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Metallopoiphyrin sulildo, selenido, and imido complexes: 

Synthesis, characterization, and transfer reactions 

Lisa Mary Berreau 

Major Professor; L. Keith Woo 
Iowa State University 

Metallopoiphyrins containing metal-oxygen multiple bonds have been the focus of 

numerous studies. In contrast, the chemistiy of species containing multiple bonds to the heavier 

chalcogenides or the Group IS elements is underdeveloped. In general, this has been the result of 

a lack of suitable synthetic precursors for the preparation of non-oxo containing derivatives. 

A new sunple method for the preparation of early transition metal poiphyrin halide 

complexes, starting firom a porphyrin dianion and a metal halide species, provides a high yield 

route to metallopoiphyrin halides of vanadium, molybdenum, titanium, and tungsten. Utilizing 

the molybdenum halide complex, (TTP)MoCl2, we have found a number of synthetic routes for 

the preparation of the first terminal sulfido and selenido molybdenum poiphyrins, (TTP)Mo=X (X 

= S, Se). The molybdenum chalcogenides may also be generated by treatment of 

(TTP)Mo(PhOCPh) with (TTP)Sn=X, formally an inteimetal two-electron redox process 

mediated by sulfur or selenium atom transfer. In an analogous manner, treatment of (TPP)Sn=X 

(X = S, Se) with (TTP)Sn(II) results in the reversible exchange of a sulfur or selenium atom. For 

this Sn(IV)/Sn(II) exchange, we have found that the rate of selenium atom transfer is over 200 

times faster than that of sulfur atom transfer. 



2 

Employing early transition metal porphyrin halide complexes as precursors, we have also 

been able to prepare novel imido complexes of titanium and molybdenum porphyrins. In a 

reaction analogous to atom transfer, treatment of (TTP)Mo=NPh with (TTP)Ti(PhCsCPh) results 

in complete imido group transfer to give (TTP)Mo(PhCsCPh) and (TTP)Ti=NPh. This 

dissertation focuses on the synthesis, characterization, and transfer reactions of these sulfido, 

selenido, and imido metallopoiphyrins. 



ii 

DEDICATION 

To my mother and father 



iii 

TABLE OF CONTENTS 

LIST OF ABBREVL\TIONS vii 

GENERAL INTRODUCTION 1 

Dissertation Organization 1 

Poiphyiins as ligands 1 

Metallopoiphyrins containing mutiply bonded ligands 3 

Metal-ligand multiple bonds 4 

CHAPTER 1: METALLOPORPHYRIN HALIDE COMPLEXES OF THE EARLY 5 
TRANSITION METALS: A LITERATURE REVIEW 

References 10 

CHAPTER 2: SYNTHESIS OF EARLY TRANSITION METAL 12 
PORPHYRIN HALIDE COMPLEXES: FIRST STRUCTURAL 
CHARACTERIZATION OF A VANADIUM(IID PORPHYRIN 

Abstract 12 

Introduction 13 

Experimental 13 

Results 18 

Discussion 22 

References 23 

Appendix A 27 



iv 

CHAPTER 3: RECENT ADVANCES IN THE SYNTHESIS OF TERMINAL 33 
CHALCOGENIDO COMPLEXES OF THE EARLY 
TRANSITION METALS AND MAIN GROUP ELEMENTS; 
SULFUR AND SELENIUM ATOM TRANSFER 

Synthesis of Group IV-VI tenninal chalcogenide complexes 33 

Group 14 complexes containing M=X (X = S, Se, Te) 35 

Metallopotphyrin tenninal sulfido and selenido complexes 36 

Intennetal sulfur and selenium atom transfer 40 

References 42 

CHAPTER 4: SULFUR AND SELENIUM ATOM TRANSFER REACTIONS OF 45 
TIN PORPHYRINS 

Abstract 45 

Introduction 46 

Experimental 47 

Results 50 

Discussion 57 

References 60 

CHAPTERS: SYNTHESIS, CHARACTERIZATION, AND REACTIVITY OF 63 
SULFIDO AND SELENIDO MOLYBDENUMaV) PORPHYRIN 
COMPLEXES. X-RAY STRUCTURE OF 
SULFIDO(TETRATOLYLPORPHYRINATO)MOLYBDENUM(IV) 

Abstract 63 

Introduction 64 

Experimental 65 

Results 72 



V 

Discussion 79 

Conclusions 82 

References 82 

Appendix A 85 

CHAPTER 6: EARLY TRANSITION METAL IMTOO COMPLEXES: A 97 
LITERATURE REVIEW 

Group IV imido complexes and C-H bond activation 97 

Isolated titanium imido complexes 99 

Group IV imido complexes and imine metathesis 103 

Group rv and V imido complexes in organic synthesis 103 

Group V imido complexes and C-H bond activation 103 

Metallopoiphyrin imido complexes 105 

References 110 

CHAPTER 7: SYNTHESIS AND CHARACTERIZATION OF IMIDO TITANIUM(IV) 114 
PORPHYRIN COMPLEXES. X-RAY STRUCTURE 
OF PHENYLIMIDO(TETRATOLYLPORPHYRINATO)TITANIUM(IV) 

Abstract 114 

Introduction 115 

Results and discussion 115 

References 119 

Appendix A 124 



vi 

CHAPTERS: SYNTHESIS. CHARACTERIZATION, AND INTERMETAL IMIDO 141 
GROUP TRANSFER REACTIONS OF IMIDO MOLYBDENUMOV) 
PORPHYRIN COMPLEXES 

Abstract 141 

Introduction 141 

Results and discussion 142 

References 146 

GENERAL CONCLUSIONS 149 

ACKNOWLEDGEMENTS 151 



vii 

LIST OF ABBREVIATIONS 

anis anisole 

biph biphenyl 

BM Bohr magnetons 

•Bu tertiary butyl 

bdt benzenedithiolate 

cal calorie 

cm centimeter 

COT cyclooctatetranyl 

Cp cyclopentadienyl 

Cp* pentamethylcyclopentadienyl 

Cp®* ethyltetramethylcyclopentadienyl 

Cy cyclohexyl 

dmbpz tris(3^-dimethylpyrazolyl)borate 

DME dimethoxyethane 

dppe diphenylphosphinoethane 

EPR electron paramagnetic resonance 

Et ethyl 

eq equation 

IR infrared 

kcal kilocalorie 

Me methyl 



viii 

mg milligram 

MHz megahertz 

mL milliliter 

mmol millimole 

mol mole 

MS{EI} mass spectrometry by electron impact 

nm nanometer 

NMR nuclear magnetic resonance 

OAc acetate 

OEP octaethylpoiphyrinato dianion 

OEI2 diethylether 

Ph phenyl 

POR geiKral poiphyrinato dianion 

ppm parts per million 

py pyridine 

pz pyrazolyl borate 

solv solvent 

THF tetrahydrofuran 

THT tetrahydrothiophene 

TMEDA tetramethylethylenediamine 

tmtaa dibenzotetramethyltetraaza[14]annulene 

TMP wiMO-tetramesitylpoiphyrinato 



ix 

TmTP 

TMS 

To! 

TPP 

Ts 

TTPorTpTP 

M»ff 

UV-vis 

m«o-tetra-/M-tolylporphyrinato dianion 

trimethylsilyl 

tolyl 

me.so-tetraphenylpoiphyrinato dianion 

tosylate 

mMo-tetra-p-tolylporphyrinato dianion 

magnetic moment 

ultaviolet-visible 



1 

GENERAL INTRODUCTION 

Dissertation organization 

This dissertation contains tiiree chapters of literature teview. Ciiapter 1 concerns 

metallopoiphyrin halide complexes. Ch^ter 3 deals with recent advances in the chemistry of 

heavier chalcogenide complexes of the eaily transition metals as well as the main group elements. 

Examples of atom transfer reactions involving sulfur and selenium are also discussed. Chapter 6 

discusses recent advances in the synthesis and reactivity of early transition metal complexes 

containing imido ligands. The remaining chapters constitute individual papers that have been 

published, submitted for publication, or are being prepared for submission. Following the last 

paper is a general conclusions chapter. 

Porphyrins as ligands 

Porphyrins have been used as a supporting ligand for numerous organometallic and 

coordination complexes. The doubly deprotonated porphyrin is a tetradentate chelatuig dianion 

vilth the four pyrrole nitrogen atoms definmg an equatorial plane with four fold symmetry. Two 

examples of commonly used porphyrins, mejo-tetra-p-tolylpoiphyrin and octaethylporphyrin, are 

shown in Figure 1. The macrocyclic core contains 11 double bonds and therefore is a planar 4n + 

2 n aromatic system. The poiphyrinato ligand may coordinate a metal ion in the central cavity. 

It is important to note that not all metals fit into the hole of the porphyrin ligand. Notable 

exceptions include the heavier early transition elements of Groups 4-6. As an example, titanium 

fits into the porphyrin hole. Therefore, titanium metalloporphyrins may coordinate two additional 
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ligands in trans axial coordination sites. However, zirconium does not fit into the cavity and 

instead has two cis coordination sites available (Figure 2), 

Poiphyrin ligands possess numerous advantages over other ligand systems. Important to 

atom transfer studies is the fact that metalloporphyrin complexes do not undergo rearrangements 

of the supporting ligand. Secondly, steric and electronic factors may be varied by 

CHa-
HN 

CHj 

NH Na:. 

HN 

(a) (b) 

Figure 1. a) mejo-tetra-p-tolylporphyrin b) octaethylporphyrin 

X 

d Ti 

X 

X X 

crzti:> 

Figure 2. Geometry of titanium and zirconium porphyrin complexes 
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simply changing the peripheral substitution of the poiphyrin ligand. However, a key factor is that 

poiphyrins are excellent spectroscopic tags in both UV-vis and 'H NMR spectroscopy. The 'H 

NMR spectra reflect the symmetiy of the ligand and is therefore veiy stmcturally diagnostic. For 

example, when the four-fold symmetiy of the poiphyrin is maintained on the NMR time scale, a 

typical metallopoiphyrin complex utilizing TTI^ as the ligand exhibits only four resonances, 

corresponding to the P-pyrrole, o-tolyl, m-tolyl, and tolyl-CHj protons. Ligands coordinated in 

the axial positions above and below the poiphyrin plane are readily distinguished as NMR 

signals for die ligand are often shifted dramatically upfield due to the ring current of the 

poiphyrin n-system. 

Metalloporphyrins containing multiply bonded ligands 

Terminal oxo complexes dominate the known metalloporphyrins species containing metal-

ligand multiple bonds. This is due in part to the fact that metallation of the poiphyrin ligand 

often results in foimation of the very stable teiminal oxo species. This is especially true for the 

eariy transition metals where terminal oxo complexes are generally the most stable form of 

metallopoiphyrin. Examples of metallopoiidiyrins stabilizing other metal-ligand multiple bonds 

are significantly fewer in number. Metalloporphyrin complexes containing nitrido (M^N), imido 

(M=NR), sulfido (M=S), selenido (M=Se), carbene (MsCRj), and silylene (MsSiRi) moieties are 

of interest in terms of both synthetic and possible catalytic applications and are the subject of a 

number of continuing studies. The woik presented here centers on the preparation and 

applications of metallopoiphyrins contaming sulfido, selenido and imido ligands. 
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MetaMigand multiple bonds 

The chemistry of species containing metal-ligand multiple bonds has been the subject of a 

recent book by Mayer and Nugent' Topics such as electronic structure, synthesis, reactivity, 

spectroscopy, and catalytic applications of metal-ligand multiple bonds are discussed. This book 

is an excellent general reference for the topics to be covered in this dissertation. 
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CHAPTER 1: METALLOPORPHYRIN HALIDE COMPLEXES OF THE EARLY 

TRANSITION METALS: A LITERATURE REVIEW 

Poiphyrin ligands have been used to stabilize a wide range of coordination and 

organometallic complexes.^ While the chemistry of late transition metal porphyrins has been 

studied immensely, the chemistry of early transition metal poiphyrins remains relatively 

undeveloped. This is due in part to the facile oxidation, high oxophilicity and/or ease of 

hydrolysis of early transition metal poiphyrin species. This chapter will highlight recent 

developments in the area of preparation and reactivity of early transition metal porphyrin halide 

complexes. 

The greatest problem encoimtered in the preparation of early transition metal poiphyrin 

complexes was the lack of a clean, high-yield preparative route to suitable starting materials. 

Published procedures often required the use of very high-boiling solvents, followed by 

purification using column chromatography, and typically produce unreactive oxo complexes. 

Recent advances in early transition metal poiphyrin chemistry have largely involved development 

of new synthetic routes for the preparation of metallopoiphyrin halide complexes. Of particular 

importance has been the development of alkali metal poiphyrins, which may be used as starting 

materials for the preparation of a number of different metallopoiphyrins. Arnold, et al. have 

found that treatment of free base poiphyrins, H^POR (POR = OEP, TPP, TTP, TBPP, TMPP), 

with a metal silylamide (MN(SiMe3)2; M = Li, Na, K) in the presence of either THE or DME, 

cleanly gives isolable dialkali metal porphyrins, Mj(POR)(solv)n where n = 2A? The lithium 

derivatives, studied using ^Li NMR and conductivity measurements, have been shovm to be a 1:1 
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electrolyte in polar solvents. However, in nonpolar solvents, a symmetrically bound ion-paired 

stnicture is postulated. Derivatives of Li, Na, and K have all been characterized using single-

crystal X-ray diffiraction. 

Similar alkali metal poiphyrin complexes containing diethyl ether as the donor solvent 

molecules have also been reported.^ These species, Li2(POR)(ether)2, are quite soluble in 

nonpolar solvents and, unlike the THF and DME derivatives, possess a well-defined 

stoichiometiy. Dilithium poiphyiins of the formula (P0R)Li2 were also prepared by treatment of 

the free-base poiphyrin with LiN(SiM^)2 in toluene. Arnold has reported that use of the diethyl 

ether derivatives as the porphyrin transfer reagent greatly increases the yield of 

dihalogenozirconium porphyrins. 

Prior to 1988, only three scandium porphyrins had been reported.^ These complexes, 

reported by Buchler, were all derivatives of OEP and contained acetate, acetylacetonate, and oxo 

axial ligands. Haushalter subsequently reported the preparation of (TTP)ScCl and a n-oxo 

species, 0[(Sc(TTP))]2.® However, Arnold and coworkers found a more general and simpler 

route to the scandium halide species starting with a porphyrin dianion and a scandium halide (eq 

Li2(OEP)(THF)2 + Sca3(THF)3 —> (OEP)ScCl + 2 LiCl + 5 THF (1) 

1).^ This porphyrin halide complex is an excellent starting material for the preparation 

of a number of organometallic and coordination complexes. For example, organometallic 

complexes with a- and ic-bonded ligands have been isolated and fully characterized. These 

include (OEP)ScR (R = Me, CH(SiMe3)2, CHjCMCj, (tl'-QH^), (Tl'-CjHj), (ii'-CjH4Me), and (ti'-
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CsMej)). Additional derivatives with R = OCMes, 0(2,4,6-Me3C6H2), N(SiMe3)2, and Inflate were 

also reported. Hydrolysis of (OEP)ScCl yielded the dimeric bridged hydroxide [(OEP)SC(M.-

OH)]v 

Dihalogeno titanium pori^yrins have recently been found to be valuable starting materials 

for the preparation of the first Ti(II) porphyrin complexes.® Treatment of (P0R)TiCl2 with 

LiAlIi, in the presence of an alkyne, gave (POR)Ti(RCsCR) (R = aiyl, alkyl), a titanium(II) 

poiphyrin with the alkyne acting as a four electron donor to the titanium center. 

Arnold and coworkers have recently reported a synthetic route for the preparation of 

zirconium dihalide poiphyrins.' Multigram quantities of (0EP)ZrCl2 were obtained from die 

reaction of Li2(THF)4(OEP) with ZrCl4(THT)2 (THT = tetrahydrothiophene) in refluxing 

dimethoxyethane. However, a second product, the metallopoiphyrin sandwich complex (0EP)2Zr, 

was also isolated in about 25% yield. Note that when the dimethoxyethane porphyrin derivative, 

Li2(0EP)(DME)„, was treated with ZrC^DME) in CHjClj at room temperature, virtually none of 

the sandwich compound was generated. The dihalide species is an excellent precursor to several 

new metallopoiphyrin derivatives. Treatment with a variety of nucleophiles produced the 

corresponding disubstituted zirconium poiphyrins, (P0R)ZrR2 (R = triflate, acetate, alkoxide, 

alkyl, aryl). A metallopoiphyrin jc-complex was synthesized by treatment of the dihalide complex 

with KjCOT. A second example of a rc-complex was prepared by treatment of (0EP)ZrCl2 with 

NajC^BsHi, in refluxing THF to give the zirconacarborane poiphyrin species.'" 

The organometallic derivatives readily undergo protonolysis, hydrogenolysis, and insertion 

of COj and acetone into the Zr-C bonds. (0EP)ZrCl2, (0EP)Zr(0'Bu)2, and (0EP)ZrMe2 have 

been characterized using single crystal X-ray diffraction analysis. In all three cases, the non-
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poiphyrin ligands are coordinated in a cis orientation due to die out-of-plane nature of tlie 

zirconium. 

Kim, et al. have independently reported the synthesis of porphyrin zirconium and 

hafnium dihalide complexes." Again, treatment of a poiphyrin dianion, Li2(THF)4(POR) (POR 

= OEP, TPP), with a metal halide complex, ZrCl4(THF)2, in toluene resulted in the formation of 

the zirconium porphyrin dihalide species. The authors report that recrystallization of (TTP)ZrCl2 

from THF/dichloromethane/heptane gave the THF adduct (TPP)ZrCl2*THF, which they have been 

able to characterize using single ciystal X-ray diffraction. Because the zirconium atom is 

displaced 1.064 A out of the mean N4 plane, the two chloride ligands as well as the donor THF 

molecule are all bonded on the same face of the porphyrin ligand. This is reflected in the 'H 

NMR signals of the THF adduct which exhibits significant broadening of the resonances due to 

the decrease in symmetry of the molecule. Kim and coworkers also have reported that treatment 

of the zirconium dihalide poiphyrin with MeLi results in the formation of the dimethyl complex, 

with the methyl resonance at -3.26 ppm in the 'H NMR spectrum. They also report the 

independent synthesis of the organometallic Jt-complex (Ti'-l,2-C2B9H„)Zr(OEP), foraved by 

treatment of (0EP)ZrCl2 with TljQBsH,,. 

