crystal quality. After averaging equivalent reflections, 2149

unique data remained, of which 1002 were observed with F02 2 36(Fo)2.

Structure Determination

There are three possible space groups corresponding to the

systematic absences of the data set, these are 1432 (# 211), I43m (# 217) and

Imgm (# 229), but according to the statistics, only an acentric space group is

possible, which rules out space group # 229. In the two other space groups

one needs only to solve for one rhenium atom (or rather 1/4 of a rhenium

atom) which generates 5 other metal atoms to form a regular octahedron,

as illustrated in Fig. 38. The Re-Rc distance is approximately 2.26 A and

there seems to be one axial nitrogen at 2.2-2.3 A and one

 

 

 



Table 19. Preliminary crystal data for [Re2(NCCH3)1o][BF4]4

 

(20)

Formula R€2C20N10H3034F16

Formula Weight 1146.15

Space group 1432

a, A 29.310(5)

b, A 29.310(5)

c, A 29.310(5)

0:, deg 90.00

[5, deg 90.00

7. deg 90.00

v, A3 25181(12)

Z 24

dcalc. g/cm3 1.788

Data collection instrument Rigaku AFC6S

Radiation (monochromated in

incident beam)

Orientation reflections

number, range (20)

Temperature

Scan method

Data collection range, 29, deg

Number of unique data

TOtal With F02230(F0)2

Trans. factors max., min.

graphite monochromated

(MoKoc, M = 0.71069 A)

14, 2O - 3O

- 100 i 2°C

(0

4 - 50

2149

1002

1.00 - 0.83
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equatorial nitrogen at 2.0 A. Preliminary crystal data are summarized in

Table 19.
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Figure 38. Schematic representation of the 3-fold disorder of the

ReERe unit in the crystal structure of

[R62(NCCH3)101[BF4]4.
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TABLES OF ATOMIC POSITIONAL PARAMETERS AND

EQUIVALENT ISOTROPIC DISPLACEMENT PARAMETERS.
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Displacement Parameters (A2) and their Estimated Standard

Deviations for [H-TMPPlleezCl6] (l).
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Table 20. (continued)

atom x y z B( eq)

H(10) 0.6272 0.2500 0.7100 3.6

H(ll) 0.5493 0.2190 0.6488 3.6

H(12) 0.5438 0.3496 0.6836 3.6

H(13) 0.5806 -0.2692 0.6801 2.3

H(14) 0.6405 ~0.3293 0.8696 1.8

H(15) 0.4666 -0.1886 0.6049 3.0

H(16) 0.4419 —0.0434 0.5851 3.0

H(17) 0.5479 —0.0826 0.6189 3.0

H(18) 0.6930 -0.5291 0.8401 5.2

H(19) 0.7771 -0.5496 0.8096 5.2

H(20) 0.7771 —0.4275 0.8511 5.2

H(21) 0.5333 -0.1783 0.9745 3.0

H(22) 0.5289 —0.3050 0.9353 3.0

H(23) 0.6236 -0.2221 0.9538 3.0

H(24) 0.4215 0.3844 0.9348 2.1

H(25) 0.6961 0.2724 0.9279 1.7

H(26) 0.2683 0.2706 0.9146 2.9

H(27) 0.2623 0.3670 0.8603 2 9

H(28) 0.1932 0.2463 0.8515 2.9

H(29) 0.7259 0.3842 1.0165 3.8

H(30) 0.7183 0.4801 0.9618 3.8

H(31) 0.7085 0.5335 1.0243 3.8

H(32) 0.7593 0.0616 0.9107 3.0

H(33) 0.7709 0.0275 0.8460 3.0

H(34) 0.7657 0.1737 0.8651 3.0
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Table 21. Atomic Positional Parameters and Equivalent Isotropic

Displacement Parameters (A2) and their Estimated Standard

Deviations for [H-TMPP]2[FeCl4] (3).

atom x y z (
D

(
D

t
o

 

 

Fe(l) 3/4 0.1074(4) 1/2 2.1(2)

C1(1) 0.6691(3) 0.2392(6) 0.4562(2) 4.8(3)

Cl(2) 0.7174(2) -0.0180(6) 0.5549(2) 4.0(3)

P(1) 1.0442(2) -0.2686(6) 0.6848(2) 2.2(3)

0(1) 1.1034(5) -0.440(1) 0.7612(5) 3.1(3)

0(2) 1.2281(6) -O.680(1) 0.6885(5) 3.7(3)