In a completely analogous manner, dichloio hafnium porphyrin complexes were prepared 

from Li2(POR)(THF)2 (POR = TPP or OEP) and HfCl4(THF)2." The structure of 

(0EP)HfCl2*H20 has been reported and is similar to that of (TPP)ZrCl2*THF: a 4:3 piano stool 

with the square base occupied by the porphyrin nitrogen atoms and the legs formed by the two 

chlorine atoms and a water or THF molecule. The source of the HjO molecule was postulated to 

be moisture in the benzene used for crystallization. Treatment of the dichloro hafiiium complex 
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(POR = OEP or TP?) with tetrabutylammonium trimetaphosphate in CH2Ci2 gives 

[NBu4][(P0R)Hf(P309)]. This complex has also been structurally characterized and has a 4:3 

piano stool-type geometiy. A benzenedithiolate hafnium porphyrin, (TPP)Hf(bdt) (bdt = 

benzenedithiolate) has also been reported by Kim, et al.P It is the first structurally 

characterized suc-coordinate hafnium poiphyrin complex. 

A catalytic application of zirconium poiphyrins has recently been reported by Inoue and 

coworicers." Treatment of (TPP)ZrX2 (X = O2CCH3, 02CC(CH3)3, OjC'Bu, CI) with 

monosubstituted alkynes in the presence of EtjAl results in the highly regio- and stereo-selective 

ethylalumination of the terminal alkyne. 

Organometallic derivatives of zirconium poiphyrins have also been isolated using the 

diacetate complex (TPP)Zr(0Ac)2 as a starting material." Treatment of (TPP)Zr(0Ac)2 with 

organo-lithium or oigano-magnesium compounds gave the corresponding o-bonded 

organozirconium(IV) poiphyrins (TPP)ZrR2 (R = Me, Et, n-Bu, and Ph). Of particular interest is 

the reported clean photoreduction of (TPP)ZrMe2 to fonn a low-valent zirconium(II) species. The 

authors report that after 3 hours of irradiation (A>420 nm), a CgDj/EtjO solution of (TPP)ZrMe2 

gradually changed color irom red to green. In the 'H NMR spectrum, the signal attributed to the 

methyl groups disappeared, while tiie resonances due to the ortho-protons of the phenyl rings 

became a single resonance, indicating that the two sides of the porphyrin plane are now 

equivalent. The authors suggested that the product is in fact a sbc-coordinate zirconium poiphyrin 

with trans diethyl etiier molecules. Upfield signals of coordinated etiier are visible in the 'H 

NMR spectrum. The ether ligands were readily displaced upon addition of 1-metiiylimidazole. 

Addition of trimethylphosphine or /m-butylacetylene did not displace the coordinated dietiiyl 
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ether. 

Zirconium bis(porphyrinato) complexes have been synthesized by treatment of Zr(NEt2)4 

with the free-base porphyrins HjTPP or HjOEP.'® The hafiiium analogue Hf(0EP)2 may be 

similarly prepared from Hf(NEt2)4. The same double decker porphyrins were reported by Buchler 

from the treatment of Li2(P0R)" (FOR = TP? or OEP) with the {^propriate metallocene 

dichloride in refluxing 1,2,4-trichlorobenzene." 

The following chapter discusses our woik involving the synthesis of early transition metal 

poiphyrin halide complexes. 
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CHAPTER 2: SYNTHESIS OF EARLY TRANSITION METAL PORPHYRIN HALIDE 

COMPLEXES; FIRST STRUCTURAL CHARACTERIZATION OF A 

VANADIUM(ni) PORPHYRIN 

A paper published in Inotganic Chemistiy' 

Lisa M. Beneau, J. Alan Hays, Victor G. Young, Jr., and L, Keith Woo'^ 

Abstract 

A general method for the preparation of early transition metal poiphyrin halide complexes 

using a porphyrin dianion, (THF)2Li2(POR) (POR = OEP, TTP; OEP = octaethylpoiphyrinato, 

TTP = mefo-tetra-p-tolylpoiphyrinato), and the appropriate metal halide complex, MX„ (MXn = 

VCl3(THF)3, TiCl4(THF)2, TiCl3(THF)3, MoCl4(CH3CN)2, WCI4), is described. The structure of 

(TTP)V°C1*THF (2«THF) has been deteraiined by single-crystal X-ray diffraction analysis. 

C o m p l e x  2 * T H F  c r y s t a l l i z e s  i n  t h e  c e n t r o s y m m e t r i c  s p a c e  g r o u p  V l j m  w i t h  a  -  1 1 . 9 6 8 ( 2 )  k , b  =  

17.072(3) A, c = 12.649(2) A, P = 98.62(2)°, V = 2555.2(8) A\Z=2,R = 4.6%, and K = 6.7%. 

The V-Cl bond length is 2.272(1) A, the V-N bond lengths range from 2.040(4) to 2.050(4) A, 

and die V-0 bond distance is 2.141(3) A. 

' Reprinted with permission from Inorg. Chem. 1993,33,105. Copyright © 1993 American 

Chemical Society. 
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Introduction 

Recently, thete has been renewed interest in the synthesis of early transition metal 

poiphyrin halide complexes.^ Such compounds have led to the development of new 

oi:ganometallic complexes.^''^'* Furthermore, we have shown that low valent metallopoiphyrin 

halides, in particular those of titanium, chromium, and manganese serve as good oxygen or 

nitrogen atom acceptors in iimer sphere electron transfer reactions' 

Typically, synthetic routes to the dihalogeno metallopoiphyrins have involved treatment of 

high valent oxo complexes, (P0R)M=0 (M = Ti, V, Mo; POR = OEP, TIP, TPP, or TmTP)®, 

with HX (X = F, CI, Br), SOXj, or (C0X)2 to produce (P0R)M'*X2.' Also, reduction of 

(TTP)W(0)(C1) with Si2Cl6 followed by treatment with HCl(g) produced the CrTP)W"Cl2 

complex.^ Lower valent compounds, such as (TPP)Ti°'F, have been prepared by Zn/Hg reduction 

of (P0R)M"' complexes, eg. (TTP)Ti"'F2.' Recently, the electrochemical generation of a 

vamdium(in) porphyrin, X-V"(TTP)(THF), by reduction of (TTP)V^X2 (X = CI, Br) was 

reported.'" 

Because of our interest in using metalloporphyrin halide complexes as startmg materials 

for the synthesis of low valent derivatives and as atom acceptor species, we have developed a 

more general means of preparing such vanadium, titanium, molybdenum, and tungsten compounds 

using a modified porphyrin dianion method first reported by Arnold." In addition, the first 

structural characterization of a vanadium(III) poiphyrin complex is reported here. 

Experimental 

General. Toluene, THF, dg-benzene, and hexanes for glovebox use were distilled from 
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their puiple sodium benzoi^enone ketyl solutions. CDCI3 was distilled from phosphorus 

pentoxide. CH3CN and CHjClj were distilled from CaHj. Dry solvents were subsequently 

degassed on a vacuum line (10"' torr) with three successive freeze-pump-thaw cycles. VCI3, 

TiCls, TiCl4, M0CI5, and LiN(TMS)2 were purchased from Aldrich and used without further 

purification. VCljCTHIOa," TiCUCTHF)!," TiClj(THF)3," (THF)JLii(TTP),"' (THRjLijCOEP),'® 

HjTTP," MoCl4(CH3CN)2." and WCI4" were prepared according to literature procedures. 

All manipulations were performed either hi a Vacuum Atmospheres glovebox equipped 

with a Model MOtOH Dri-Train gas purifier or on a vacuum line using standard Schlenk 

techniques. UV-visible data were obtained using a Hewlett-Packard HP 84S2A diode array 

spectrophotometer. 'H NMR spectra were recorded on a Nicolet NT300 spectrometer. Room 

temperature magnetic susceptibilities were measured at ambient temperature by Evans' method."^ 

Elemental analyses were obtained fiom Desert Analytics, Tucson, AZ. 

Chloro(23>73»12,13,17,18-OctaethyIporpyrinato)vanadiuni(III). General Method. 

(THF)2Li2(OEP) (87.3 mg, 0.105 mmol) was stirred with VCljCTHIOj (45.3 mg, .0121 mmol) in 

toluene (20 mL) with mild heating for 8 h. During this time the color of the solution gradually 

changed from claret to brown vtdth the formation of (0EP)VC1. The solution was then filtered, 

concentrated to ca. 3 mL, layered with ca. 8 mL hexane, and was cooled to -20 °C for 24 h. 

Filtration and washing with hexanes produced a brown solid. This crude solid was then dissolved 

in 10 mL CH2CI2 and was filtered. The volume of CHjClj was reduced to ca. 3 mL. The 

solution was layered with ca. 6 mL hexanes and was cooled to -20 °C for 12 h. Filtration, 

washing with hexanes, and drying in vacuo produced a brown solid (30.6 mg, 47%). UV-vis 

(Toluene): 406 (Soret), 534, 576 'H NMR (CgDe): 40.26 (s, 4H, /wwo-H), 10.91 (br, 8H, -
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CWjCHj), 7.02 (br, 8H, -CHjCHj), 2.17 (br, 24H, -CO^CH^). 'H NMR (CDCI3): 45.18 (s, 4H, 

meso-K), 11.45 (br, 8H, -CZ/jCHj). 6.81 (br, 8H, -C//2CH3), 2.27 (br, 24, |i^f = 2.51 

B.M. MS{EI) Calcd. (found) m/e: 618 (618) [M]^ 583 (584) [M + H - CI]^ IR (KBr): Vy^, = 

392 cm-'. Anal. Calcd. (found) for C36H44N4VCI: C, 69.87 (68.60); H, 7.17 (6.51); N, 9.06 

(9.91). 

Chloro(54045>20-TetratolyIporphyrinato)vanadium(III). Using the general method 

outlined for preparation of (0EP)VC1, (TTP)VC1 was prepared from (THF);Li2(TTP) (330.4 mg, 

0.400 mmol) and VCljCTHF)} (196.6 mg, 0.527 mmol) in 92% yield. UV-vis (Toluene); 424 

(Sotet), 548. 'H NMR (CfiDg): 8.73 (m, 8H), 7.30 (m, 8H), 5.77 (m, 8H), 2.22 (s, 12H). 

Dichloro(S,10,15^0*Tetratolylporphyrinato)titanium(IV). (THIOiLizCnP) (128.2 mg, 

0.155 mmol) and TiCl4(THF)2 (^7.1 mg, 0.171 mmol) were stirred in toluene (25 mL) with mild 

heating for 4 h, resulting In a color change from blue-green to dark green. The solution was then 

allowed to cool to room temperature and was subsequently filtered. The filtrate was evaporated 

to diyness, redissolved in a minimum of toluene, and was cooled to -20 "C for 16 h. A green 

solid was isolated (72.9 mg, 60%). UV-vis: 320, 376 (Soret), 420,492. 'H NMR (CgD,,): 9.02 

(s, 8H, p-H), 7.88 (d, 8H, -WCHj), 7.20 (d, 8H, -CJ//4CH3), 2.37 (s, 12H, Anal. 

Calcd. (found) for C4gH36N4TiCl2: C, 73.20 (72.26); H, 4.61 (4.38); N, 7.11 (7.30). 

Chloro(5,10,15^0-Tetratolylporphyrinato)titanium(III). (THF)2Li2(TTP) (124.0 mg, 

0.150 mmol) and TiCl3(THF)3 (57.0 mg, 0.154 mmol) were stirred hi toluene (15 mL) with mild 

heating for 6 h resulting in a color change form blue-green to dark puiple. Following the 

procedure described for the isolation of (TTP)TiCl2, a puq>le microciystalline solid was obtained 

(90.5 mg, 81%). UV-vis(toluene): 428 (Soret), 552. 'H NMR (CfiDg): 2.37 (br, -CeH^CHj). 
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Anal. Calcd. (found) for C48H36N4TiCl: C, 76.65 (76.08): H, 4.82 (4.73); N, 7.45 (7.51). 

Dlchloro(5,10,15>20-Tetratolylporphyrinato)moIybdenuin(IV). (THIOjLijCrTP) (104.1 

mg, 0.126 mmol) was stirred with MoCl4(CH3CN)2 (107.0 mg, 0.334 mmol) in toluene (20 mL) 

with mild heating for 12 h. After allowing the solution to cool to room temperature, the solution 

was filtered producing a purple precipitate. The solid was redissolved in CH2CI2 (15 mL) and 

was filtered. After the filtrate was evaporated to dryness, the product was recrystallized from 

CHjClj/hexane (1:3) to produce a gieen solid (50.0 mg, 48%). UV-vis (Toluene): 366, 398, 420, 

496, 578. 'H NMR(CDCl3): 17.69 (s, 8H, P-H), 10.09 (d, 8H, •CeWi.CHs), 7.71 (d, 8H, -

Q//4CH3), 2.46 (s, 12H, -C6H4C//J). MS{EI1 Calcd. (found) 836 (836) [M]% 801 (801) [M-Cl]^ 

Dichloro(5,10>lS>20-Tetratolylporphyrinato)tungsten(IV). (THF)2Li2(TTP) (131.4 mg, 

0.159 mmol) was stirred with WCI4 (88.8 mg, 0.273 mmol) in toluene (20 mL) with mild heating 

for 12 h. After allowing the solution to cool to room temperature, the solution was filtered 

producing a green precipitate. The solid was redissolved in CH2CI2 (15 mL) and was filtered. 

After the filtrate was evaported to dryness, the product was recrystallized from CHzClj/hexane 

(1:2) to produce a black solid (58.6 mg, 40%). UV-vis (Toluene): 336, 370, 388,420,466, 558. 

'H NMR (CDCI3): 14.39 (s, 8H, p-H), 9.12 (d, 8H, 8.07 (d, 8H, -C6W4CH3), 2.85 (s, 

12H, -C6H4C//3). NMR (QDg): 14.31 (s, 8H, p-H), 8.82 (d, 8H, 7.68 (d, 8H, 

Cg^^4CH3), 2.49 (s, 12H, = 1-75 B.M. MS{EI} Calcd. (found) m/e 924 (924) 

[M\\ Anal. Calcd. (found) for C48H3fiN4WCl2: C, 62.92 (62.44); H, 3.93 (3.77); N, 6.07 (5.85). 

X-ray Crystal Structure Determination of (TTP)VCI. Crystals of (1TP)VC1*THF 

suitable for single-crystal X-ray diffraction were grown by layering a benzene/THF solution of 

(TrP)VCl with hexane. A brown platelet (0.50 X 0.45 X 0.15 mm) was attached to tiie tip of a 
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glass fiber and mounted on a Siemens P4/RA diifractometer for data collection at -60 ± 1 °C 

using Cu Ko radiation (A, = 1.S4178 A). Cell constants were detennined from a list of reflections 

found by a rotation photograph. Pertinent data collection and reduction information is given in 

Table I. Lorentz and polarization corrections were ^lied. A correction based on non-linear 

decay in the standard reflections was applied to the data. An absorption correction was deemed 

unnecessaiy for this study. The agreement factor for the averaging of observed reflections was 

2.9% (based on F). 

The centric space group P2,/m was indicated initially by systematic absenses and intensity 

statistics. The structure was solved in P2i and after completion transfomied to the 

centrosymmetric space group. All atoms were located by a Patterson interpretation technique. 

All non-hydrogen atoms were refined with anisotropic thennal parameters. After the least-squares 

conveiged all hydrogen atoms were placed at calculated positions 0.96 A from the attached atom 

with isotropic temperature factors set equal to the isotropic equivalent of the host atom. Two 

solvent molecules of benzene were found in the lattice. 

The poiphyiin ring is bisected by a crystallographic mirror in this space group. This 

requires that the THF ligand be disordered over two equivalent sites with 50% occupancy. The 

normal "puckering" of the THF was not found in this analysis, but rather the ligand is 

dynamically disordered over the two "puckered" geometries for an averaged local structure. 

X-ray data collection and structure solution were carried out at the Iowa State Molecular 

Structure Laboratory. Refinement calculations were performed on a Digital Equipment Corp. 

VaxStation 3100 computer using the SHELXTL PLUS version 4.0 programs." 
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Results 

Preparation and Characterization of Vanadiuni(in) Porphyrins. As illustrated in eq 

1, vanadium(ni) poiphyrin halide complexes were prepared using a poiphyrin dianion and the 

appropriate metal halide complex. The vanadium complexes, (P0R)V"C1, (FOR = OEP or TTP) 

were isolated as brown solids which have good solubility in toluene, benzene, THF, 

dichloromethane, and chloroform, but have low solubility in n-hexane. Complexes 1 and 2 are 

both extremely air sensitive and are converted to the corresponding vanadyl complexes on 

exposure to oxygen. 

(THF)2Li2(POR) + MX„ —> (P0R)MX^2 + 2 LiCl + THF (1) 

1, POR = OEP; MX„ = VCLJCTHRJ 

2, POR = TTP; MX„ = VCl3(THF)3 

The electronic absorption spectra of 1 and 2 are characteristic of poiphyrin complexes 

with an intense Soret peak at 406 ran for (OEP)V"tl and 426 nm for (TTP)V'°C1 in toluene. 

Dilute solutions of both complexes are yellow while more concentrated solutions are brown. The 

absorption spectra are similar to those of vanadium(iV) poiphytins.®* 

The 'H NMR spectrum for (0EP)V'"C1 in dg-benzene shows broad resonances for the 

meso protons at 43.3 ppm, for the methylene protons at 11.3 and 6.5 ppm, and for the methyl 

protons at 2.1 ppm. The proton assignments were made on the basis of intensity. The large 

chemical shift range is indicative of the paramagnetic character of the compound. The magnetic 

moment of (0EP)V™C1, determined at ambient temperature by Evans' method, was found to be 
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2.S1 The TTP analogue, 2, was also found to be paramagnetic. 

X-Ray Structure of (TTP)VCI*THF. The molecular structure of the TTP complex 2 

was detennined by single-crystal X-ray diffraction. The molecular structure and atom numbering 

scheme are shown in Figure 1. Crystallogn^hic data for the structure deteraiination is listed in 

Table I. Atomic positional parameters are given in Table n. Table III presents selected bond 

distances and angles. Tables I-ni are found in Appendix A. 

Complex 2 ciystallizes in the centrosymmetric space group P2i/m with 2 molecules per 

unit cell. The 24 atoms of the porphyrin core are nearly coplanar, with the largest out-of-plane 

displacement of 0.10 A by C(8). In addition, the vanadium ion is displaced from the mean 

poiphyrin plane 0.15 A toward the CI ligand. The V-N distances range from 2.040(4) to 2.050(3) 

A and are typical of those observed for other vanadium porphyrin complexes.'̂  The phenyl 

rings fonn dihedral angles with the poiphyrin plane of 63.4 and 85.4°. 

The V-O(l) distance, 2.141(3) A, is similar to that repotted for (0EP)V(THF)2 

(2.174(4) A)."® However, this distance is much shorter that that observed in 

(TPP)Fe(THF)2 (Fe-0 2.351(3) A at room temperature and 2.288(1) A at liquid-nitrogen 

temperature)." The iron(II) complex is high spin, S = 2. Similarly, the Zn-0 distance 

of 2.380(2) A in (TPP)Zn(THF)2 suggests that the THF molecules are bound weakly to the zinc 

atom. In both the iron and zinc complexes, population of the dz^ orbital, which is partially metal-

THF antibonding, is reflected in the long metal-oxygen distance.^ In 

(0EP)V(THF)2 and (TTP)VCl-THF this orbital is empty and results in a stronger V-0 

interaction."® The V-Cl bond length in 2*THF (2.272(1) A) is similar to that reported for other 

vanadiumGII) macrocycles with nitrogen donor ligands. For example, a compound utilizing the 
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dibenzotetramethyltetraaza-[14]-aimulene ligand (tmtaa), [(tmtaa)V(Cl)]-0.5C7Hg, has a V-Cl bond 

length of 2.221(5) A. '̂ Schlff base complexes have slightly longer V-Cl bond lengths, generally 

in the range of 2.34-2.37 A." 