0(3) 1.0893(5) -0.337(1) 0.5983(5) 2.7(3)

0(4) 1.1336(6) —0.107(1) 0.6744(5) 2.8(3)

0(5) 1.0122(6) 0.166(1) 0.5358(5) 3.8(3)

0(6) 0.9259(6) -0.171(1) 0.6095(4) 2.6(3)

0(7) 0.9740(6) —0.443(1) 0.6121(5) 3.5(3)

0(8) 0.8318(7) —0.575(2) 0.6966(5) 4.9(4)

0(9) 0.9874(5) -0.260(1) 0.7652(5) 2.8(3)

C(1) 1.0979(8) -0.389(2) 0.6795(7) 1.7(4)

C(2) 1.1237(8) —0.470(2) 0.7217(7) 2.3(5)

C(3) 1.1682(9) -0.566(2) 0.7240(7) 2.7(5)

C(4) 1.1834(9) —0.581(2) 0.6813(8) 2.4(5)

C(5) 1.1600(8) -0.506(2) 0.6384(7) 1.6(4)

C(6) 1.1167(8) —0.413(2) 0.6402(7) 1.1(4)

C(7) 1.126(1) —0.512(2) 0.8091(8) 3.9(5)

C(8) 1.246(1) -0.706(2) 0.6470(8) 3.8(6)

C(9) 1.1158(9) —0.322(2) 0.5597(8) 3.4(5)

C(10) 1.0296(8) -o.140(2) 0.6386(6) 1.0(4)

C(11) 1.0800(9) —0.069(2) 0.6379(7) 1.9(5)

C(12) 1.0779(8) 0.034(2) 0.6041(7) 1.7(4)

C(13) 1.023(1) 0.067(2) 0.5732(8) 2.9(5)

C(14) 0.9689(8) -0.001(2) 0.5723(7) 2.7(5)

C(15) 0.9757(8) -0.102(2) 0.6063(7) 1.3(4)

C(16) 1.193(1) -0.035(2) 0.6842(7) 3.6(5)

C(17) 1.063(1) 0.238(2) 0.5333(8) 4.6(6)

C(18) 0.868(1) -0.137(2) 0.5760(8) 4.1(6)

C(19) 0.9790(7) -0.352(2) 0.6884(7) 1.0(4)

C(20) 0.9507(9) -0.440(2) 0.6517(7) 2.0(5)

C(21) 0.8993(9) -0.517(2) 0.6489(7) 2.9(5)

C(22) 0.883(1) -0.502(2) 0.6920(8) 3.4(5)

C(23) 0.9097(9) -0.420(2) 0.7315(7) 2.5(5)

C(24) 0.9574(8) —0.347(2) 0.7284(7) 1.7(4)

C(25) 0.946(1) -0.528(2) 0.5654(8) 3.7(5)

C(26) 0.805(1) -0.674(3) 0.6614(9) 5.9(7)

C(27) 0.977(1) —0.268(2) 0.8131(8) 4.1(6)

8(1) 1.1864 —0.6210 0.7528 4.1

8(2) 1.1755 -0.5233 0.6093 2.3

8(3) 1.1073 -0.4762 0.8367 3.4

8(4) 1.1171 -0.6057 0.8102 3.4

8(5) 1.1692 -0.5026 0.8286 3.4

. 8(6) 1.2115 -0.7415 0.6156 4.0

8(7) 1.2761 -0.7754 0.6515 4.0

8(8) 1.2606 -0.6312 0.6319 4.0

8(9) 1.1162 -o.4151 0.5443 3.0

8(10) 1.0885 -0.2740 0.5315 3.0



Table 21. (continued)

atom
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1.2007

1.1875

1.0956

1.0527

1.0861

0.8561

0.8657

0.8373

0.8805

0.8958

0.9089

0.9731

0.9518

0.7741

0.7897

0.8359

0.9987

0.9327

0.9836

1.0680
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Y

-0.2915

0.0861

0.0125

-0.0727

-0.0364

0.0568

0.1957

0.3170

0.2949

-0.0484

-0.1561

-0.1945

-0.5801

-0.4211

—0.4989

—0.5098

-0.6144

-0.7236

-0.6424

-0.7449

-0.2085

-0.2521

-0.3581

-0.1982

0.5701

0.6044

0.5522

0.7073

0.6505

0.6897

0.5271

0.5092

0.5662

0.5781
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0.6258

0.7660

0.5494
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Table 22. Atomic Positional Parameters and Equivalent Isotropic