Preparation and Characterization of Titanium, Molybdenum, and Tungsten 

Porphyrin Halide Complexes. Titanium, molybdenum, and tungsten poiphyrin halide complexes 

were also obtained by treating poiphyiinato dianions with the appropriate metal halide complex 

(eq 2). (TTP)Ti"'Cl2 (3) and (TTP)Ti"Cl (4) were isolated in 60% 

and 81% yields respectively after reciystallization from toluene/hexane (1:2). Both 

complexes have good solubility in halogenated solvents but low solubility in n-hexane. 

In aromatic solvents, (TTP)Ti^Cl2 has low solubility whereas (TTP)Ti°'Cl is more soluble. 

Spectroscopic characterization of complexes 3 and 4, using 'H NMR and UV-vis, was consistent 

with that previously reported for (TPP)Ti"'Cl2 and analogous (TPP)Ti°' complexes."'" 

(TTP)Mo'*Cl2 (5) and (TTP)W'*Cl2 (6) were isolated after recrystallization from 

CH2Cl2/hexane (1:3). Both complexes have good solubility in dichloromethane, 

(THF)2Li2(POR) + MX„ —> (P0R)MX^2 +2LiCl + THF (2) 

3, POR = TIP; MX„ = TiCUTHI^i 

4, POR = TTP; MX„ = TiCl3(THF)3 

5, POR = TTP; MX„ = MOCUCHJCN)! 

6, POR = TTP; MX„ = WCI4 
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chlorofonn, and THF, but limited solubility in toluene, benzene, and n-hexane. The 'H 

NMR of 5 and 6 were similar to reported spectra 

Discusidon 

The synthetic method we have employed to prepare early transition metal porphyrin 

halide complexes of vanadium, titanium, molybdenum, and tungsten has many advantages over 

previously reported methods. For example, this simple route provides a convenient means of 

synthesizing vanadium(IIl) porphyrins, species previously prepared only by electrochemical 

methods.' These complexes are paramagnetic as evidenced by the large chemical shift range and 

broadness of the resonances in die 'H NMR. The paramagnetic character of (TTP)V'"C1 is in 

sharp contrast to the diamagnetic behavior reported eariier.' (TTP)V'̂ 1 is the first vanadium(III) 

porphyrin to be structurally characterized. The V-O(l), V-Cl, and V-N bond lengths are similar 

to those in other vanadium porphyrins and vanadium containing macrocycles."-®'̂ ' 

Most insertions of titanium into a porphyrin free base ultimately result in the formation of 

very stable oxotitanium compounds." However, such complexes cannot be directly converted to 

low-valent titaniiun poiphyrin compounds.^® Previously, preparation of dihalogenotitaniura(IV) 

poiphyrins involved treatment of the oxo complexes with hydrogen halides, SOXj, or (COX)^.® 

Titanium(III) porphyrin halide complexes were synthesized by reduction of the 

dihalogenotitanium(rV) poiphyrins using Zn/Hg.® The synthetic method reported here provides 

the titanium(rV) and titanium(III) complexes in high purity under mild conditions. 

The one-pot metathesis reaction (eq 2) simplifies the preparation of (TTP)Mo'̂ Cl2 and 

(TTP)W^Cl2, useful precursors to the low-valent chemistry of molytxlenum and tungsten 
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porphyrins. The previous route to the tungsten complex, involved reduction of the 

W^(P0R)(0)(C1) species with SijClfl and resulted in a mixture of paramagnetic W"(POR)(X)(X') 

complexes where X or X' = CI", ClsSi", or ClsSiO".' Subsequent treatment of the mixture of 

products with HCl(g) produced (TTP)W"'Cl2.^ In contrast to this method, synthesis of 

(TTP)W"'Cl2 using (THF)2Li2(TTP) is rather simple because of the low solubility of (TTP)W"'Cl2 

in toluene. As the reaction proceeds, (TTP)W"'Cl2 precipitates out of solution. After filtration to 

remove the crude product fiom the toluene solution, the resulting solid is redissolved in CHjCIj, 

filtered, and isolated by evaporating the filtrate to dryness. Recrystallization from CHjClj/hexane 

provides (TTP)W"'Cl2 in high purity. 
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APPENDIX A 

Table I. Crystal Data for (TTP)VC1THF- 2 CgHg 

Formula VC1N40C52H44-2(C6H6) 

Formula Weight 983.5 

Space Group P2,/in 

a, A 11.968(2) 

b, A 17.072(3) 

c, A 12.649(2) 

P, deg 98.62(2) 

V, A' 2552,2(8) 

Z 8 

dfic. g/cm^ 1.345 

Ciystal Size, mm 0,50 X 0.45 X 0.15 

(Cu Ko), mm' 2,468 

Data Collection Instrument Siemens P4/RA 

Radiation CuK„(\= 1,54178 A) 

Temperature, K 213 

Scan Type 20-0 

Scan Speed Constant: 11.727min in 

Scan Range (x) 0.80* plus K„-separation 

Reflections Collected 7157 

Independent Reflections 3580 (Rto, = 2.86%) 
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Observed Reflections 2747 (F > 6.0r(F)) 

R* 0.0460 

Rw" 0.0666 

Quality of fit indicatoi" 1.56 

Largest shifVesd. final cycle 0.017 

Largest peak, e/A^ 0.29 

'R = 2| |Fo| - |F,|/|FJ I 

" R = [2w( I Fo I -1F, I ^/Sw I F„ I w = 1-O^ I Fo I 

' Quality of fit = [Zw( | F^ | -1F. | - Np^« j'« 
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Table n. Atomic coordinates (xlO') and equivalent isotropic displacement coefficients 
( A ^  X  1 ( f )  

X y z U(eq) 

V 727(6) 25000 25973(6) 283(3) 

CI 10347(9) 25000 42883(10) 438(4) 

C(3) -30262(23) 21067(17) 38234(25) 318(10) 

C(4) -20533(22) 18526(16) 33715(22) 255(9) 

N(l) -14883(26) 25000 30790(mx) 265(11) 

C(5) -17096(22) 10638(16) 33103(22) 256(9) 

C(6) -7621(22) 8186(16) 28648(21) 272(9) 

C(7) -4824(24) 207(17) 26818(24) 348(11) 

C(8) 4541(25) 249(18) 21968(25) 372(11) 

N(2) 202(17) 13014(14) 25006(17) 290(8) 

C(9) 7814(23) 8222(17) 20978(23) 325(10) 

C(10) 17347(24) 10707(18) 16798(26) 375(11) 

N(3) 14922(29) 25000 18835(31) 383(13) 

C(ll) 20754(27) 18540(19) 16176(31) 470(13) 

C(12) 30642(34) 21043(21) 12061(43) 812(20) 

C(51) -23405(23) 4515(16) 38104(23) 278(10) 

C(52) -17820(24) 265(17) 46671(24) 340(10) 

C(53) -23219(26) -5498(18) 51643(25) 392(11) 

C(54) -34520(27) -7148(17) 48370(28) 402(11) 
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Table n. (continued) 

X y z U(eq) 

C(55) -40172(25) -2846(18) 39965(27) 401(11) 

C(56) -34773(24) 2828(17) 34789(25) 349(10) 

C(57) -40365(31) -13520(20) 53752(32) 610(15) 

C(lOl) 24223(26) 4614(18) 12186(28) 402(12) 

C(102) 33145(30) 859(21) 18202(30) 540(14) 

C(103) 39596(30) -4527(22) 13647(32) 579(15) 

C(104) 37322(30) -6297(20) 2938(31) 509(14) 

C(105) 28535(35) -2454(24) -3005(33) 723(17) 

C(106) 22072(33) 2862(24) 1548(32) 667(16) 

C(107) 44568(33) -12083(23) -2030(36) 769(18) 

0(1) -8096(26) 25000 9942(24) 424(11) 

C(21) -4984(73) 20059(48) 922(64) 716(34) 

C(22) -11678(120) 22481(55) -8556(74) 1177(63) 

C(23) -18500(124) 29024(69) -5260(75) 1354(67) 

C(24) -16930(66) 29874(48) 5780(60) 713(33) 

C(1S) -30250(47) 21001(29) 66964(36) 849(20) 

C(2S) -21343(61) 17095(29) 64231(37) 921(25) 

C(3S) -12434(46) 21014(33) 61555(38) 990(25) 

C(4S) 17437(75) 28877(43) 79465(88) 1121(45) 



Table H. (continued) 

31 

X y z U(eq) 

C(5S) 26536(58) 32654(30) 77418(72) 1361(43) 

C(6S) 36243(71) 28630(38) 75080(75) 1146(43) 

C(7S) 25786(305) 28673(120) 87242(166) 1475(141) 

C(8S) 24356(194) 28292(108) 69022(138) 1084(100) 

* Equivalent isotropic U defined as one third of the trace of the orthogonalized Uy tensor 
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Table ni. Selected Bond Distances (A) and Angles (deg) for 2 

V-Cl 2.272(1) Cl-V-N(l) 94,4(1) 

V-N(l) 2.050(3) Cl-V-N(2) 93.6(1) 

V-N(2) 2.050(2) Cl-V-N(4) 94.5(1) 

V-N(3) 2.040(4) C1-V-N(2A) 93.6(1) 

V-N(2A) 2.050(2) Cl-V-O(l) 179.1(1) 

V-0 2.141(3) N(l)-V-0(1) 86.5(1) 

N(2)-V-0(l) 86.4(1) 

N(3)-V-0(l) 84.6(1) 

N(2A)-V-0(1) 86.4(1) 

N(l)-V-N(2) 93.6(1) 

N(l)-V-N(3) 171.1(1) 

N(2)-V-N(3) 89.6(1) 

N(1)-V-N(2A) 89.8(1) 

N(2)-V-N(2A) 172.8(1) 

N(3)-V-N(2A) 89.6(1) 
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CHAPTER 3: RECENT ADVANCES IN THE SYNTHESIS OF TERMINAL 

CHALCOGENIDO COMPLEXES OF THE EARLY TRANSITION METALS AND MAIN 

GROUP ELEMENTS; SULFUR AND SELENIUM ATOM TRANSFER 

While the chemistry of compounds containing temiinal M=0 bonds have been widely 

explored, related studies involving the heavier analogues, in particular terminal selenides and 

tellurides, have only recently appeared in the literature.'-^ This chapter highlights recent 

developments in the synthesis and reactivity of early transition metal and main group complexes 

containing multiple bonds to the heavier chalcogenides. Examples of intennetal atom transfer 

reactions involving sulfur and selenium atom transfer will also be explored. 

Synthesis of Group IV-VI terminal chalcogenido complexes 

The chemistry of Group IV species containing multiple bonds to the Group 16 

elements has been the focus of a number of recent studies, particulaily emanating from the 

research labs of Bergman and Paiidn. Bergman et ai, were the first to isolate a terminal 

chalcogenido species of zirconium.^ Reported in 1990, Cp*2Zr(S)(NC5H4R) (R = H, tBu), was 

prepared by dehydrohalogenation of Q)*2Zr(SH)I and was subsequently trapped by pyridine to 

give the final product. 

Paikin and Howard have reported the preparation of the first complete series of terminal 

Group 16 complexes of zirconium, all of the general formula Cp'2Zr(E)(NC5H5) (E = 0, S, Se, 

Te; Cp' = Cp* or Ti'-CsMe4Et).^ The complexes were prepared via the reaction of Cp2'Zr(C0)2 

with either N2O or the elemental chalcogen in the presence of pyridine. All species were 

characterized by single-crystal X-ray diffraction analysis. 
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The analogous terminal titanium oxo complex, Cp'2Ti=0(4-phenylpyridine), was reported 

by Andersen.' As with the synthesis of the above zirconium complexes, the terminal oxo species 

was prepared from a low-valent precursor. Treatment of Cp'^Ti wdth NjO in pentane yielded a 

green insoluble material whose 'H NMR spectrum indicated a mixture of compounds including 

Cp*2Ti(CH2C5Me4)(M.-0)2 and Cp*2Ti4(n-0)6. If the reaction was carried out in the presence of 

pyridine:THF (1:10), an orange ciystalline complex was isolated. The product, Cp*2Ti(0)(py), 

was characterized using 'H NMR, IR, mass spectrometry, and by single-crystal X-ray diffraction 

analysis (dn^ = 1.665(3) A). In contrast, synthesis of Cp'jV^O did not require the presence of a 

two-electron donor ligand. Treatment of Cp'2V with nitrous oxide in hexane yielded the desired 

product in 45% isolated yield. 

Interesting new terminal chalcogenide complexes of the Group 5 metals have been 

reported by Schrock and Arnold.^ In each case, the complex is stabilized by a sterically 

demanding tetradentate substituted amme, [(Me3Si)HNCH2CH2]3, H3[N3N].'' Cummins and 

Schrock found that treatment of a low-valent vanadium precursor, [NsNJV, with either elemental 

sulfur or ethylene sulfide gave [NjNJVsS, while gray selenium reacts with [NjNJV to give 

[NjNjVsSe. The terminal tellurido species is not formed fix)m the reaction [N3N]V with 

elemental tellurium but may be generated and observed in solution upon treatment of [NjNjV 

with Me3P=Te. The corresponding oxo derivative was synthesized via treatment of [N3N]V with 

propylene oxide, cis- or trans-2-hutene oxide, pyridine-N-oxide, nitrous oxide, or dimethyl 

sulfoxide. The chalcogenide complexes [NjNJVsX (X = 0, S, Se, Te) were characterized by ''V 

NMR. Treatment of [N3N]V=Se with PMe3 results in abstraction of the selenium from 

[N3N]V=Se, forming Me3P=Se and regenerating [N3N]V. 
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Tenninal selenido and tellurido complexes of tantalum were prepared via treatment of the 

tantalum dihalide |TaCl2(N3N)] with (THF)2LiESi(SiMe3)3 (E = Se®, Te'). The new complexes 

were characterized using 'H NMR, IR, mass spectrometry, Raman, '"Te and "Se NMR 

spectroscopy, and X-ray crystallography. 

Several recent studies have focused on the preparation and reactivity of new terminal 

sulfido, selenido, and tellurido complexes of the Group VI metals. Parian, et al. have reported 

the synthesis of a new family of tungsten tenninal chalcogenide complexes, all of the general 

formula trans-W(PMe3)4(X)2 (X = S, Se, Te).'° It should be noted that the tellurido analog was 

the first transition metal complex with a terminal tellurido ligand. The tenninal sulfido and 

selenido complexes were prepared via the dehydrogenation of HjS or HjSe by W(PMe3)4(ti^-

Cf^PMe2)H. However, different intermediates were isolated in each case. In the preparation of 

the sulfido complex, a bis(hydrosulfldo)complex, W(PMe3)4(SH)2H2, was isolated. In the 

preparation of the selenido species, a mono(selenido) complex, W(PMe3)4(Se)H2 was isolated. 

The terminal tellurido complex was prepared via treatment of W(PMe3)4(ti^-CH2PMe2)H with 

elemental tellurium. The terminal tellurido complex, /ra/w-W(PMe3)4(Te)2, has been found to 

undergo reductive coupling of the two tenninal tellurido ligands to give an T|^-ditellurido 

derivative, W(PMe3)(CN'Bu)4(n^-Te2) when treated with Bu'NC." 

Group 14 complexes containing M=X (X = S, Se, Te) 

Group 14 complexes containing multiple bonds to the heavier chalcogenides are rare.'̂  

Most such species have been observed simply as reactive intermediates. Paikin and Kuchta have 

recently reported the synthesis and struchires of germanium tenninal chalcogenido complexes of 
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the formula (T|'*-Megtaa)GeE (E = S, Se, Te)." These complexes were prepared by treatment of 

Li2(Megtaa)'* with GeCljCdioxane) in THF to give first the Ge(II) macrocyclic complexes. 

Addition of elemental suliiir or selenium to a benzene solution of (Megtaa)Ge(n) produces the 

corresponding terminal sulfido and selenido species. The synthesis of the tellurido derivative 

requires the presence of PMe,. The molecular structures have been determined for all three 

derivatives. The Ge=X bond lengths (A) are: Ge=S, 2.110(2); Ge=Se, 2.247(1); and Ge=Te, 

2.466(1). An interesting difference is associated with the configuration of the (ri'̂ -Megtaa) ligand. 

In the isostnictural sulfido and selenido complexes, the ligand is saddle-shaped, whereas in the 

tellurido derivative, the ligand adopts an inverted umbrella configuration in which the benzo 

groups are now directed fiom the macrocyclic N4 plane away fiiom the Ge=Te bond. 

The correspondhig Sn terminal sulfido and selenido complexes were also reported by 

Patkin and Kuchta." Again, treatment of the Sn(II) macrocyclic complex with the elemental 

chalcogen led to the formation of the Sn(IV) tenninal complexes, [^^-MegtaalSnX (X = S, Se). A 

terminal tellurido analog could not be isolated. The authors suggested that this may imply a 

Sn=Te interaction that is weaker than the corresponding Ge=Te interaction. This postulate was 

supported by the fact that when the tin(IV) terminal chalcogenides were treated with [t)*-

Megtaa]Ge(II), complete atom transfer occurred, indicating that Ge=X bonds are stronger than 

Sn=X bonds (X = S, Se). 

Metalloporphyrin terminal sulfido and selenido complexes 

Despite the large number of metallopoiphyrin complexes known which contain terminal 

0x0 ligands, very little is known about the corresponding temiinal sulfido and selenido species. 
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In fact, the first metalloporphyiin containing a multiple bond to sulftir or selenium was not 

reported until 1983. The following section discusses the synthesis and characterization of the 

known terminal sulfido and selenido metallopoiphyrin complexes. 

Titanium Porphyrins. Titanium porphyrins containing terminal sulfido and selenido 

ligands are readily available ftom Ti(n) acetylene starting materials." When (TTP)Ti(ti^-

PhOCHi) is treated with triphenylphosphine sulfide, PhaPsS, or triphenylphosphine selenide, 

PhjPsSe, in toluene at 50-60 ®C, the corresponding titanium(rV) complex, (TTP)Ti=S or 

(TTP)Ti=Se, is formed in approximately 60-80% yield (eq 1). Treatment of 

(TTP)Ti(Ti^-PhteCPh) + X=PPh3 —> (TTP)Ti=X + PhteCPh + PPhj (1) 

X = S or Se 

(TTP)Ti(Ti2-PhOCPh) + [S] —> (TTP)Ti(S2) + PhOCPh (2) 

[S] = Sg or Cp2TiS5 

(TTP)Ti(Ti2.phOCPh) + Se (TTP)Ti(Se2) + PhOCPh (3) 

(TTP)Ti(Ti^-PhOCPh) with elemental sulfur or CpjTiSj (eq 2) does not result in the formation of 

a terminal sulfido complex, but instead produces a persulfido complex." Utilizing Cp^TiS, as the 

sulfur transfer reagent, the reaction is known to proceed via formation first of (TTP)Ti=S, 

followed by addition of a second sulfur atom to produce a persulfido ligand." This is an 

example of an intermetal sulfur atom transfer process. A perselenido species, (TTP)TiSe2, may be 



38 

prepared by treating (TTP)Ti(ti^-RiOECPh) with elemental selenium." The perchalcogenido 

species may also be prepared by treating the tenninal chalcogenides with elemental sulfur or 

selenium (eqs 4,5). Guilard et al. were the first to report the synthesis of these perchalcogenido 

species from the treatment of (TrP)TiF or (TIP)TiF2 with CpjTiSj or Cp^TiSej.^" 

(TTP)Ti=S + 1/8 Sg —> (TTP)Ti(S2) (4) 

(TTP)Ti=Se + Se —> (TTP)Ti(Se2) (5) 

(P0R)V(THF)2 + Sg (POR)V=S (6) 

(P0R)V(THF)2 + CpjTiSe, -» (POR)V=Se (7) 

Vanadium Porphyrins. Vanadium poqjhyrins containing tenninal sulfido and selenido 

ligands may be prepared using very similar synthetic procedures. As illustrated 

in eq 6, treatment of a low-valent vanadium poiphyrin, (P0R)V(THF)2, with elemental sulfur in 

THF results in the formation of (POR)V=S."'^' The corresponding selenido (eq 7) complex may 

be prepared from treatment of (P0R)V(THF)2 with Cp2TiSe5 in THF."-^ These complexes have 

been characterized on the basis of mass spectral, IR, UV-vis, and EPR data. 

Tin Porphyrins. Again utilizing a low-valent metallopoiphyrin precursor, tin poiphyrins 

containing terminal sulfido and selenido ligands may be synthesized as illustrated in eq 

These tenninal chalcogenides are the first example of a terminal oxo-type ligation for main group 
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metallopoiphyiins. (POR)Sn=X were characterized by mass spectrometry, ER, UV-vis, and 'H 

NMR spectroscopies as well as by electrochemisty. A complete listing of the known 

metallopoiphyiin terminal sulfido and selenido complexes is provided in Table 3.1. A 

metallopoiphyiin complex containing a terminal sulfido or selenido ligand has not been 

structurally characterized. 

(POR)Sn(II) + CpjTiXj -> (POR)Sn=X (8) 

X = S or Se 

Table 3.1. Known metallopoiphyrins contahiing M=S or M=:Se multiple bonds 

Comolex POR Reference 

(POR)Ti=S TTP 18 

(POR)Ti=Se TTP 18 

(POR)V=S TinTp, TpTP, TPP, OEP 17 

(POR)V=Se TmTP, TpTP, TPP, OEP 17 

(POR)Sn=S TPP, TmTP, TpTP, TMP, OEP 23 

(POR)Sn=Se TPP, TmTP, TpTP, TMP, OEP 23 
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Intermetai sulfur and selenium atom transfer 

Atom transfer reactions continue to be an area of fundamental importance. Numerous 

studies have focused on oxygen atom transfer due to its relevance in both biological systems and 

industrial or laboratory oxidation processes.^ The transfer of an oxygen atom between a 

transition metal complex and non-metal reagents has been recently reviewed." The scope of 

intennetal oxygen atom transfer has also been recently reviewed.^ 

Despite the laige number of characterized intermetai oxygen atom transfer reactions, little 

is known about transfer processes of the heavier chalcogenides. This has been suggested to be in 

part due to the lack of suitable terminal sulfido and selenido species.^ Examples of mteraietal 

sulfur or selenium atom transfer have laigely involved the use of Q^TiSs and CpaTiSes as transfer 

reagents. As shown in eqs 9-12, these reagents generally deliver S2 or Sej fragments." 

Exceptions are shown in eqs 13-15 in which a single sulfur or selenium atom is 

transferred to a vanadium(II) or tin(n) complex.^^ 

A recently reported study involving oxygen, sulfur, and selenium atom transfer 

reactions of titanium porphyrins may allow for a systematic study of group 16 transfer reactions. 

Treatment of (TTP)Ti(PhOCPh) '̂ with (0EP)Ti(02)^° (eq 16) results in the quantitative 

[Ir(dppe)2]Cl + CpzTiSj —> [Ir(dppe)2S2]Cl (9) 

[Ir(dppe)2]CI + Cp2TiSe5 —^ [Ir(dppe)2Se2]Cl (10) 

(TTP)TiF2 + CpzTiSj —> (TTP)TiS2 (11) 
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(TTP)TiF2 + CpiTiSCj —> (TTP)Ti(Se2) (12) 

(0EP)V(THF)2 + CpiTiSe, —> (OEP)V=Se (13) 

(POR)Sn(n) + CpjTiS, —> (POR)Sn=S (14) 

(POR)Sn(II) + CpzTiSe, —> (POR)Sn=Se (15) 

(0EP)T1(02) + (nP)Ti(PhC5CPh) (0EP)Ti=0 + (TrP)Ti=0 + PhOCPh (16) 

(0EP)Ti(S2) + (TTP)Ti(PhOCPh) (OEP)Ti=S + (TTP)Ti=S + PhCsCPh (17) 

(0EP)Ti(Se2) + (TTP)Ti(PhCeCPh) —> (OEP)Ti=Se + (TTP)Ti=Se + PhOCPh (18) 

formation of (TTP)Ti=0 and (OEP)TiaO. Formally, this reaction involves a two-electron 

reduction of peroxide (O2 ') to 20 '̂ by Ti(II). Similariy, treatment of (TTP)Ti(PhOCPh) with 

(0EP)TiS2 or (0EP)TiSe2 results in formation of the corresponding terminal chalcogenido species 

(eqs 17-18). 

The following two ch^ters will deal with the synthesis, characterization, and atom 

transfer reactions of molybdenum and tin metallopoiphyiins containing terminal sulfldo and 

selenido ligands. 
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CHAPTER 4: SULFUR AND SELENIUM ATOM TRANSFER REACTIONS OF TIN 

PORPHYRINS 

A psqper submitted to J. Am, Chem. Soc.' 

Lisa M. Berreau and L. Keith Woo*^ 

Abstract 

Treatment of (mefo-tetraphenylpoiphyrinato)tin(IV) sulfide, (TPP)Sn=S, with (wwo-tetra-

p-tolylporphyrinato)tin(n), (TTP)Sn(II), in toluene results in the reversible exchange (K = 1.20 ± 

0.03 at -10 °C) of a sulfur ligand to form (TPP)Sn(II) and (TTP)Sn=S. The net result is a formal 

two-electron redox process between Sn(n) and Sn(IV). This occurs with a second order rate 

constant at 30 °C of 0.40 ± 0.05 M-'s"' (AH* = 10.9 ± 0.9 kcal/mol, AS* = -24.1 ± 2.8 

cal(mol»K)''). Similarly, treatment of (/«Mo-tetraphenylpoiphyrinato)lin(IV) selenide, 

(TPP)Sn=Se, with (»je^o-tetra-p-tolylpoiphyrinato)tin(II), (TTP)Sn(II), in toluene results in the 

reversible exchange (K = 1.45 ± 0.13 at -10 °C) of a selenium ligand to form (TPP)Sn(II) and 

(TTP)Sn=Se. This reaction occurs with a second order rate constant at 30 °C of 87.3 ± 

' Reprinted with permission from Journal of the American Chemical Society, submitted for 

publication. Unpublished woik copyright 1994 American Chemical Society. 



8.06 M 's"' (AH* = 9,3 ± 0.5 kcal/mol, AS* = -18.8 ± 1.5 cal(mol*K)"'). Discussion of an inner 

sphere mechanism involving a ^-sulfido or a M-selenido bridged inteimediate is presented. The 

rate ratio of selenium to sulfur atom transfer is 218:1 at 30 °C. This rate behavior follows the 

"normal" trend as observed for the analogous halogen transfer reactions (I>Br>Cl>F). 

Introduction 

Atom transfer reactions continue to be an area of fundamental importance. Numerous 

studies have focused on oxygen atom transfer due to its relevance in both biological systems and 

industrial or laboratory oxidation processes. '̂* While these have provided a large number of 

examples involving the transfer of an oxygen atom between a metal center and organic or 

nonmetal substrates, the related process of intemietal oxygen atom transfer reactions is still 

underdeveloped by comparison. The scope of intermetal oxygen atom transfer has recently been 

reviewed.® 

Relatively few studies have been reported on sulfur or selenium atom transfer. Examples 

involving the transfer of a sulfur or selenium atom from a non-metal species (eg. phosphine 

chalcogenides or ethylene sulfide) to a low-valent metal center have recently been utilized to 

prepare novel terminal sulfido and selenido complexes of the early transition metals.^ These 

reactions are unusual in ttiat phosphines generally remove sulfur from metal complexes due to the 

strength of the phosphine sulfide bond (= 92 kcalAnol).^ Intermetal atom transfer reactions 

utilizing CpjTiSj and CpjTiSes as chalcogen transfer reagents have provided a synthetic route to 

new tenninal and perchalcogenido species.®-'''" " These reactions formally represent a 

secondary atom transfer process^ since reduction of the ti^-Xs (X = S, Se) ligand has taken 
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place.' 

Metalloporphyrin complexes have been used to investigate a variety of inner-sphere redox 

processes involving intennetal halogen-" oxygen-," and nitrogen-atom transfer 

reactions.'̂ *'' We recently reported the discovery of intennetal oxygen, sulfur, and selenium atom 

transfer reactions involving titanium poiphyrin complexes (eq 1)."''" Equation 1 also 

represents a secondary atom transfer process in which is reduced to 2 X '̂.^ 

We now wish to report the first comprehensive study of intennetal two-electron transfer 

mediated by sulfur or selenium atom transfer. The tin poiphyrin complexes utilized for this woik 

were recently described by Guilard, et 

(0EP)Ti(X2) + aTP)Ti(PhCECPh) —> (OEP)Ti=X + (TTP)Ti=X + PhOCPh (1) 

X = 0, S, Se 

Experimental 

Instrumentation. All synthetic procedures were performed in a Vacuum Atmospheres 

glovebox equipped with a Model M040H Dri-Train gas purifier. UV-visible spectroscopic 

measurements were obtained on a Hewlett-Packard HP 84S2A diode array spectrophotometer. 

NMR spectra were recorded on a Nicolet NT300 spectrometer or on a Varian VXR 300-MHz 

spectrometer. 

Chemicals. Toluene, tetrahydrofuran, toluene-da, benzene-c^j, and hexane for glovebox 

use were distilled from puiple sodium/benzophenone ketyl solutions. Dry solvents were 

subsequenUy degassed on a vacuum line (10"® torr) with three successive freeze-pump-thaw 
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cycles. (THF)2Li2(TTP) and (THF)2Li2(TPP) were prepared according to the literature procedure 

for (THF)2Li2(OEP)." cnP)Sn=S and (TPP)Sn=S were prepared as described previously.'" Sniz, 

CpjTiSs, and gray selenium were purchased from Aldrich and used without further purification. 

The following procedures are new synthetic routes for the preparation of previously reported tin 

poiphyrins."-'® 

(TTP)Snai). Snl2 (153 mg, 0.410 mmol) and (THFOjUiCTTP) (144 mg, 0.174 mmol) 

were stirred in toluene (IS mL) at ambient temperature for 12 h, resulting in a color change from 

blue-green to dark green. The solution was then purified by column chromatography using a 1 x 

10 cm neutral alumina column and toluene as the eluent. A green fraction containuig (TTP)Sn(n) 

was collected from the column and was evaporated to diyness. The product was triturated in 

hexane (10 mL), collected by filtration, washed with hexane, and dried in vacuo (27 mg, 20%). 

(TPP)Sn(II) was prepared in an analogous manner. (TTP)Sn(II); 'H NMR (CgDg, ppm): 9.19 (s, 

8H, P-/0, 8.04 (br, 8H, -CeW^CHa), 7.27 (d, 8H, -CgW^CHs), 2.40 (s, 12H, -C^sCHj). UV-vis 

(toluene, nm): 400,490, 696. (TPP)Sn(n): 'H NMR (CA. PPm): 9.08 (s, 8H, 8.11 (m, 

8H, -CsHs), 7.45 (m, 12H, -Cgff,). UV-vis (toluene, nm): 398,490, 696. 

(TTP)Sn=Se. Snlj (135 mg, 0.362 mmol) and (THF)2Li2(TTP) (133 mg, 0.161 mmol) 

were stirred in toluene (15 mL) at ambient temperature for 12 h. The solution was then purified 

on a 1 x 10 cm neutral alumuia column using toluene as the eluent A green fraction containing 

(TTP)Sn(n) was collected from the column. Gray selenium (19 mg, 0,23 mmol) was added to 

this solution and the mixture was stirred for 12 h at 50-60 ®C. After filtering the reaction mixture 

to remove excess selenium, the solvent was removed under reduced pressure. The product was 

triturated in hexane (10 mL), collected by filtration, washed with hexane, and dried in vacuo (46 
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mg, 33% based on (THFOzLijCriP)). (TPP)Sn=Se was prepared in an analogous manner. 

(TTP)Sn=Se: 'H NMR (CA. PPm): 9.16 (s, 8H, ^-H), 7.89 (d, 8H, 7.25 (br, 8H, -

Cfi/Z^CHj), 2.39 (s, 12H, UV-vis (toluene, nm): 346, 438(Soret), 532, 570, 612. 

(TPP)Sn=Se: NMR (QDg, ppm): 9.02 (s, 8H, p-/^, 7.91 (m. 8H, -Cg//,), 7.42 (m, 12H, -

CfiWj). UV-vis (toluene, nm): 344,438(Sorct), 524,568, 610. 

Equilibrium Measurements. Samples for equilibrium detemiinations were prepared in a 

glovebox by adding specific volumes of known-concentration stock solutions of a sulfide or 

selenide complex, the ^propriate tin(n) species, and an internal standard, triphenylmethane, into 

a 5-mm NMR tube attached to a ground glass joint. The solvent was removed under reduced 

pressure. The tube was then attached to a high-vacuum stopcock and connected to a high-vacuum 

line. After adding toluene-</j by vacuum distillation, the tube was flame sealed. The equilibrium 

constants were determined using a Lorentzian curve fitting to obtain an integrated intensity for 

each of the ^-pyrrole signals associated with the species involved in the equilibrium. The 

samples were monitored in a temperature-controlled NMR probe until no further change in peak 

areas were observed. 

Kinetic Measurements. The concentrations of stock solutions were determined 

spectrophotometiically prior to use. Rate data for the (TTP)Sn(II)/(TPP)Sn=X (X = S or Se) 

system were obtained on a UV-visible spectrophotometer equipped with a thermally regulated cell 

holder. Solutions of (TTP)Sn(II) and (TPP)Sn=S were loaded in a 1-mm cuvette in a glovebox. 

Typical initial concentrations ranged from 8.3 x 10"' to 8.0 x 10^ M for (TTP)Sn(II) and 3.0 x 

lO-** to 7.4 X lO'* M for (TPP)Sn=S. Initial Sn(rV) and Sn(II) concentrations were varied from a 

ratio of approximately 1:2 to 9:1. For the (TTP)Sn(II)/(TPP)Sn=Se system, solutions of 
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(TTP)Sn(II) and (TPP)Sn=Se were loaded in a 1-cm cuvette in a glovebox. Typical initial 

concentrations ranged from 5.61 x 10"^ to 1.70 x 10"^ M for CnP)Sn(II) and 1.31 x 10"' to 3.34 

X 10"' M for (TPP)Sn=Se. Initial Sn(n) and Sn(IV) concentrations were varied from a ratio of 

approximately 1.7:1 to 13:1. For both the sulfiu- and selenium transfer systems, the sealed cuvette 

was placed in the cell holder, and the run was monitored at 612 nm. Molar absoiptivities of the 

metallopotphyrins at 612 nm are given in Table I. Rate constants were obtained using an 

Table I. Molar absoiptivities for metallopoiphyrins in toluene at 612 nm 

molar molar 
absoptivity absoiptivity 

compd. X10^ (M''cm"') compd. x 10^ (M''cm"') 

(TTP)Sn(n) 0.232 (TTP)Sn=S 1.082 

(TPP)Sn(II) 0.316 (TPP)Sn=S 0.816 

(TTP)Sn=Se 0.767 (TPP)Sn=Se 0.646 

integrated rate law for second-order equilibrium reactions as derived by King.^° The rate 

constants reported were determined by averaging the values obtained fiom three or more 

individual kinetic runs. Equilibrium constants for the temperatures used in the kinetic study were 

extrapolated from the 'H NMR equilibrium data. 

Results 

Reduction of SuIfidotin(IV) Porphyrin with Tin(II) Porphyrin. Treatment of 

(TPP)Sn=S with (TTP)Sn(n) in toluene-d^ results in spectral changes which are consistent with 
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the transfer of a teiminally bound sulfur ligand between two metal complexes as shown in eq 2. 

The use of {dienyl- and tolyl-labelled poiphyrins (TPP and 7TP) provides a convenient means of 

monitoring this reaction by 'H NMR. For example, new P-pyrrolic proton resonances appear, 

signifying the formation of (TPP)Sn(II) (9.04 ppm) and (TTP)Sn=S (9.14 ppm). The P-pyrrolic 

proton signals for (TPP)Sn=S (8.99 pim) and (TTP)Sn(n) (9.17 ppm) diminish but do not 

disappear, indicating that eq 2 is an equilibrium process. An equilibrium constant for eq 2 was 

measured by monitoring the 'H NMR p-pyrrole signal of each metalloporphyrin species in 

(TTP)Sn(II) + (TPP)Snr::S (TTP)Sn=S + (TPP)Sn(II) (2) 

k-i 

toluene-dj in flame-sealed NMR tubes. Due to the veiy similar nature of the poiphyrins used in 

this study, an equilibrium constant of approximately unity was expected. As anticipated, the 

equilibrium constant for eq 2 in toluene-^^ is 1.44 ± 0.12 at -40 °C and exhibited little change 

over a 30 °C temperature range (K = 1.21 ± 0.03 at -10 °C). Examination of the equilibrium at 

higher temperatures was not possible due to overiapping of the p-pyirole resonances of the 

tetratolylpoiphyrinato species. A summaiy of the equilibrium constants for eq 2 is given in Table 

II. The thermodynamic parameters, AH° = -0.66 ± 0.13 kcal/mol and AS° = -2.1 ± 0.4 

cal(mol-K)'', were determined from this temperature dependence. 