Displacement Parameters (AZ) and their Estimated Standard

Deviations for [H-TMPP][FeCl4] (4).

atom

V
‘
v
V

‘
1

.
l
/

A
A
A
A
A
A
A
A
A
A
A
A
/
‘
A
A
A
A
A
A
A
A
A
"
.
F
\
A
A
I
—
\
A
A
A
A
r
‘
A
r
‘
A
A
A
/
‘
A
A
A
A
A
-
A
A
}
4
H
H
H
(
D

v
v
v
v
v
v
v
v
v
v
v
v
w
v
t
/
V
‘
i
v

(
I
)
\
J
m
t
fi
w
a
l
-
‘
b
e
J
N
N
N
N
N
N
l
-
‘
l
—
‘
l
—
‘
l
-
‘
l
—
‘
i
—
t
l
—
‘
t
—
‘
l
-
‘
t
—
J
‘
O
O
)
\
l
(
)
\
l
J
‘
l
.
1
>
t
h
t
-
*
\
0
(
I
J
\
J
O
\
U
I
.
D
w
a
H
r
-
‘
A
A
F
‘
A
A

1
1
2
1
:
2
1
3
3
:
1
1
:
3
3
:
1
2
I
1
3
(
0
(
_
)
(
_
)
(
3
(
0
(
D
(
0
(
0
(
0
(
0
0
(
7
l
7
l
0
i
‘
)
(
0
(
'
)
(
3
l
7
l
(
1
(
"
)
(
)
l
“
)
(
3
l
3
(
‘
l
t
W
t
J
Q
O
O
(
D
O
O
O
O
’
U
(
)
(
‘
)
(
7
1
(
‘
)
"
1

H
H
O
O
O
l
-
‘
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
H
C
D
C
)
O
H
o
c
D
Q
O
O
O
O
O
O
C
D
l
—
‘
O
O
l
-
‘
O
l
-
‘
O
H

.0049

.9063

.0477

.9921

.0716

.8230

.8728

.0585

.9074

.7723

.5890

.7368

.7187

.7450

.8883

.8935

.9138

.9691

.0059

.9884

.9325

.8893

.0988

.946(

.7533

.7339

.6789

.6450

.6618

.7145

.7556

.561(

.7078

.8007

.7490

.7317

.7655

.8195

.8345

.778(

.9252

.6716

.8384

.9834

.0186

.9341

.8924

.8592

.0753

.1346

)

4
V
V
V
V
V
V
V
V
V
V
V
V

v
v
v
v
v

V

l

v
v
v
v
v
v

v
v
v
v
v
v
v

m
fl
V
fl
m
m
fl
m
fl
m
v
a
m
m
x
l
m
\
J
O
\
-
r
\
J
\
l
m
\
1
\
i
\
l
\
J
O
N
U
W
U
‘
I
U
T
A
O
N
A
-
b
m
b
N
N
U
J
B
)
N
l
-
J

V

O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O

o
o

o
o

o
o

o
o

o
o

o
o

o
o

o
o

o
o

o
o

o
o

o
o

o
o

o
o

o
a

o
o

o
o

o
o

o
o

o
o

o
o

o
o

o
o

o
o

o
o

v
v
v
v
v
v
v
v
v
v
v
v
v
v
v
v
v
v

V
V
V
V
V
V
V
V
V
V
V
‘
V

v
v
v
v
v

v

V
C
D
V
\
J
v
m
o
m
fl
m
v
m
m
m
m
fl
m
fl
w
m
o
m
e
v
\
J
m
l
e
fl
O
N
U
'
l
U
W
U
W
L
fl
U
T
U
W
U
'
I
N
U
J
I
‘
J
N
N
l
—
J

t
-
‘
l
-
—
‘

(
D

(
D

.
0

a
l
l
fi
b
J
—
h
b
m
e
m
m
U
‘
l
i
O
\
O
\
U
1
U
1
U
1
i
—
‘
H
\
J
K
O
U
T

o
A
A
A
/
\
o

o
o

o
o

o
o

I
o

o
o

o
o

o
o

o
o

o
o

o

v
v
v
v
v
v
e
d
v
v
v
v
v
v
v
v
v
v
v
v
v

(
D
Q
O
J
K
O
C
D
O
N
Q
Q
C
D
Q
Q
O
O
N
U
T
N
W
W
N
W
H

*
4

O
)