It is also possible to follow this sulfur transfer reaction using UV-vis 

spectroscopy. Treatment of (TPP)Sn=S with (TTP)Sn(II) produces spectral changes consistent 

with the transfer of a terminally bound sulfur ligand. For example, bands at 570 and 612 nm, 

which are associated with both of the terminal sulfide species, increase in intensity over the 
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Table n. Equilibrium constants for eq 2 in toluene-<4 

temperature (°C) K 

•40 1.44 ± 0.12 

-30 1.37 ± 0.14 

-20 1.33 ± 0.03 

-10 1.21 ±0.03 

course of the reactioa These changes are in agreement with the magnitudes of the extinction 

coefficients for the terminal sulfide complexes. Throughout the reaction, a well defined isosbestic 

point is observed at 630 nm. 

The forward rates of eq 2 in toluene were examined spectrophotometrically by following 

the absorbance changes at 612 nm. A summary of rate constants for the forward direction are 

listed in Table in. In all kinetic runs, the data were found to obey an integrated rate law for 

reversible second-order reactions (eq 3)." Plots of ln[i!V(« + A(l-1/K))] vs. time are linear for at 

least 3 half lives. 

In ^ 
o + A(l-1/K) 

-akjt + constant (3) 
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Table m. Forward rate constants for eq 2 in toluene 

temperature (°C) kf(M-'s-') 

30 0.40 ± 0.05 

40 0.83 ± 0.12 

50 1.41 ± 0.05 

60 2.39 ± 0.77 

Reduction of SeIenidotin(iy) Porphyrin with Tin(II) Porphyrin. Reversible intermetal 

selenium atom transfer occurs on treatment of (TPP)Sn=Se with (TTP)Sn(n) in toluene-dg (eq 4). 

This reaction parallels the analogous sulfur atom transfer process and can also be monitored by 'H 

NMR. For example, as shown in Figure 1, new p-pyrrolic proton resonances appear for 

(TFP)Sn(II) (9.04 ppm) and (TTP)Sn=Se (9.14 ppm) while the signals associated with the p-

pyrrolic protons of (TPP)Sn=Se (8.99 ppm) and (TTP)Sn(II) (9.17 ppm) diminish. An 

equilibrium constant for eq 4 was once again detemiined by NMR by monitoring the ^-pyrrole 

signals of the each metallopoiphyrin species versus the methine proton of triphenylmethane (5.38 

ppm) in toluene-el's. As expected, the equilibrium constant for eq 4 was found to be neariy unity 

(K = 1.54 ± 0.20 at -40 °C) and varied little over a 30 °C temperature range (K = 1.45 ± 0.13 at 

(TrP)Sn(II) + (TPP)Sn=Se ^ (TrP)Sn=Se + (TPP)Sn(ID 
k.i 

(4) 
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Figure 1. 300-MHz spectrum for eq 4. A is the P-pyiroIe sign^ for (TTP)Sn(II), B is the P-pynole sig^ for (TTP)Sn=Se, C is 
the P-pyrrole signal for (TPP)Sn(II), D is the P-pyrrole signal for (TPP)Sn=Se, and E is the methine signal of PhsCH. 



55 

-10°C). Again, overlapping of the P-pynole resonances for the tetratolylpoiphyrinato species 

prevented studying this equilibrium at higher temperatures. A summaiy of the equilibrium 

constants for eq 4 is given in Table IV. The thermodynamic parameters, AH° = -0.25 ± 0.02 

kcalAnol and AS" = -0.23 ± 0.06 cal(mol-K)'', were determined from this temperature dependence. 

The selenium atom transfer reaction depicted in eq 4 was also examined using UV-vis 

spectroscopy. Treatment of (TPP)Sit=Se with (TTP)Sn(II) in toluene results in 

spectral changes very sbnilar to those observed in the transfer of a terminal sulfide 

Table IV. Equilibrium constants for eq 4 in toluene-dj 

temperature K 

-40 1.54 ± 0.20 

-30 1.51 ±0.17 

-20 1.47 ± 0.14 

-10 1.45 ± 0.13 

Table V. Forward rate constants for eq 4 in toluene 

temperature (®C) k, (M-'s-') 

0 14.4 ± 1.3 

10 31.7 ±5.1 

20 59.2 ± 3.5 

30 87.3 ± 8.1 
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Figure 2. Representative absorption (612 nm) vs time plot for reaction 4 at 20 °C. [(TPP)Sn=Se]o = 4.09 x 10'® M and 
[CnP)Sn(ir)]o = 4.86 X 10"^ M. Inset: plot of In[A/(a + A(l-1/K))] vs L 
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ligand. Again, increases in absoibance at 570 and 612 nm were observed, consistent with 

the differences in extinction coefficients of the two terminal selenide complexes involved in the 

equilibrium. A well defined isosbestic point was observed at 630 nm. 

The forward rates of eq 4 in toluene were examined spectrophotometrically by following 

the absorbance changes at 612 nm. A summary of the forward rate constants 

for eq 4 is given in Table V. In all kinedc runs, the data were found to obey an 

integrated rate law for reversible second-order reactions as shown in eq 3. Plots of ln[A/(a + 

A(l-1/K))] vs. time are linear for at least 3 half lives. A typical kinetic curve 

and the corresponding In plot are illustrated in Figure 2. 

Discusaon 

We have found that complete sulfur and selenium atom transfer between two 

metallopoiphyrins can be achieved. This study represents the first comprehensive study of 

intermetal two-electron transfer mediated by sulfur or selenium atom transfer. It is possible to 

observe this process by using different porphyrin ligands as UV-vis and 'H NMR spectroscopic 

labels. An additional benefit derived from the use of metallopoiphyrins arises from the structural 

integrity maintained by these complexes throughout the reaction, eliminating complications due to 

ancillary ligand loss. Furflieimore, stereochemical rearrangements found in other atom transfer 

systems are not possible here '̂'̂  Rate constants for sulfur atom transfer (eq 2) have been 

measured over a 30° temperature span. These rate constants range between 0.40 and 2.39 M'̂ s * 

for the forward direction Varying the ratio of initial concentrations of Sn(IV) to Sn(n) from 1:2 

to 9:1 resulted in comparable rate constants witiiin tiie experimental error, mdicating a reaction 
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that is first order in each of the starting components. The temperature dependence of the forward 

rate yields activation parameters of AH* = 10.9 ± 0.9 kcal/mol and AS* = -24.1 ± 2.8 

cal(mol*K)''. In an analogous manner, selenium atom transfer rate constants were measured over 

a 30° temperature range. The forward rate constants range between 14.4 and 87.3 M 's '. 

Varying the ratio of initial concentrations of Sn(II) to Sn(IV) from 1.7:1 to 13:1 resulted in 

comparable rate constants within the experimental error, indicating a reaction that is first order in 

each of the starting components. In this case, the temperature dependence of the forward rate 

yields activation parameters of AH* = 9.3 ± 0.5 kcal/mol and AS* = -18.8 ± 1.5 cal(mol»K)"'. 

Since AG" » 0, the activation parameters for equations 2 and 4 reflect the intrinsic tendency for 

sulfur or selenium atom transfer, respectively. 

Electrochemical studies on tin poiphyrins suggest that equations 2 and 4 do not involve 

an outer-sphere mechanism."*^ Kadish et al., have demonstrated that the first and second 

electrochemical reductions of (TTP)Sn=S and (TTP)Sn=Se are ligand-based. Formation of the 

singly reduced complexes occurs at = -0.88 V ((TTP)Sn=S) and £>< = -0.87 V ((nP)Sn=Se) 

vs SCE. Since the [(TTP)Sn(n)]7[(TTF^")Sn(n)] reduction potential is -0.60 V vs. SCE, Sn(II) 

porphyrins are not thermodynamically capable of reducing (POR)Sn=S or (POR)Sn=Se (POR = 

TTP, TPP) in an electron transfer pathway." 

The activation parameters for eqs 2 and 4 support an inner-sphere process. The low AH* 

values suggest that significant bond formation occurs (Sn'̂ sX-Sn) to offset Sn'̂ sX bond 

dissociation. In addition, the negative entropies of activation (AS* = -24.1 ± 2.8 cal(mol*K) ' for 

sulfur atom transfer, AS* = -18.8 ± 1.5 cal(mol*K)'' for selenium atom transfer) are consistent 

with an associative type mechanism in which atom transfer occurs via a jit-sulfido or a ^-selenldo 
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intennediate. However, we have not detected this bridged species spectroscopically by UV-vis, 

"Se NMR, or EPR. 

Finally, the increase in rate of selenium atom transfer versus sulfur atom transfer 

supports the results of a previous study of atom transfer reactions involving phosphines and 

phosphine chalcogenides (eq 5).^ For these reactions, it was found that the atom transfer rate 

increased qualitatively with the size of the chalcogenide. However, absolute rates were not 

reported. The overall increase in rate in eq 5 upon descending the chalcogenide family was 

rationalized on the basis of diminishing covalent bond eneigies on progressing to the heavier 

elements of Group 16. This can be considered the "normal" trend as observed for halide 

transfer.^^ The relative rate of selenium versus sulfur atom transfer in the tin process 

PhjPsX + PhjMeP ** PhjP + Ph2MeP=X (5) 

X = O, S, Se 

(218:1 at 30 °C) is unexpectedly lai:ge compared to systems involving halogen transfer. In a 

study involving halogen exchange between cobalt porphyrins, the observed rates at 298 K (k^ = 

27.1 X 10^ M's"'; kBr= 373 x 10^ M 's '; kj= 8170 x 10^ M's ') reflect only approximately a 

fourteen-fold and twenty-two-fold increase in rate in moving from chloride to bromide and 

bromide to iodide, respectively.^^ Based on the similar size increase when substituting chloride 

for bromide and sulfide for selenide, an approximate twenty-fold increase in relative rate was 

expected in the chalcogenide transfer reactions. The observed 218-fold increase in rate for 

selenium versus sulfur transfer may suggest a significant difference in Sn=S and Sn=Se covalent 



expected in the chalcogenide transfer reactions. The observed 218-fold increase in rate for 

selenium versus suliur transfer may suggest a significant difference in Sn=S and Sn=Se covalent 

bond strengths. This supports the general premise that pn-pK bond strengths decrease on 

descending the main group elements." A recent illustration of this trend involves the synthesis 

of the heavier chalcogenide tin complexes of the macrocyclic octamethyldibenzo-

tetTaaza[14]annulene ligand. '̂ While the terminal sulfido and selenido complexes were readily 

isolated, the terminal tellurido species could not be isolated, suggesting a weak Sn=Te interaction. 
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CHAPTER 5: SYNTHESIS, CHARACTERIZATION, AND REACTIVITY OF SULFIDO AND 

SELENIDO MOLYBDENUMaV) PORPHYRIN COMPLEXES. X-RAY STRUCTURE OF 

SULnDO(5.10,15,20-TETRATOLYLPORPHYRINATO)MOLYBDENUM(IV) 

A paper to be submitted to Inotganic Chemistty 

Lisa M. Berreau, Victor G. Young, Jr., and L. Keith Woo*' 

Abstract 

Treatment of (TTP)Mo(PhCBCRi) (TIP = meso-tetra-p-tolylporphyrinato) with Sg or 

CpjTiSs in toluene results in the formation of (TTP)Mo=S. The sulfide complex may also be 

prepared iix)m the reaction of (TTP)MoCl2 with Li2S in THF. Similady, a terminal selenide 

complex may be prepared from (TTP)MoCl2 and Na2Se. The stmcture of (TTP)Mo=S has been 

d e t e r a i i n e d  b y  s i n g l e - c i y s t a l  X - r a y  d i f f r a c t i o n  a n a l y s i s  ( t r i c l i n i c ,  PT,  a  =  1 2 . 7 3 5 ( 2 )  k , b  =  

13.521(2)A, C = 13,920(2) A, a = 74.76(1)°, p = 78.95(1)°, Y= 80.85(1)°, V= 2254.7(5) A^ Z = 

2, /? = 3.1%, and /{h, = 4.2%). Complete sulfur atom transfer occurs between 

(TTP)Mo(Ph(M:Ph) and (TTP)Sn=S to give (TTP)Mo=S, (TrP)Sn(ID, and PhC^h. The net 

result is a foraial two-electron redox process between Sn(IV) and Mo(II). Correspondingly, no 

reaction is observed between (TTP)Mo=S and (TTP)Sn(II) in the presence of excess PhCsCPh. 

The analogous treatment of (TTP)Mo=Se with (TTP)Sn(II) in the presence of PhCsCPh results in 

the reversible exchange (K = 4.6 x 10^ ± 7.2 x lO' at 25 °C) of a selenium ligand to form 

(TTP)Mo(Ph(>CPh) and (TTP)Sn=Se. When treated with excess PPha, the sulfido or selenido 
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complex is reduced to (TTP)Mo(PPh3)2 with fonnation of either Ph3P=S or PhjPsSe. However, 

when (TrP)Mo=S or (TTP)Mo=Se is reduced with PPhj in the presence of PhCsCPh, 

(TTP)Mo(PhOCRi) is fonned. The alkyne ligand of (TTP)Mo(PhOCPh) may be displaced by 

4-picoline to give /ra/»-(TTP)Mo(4-picoline)2. Ligand preference for the poiphyrin Mo(II) center 

is thus PPha < PhOCPh < 4-picoline. 

Introduction 

The chemistry of molybdenum poiphyrin complexes has been dominated by high 

oxidation state species containing terminal oxo ligands.^ This stems in part from the lack of 

suitable starting materials for the synthesis of non-oxo containing derivatives. In general, 

insertion of molybdenum into a free base poiphyrin results in the isolation of a very stable 

molybdenum(V) poiphyrin complex of the fonnula (P0R)M0(0)X where X may be halide or 

alkoxide.^ It is from these molybdenum(V) precursors that virtually all molybdenum porphyrins, 

from oxidation states +2 to +6, have been derived. Recently, we reported a new synthetic route 

for the preparation of (TTP)MoCl2, a useful starting material for entiy into the lower-valent 

chemistry of molybdenum porphyrins.^ Most examples of molybdenum(IV) metalloporphyrins 

contain the veiy stable Mo=0 unit and are therefore quite unreactive. The exception is 

(TTP)MoCl2, which has been studied by Weiss as a precursor to the fonnally Mo(0) species 

(TTP)MO(NO)2, as well as to the Mo(II) species (TTP)Mo(PhCsCPh), (TTP)Mo(CO)2, 

(TTP)Mo(py)2, and (TTP)Mo(NO)(CH30H).'' (TTP)MoCl2 has also been utilized as a precursor 

to a molybdenum(IV) porphyrin diazo compound, (TTP)Mo(-N=NPh)2.' 

As an extension of our woik involving the synthesis and reactivity of early transition 
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metal potphyiin complexes, we have initiated a study of the preparation of terminal sulfido and 

selenido molybdenum(IV) poiphyrins. Prior to this woik, only tenninal sulfido and selenido 

complexes of titanium, vanadium, and tin poiphyrins have been isolated.^ 

Experimental 

General. Toluene, THF, benzene-d^, and hexanes for glovebox use were distilled from 

puiple sodium benzophenone ketyl solutions. CHjClj was distilled from CaHj. Dry solvents 

were subsequently degassed on a vacuum line (ICT' torr) with three successive fteeze-pump-thaw 

cycles. Neutral alumina was purchased from Fisher and was heated at 150 °C for 24 h prior to 

use. LijS and Cp2TiS5 were purchased from Aldrich and used without fiuther puriflcation. NajSe 

was purchased from Alfa and used without fiuther purification. Elemental sulfur was purchased 

from J.T. Baker and was sublimed prior to use. Elemental selenium was purchased from Alfa and 

was used without further purification. PPh} was purchased from Aldrich, reciystallized from 

hexanes, and dried under high vacuum at 50 °C for 12 h prior to use. (TTP)Mo(PhCsCPh) and 

(TTP)MoCl2 were prepared according to literature procedures.^*^ CrTP)Sn=S and (TTP)Sn=Se 

were prepared according to literature procedures.^ 

All manipulations were performed either in a Vacuum Atmospheres glovebox equipped 

with a Model M040H Dri-Train gas purifier or on a vacuum line using standard Schlenk 

techniques. UV-visible data were obtained using a Hewlett-Packard HP 8452A diode-array 

spectrophotometer. 'H NMR spectra were recorded on a Nicolet NT300 spectrometer or on a 

Varian VXR 300-MHz spectrometer. IR spectra were recorded from KBR pellets on a 

IBMSBruker IR-98 or on a BIO-RAD Digilab FTS-7 spectrometer. Elemental analyses were 
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obtained from Atlantic Microlabs, Norcross, Geoi:gia. 

Sulfido(5,10,15>20-tetratolyIporphyrinato)niolybdenuni(IV), 1. 

Method 1. From (TTP)Mo(PhC5CPh) and Sg. CrTP)MoCl2 (109 mg, 0.131 mmol), 

LiAlH4 (26 mg, 0.65 mmol), and PhOCPh (133 mg, 0.747 mmol) were stirred in a toluene/THF 

(25 mL/0.3 mL) solution at 40-50 "C for 45 minutes. The reaction mixture was then checked by 

UV-vis to verify the formation of (rrP)Mo(PhCECPh) by the appearance of bands at 428 (Soret) 

and 544 ran. After allowing the solution to cool to room temperature, the solvent was removed in 

vacuo. The residue was dissolved in toluene (20 mL) and filtered. The filtrate was reduced in 

volume to ca. 15 mL. Elemental sulfur (55 mg, 0.22 mmol) was added to the solution in ca. 10 

mL toluene. The reaction mixture was stirred at 50-60 °C for 30 minutes. After allowing the 

reaction mixture to cool to room temperature, the solvent was removed in vacuo. The residue 

was redissolved in CH2CI2 (15 mL) and the solution filtered. The filtrate was evaporated to 

diyness. Recrystallization from CH2Cl2/hexanes (1:4) produced a red/pmple solid (45 mg, 43% 

based on (TrP)MoCl2). UV-vis (toluene, nm): 438 (Soret), 556. 'H NMR (CgDs, 300 MHz, 

ppm): 9.27 (s, 8H, fi-H). 8.06 (d, 4H, -Cef/^CHj), 7.99 (d, 4H, -CgWi^CHa), 7.28 (m, 8H, -

Cgff^CHj), 2.41 (s, 12H, IR (KBr): Vm^ = 542 cm"'. MS {EI} Calcd. (found) m/e: 

798 (798) [M]^ Anal. Calcd. (found) for C48H3fiN4MoS: C, 72.16 (71.60); H, 4.55 (4.74); N, 

7.02 (6.87). 

Method 2. From (TTP)Mo(PhCsCPh) and CpjTiSj. (TTP)MoCl2 (91 mg, 

0.11 mmol), LiAlH4 (27 mg, 0.66 mmol), and PhOCPh (95 mg, 0.53 mmol) were stirred in a 

toluene (20 mL) solution at 50-60 °C for 24 hours. The reaction mixture was then checked by 

UV-vis to verify the formation of (rrP)Mo(PhOCPh). The reaction mixture was then filtered. 
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To the filtrate was added Cp^TiSs (68 mg, 0.20 mmol) in ca. 10 mL toluene. The reaction 

mixture was stirred at room temperature for 24 hours. The solvent was removed in vacuo. The 

residue was redissolved in a minimal amount of toluene (4 mL) and was placed on a 1 cm x 12 

cm basic alumina column. Using toluene as the eluent, an orange/red band was collected. The 

solvent was removed in vacuo and the product was recrystallized from toluene/hexanes (1:3). 