\
D
C
D
K
O
C
D
K
O
C
D

\
O

H
H

~
l
e
L
O
\
O
\
O
\
U
1
m
e
m
L
L
J
L
L
m
L
-
O
x
l

V
V
V
A
V
V
V
V
A
V
V
V
A
A
A
A
A
A
V
V
V
V
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A

O
O
Q
O
Q
W
$
©
H
H
H
$
H
H
H
H
®
H
H
H
\
l
fl
m
m
H
fi
H
H
H
H
m
m
w
o
m
N
Q
l
-
‘
m
fl
b
\
J
m
m
l
-
‘
A
\
J
\
J
\
l
\
l

m
m
o
o
o
o
c
o
u
n
a
a
m
m



Table 22. (continued)
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Table 23. Atomic Positional Parameters and Equivalent Isotropic

Displacement Parameters (A2) and their Estimated Standard

Deviations for FeCl3(O=TMPP)(6).

Atom X

.3058(2)

.2656(4)

.1663(4)

.4721(5)

.3139(7)

.3454(3)

.27l(l)

.283(1)

.234(1)

.169(1)

.152(1)

.2050(9)

.3549(8)

.1231(7)

.1963(8)

.347(1)

.062(1)

.093(1)

.503(1)

.561(1)

.685(l)

Y

.8347(2)

.0026(3)

.7941(4)

.7911(5)

.7651(6)

.7256(3)

.6232(9)

.5380(8)

.4533(9)

.4469(8)

.5240(9)

.6080(8)

.5503(6)

.3591(6)

.6847(6)

.490(1)

.342(1)

.707(l)

.6817(8)

.5853(9)

.550(1)

.0933(2)

.1189(5)

.1308(5)

.2359(5)

.0740(7)

.2093(3)

.310(1)

.259(1)

.328(1)

.462(1)

.523(1)

.442(1)

.1313(8)

.533(1)

.4998(8)

.054(1)

.676(1)

.608(1)

.176(1)

.241(l)

.214(l)

10.4(2)

11.9(2)

 

 



Table 23. (continued)

Atom x y z B(A2)

C(13) .750(1) .620(1) -0.116(1) 4.9(4)

C(14) .704(1) .720(1) -0.047(l) 5 4(4)

C(15) .577(l) .7485(8) -0.081(l) 3.9(4)

0(4) .4916(7) .5201(7) -0.3403(8) 4.9(3)

0(5) .8709(8) .5847(8) -0.086(1) 7.7(4)

0(6) .5177(8) .8441(6) -0.0258(9) 5.3(3)

C(16) .543(l) .4ll(1) -0.392(2) 7 3(6)

C(17) .946(1) .654(2) 0.017(2) 11.3(8)

C(18) .586(1) .912(1) 0.089(1) 6.4(5)

C(19) .297(1) .8312(8) -0.283(l) 3 4(4)

C(20) .361(l) .8528(9) -0.347(1) 3.7(4)

C(21) .327(1) .9387(9) -0.40l(l) 5.2(5)

C(22) .216(1) .001(1) —0.388(1) 6.0(5)

C(23) .144(1) .9826(9) -0.329(1) 5.9(5)

C(24) .186(1) .8960(9) -0.278(l) 4.5(4)

0(7) .4671(7) .7856(6) -0.3587(8) 4.7(3)

0(8) .172(l) .0880(6) -0.435(1) 8.5(4)

0(9) .1168(7) .8663(7) -0.230(l) 6.4(3)

C(25) .555(1) .816(1) -0.391(1) 5.7(5)

C(26) .246(2) .113(1) -0.490(2) 10.0(6)

C(27) .015(1) .938(1) -0.191(2) 7 4(6)

 

 
Starred atoms were refined isotropicalty.

Amstroptcally refined atoms 2are given in the form at the equivalent isotropic displacement

parameter defined as 4/3[a (311 + b21322 + c2533 + ab(cosy)B12 + ac(cosB)B13 + bc(oosa)(323].
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Table 24. Atomic Positional Parameters and Equivalent Isotropic

Displacement Parameters (32) and their Estimated Standard

Deviations for [CH3-TMPP]2[C02CI6] (8).

Atom x y z 8(A2)

Co(l) 0.3618(1) -0.92560(9) -0.53779(9) 4.40(3)

Cl(l) 0.2884(2) -0.8800(2) -0.6970(2) 5.92(7)

Cl(2) 0.2306(3) -O.8543(3) -0.4429(2) 9.06(9)

Cl(3) 0.4396(2) -1.1188(2) -0.4544(2) 4.91(6)

P(1) 0.2831(2) -0.2919(1) -0.8806(1) 2.82(5)

C(28) 0.1863(8) -0.3438(6) -0.9384(6) 3.9(2)

C(1) 0.2285(7) -0.1434(5) -0.9452(5) 2.7(2)

C(2) 0.1599(7) -0.0792(6) -0.8941(5) 3.0(2)

C(3) 0.1203(7) 0.0348(6) -O.9497(6) 3.6(2)

C(4) 0.1466(7) 0.0875(6) -1.0583(6) 3.5(2)

C(5) 0.2082(7) 0.0278(6) -1.1131(6) 3.3(2)

C(6) 0.2454(7) -0.0868(6) -1.0556(5) 3.3(2)

0(1) 0.1328(5) -0.1370(4) —O.7883(4) 4.2(1)

0(2) 0.1055(6) 0.2001(4) -1.1049(5) 4.9(2)

0(3) 0.3038(5) -0.1531(4) -1.1021(4) 4.0(1)

C(7) 0.081(1) -0.0756(7) -0.7283(6) 5.6(3)

C(8) 0.135(1) 0.2618(7) -1.2158(8) 6.6(3)

C(9) 0.336(1) -0.1032(7) -1.2135(6) 5.0(3)

C(10) 0.4455(7) -0.3310(5) -0.9117(5) 2.8(2)

C(11) 0.5320(7) ~0.2599(5) —0.9622(5) 2.9(2)

C(12) 0.6537(7) -0.2982(6) -O.9868(6) 3.6(2)

C(13) 0.6902(7) -0.4117(6) -0.9610(6) 3.6(2)

C(14) 0.6098(8) -O.4871(6) -0.9082(6) 3.7(2)

C(15) 0.4894(8) -0.4474(6) -0.8827(5) 3.4(2)
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Table 24. (continued)

Atom x y z 8(A2)

0(4) 0.4946(5) —0.1499(4) -O.9843(4) 3.8(1)

0(5) 0.8063(5) -0.4550(4) -0.9857(4) 4.9(2)

0(6) 0.4029(5) -0.5140(4) -0.8296(4) 4 2(1)

C(16) 0.5622(9) -0.0708(6) -1.0661(6) 4.6(2)

C(17) 0.8844(9) -O.3780(8) -1.0S64(8) 6.2(3)

C(18) 0.439(1) -0.6311(6) -0.7910(8) 5.6(3)

C(19) 0.2701(7) -0.3545(5) -O.7385(5) 2.9(2)

C(20) 0.2029(7) -0.4418(6) —0.6754(5) 3.6(2)

C(21) 0.2075(9) -0.4947(7) -O.5650(6) 4.8(2)

C(22) 0.2774(9) -0.4555(7) -0.5161(6) 4 8(2)

C(23) 0.3446(8) -0.3705(7) -0.5711(6) 4.3(2)

C(24) 0.3390(7) -0.3217(6) -0.6818(5) 3.3(2)

0(7) 0.1331(5) -0.4739(4) -0.7281(4) 4 5(1)

0(8) 0.2745(7) -0.5131(6) -0.4056(4) 7.1(2)

0(9) 0.4053(5) -0.2386(4) -0.7456(4) 4.0(1)

C(25) 0.069(1) -0.5669(7) -0.6699(8) 6.7(3)

C(26) 0.348(1) -0.4837(9) -0.3467(7) 7.9(3)

C(27) 0.482(1) -0.2008(8) -0.6983(7) 6.9(3)

C(29) 0.051(1) 0.864(1) 0.634(1) 10.8(4)*

Cl(4) 0.1016(4) 0.7539(4) 0.7660(3) 13.3(2)

Cl(5) 0.1207(6) 0.7988(5) 0.5536(4) 15.8(2)*

 

 

 

¥ refined isotropically.