Filtration produced a purple microcrystalline solid (36 mg, 42% based on (TTP)MoCl2). The 'H 

NMR spectrum of the isolated product matched that obtained in Method 1. 

Method 3. From (TTP)MoCl2 and LijS. (TTP)MoCl2 (83 mg, 0.10 mmol) was stirred 

with l.i2S (12 mg, 0.26 mmol) in THF (20 mL) at 40-50 °C for 10 h. During this time the color 

of the solution changed fiom green to orange/brown. The solution was then cooled to room 

temperature and was subsequently evaporated to dryness. The residue was redissolved in a 

mhiimal amount of toluene (ca. 3 mL) and was placed on a 1 cm x 10 cm neutral alumina 

column. Using toluene as the eluent, the first band oif the column, an orange/red band was 

collected. Following removal of the solvent in vacuo, the product was redissolved in toluene (1.5 

mL), layered with ca. 6 mL hexanes, and cooled to -20 °C for 36 h. Filtration produced a 

red/puiple solid (15 mg, 19%). The 'H NMR spectrum of the isolated product matched that 

obtained in Method 1. 

Selenido(5,10,15^0-tetratolylporphyrinato)molybdenum(IV), 2. 

Method 1. From (TTP)MoCl2 and NajSe. (TrP)MoCl2 (81 mg, 0.10 mmol) was 

stirred with NajSe (20 mg, 0.16 mmol) in THF (20 mL) at 40-50 °C for 24 h. During this time 

the color of the solution changed from green to orange/browa The solution was cooled to room 

temperature and was subsequently evaporated to dryness. The residue was redissolved in a 
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minimal amomit of toluene (ca. S mL) and was placed on a 1 cm x 10 cm neutral alumina 

column. Using toluene as the eluent, an orange/red band was collected. Following removal of 

the solvent in vacuo, the crude product was redissolved in ca. 1 mL toluene, layered with ca. 6 

mL hexanes, and cooled to -20 "C for 2 h. Filtration produced a red/putple solid (14 mg, 17%). 

UV-vis (toluene, nm): 432 (Soret), 554. 'H NMR (CgDg, 300 MHz, ppm): 9.25 (s, 8H, p-//). 

8.03 (d, 4H, -Cfif/^CHj), 7.96 (d, 4H, -CsH^CHj), 7.27 (m, 8H, -CgW^CHj), 2.41 (s, 12H, -

CsHtCHj). m (KBr): Vm^ = 410 cm"'. MS {EI) Calcd. (found) m/e: 844 (844) [M]\ Anal. 

Calcd. (found) for C48H3fiN4MoSe: C, 68.08 (68.09); H, 4.29 (4.53); N, 6.62 (6.30). 

Method 2. From (TTP)Mo(PhCsCPh) and elemental selenium. (TTP)MoCl2 (111 

mg, 0.130 mmol), LiAlH4 (23 mg, 0.60 mmol), and (70.6 mg, 0.400 mmol) were 

stined in a toluene/THF (15 mL/0.2 mL) solution at 40-50 °C for 45 minutes. The reaction 

mixture was then checked by UV-vis to verify the formation of (TTP)Mo(PhOCPh). After 

allowing the solution to cool to room temperature, the solvent was removed in vacuo. The 

residue was dissolved in toluene (20 mL) and Altered. Elemental selenium (42 mg, 0.54 mmol) 

was added to the solution in ca. 5 mL toluene. The reaction mixture was stirred at 50-60 °C for 

48 h. After allowing the reaction mixture to cool to room temperature, the solvent was removed 

in vacuo. The reaction mixture was redissolved in a minimal amount of toluene (5 mL) and was 

placed on a 1 X 10 cm neutral alumina columa Using toluene as the eluent, an orange-red band 

was collected. The solvent was removed in vacuo and the product was redissolved in ca. 1 mL 

toluene. The solution was then layered with hexane (ca. 3 mL) and was stored at -20 °C for 1 h. 

Filtration produced a red solid (25 mg). 'H NMR indicated that a mixture of 

(TTP)Mo(PhOCPh) and (TrP)Mo=Se (8:1) had been isolated. 
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Treatment of (TTP)Mo(PhCHCPh) with (TTP)Sn=S. An NMR tube containing a CgDg 

solution of (TTP)Sn=S and (TTP)Mo(PhCsCPh) and sealed under nitrogen was monitored at 

ambient temperature over a 2 day period. 'H NMR spectra indicated that complete sulfur atom 

transfer occurred, giving (TTP)Sn(II), (TIP)Mo=S, and PhOCPh. 

Treatment of (TTP)Mo=S with (TTP)Sn(II) in the presence of PhC^CPh. An NMR 

tube containing a QDg solution of (TTP)Mo=S, (TTP)Sn(II), and excess PhOCPh and sealed 

under nitrogen was monitored at ambient temperature over a 48 h period. 'H NMR spectra 

indicated that no reaction occurred. 

Treatment of (TTP)Mo(PhC3CPh) with (TTP)Sn=Se. An NMR tube containing a 

QDg solution of (TTP)Sn=Se and (TTP)Mo(PhOCPh) and sealed under nitrogen was monitored 

at ambient temperature over a 2 day period. 'H NMR spectra indicated the formation of an 

equilibrium mixture. 

Equilibrium Measurements. Samples for equUibiium determinations were prepared in a 

glovebox by adding specific volumes of known-concentration stock solutions of (TTP)Mo=Se, 

(TTP)Sn(II), PhCsCPh, and an internal standard, triphenylmethane, into a 5-mm NMR tube 

attached to a ground glass joint. The solvent was removed luider reduced pressure. The tube was 

then attached to a high-vacuum stopcock and connected to a high-vacuum line. After adding 

benzene-^! by vacuum distillation, the tube was flame sealed. The equilibrium constants were 

determined using a Lorentzian curve fitting to obtain an integrated intensity for each of the p-

pyrrole signals associated with the poiphyrin species involved in the equilibrium. An integrated 

intensity was also obtained for the resonance associated with the o-protons of frce PhC^CPh. 

The samples were monitored in a temperature-controlled NMR probe until no iiuther change in 
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peak areas were observed. 

Bis-triphenylphosphino(5,10,15,20-tetratolylporphyrinato)inolybdenutn(II), 3. 

(TTP)Mo=S (39 mg, 0.05 mmol) was stirred with PPhs (63 mg, 0.24 mmol) in toluene (15 mL) at 

50-60 "C for 18 h. The solution was then cooled to room temperature and filtered, removing a 

green solid (14 mg). The filtrate was collected and the solvent was volume was reduced to ca. 8 

mL. The solution was then stirred for an additional 24 h at room temperature. Filtration 

produced an additional crop of a green solid (22 mg, overall yield: 48%). UV-vis (toluene): 390 

(Soret), 472, 490, 558, 582, 598. 'H NMR (Cfit, 300 MHz, ppm): 30.67 (br, 12H, o-H, PPhj), 

12.08 (br, 6H, p-H, PPhj), 11.50 (br, 12H, m-H, PPhj), 4.09 (br, 8H, 2.63 (br, 8H, -

CiHfiHj), -1.63 (br, 12H, -11.60 (br, 8H, fi-H)- Anal. Calcd. (found) for 

Cg4H66N4MoP2: C, 78.25 (78.00); H, 5.16 (5.37); N, 4.35 (4.16). 

Treatment of (TTP)Mo(PPh3)i with PhCsCPh. (TTP)Mo(PPh3)j (37 mg, 0.03 mmol) 

and niCMTh (11 mg, 0.06 mmol) were stirred in toluene at ambient temperature for 2 hours. 

The solvent was then removed in vacuo. Recrystallization of the product from toluene/hexane 

(1:4) produced a red solid (18 mg, 67%). 'H NMR spectroscopy indicated formation of 

(TTP)Mo(PhCsCPh). 'H NMR (QDe, 300 MHz, ppm): 8.99 (s, 8H, P-H). 8.04 (m, 8H, -

CfiH^CHs), 7.30 (m, 8H, -CgH^CHj), 6.54 (m, 6H, PhOCPh), 4.90 (d, 4H, o-H, 

PhCM^Ph), 2.39 (s, 12H, -CslifiHj). 

Treatment of (TTP)Mo(PhCBCPh) with 4-picoline. (TTP)MoCl2 (57 mg, 0.07 mmol), 

LiAlH4 (13 mg, 0.35 mmol), and PhCsCPh (37 mg, 0.21 mmol) were stirred in a toluene/THF 

mixture (15 mL/0.1 mL) for 1 h at ambient temperature. The reaction mixture was then checked 

by UV-vis to verity the foraiation of (TTP)Mo(PhOCPh). The solvent was then removed in 
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vacuo. The residue was redissolved in toluene (IS mL) and filtered. 4-picoline (ca. 0.2 mL) was 

added to the filtrate. The reaction mixture was stirred at ambient temperature for 36 h. Over this 

time, the solution color gradually changed firom the orange/red of the m-alkyne complex to the 

green/brown color of the bispicoline derivative. Filtration of the solution resulted in the isolation 

of a puiple solid (21.0 mg, 33% based on (TTP)MoCl2). UV-vis (toluene): 380 (Soret), 418, 

470, 558, 652. 'H NMR (CfiDg, 300 MHz, ppm): 47.47 (br, 4H, o-ff, picoline); 33.63 (br, 4H, 

m-H, picoline); 7.15 (br, 6H, p-CHj, picoline); 5.52 (br, 8H, 2.76 (br, 8H, -Q//4CH3); 

-0.15 (br, 8H, p-W); -1.59 (br, 12H, -CeH^CHj). Anal. Calcd. (found) for CgoHjoNgMo: C, 75.61 

(74.86); H, 5.29 (5.26); N, 8.82 (8.54). 

X-Ray Crystal Structure Determination of (TTP)Mo=S. Crystals of 

(TTP)Mo=S*1.5(C6Hfi) suitable for single-crystal X-ray diffraction were grown by layering a 

benzene solution of (TTP)Mo=S with hexane. A puiple crystal (0.40 x 0.25 x 0.25 mm) was 

attached to the tip of a glass fiber and mounted on a Siemens P4/RA diffiractometer for data 

collection at 223 ± 1 K using Cu Ka radiation (A, = 1.54178 A). High-angle cell constants were 

detennined iinom a subset of intense reflections in the range of 35.0 to 50.0° 26. Lorentz and 

polarization corrections were applied. A nonlinear correction based on the decay in the standard 

reflections was applied to the data. A series of azimuthal reflections was collected. A semi-

empirical absorption correction based on the azimuthal scans was applied to the data. 

The space group PI was chosen based on the lack of systematic absences and intensity 

statistics. This assumption proved to be correct by a successful direct-methods solution and 

subsequent refinement. All non-hydrogen atoms were placed directly from the E-map. All non-

hydrogen atoms were refined with anisotropic thermal parameters. Hydrogen atoms were refined 
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as riding atoms with C-H distances of 0.96 A with individual isotropic thennal parameters except 

in the case of the tolyl methyl groups and benzenes which were refined with common isotropic 

parameters. One of the benzene solvates is located on a general site while the other (half) 

molecule is centered at the origin. 

Data collection and stmcture solution were carried out at the Iowa State University 

Molecular Structure Laboratory. Refinement calculations were performed on a Digital Equipment 

MicroVAX 3100 computer using the SHELXTL-PLUS programs.^ 

Results 

Synthesis of sulfide and selenido Mo(iy) porphyrin complexes. A tenninal sulfido 

Mo(IV) poiphyrin complex, (TTP)Mo=S, may be prepared from either Mo(II) or Mo(rV) 

precursors. As illustrated in reactions 1 and 2, treatment of a Mo(n) ti^-diphenylacetylene 

complex with either elemental suliur or Cp2TiS5 in toluene results in the formation of 

(TTP)Mo=S, 1, in 40-45% yield. The sulfido complex exhibits a 'H NMR spectrum typical of a 

diamagnetic porphyrin complex with a p-pyrrole proton singlet at 9.27 ppm and a toIyl-CH, 

singlet at 2.41 ppm in benzene-^;. In the IR, the Mo=S stretch is observed as a medium intensity 

band at 542 cm''. The electronic absoiption spectrum of 1 in toluene contains an intense Soret 

(TTP)Mo(PhCM:Ph) + 1/8 Sg —> (TTP)Mo=S + PhOCPh 

(TTP)Mo(PhCsCPh) + CrTISj (TrP)Mo=S + PhCsCPh 

(1) 

(2) 
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band at 438 nm with an additional band at 556 nm. Donor ligands such as THF do not appear to 

bind to the empty coordination site trans to the sulfido ligand; the complex exhibits the same UV-

vis spectrum in pure toluene and in toluene/THF mixtures. 

Treatment of (TTP)MoCl2 with LijS in THF also results in fonnation of (TTP)Mo=S (eq 

3). The yield from this reaction is low due to contamination with (TTP)Mo=0. The fonnation of 

the terminal oxo complex is probably the result of the reaction of either the starting material, 

(TTP)MoCl2 + LijS —> CrTP)Mo=S + 2 LiCl (3) 

(rrP)MoCl2, or (TTP)Mo=S with water which we have been unable to eliminate from the Li^S. 

However, separation of the terminal oxo and sulfido complexes is quite simple using a neutral 

alumina column with toluene as the eluent. The sulfido complex moves quickly down the column 

whereas the terminal oxo species moves veiy slowly and requires a more polar solvent such as 

THF to be eluted. 

Similar to the preparation of (TTP)Mo=S, a terminal selenido molybdenum(rV) porphyrin, 

(TTP)Mo=Se, 2, may be prepared firom cnP)MoCl2 and NajSe (eq 4). Again, contamination 

with (TTP)Mo=0 requires purification of the product by column chromatography and results in a 

relatively low yield. The ^H NMR spectrum of 2 is typical of a diamagnetic poiphyrin complex 

(TTP)MoCl2 + NaiSe —> (TTP)Mo=Se + 2 NaCl (4) 
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with a P-pyirolic proton singlet at 9.25 ppm. The Mo=Se stretch is observed as a medium 

intensity band at 410 cm''. The electronic absoiption spectrum in toluene of the temiinal selenide 

complex has an intense Soret band at 432 nm with an additional band at 554 nm. 

Attempts to prepare the terminal selenido complex from (TTP)Mo(PhOCPh) and 

elemental selenium (eq 5) resulted in the isolation of a mixture of (TTP)Mo(PhOCPh) and 

(TTP)Mo=Se (8:1) despite extended heating and reaction times. 

(TTP)Mo(PhOCPh) + Se —> (TTP)Mo=Se + PhOCPh (5) 

X-ray structure of (TTP)Mo=S. The molecular structure of 1 was detenmuied by single-

ciystal X-ray diffraction. The molecular structure and atom numbering scheme are shown in 

Figure 1. Ciystallographic data for the stmcture determination, atomic positional parameters, and 

selected bond distances and angles are listed in Appendix A. 

Complex 1 crystallizes in the space group pT with 2 molecules per unit cell. The Mo-N 

distances vaiy from 2.093(2) to 2.113(2) A and are typical of those observed for other 

molybdenum porphyrins.^-' The Mo-S distance of 2.100(1) A is similar to that reported for a 

number of complexes containing the Mo=S moiety.'" The molybdenum ion is displaced from the 

mean poiphyrin plane 0.65 A toward the S ligand. A slight doming of the porphyrin ligand was 

observed. The structure of (TTP)Mo=S is veiy similar to the previously reported structure of 

(TTP)Mo=0 " 

Intermetal atom transfer reactions. Treatment of (TTP)Mo(PhCsCPh) with (TTP)Sn=S 

in benzene-4s results in spectral changes consistent with the complete transfer of a terminally 



Figure 1. Molecular structure and atom numbering scheme for (TTP)Mo=S«1.5(C|5Hfi). 
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bound sulfur ligand between two metal complexes as shown in eq 6. For example, new P-

pyrrolic proton resonances appear, signifying the formation of (TTP)Mo=S (9.27 ppm) and 

(nP)Sn(n) (9.19 ppm). The P-pyrrolic proton signals for (TTP)Mo(PhCECPh) (8.99 ppm) and 

(TTP)Sn=S (9.14 ppm) disappear, indicating that eq 6 is not an equilibrium process. Treatment 

(TTP)Mo(PhOCPh) + (TTP)Sn=S —> (TTP)Mo=S + (TTP)Sn(II) + PhOCPh (6) 

(TrP)Mo=S + (TTP)Sn(II) + PhOCPh —> NR (7) 

(TTP)Mo(PhC^Ph) + (TrP)Sn=Se (TTP)Mo=Se + (TrP)Sn(n) + PhOCPh (8) 

of CrTP)Mo=S with (TTP)Sn(II) in the presence of PhCsCPh (eq 7) results in no reaction. 

However, reversible selenium atom transfer occurs on treatment of (TTP)Mo(PhOCPh) with 

(TTP)Sn=Se in benzene-^; as shown in eq 8. For example, very small new p-pyrrolic proton 

resonances ^pear for (TrP)Mo=Se (9.2S ppm) and (TTP)Sn(n) (9.19 ppm) while signals 

associated with the P-pyrrolic protons of (TTP)Mo(PhOCPh) (8.99 ppm) and (TTP)Sn=Se (9.16 

ppm) diminish only slightly, indicating an equilibrium that lies largely toward the reactants. The 

equilibrium constant for eq 8 was derived from the reverse reaction obtained by treatment of 

(TTP)Mo=Se with (TTP)Sn(II) in the presence of PhOCPh. At 25 °C, K = 2.21 x 10"' ± 3.75 x 

10^ as determined by integration of the P-pyrrolic resonances for each of the poiphyrin species 

involved in the equilibrium as well as the signal associated with the o-protons of free PhC^CPh. 