Anisotropically refined atoms are given in the form of the equivalent

isotropic displacement parameter defined as Ben-T134: I: B" a; 8;!) -O]



Table 25. Atomic Positional Parameters and Equivalent Isotropic
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Displacement Parameters (A2) and their Estimated Standard

Deviations for [H-TMPP]2[C0CI4] (9).
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Table 25. (continued)
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Table 26. Atomic Positional Parameters and Equivalent Isotropic
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Displacement Parameters (A2) and their Estimated Standard

Deviations for [ClCHz-TMPPthoCh] (ll).
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Table 26. (continued)

atom

m
o
o
m
m
n
n
n
m
m
m
m
m
m
:
m
m
m
m
m
m
m
m
m
m
m
m
m
m
m
m
m
m
m
m

0
0
A
w
w
w
A
A
w
w
w
w
u
u
w
M
N
N
N
N
N
N
N
N
M
H
H
r
-
a
t
—
n
—
u
-
u
-
u
—
u
-
u
—
u
o

m
m
o
q
m
m
b
o
m
p
w
w
w
o
o
m
u
m
m
b
w
w
w
o
o
m
q
a
w
k
w
N
H
O
V

V
v
v
v
v
v
v
v
v
v
v
v
v
v
v
v
v
v
v
v
v
v
v
v
v
v
v
v
v
v
v
v
v
v

0.6629

0.6608

0.7160

0.7874

0.9023

0.7117

0.6536

0.6857

0.9069

0.8735

0.8443

0.8991

0.9018

0.9271

0.8111

0.6547

0.8914

0.8560

0.8823

0.8111

0.7947

0.7782

0.6064

0.5783

0.5661

0.7924

0.7340

0.4508(6)

0.3802(1)

0.4917(2)

0.4656

0.4526

0

0.0442(2)

0.0248

251

Y

0.3163

0.1998

0.2475

0.5509

0.3631

0.6452

0.6151

0.5358

0.5376

0.6113

0.5188

0.2252

0.2347

0.3239

0.7598

0.8024

0.5336

0.6169

0.6470

0.9401

0.9090

1.0202

0.7351

0.7089

0.6390

0.3751

0.3827

0.181(1)

0.1921(3

0.1264(4

0.2448

0.1292

0.365(1)

0.4438(3)

0.3008

)

)

0.2671

0.2438

0.2915

0.3341

0.3102

0.2792

0.2291

0.2823

0.4707

0.4150

0.4320

0.2491

0.1866

0.2358

0.0830

0.0689

0.1168

0.0679

0.1371

0.1050

0.0371

0.0526

0.1187

0.0490

0.0946

0.0892

0.0350

0.6097(8)

0.5558(2)

0.5843(2)

0.6328

0.6462

3/4

0.7310(2)

0.7778

w o D
M
N

A
A
V

v
v

U
1
0
0
.
5
0
0
0
0
0
0
1
1
0
1
0
5
3
1
»
q
u
A
b
u
w
w
w
w
n
n
n
u
w
u
b
n
b
w
w
w
w
w

M
m

v
v

0
O

O
O

O
O

O
A
.

O
O

O
O

I
O

O
O

O
O

O
O

O
O

O
O

O
O

O
O

O
O

O
O

O
O

w
m
m
m
o
u
m
w
p
b
o
o
o
w
w
w
m
m
m
w
m
b
n
p
w
w
w
a
n
p
q
w
o
o
m



atom

m
m
m
m
m
m
m
£
2
2
1
2
2
:
E
O
O
O
O
O
O
O
O
O
O
O
O
O
D
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
'
U
S
S
8

A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A

l
—
‘
H
O
G
J
N
O
‘
U
W
D
W
N
H
N
N
N
N
N
N
N
H
H
H
H
H
H
H
H
H
H
O
C
D
\
l
m
m
b
w
w
H
Q
m
N
O
‘
m
-
h
U
N
F
-
‘
H
A
A
A

v
v
v
v
v
v
v
v
v
v
v
v
v
v
v
v
v

v
v

252

Table 27. Atomic Positional Parameters and Equivalent Isotropic

Displacement Parameters (A2) and their Estimated Standard

Deviations for Cl2C02{p-n2-(TMPP-0)z} (l4)
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Table 27. (continued)

atom
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Y

0.4841
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0.3880
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Table 28. Atomic Positional Parameters and Equivalent Isotropic
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Displacement Parameters (A2) and their Estimated Standard

Deviations for ClenCo{u-n2-(TMPP-0)z} (15)
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Table 28. (continued)
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Table 29. Atomic Positional Parameters and Equivalent Isotropic

Displacement Parameters (A2) and their Estimated Standard

Deviations for [(COD)Rh-Co(TMPP-0)2][BF4]; (l7)
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atom x y z

Rh(1) 0.36565(6) 0.63264(5) 0.16607(4) 3.

Co(1) 0.1159(1) 0.78442(8) 0.17025(5) 2.

P(1) 0.2419(2) 0.8070(2) 0.1186(1) 2.

P(2) 0.0360(2) 0.7615(2) 0.1194(1) 2.

0(1) 0.4065(5) 0.9111(4) 0.0920(3) 3.

0(2) 0.3867(5) 0.9798(4) 0.2641(3) 3.

0(3) 0.1803(5) 0.8125(4) 0.2226(2) 2.

0(4) 0.2218(5) 0.9671(4) 0 1010(3) 3.

0(5) 0.3057(5) 0.9726(5) -0 0753(3) 4.

0(6) 0.2829(5) 0.7312(4) 0.0160(3) 3.

0(7) 0.4199(5) 0.7381(4) 0.0634(3) 3.

0(8) 0.3342(5) 0.4711(4) 0.1113(3) 4.

0(9) 0.1491(5) 0.6788(4) 0 1735(3) 3.

0(10) 0.0693(5) 0.8471(5) 0 0216(3) 4.

0(11) 0.1031(7) 0.6135(6) -0 0799(4) 7.

0(12) 0.0936(5) 0.6059(4) 0 0913(3) 3.

0(13) -0.0886(5) 0.6401(5) 0 0916(3) 4.

0(14) -0.2137(6) 0.5580(5) 0 2624(3) 5.

0(15) 0.0013(5) 0.7540(4) 0 2235(3) 3.

0(16) -0.1133(5) 0.8169(4) 0 0795(3) 4.

0(17) -0.1154(5) 1.0763(5) 0 1375(3) 4.

0(18) 0.0793(4) 0 8883(4) 0.1742(2) 2.

C(1) 0.2922(7) 0.8632(6) 0.1573(4) 2.

C(2) 0.3692(7) 0.9105(6) 0 1421(4) 2.

C(3) 0.4014(7) 0 9489(6) 0.1772(4) 3.

C(4) 0.3599(8) 0.9427(6) 0 2268(5) 3.

C(5) 0.2857(7) 0.8977(6) 0.2438(4) 2.

C(6) 0.2544(6) 0.8607(6) 0.2087(4) 2.

C(7) 0.4859(9) 0.9510(8) 0 0728(5) 5.

C(8) 0.4580(9) 1.0321(7) 0 2508(5) 5(

C(9) 0.1643(8) 0.7749(8) 0 2709(4) 4.

C(10) 0.2576(7) 0.8506(6) 0.0575(4) 2.

C(11) 0.2478(7) 0.9322(6) 0 0552(4) 3.

C(12) 0.2661(7) 0.9703(6) 0 0106(4) 3.

C(13) 0.2910(7) 0.9281(8) -0.0327(4) 3.

C(14) 0.2984(8) 0.8475(6) -0.0323(4) 3.

C(15) 0.2796(7) 0.8091(7) 0 0118(4) 2.

C(16) 0.225(1) 1.0495(7) 0.1036(5) 6(

C(17) 0.330(1) 0.934(1) -0 1226(5) 6(

C(18) 0.315(1) 0.6895(8) -0 0292(5) 6(
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C(20) 0.3666(7) 0.6817(7) 0 0876(4) 3.

C(21) 0.3900(7) 0.6010(7) 0 0809(4) 3.

C(22) 0.3258(8) 0.5498(7) 0 1122(5) 3.

C(23) 0.2506(7) 0.5781(6) 0 1496(4) 3.

C(24) 0.2255(7) 0.6563(6) 0 1470(4) 2.

C(25) 0.4985(8) 0.7177(8) 0 0261(5) 5(

C(26) 0.415(1) 0.4397(7) 0 0840(5) 6(

C(27) 0.0723(7) 0 7260(7) 0.0568(4) 3.

C(28) 0 0754(7) 0.7693(7) 0.0145(4) 3.
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Table 29.
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Table 30. Atomic Positional Parameters and Equivalent Isotropic

Displacement Parameters (A2) and their Estimated Standard

Deviations for Ni(TMPP-0)z(18)

atom x y z B(eq)