Atom transfer reactions involving PPh,. Treatment of (TrP)Mo=S or (TTP)Mo=Se 
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with an excess of PPha (eq 9) in toluene results in the formation of Ph3P=S or Ph3P=Se and a new 

poiphyrin complex, (TTP)Mo(PPh3)2. In the case of sulfur atom transfer, this reduction occurs 

over the course of hours with mild heating (50-60 °C) of the toluene solution. For selenium atom 

transfer finom molybdenum to PPhj, the transfer occurs over the course of minutes at ambient 

temperature. Once formed, the bis-phosphine complex precipitates from the toluene 

(TTP)Mo=X +3PPh3 —> (TTP)Mo(PPh3)2 + Ph3P=X (9) 

X = S or Se 

solution and is easily isolated by filtration. The 'H NMR spectrum of (TTP)Mo(PPh3)2 indicates 

that the Mo(n) porphyrin complex is paramagnetic, with resonances distributed over a 40-ppm 

range from -11 ppm to 31 ppm. Despite the paramagnetism of the bis-phosphhie species, sharp 

NMR signals are still observed and integration of the resonances indicates that two axial ligands 

are present. Furthermore, the /ran^-geometry of the complex is clearly evident from the AB 

multiplet pattern exhibited by the o- and m-protons of the tolyl substituents. Signals associated 

with the axially coordinated phosphine ligands are shifted dramatically downfield, with the o-

protons of phenyl rings appearing at nearly 31 ppm. The m- and p-resonances are shifted to 

12.08 and 11.50 ppm respectively. The poiphyrin resonances are instead shifted dramatically 

uplield, with the p-pyrrole resonance being found at -11.60 ppm. A signal for the bound PPh3 

ligands was not observed in the '̂P spectrum over a window of ± 1000 ppm. The electronic 

absorption spectrum of (TrP)Mo(PPh3)2 is dramatically different than bodi the sulfido and 

selenido complexes with the Soret band shifted over 30 nm to 390 nm. 
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Ligand replacement reactions. Reduction of either the tenninal sulfido or selenido 

complex by PPha in the presence of diphenylacetylene, results in the formation of exclusively the 

Mo(n) 7C-alkyne complex (eq 10). In an independent experiment, treatment of (TTP)Mo(PPh3)2 

with excess PhOCPh (eq 11) resulted in the rapid displacement of the phosphine ligands to 

produce (TTP)Mo(PhOCPh) and free PPhj. For example, addition of diphenylacetylene to an 

NMR tube containing (rrP)Mo(PPh3)2 in benzene-^; results in a color change within seconds 

from die green of the bis-phosphine species to the orange/red of the n-alkyne complex which is 

easily distinguished by its 'H NMR resonances. Displacement of the alkyne ligand from the 

molybdenum center results when CrTP)Mo(PhOCPh) is treated with 4-picoline (eq 12). In the 

'H NMR spectrum of this reaction mixture, signals associated with the alkyne complex diss^pear 

while signals for fiee diphenylacetylene and a new molybdenum poiphyrin complex appear. This 

displacement reaction occurs over the course of hours at ambient temperature. The new 

(TTP)Mo=X + PPhj + PhCsCPh —> (TTP)Mo(PhCsCPh) + Ph3P=X (10) 

X = S or Se 

(TTP)Mo(PPh3)2 + PhCsCPh (TTP)Mo(PhCsCPh) + 2 PPhj (11) 

(TTP)Mo(PhOCPh) + 4-picoline —^ (TTP)Mo(4-picoline)2 + PhCsCPh (12) 
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substitution product, a bis-picoline complex ((TTP)Mo(NCsH4CH3)2), is paramagnetic as indicated 

by the broad chemical shift range in the 'H NMR spectrum. For example, signals associated with 

the bound picoline ligands are shifted signiHcantly downfield to 47.S and 33.8 ppm in benzene-d^. 

Similar to the bis-phosphine complex, the signals associated with the poiphyiin ring ars shifted 

significantly upfield, with the signal c^pearing at -O.IS ppm. 

Discussion 

The first terminal sulfido and selenido molybdenum porphyrin complexes have been 

isolated and characterized. The termhial chalcogenides may be prepared by a number of synthetic 

routes involving either Mo(n) or Mo(IV) precursors. The tenninal sulfido and selenido 

complexes are diamagnetic, similar to the terminal oxo complex.'"* In the 'H NMR spectrum, the 

P-// resonance for (TTP)Mo=S in benzene-t/j is found at 9.27 ppm, shifted only slightly 

downfield of its position in (TTP)Mo=0 (9.26 ppm). For the selenido derivative, the 

resonance is shifted slightly upfield, appearing at 9.25 ppm. The remaining resonances in the 'H 

NMR of all three chalcogenide complexes are at virtually the same chemical shift in benzene-d^j. 

Although these molybdenum porphyrin chalcogenide complexes have very similar 'H 

NMR properties, noticeable differences are exhibited for the Mo=X stretching frequencies. In the 

0X0 complex, the Mo=0 stretch appears near 980 cm'*. However, for the sulfido analog, a new 

band of medium intensity is present at 542 cm'*, which has been assigned as the Mo=S stretch. 

This assignment compares well with other complexes containing the Mo=S moiety. For example, 

in {HB(Me2pz)3lMoS(S2CNEtj) the Mo=S stretch is found at 512 cm'* and in [MoS(S4)2]^" the 

same stretch is found at 525 cm'*.''" Similarly, for the selenido complex a new band of medium 
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intensity at 410 cm"' has been assigned as the Mo=Se stretch. This assignment falls between the 

values found for (TTP)V=Se (439 cm"') and (TTP)Ti=Se (465 cm"'), and a value reported for 

Cp*Nb(=NAr)(Se)(PMe3) (335 cm"').®^®-" 

Electronic absorption spectra of the terminal chalcogenides differ only slightly, with the 

largest difference exhibited in the position of the Soret band in the oxo and selenido derivatives 

versus the sulfido complex. For the tennhial oxo and selenido species, the Soret band appears at 

432 nm in toluene while in (TTP)Mo=S, the Soret band is shifted to 438 nm. Addition of THF 

to a toluene solution of (TrP)Mo=X (X = S or Se) produces no change in position or intensity of 

the absorption maxima, indicating that THF does not appear to bind to the position trans to the 

chalcogenide. 

(TTP)Mo=S is the first metalloporphyrin complex to be structurally characterized which 

contains a heavier Group 16 element as a terminal ligand. The Mo-S bond length is similar to 

those in other structurally characterized terminal sulfido molybdenum complexes.' 

The molybdenum sulfido porphyrin complex may also be generated by an intermetal atom 

transfer reaction involving transfer of a terminally bound sulfitr ligand from a tin poiphyrin, 

(TTP)Sn=S, to a low-valent molybdenum porphyrin, (TTP)Mo(PhOCPh). In contrast to the 

irreversible transfer observed for sulfw, the analgous reaction between (TTP)Sn=Se and 

(TTP)Mo(PhOCPh) produces an equilibrium which largely favors the fonnation of (TTP)Sn=Se. 

In contrast to the relative inertness of the Mo=0 fragment, the heavier chalcogenide 

poiphyrin complexes readily undergo reduction with PPhj to produce a paramagnetic bis-

phosphine complex, (TTP)Mo(PPh3)2, and the corresponding phosphine chalcogenide. As shown 

in eq 13, CTTP)Mo=0 cannot be reduced by PPhj, presumably due to the very strong Mo=0 



(nP)Mo=0 + PPhs —^ No reaction (13) 

bond. The rate of atom transfer from molybdenum to phosphorus qualitatively increases on 

descending the chalcogenides. For example, treatment of (TTP)Mo=S with an excess of PPhj in 

QDg in an NMR tube at ambient temperature requires hours for the reduction to go to 

completion, whereas the same experiment utilizing (TTP)Mo=Se requires only minutes to reach 

completion. A similar trend has been observed in reactions involving intennetal sulilir and 

selenium atom transfer reactions between tin poiphyrins.^ In this case, the relative rate of 

selenium versus sulfur atom transfer at 30 °C was 218:1. 

The molybdenum bis-phosphine complex is analogous to (OEP)Re(PMe3)2 and 

(OEP)W(PEt3)2 which were prepared as precursors to the coiresponding metallopoiphyrin 

dimers." CITP)Mo(PPh3)2 is paramagnetic as evidenced by its broad chemical shift range in the 

'H NMR. Despite is paramagnetic nature, sharp signals were observed in the 'H NMR. 

The phosphine ligands of (TTP)Mo(PRi3)2 are readily displaced upon addition of 

diphenylacetylene to give (TTP)Mo(PhCECPh) and free PPhj. The alkyne may be displaced by 

addition of 4-picoline to give the bis-picoline derivative (TTP)Mo(4-picoline)2. The analogous 

/rfl«5-(TTP)Mo(pyridine)2 has been prepared and stracturally characterized.^ Therefore, the order 

of ligand preference for Mo(II) poiphyrins is: PPhj < PhCsCPh < 4-picoline. The lability of 

the phosphine ligands in (TTP)Mo(PPh3)2 makes this an attractive complex for studying the 

reaction chemistiy of the Mo(II) center. 
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Conclusions 

Multiple bonding between the transition metals and the heavier main group elements has 

been the focus of a number of recent studies." Interest in these derivatives stems from the 

limited number of known examples containing multiple bonds to N, P, S, Se, and Te.'̂  As 

reported here, (TTP)Mo=S and (TTP)Mo=Se exhibit a rich chemistry unique to the metal-ligand 

multiple bonds of the heavier members of Group 16. In particular, reduction of the terminal 

chalcogenides represents a new synthetic route for the preparation of low-valent molybdenum 

porphyrins. Further studies of the synthesis and reactivity of low-valent early transition metal 

poiphyrins are underway. 
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APPENDIX A 

Table I. Structure determination summary 

Crystal Data 

Empirical Formula 

Color, Habit 

Ciystal Size (mm) 

Crystal System 

Space Group 

Unit Cell Dimensions 

Volume 

Z 

Fomiula Weight 

Density (calc.) 

Absorption Coefficient 

F(000) 

Cj7 H45 Mo N4 S 

Purple, triclinic 

0.40 X 0.25 X 0.25 

Triclinic 

PT 

a = 12.735(2) A 

b = 13.521(2) A 

c = 13.920(2) A 

a =74.76(2)° 

p = 78.95(2)° 

7=80.85(2)° 

2253.9(4) A 

2 

914.0 

1.347 Mg/m^ 

3.143 mm"' 

946 
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Table I. (continued) 

Data Collection 

Difiiractometer Used 

Radiation 

Tbmperature (K) 

Monochromator 

26 Range 

Scan Type 

Scan Speed 

Scan Range (o) 

Background Measurement 

Standard Reflections 

Index Ranges 

Reflections Collected 

Independent Reflections 

Observed Reflections 

Absorption Correction 

Min./Max. Transmission 

Siemens P4RA 

CuKa (X = 1.54178 A) 

223 

Highly-oriented graphite crystal 

4.0 to 115.0° 

2 0 - 0  

Variable: 8.0 to 24.07min. in to 

1.00° plus Ka-separadon 

Stationary crystal and stationary 
counter at beginning and end of 
scan, each for 25.0% of total scan 
time 

3 measured eveiy 97 reflections 

-13 S h ^ 0, -14 ^ k ^ 14 
-15 ^ 1 ^ 14 

6376 

6047 (Ri„, = 1.13%) 

5532 (F ^ 6.0 O (F)) 

Semi-empirical 

0.6686 / 0.8504 
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Solution and Refinement 

System Used Siemens SHELXTL-Plus (VMS) 

Solution Direct Methods 

Refinement Method Full-Matrix Least-Squares 

Quantity Minimized 2 w(F„ - F^^ 

Absolute Structure N/A 

Extinction Correction X = 0.0016(2), where F* = F^tl + 
0.002 X F®/sin(20)r"* 

Hydrogen Atoms Riding model, fixed isotropic U 

Weighting Scheme W-' = o2(F) + 0.0003 F^ 

Parameters Refined 599 

Final R Indices (obs. data) R = 2.86%, wR = 4.14% 

R Indices (all data) R = 3.10%, wR = 4.19% 

Goodness-of-Fit 2.02 

Laigest and Mean A/o 0.012, 0.001 

Data-to-Parameter Ratio 9.2:1 

Laigest Difference Peak 0.36 e/A"^ 

Laigest Difference Hole -0.49 e/A"' 
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Table n. Atomic coordinates (xlO^) and equivalent isotropic displacement coefficients (A^ x 10^) 

X y z U(eq) 

Mo 4997(1) 3005(1) 4074(1) 22(1) 

S 4046(1) 2469(1) 3284(1) 37(1) 

N(l) 4027(2) 3087(2) 5460(2) 26(1) 

N(2) 5883(2) 1734(2) 4929(2) 28(1) 

N(3) 6479(2) 3227(2) 3115(2) 27(1) 

N(4) 4654(2) 4613(2) 3678(2) 26(1) 

C(l) 3134(2) 3817(2) 5559(2) 26(1) 

C(2) 2384(2) 3405(2) 6423(2) 30(1) 

C(3) 2832(2) 2464(2) 6878(2) 30(1) 

C(4) 3861(2) 2262(2) 6287(2) 28(1) 

C(5) 4572(2) 1376(2) 6507(2) 27(1) 

C(6) 5530(2) 1148(2) 5886(2) 30(1) 

C(7) 6293(2) 258(2) 6131(2) 39(1) 

C(8) 7100(2) 294(2) 5335(2) 39(1) 

C(9) 6855(2) 1214(2) 4585(2) 31(1) 

C(10) 7519(2) 1531(2) 3666(2) 28(1) 

C(ll) 7337(2) 2471(2) 2976(2) 28(1) 

C(12) 7990(2) 2814(2) 2027(2) 33(1) 

C(13) 7559(2) 3776(2) 1593(2) 33(1) 

C(14) 6634(2) 4050(2) 2273(2) 29(1) 
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X y z U(eq) 

C(15) 6015(2) 5012(2) 2149(2) 27(1) 

C(16) 5133(2) 5286(2) 2832(2) 28(1) 

C(17) 4559(2) 6299(2) 2758(2) 32(1) 

C(18) 3728(2) 6238(2) 3528(2) 32(1) 

C(19) 3768(2) 5188(2) 4097(2) 27(1) 

C(20) 3005(2) 4801(2) 4925(2) 26(1) 

C(51) 4303(2) 610(2) 7501(2) 28(1) 

C(52) 4156(2) -392(2) 7525(2) 32(1) 

C(53) 3908(2) -1091(2) 8447(2) 37(1) 

C(54) 3797(2) -803(2) 9346(2) 40(1) 

C(55) 3949(3) 201(2) 9310(2) 41(1) 

C(56) 4199(2) 895(2) 8394(2) 34(1) 

C(57) 3509(3) -1550(3) 10350(3) 65(2) 

C(lOl) 8522(2) 820(2) 3450(2) 30(1) 

C(102) 8471(3) •132(3) 3294(3) 49(1) 

C(103) 9405(3) -803(3) 3141(3) 55(2) 

C(104) 10404(3) -533(2) 3133(3) 41(1) 

C(105) 10448(3) 411(3) 3297(3) 51(1) 

C(106) 9518(3) 1080(2) 3455(3) 48(1) 

C(107) 11417(3) -1255(3) 2955(4) 70(2) 
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Table II. (continued) 

X 

C(151) 6341(2) 

C(152) 5724(3) 

C(153) 5998(3) 

C(154) 6889(3) 

C(155) 7506(3) 

C(156) 7242(3) 

C(157) 7182(3) 

C(201) 1972(2) 

C(202) 1301(2) 

C(203) 303(2) 

C(204) -51(2) 

C(205) 621(3) 

C(206) 1625(2) 

C(207) -1157(3) 

C(31) 434(8) 

C(32) 1315(11) 

C(33) 2148(6) 

C(34) 2040(6) 

C(35) 1182(6) 

y z U(eq) 

5836(2) 1224(2) 30(1) 

6141(3) 457(2) 42(1) 

6929(3) -384(2) 44(1) 

7426(2) -471(2) 38(1) 

7110(2) 289(2) 41(1) 

6318(2) 1125(2) 36(1) 

8288(3) -1389(3) 59(2) 

5467(2) 5121(2) 27(1) 

5771(2) 4397(2) 35(1) 

6335(2) 4583(3) 39(1) 

6597(2) 5494(3) 39(1) 

6289(2) 6218(3) 41(1) 

5740(2) 6033(2) 34(1) 

7179(3) 5703(3) 64(2) 

5284(8) 1175(6) 141(5) 

4630(5) 1413(7) 167(5) 

5050(8) 1624(5) 146(4) 

6054(7) 1571(4) 116(4) 

6631(5) 1317(5) 114(3) 
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Table n. (continued) 

X y z U(eq) 

C(36) 371(6) 6264(7) 1137(6) 135(4) 

C(41) 9026(3) -340(4) 101(4) 80(2) 

C(42) 9123(4) 398(4) 560(4) 84(2) 

C(43) 10106(4) 735(4) 463(4) 89(2) 

* Equivalent isotropic U defined as one tliird of the trace of the orthogonalized Uy tensor. 
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Table m. Bond lengths (A) 

Mo-S 2.100 (1) 

Mo-N(l) 2.101 (2) 

Mo-N(2) 2.113 (2) 

Mo-N(3) 2.106 (2) 

Mo-N(4) 2.093 (2) 

N(1)-C{1) 1.393 (3) 

N(1)-C(4) 1.386 (3) 

N(2)-C(6) 1.391 (3) 

N(2)-C(9) 1.388 (3) 

N(3)-C(ll) 1.394 (3) 

N(3)-C(14) 1.395 (3) 

N(4)-C(16) 1.388 (3) 

N(4)-C(19) 1.388 (3) 

C(l)-C(2) 1.431 (4) 

C(l)-C(20) 1.395 (3) 

C(2)-C(3) 1.352 (4) 

C(3)-C(4) 1.435 (4) 

C(4)-C(5) 1.385 (4) 

C(5)-C(6) 1.396 (4) 

C(5)-C(51) 1.510 (3) 

C(6)-C(7) 1.430 (4) 

C(7)-C(8) 1.356 (4) 

C(8)-C(9) 1.433 (4) 

C(9)-C(10) 1.396 (4) 

C(10)-C(ll) 1.394 (3) 

C(10)-C(101) 1.503 (4) 

C(ll)-C(12) 1.425 (4) 

C(12)-C(13) 1.358 (4) 

C(13)-C(14) 1.428 (4) 

C(14)-C(15) 1.397 (4) 

C(15)-C(16) 1.395 (4) 

C(15)-C(151) 1.503 (3) 

C(20)-C(201) 1.494 (4) 

C(16)-C(17) 1.434 (4) 

C(17)-C(18) 1.350 (4) 

C(18)-C(19) 1.431 (4) 

C(19)-C(20) 1.400 (3) 

C(51)-C(52) 1.387 (4) 

C(51)-C(56) 1.372 (5) 

C(52)-C(53) 1.393 (4) 
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Table m. (continued) 

C(53)-C(54) 1.383 (5) C(154)-C(155) 1.375 (5) 

C(54)-C(55) 1.388 (5) C(154).C(157) 1.518 (4) 

C(54)-C(57) 1.513 (4) C(155)-C(156) 1.388 (4) 

C(55)-C(56) 1.385 (4) C(201)-C(202) 1.383 (4) 

C(101)-C(102) 1.373 (5) C(201)-C(206) 1.386 (4) 

C(101)-C(106) 1.372 (5) C(202)-C(203) 1.391 (4) 

C(102)-C(103) 1.394 (5) C(203)-C(204) 1.381 (5) 

C(103)-C(104) 1.376 (5) C(204)-C(205) 1.385 (5) 

C(104)-C(105) 1.366 (5) C(204)-C(207) 1.516 (5) 