Ni(l) 0 1/2 1/2 1.96(

P(1) 0 1692(2) 0.6601(2) 0 6289(2) 1.96(

0(1) 0 1001(7) 0.8962(5) 0 6678(6) 3.8(2

0(2) 0 175(1) 1.0540(6) 1 1359(8) 6.5(3

0(3) 0 2484(6) 0.6748(5) 0 9024(6) 2.8(2

0(4) 0 2039(6) 0.4493(5) 0 4616(6) 3.9(2

0(5) 0 6464(7) 0.5209(7) 0 7642(8) 5.1(3

0(6) 0 4398(5) 0.8124(5) 0 8885(6) 2.7(2

0(7) 0 3329(6) 0.8534(5) 0 6272(6) 3.3(2

0(8) 0 0554(6) 0.7534(6) 0 1538(6) 3.9(2

0(9) -0 0467(6) 0.5348(5) 0 3533(6) 2.7(2

C(1) 0.1762(7) 0.7847(7) 0.7853(8) 1.9(2

C(2) 0.1391(8) 0.8874(7) 0 7877(8) 2.2(3

C(3) 0 1399(9) 0.9736(8) 0 904(1) 3.0(3

C(4) 0 176(1) 0.9608(8) 1 023(1) 3.3(3

C(S) 0 2124(8) 0 8619(8) 1 0272(9) 2.8(3

C(6) 0 2125(8) 0 7741(7) 0 9051(9) 2.2(3

C(7) 0 106(1) 1 0093(9) 0.679(1) 4.0(4

C(8) 0 201(2) 1.040 1) 1.256(1) 8.0(7

C(9) 0 278(1) 0 657(1) 1.021(1) 4.1(4

C(10) 0 3215(8) 0 6280(7) 0.6780(8) 1.9(3

C(11) 0 3184(9) 0 5160(8) 0.5811(9) 2.7(3

C(12) 0 424(1) 0.4755(8) 0.602(1) 3.2(3

C(13) 0 536(1) 0 5496(9) 0.726(1) 3.3(3

C(14) 0 5443(9) 0 6645(8) 0.824 1) 3.4(3

C(15) 0 4372(8) 0.7017(8) 0.7996(9) 2.5(3

C(16) 0 190(1) 0.342 1) 0.348(1) 5.1(4

C(17) 0 646(1) 0 404(1) 0.672(1) 5.2(4

C(18) 0 551(1) 0.8820(9) 1.023(1) 4.2(3

C(19) 0 1436(8) 0.6986(7) 0.4925(8) 2.1(3

C(20) 0 2258(8) 0.7880(7) 0.4995(9) 2.3(3

C(21) 0 1920(9) 0.8050(8) 0.386(1) 2.8(3

C(22) 0 0776(9) 0.7290(8) 0.2594(9) 2.8(3

C(23) 0 0009(9) 0.6383(8) 0.2466(8) 2.7(3

C(24) 0.0319(8) 0.6213(7) 0.3649(8) 2.0(3

C(25) 0 428(1) 0.930 1) 0 635(1) 4.8(4

C(26) -0 054(1) 0 686(1) 0 023(1) 5.7(4

H(1) 0 1141 1 0425 0.9031 3.8

H(2) 0 2367 0 8529 1.1087 3.7

H(3) 0 1910 1.0593 0 7393 5.0

H(4) 0 0757 1 0019 0 5876 5.0

8(5) 0 0555 1 0451 0 7180 5.0

H(6) 0 1385 0 9700 1 2260 10.6

8(7) 0 2813 1 0314 1.2960 10.6

H(8) 0 1932 1 1082 1.3245 10.6

H(9) 0.2078 0 6514 1.0337 5.2

H(10) 0 3038 0.5865 1.0053 5.2

H(11) 0 3467 0.7247 1.1033 5.2

H(12) 0.4165 0.3981 0.5338 4.0

H(13) 0.6219 0.7168 0.9068 4.2

V
v



Table 30. (continued)

atom x

H(14) 0.1014

H(15) 0.2379

H(16) 0.2127

H(17) 0.5898

H(18) 0.6226

H(19) 0.7297

H(20) 0.5662

H(21) 0.6199

H(22) 0.5391

H(23) 0.2453

H(24) —0.0755

H(25) 0.4985

H(26) 0.4578

H(27) 0.3971

H(28) -0.1249

H(29) -0.0549

H(30) -0.0562

0(10) 0.3928(9)

C(27) 0.189(1)

C(28) 0.324(1)

C(29) 0.372(2)

H(31) 0.1490

H(32) 0.1727

H(33) 0.1524

H(34) 0.4189

H(35) 0.4235

H(36) 0.3015

259

Y

0.3085

0.3566

0.2859

0.3423

0.3942

0.3945

0.8404

0.8969

0.9568

0.8661

0.5855

0.9714

0.8804

0.9839

0.6959

0.7141

0.6046

0.2153(8)

0.4151 0.8305
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