C(104)-C(107) 1.510 (5) C(205)-C(206) 1.387 (4) 

C(105)-C(106) 1.390 (4) C(31)-C(32) 1.351 (15) 

C(151)-C(152) 1.384 (5) C(31)-C(36) 1.3(G (15) 

C(151)-C(156) 1.374 (5) C(32)-C(33) 1.390 (16) 

C(152)-C(153) 1.389 (4) C(33)-C(34) 1.325 (14) 

C(153)-C(154) 1.379 (5) C(34)-C(35) 1.288 (10) 

C(35)-C(36) 1.305 (12) C(41)-C(42) 1.351 (8) 

C(41)-C(43A) 1.351 (7) C(42)-C(43) 1.369 (7) 

C(43)-C(41A) 1.351 (7) 
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S-Mo-N(l) 105.4(1) Mo-N(l)-C(l) 123.5(2) 

S-Mo-N(2) 109.4(1) Mo-N(l)-C(4) 125.5(2) 

N(l)-Mo-N(2) 85.3(1) C(l)-N(l)-C(4) 106.0(2) 

S-Mo-N(3) 106.2(1) Mo-N(2)-C(6) 126.7(2) 

N(l)-Mo-N(3) 148.5(1) Mo-N(2)-C(9) 126.5(2) 

N(2)-Mo-N(3) 84.8(1) C(6)-N(2).C(9) 106.0(2) 

S-Mo-N(4) 104.6(1) Mo-N(3)-C(ll) 126.7(2) 

N(l)-Mo-N(4) 85.6(1) Mo-N(3)-C(14) 124.3(2) 

N(2)-Mo-N(4) 146.0(1) C(ll)-N(3)-C(14) 105.8(2) 

N(3)-Mo-N(4) 86.1(1) Mo-N(4)-C(16) 126.8(2) 

Mo-N(4)-C(19) 126.0(2) C(4)-C(5)-C(6) 124.7(2) 

C(16)-N(4)-C(19) 106.1(2) C(4)-C(5)-C(51) 117.6(2) 

N(l)-C(l)-C(2) 109.3(2) C(6)-C(5)-C(51) 117.6(2) 

N(l)-C(l)-C(20) 125.2(2) N(2)-C(6)-C(5) 125.6(2) 

C(2)-C(l)-C(20) 125.6(2) N(2)-C(6)-C(7) 109.4(2) 

C(l)-C(2)-C(3) 107.7(2) C(5)-C(6)-C(7) 124.9(2) 

C(2)-C(3)-C(4) 107.5(2) C(6)-C(7)-C(8) 107.7(2) 

N(l)-C(4)-C(3) 109.4(2) C(7)-C(8)-C(9) 107.4(2) 

N(l)-C(4)-C(5) 125.4(2) N(2)-C(9)-C(8) 109.5(2) 

C(3)-C(4)-C(5) 125.2(2) N(2)-C(9)-C(10) 126.4(2) 
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Table IV. (continued) 

C(8)-C(9)-C(10) 124.1(2) C(18)-C(19)-C(20) 124.9(2) 

C(9)-C(10)-C(ll) 124.4(2) C(l)-C(20)-C(19) 124.1(2) 

C(9)-C(10)-C(101) 116.6(2) C(l)-C(20)-C(201) 117.8(2) 

C(ll)-C(10)-C(101) 119.0(2) C(19)-C(20)-C(201) 118.1(2) 

N(3)-C(ll)-C(10) 124.7(2) C(5)-C(51)-C(52) 120.5(3) 

N(3)-C(ll)-C(12) 109.4(2) C(5)-C(51)-C(56) 120.5(3) 

C(10)-C(ll)-C(12) 125.9(2) C(52)-C(51)-C(56) 119.0(2) 

C(ll)-C(12)-C(13) 107.9(2) C(51)-C(52)-C(53) 120.0(3) 

C(12)-C(13)-C(14) 107.4(2) C(52)-C(53)-C(54) 121.1(3) 

N(3)-C(14)-C(13) 109.4(2) C(53)-C(54)-C(55) 118.3(3) 

N(3)-C(14)-C(15) 124.9(2) C(53)-C(54)-C(57) 121.5(3) 

C(13)-C(14)-C(15) 25.5(2) C(55)-C(54)-C(57) 120.2(3) 

C(14)-C(15)-C(16) 125.3(2) C(54)-C(55)-C(56) 120.6(3) 

C(14)-C(15)-C(151) 117.8(2) C(51)-C(56)-C(55) 121.1(3) 

C(16)-C(15)-C(151) 116.8(2) C(10)-C(101)-C(102) 121.4(3) 

N(4)-C(16)-C(15) 125.2(2) C(10)-C(101)-C(106) 120.8(3) 

N(4)-C(16)-C(17) 109.2(2) C(102)-C(101)-C(106) 117.6(3) 

C(15)-C(16)-C(17) 125.6(2) C(101)-C(102)-C(103) 120.8(3) 

C(16)-C(17)-C(18) 107.7(2) C(102)-C(103)-C(104) 121.3(4) 

C(17)-C(18)-C(19) 107.6(2) C(103)-C(104)-C(105) 117.6(3) 
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Table IV. (continued) 

N(4)-C(19)-C(18) 109.4(2) C(103)-C(104)-C(107) 121.3(3) 

N(4)-C(19)-C(20) 125.6(2) C(105)-C(104)-C(107) 121.1(3) 

C(104)-C(105)-C(106) 121.2(3) C(204)-C(205)-C(206) 121.2(3) 

C(101)-C(106)-C(105) 121.4(3) C(201)-C(206)-C(205) 120.6(3) 

C(15)-C(151)-C(152) 120.4(3) C(32)-C(31)-C(36) 121.5(10) 

C(15)-C(151)-C(156) 121.2(3) C(31)-C(32)-C(33) 116.9(8) 

C(152)-C(151)-C(156) 118.4(2) C(32)-C(33)-C(34) 118.9(7) 

C(151)-C(152)-C(153) 120.8(3) C(33)-C(34)-C(35) 120.5(8) 

C(152)-C(153)-C(154) 120.8(3) C(34)-C(35)-C(36) 122.6(8) 

C(153)-C(154)-C(155) 118.1(3) C(31)-C(36)-C(35) 119.6(8) 

C(153)-C(154)-C(157) 120.5(3) C(42)-C(41)-C(43A) 120.0(5) 

C(155)-C(154)-C(157) 121.3(3) C(41)-C(42)-C(43) 119.9(5) 

C(154)-C(155)-C(156) 121.4(3) C(42)-C(43)-C(41A) 120.1(6) 

C(151)-C(156)-C(155) 120.6(3) C(201)-C(202)-C(203) 120.7(3) 

C(20)-C(201)-C(202) 119.3(3) C(202)-C(203)-C(204) 121,1(3) 

C(20)-C(201)-C(206) 122.2(3) C(203)-C(204)-C(205) 118.0(3) 

C(202)-C(201)-C(206) 118.4(3) C(203)-C(204)-C(207) 120.7(3) 

C(205)-C(204)-C(207) 121.2(3) 
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CHAPTER 6; EARLY TRANSITION METAL nvfflX) COMPLEXES; 

A LITERATURE REVIEW 

Group IV imido complexes and C-H bond activation 

Group IV metal imido complexes have been the focus of recent research elforts due to 

their involvement in intriguing alkane and arene activations, 2 + 2 cycloadditions, and the 

catalytic amination of alkynes. This following section will highlight aspects of this chemistiy. 

Until 1988, there were no reports in the literature of Group IV metallocenes of the general 

formula (r|'-CjH5)2M=0 or (r)'-C5R5)2M=NR' (M = Ti, Zr, Hi) suggesting that if generated, these 

could be highly reactive species. Bergman, et al. were the first to report generation of an 

imidozirconocene complex.' These researchers found that treatment of CpjZrMcj with one 

equivalent of 4-/er/-butylaniline in benzene at 85 °C resulted in the loss of one equivalent of 

methane with fomiation of the zirconocene amide, Cp2Zr(CH3)(HNR) (R = p-'Bu-QH4). The 

same complex could also be prepared from treatment of CpjS^CHjXCl) with LiNH(4-'Bu-CGH4). 

Heating of the amido complex for 3 days in benzene led to elimination of a second equivalent of 

methane and formation of a bridging imido dimer, (Cp2Zr)2(M.-NR)2. It was postulated that the 

dimer was produced via generation of a transient zirconium imido complex, CpjZi^N-Ph, which 

then dimerized to give the bridged product. When the more sterically hindered tertiary butyl 

amido complex, Cp2Zr(CH3)(NHCMe3), was heated in benzene for three days, a new amido 

zirconocene complex (Cp2Zr(NHCMe3)(Ph)) was isolated. This product was formed via reaction 

of the reactive Zr=N linkage with a C-H bond in benzene. The transient zirconium imido 

complex was trapped by treating the amido species with alkynes to give the 

azametallacyclobutene product Cp^Zr(ii^-l,3-NCBu)-CR*=CR-). The imido complex could also be 
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trapped by addition of THF, forming tlie adduct compound CpjZpsNR'THF. CpjZpsNCMes'THF 

is tlie first structurally characterized Group IV imido complex. 

Similarly, Cummins and Wolczanski reported the transient formation of three-coordinate 

zirconium imido species via thermolysis of complexes of the formula (RaSiNIQaZrR* (R = 'Bu, R' 

= Me, Ph, Cy).^ Once fomied, these three coordinate species (CBu3SiNH)2Zr=NSi'Bu3) will add a 

benzene C-H bond across the Zr=N linkage to give CBu3SiNH)3Zr-Ph. Similar to Bergman's 

results, addition of THF allowed for isolation of the THF-adduct of the zirconium imido complex. 

Terminal imido complexes of titanium may also be prepared via thermolyses that induce 

the abstraction of amide protons by neighboring HNSi'Bus groups.^ Addition of MeLi in Et20 to 

CBuSiNH)3TiCl yielded the imido complex (*BuSiNH)2(Et20)Ti=NSi'Bu3 (55%) and methane. 

This reaction may be viewed as a dehydrochlorination and Et20-trapping of the transient imido 

complex. Thermolysis of the imido complex in benzene-^; at 97 °C for 2 hours resulted in 

complete deuteration of the amido protons. This H/D exchange probably occurs via a sequence of 

reactions, beginning with the dissociation of Et^O from CBuSiNH)2(Et20)Ti=NSitBu3. The 

transient 3-coordinate imido complex may then add a C-D bond across the Ti=N fimctionality 

resulting in the formation of CBu3SiNH)20BuSiND)TiC6D5. An equivalent of CgDjH may then be 

released with reformation of a three coordinate imido complex which is subsequently trapped by 

Et^O. A similar addition/elimination sequence may be observed using ('Bu3SiNH)3TiX (X = CI, 

Br, 'BusSiNH) as the imido precursor. In each of these cases, the imido complex is generated 

after loss of 'BusSiNHi. Thermolysis of CBu3SiNH)jTiCl in THF led to the fonnation of 

CBu3SiNH)(THF)ClTi=NSi'Bu3. 
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Isolated titanium imido complexes 

Compounds containing metal-nitrogen multiple bonds are common for the elements of 

groups 5 to S.** In contrast, for the Group IV metals, only imidozirconocenes had been isolated 

and characterized prior to 1990.' The first reported examples of structurally characterized imido 

titanium complexes were provided by Roesky and Rothwell' As illustrated in eq 1, Roesky 

demonstrated that treatment of N,N-bis(trimethylsilyl)diphenylthiophosphinamide with TiCl4 

TiCI P" « 
P — N(SiMe3)2 - ^P— N =TICl2-3 C5H5N 

Ph^ C5H5N 

Figure 1. Roesky's preparation of a titanium imido complex. 

in the presence of pyridine results in the formation of an imidotitanium complex. The Ti-N bond 

length (1.702(2) A) and the Ti-N-P bond angle of 172.5(2)° indicate an almost linear imido ligand 

which acts as a four electron donor to the metal center. Rothwell reported three routes by wliich 

titanium imido species may be obtained. As shown in Scheme 1, treatment of an ri^-imine 

complex with azobenzene in the presence of 4-pyrrolidmopyridine (py') leads to the formation of 

an Tj^-azobenzene complex. When the azobenzene species is heated to 100 °C, over the course of 

several days, a titanium phenylimido complex is formed along with free azobenzene. The Ti-N 

distance of 1.719(3) A is very similar to the distance observed in (py)3Cl2Ti=NP(S)Ph2. An 

alternative method for the preparation of Rothwell's titanium imido 
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Scheme 1. Synthetic routes for the preparation of titanium phenylimido complexes as 
reported by Rothwell. 

complex involves the direct reaction of the ti^-imine complex with aniline in the presence of 4-

pyrrolidinopyridine. An additional synthetic route involving treatment of a dialkyl titanium 

complex with two equivalents of aniline in benzene results in the formation of a bis(phenylamido) 

complex in high yield. Treatment of the bis(phenylamido) complex with 2 equivalents of 4-

pyrrolidinopyridine (py') leads to the elimination of one equivalent of aniline and formation of the 

phenylimido complex. 

Low-valent titanium complexes may also be used as precursors to titanium imido 

complexes. Gambarotta et ai, have reported a novel reaction in which treatment of 

(TMEDA)TiCl2 with acetonitrile at -30 °C results in the formation of a dimetaliic product 
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Figure 2. Gambarotta's titanium imido complex. 

containing two Ti=N moeties (Figure 2).*^ An additional synthetic route involves treatment 

of (TMEDA)TiCl2 with azobenzene in THF at -30 "C to form the corresponding 

(TMEDA)Ti(=NPh)Cl2. Tlie ease of this reaction is in sharp contrast to the hard pyrolitic 

conditions employed for the preparation of (Ar"0)2(py)2Ti=NPh. 

Ar"0, Et Et 

Ti 

Ar"0^ ETSI 

Ar"0 
N:N \ / II 

N:N 
N:N 
I 

Ar'^O 

Figure 3. Formation of a titanium imido complex by cleavage of the N=N double bond of 
benzo[c]cinnoline. 
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Rothwell has also demonstrated that an imidotitanium complex may be prepared by 

cleavage of the N=N double bond in benzo[c]cinnoline results in the formation of a complex 

containing a 2,3-dlazametallacyclohepta-4,6-diene ring (Figure 3). However, in the presence of an 

extra equivalent of benzo[c]cinnoline, the T-membered metallacycle is converted at 100 °C to an 

aryl imidotitanium complex. The Ti=N distance of 1.708(5) A is similar to those found in other 

structurally characterized imidotitanium complexes as described previously. 

Mountford and cowoiicers have found a general route for the preparation of sandwich and 

half-sandwich titanium imido complexes.' Utilizing the 4-'Bupy (4-'Bupy = 4-ter/-butylpyridine) 

titanium rer/-butylimido complex, [Ti(N*Bu)Cl2(Bu'Py)2], 1, several new titanium imido species 

have been obtained. For example, treatment of 1 with one equivalent of NaCjHj or LiCsMes 

results in the formation of a monomeric half-sandwich Cp complex [Ti(Ti'-CjR5)(r»rBu)ClOBupy)] 

(R = H, Me). Addition of two equivalents produced the bis (Ti'-Cp) derivatives. Similarly, an 

Ti'-trimethylindenyl n-complex may be formed from treatment of 1 with Li(C,H4Me3). 

Titanium imido complexes containing chelating ligands were also prepared. A 

pyrazolylborate-imido complex was produced by a simple metathesis reaction between 1 and 

K(dmpbz).^ The first example of a Group 4 macrocyclic imido derivative was also reported. 

This complex, [Ti(Megtaa)(N^Bu)], obtained from the reaction of 1 and LijEMegtaa]', was 

structurally characterized by single crystal X-ray diffraction analysis. The Ti=N distance of 

1.724(4) A is quite long when compared to Ti=N linkages in general (typical range: 1.672(7) -

1.723(4) A). 
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Group IV imido complexes and imine metathesis 

While alicylidene complexes and their role in olefin metathesis have been studied 

immensely, the related chemistry of imine metathesis mediated by imido complexes has been the 

subject of few reports.'" Bei]gman and coworfcers have recently found that Cp2Zr(=N'Bu)(THF) 

undergoes a [2+2] cycloaddition reaction with one equivalent of benzaldehyde-N-phenylimine to 

I 1 
produce the 2,4-diazametallacycIobutane, Cp2Zr(-N(Ph)CH(Ph)-I^Bu." Addition of a second 

I 1 
equivalent of imine produced Cp2&(-N(Ph)CH(Hi)-N(Ph) and one equivalent of benzaldehyde-N-

fer/-butylimine. The initial reaction was found to proceed via an initial dissociative process that 

generates a three-coordinate transient imido complex intermediate, which may be trapped by an 

imine to the give the cyclic product 

Group IV and V imido complexes in organic synthesis 

Novel reactions involving titanium imido complexes liave led to new synthetic routes for 

the preparation of dihydropyrrole and tetrahydropyridine derivatives " It was found that 

treatment of 5-phenylpent-4yn-l-ylamine with CpTi(Me)2Cl and (i-Pr)2NEt in THF at 25 °C led to 

the formation of the A'-pyrroline in 74% yield. The reaction was found to proceed via the 

formation of the proposed titanacycle 3 (Figure 4) following loss of CH,. Protonation of the 

metallacyclic complex results in the formation of the A'-pyrroline. Direct trapping with 

isobutylnitrile followed by protonation gave the vinylogous amidine in 63% yield (7). 

Group V imido complexes and C-H bond activation 

Similar activation of C-H bonds has been observed utilizing vanadium imido 
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Figure 4. Preparation of dihydropyrrole an tetrahydropyridine derivatives. 

complexes." Horton and cowoiicers have studied the generation and chemistry of bisimido 

complexes of the formula [(RN=:)2V-NHR] (R = 'BusSi). Treatment of [(RN=)V(HNR)2C1] with 

LiR' (R' = Me, n-Bu, CHiCMcj, CHjSiMej) gave the 4-coonIinate vanadium amido imido species 

(RN=)V(NHR)2(R'). These o-bonded complexes readily activate C-H bonds. For example, 

treatment of the methyl derivative with benzene for 5 hours at 80 °C gave the phenyl species 

(RN=)V(NHR)2(C6H5). a number of substrates cleanly afforded the activation products (n-C6H,4, 

CH4, etc.). The intermediate bisimido complex may trapped witli EtjO, THF, or pyridine. Using 

1-alkenes as the substrates, trans-alkenyl complexes of the foniiula (RN=)V(HNR)2(CH=CHR') 

(R* = 'Bu, Me, Ph) are isolated. Formation of an enolatovanadium complex occurs upon 

treatment of (RN=)V(NHR)2(R') (R' = Me) with acetone, reflecting the greater affinity of tlie 

electrophilic V center for oxygen rather than carbon atoms. It is evident that use of bulky 

ligands on the small vanadium(V) center to create a sterically and electronically unsaturated three 

coordinate intermediate leads to its remarkable C-H bond activation chemistry. 
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Horton and coworkers have reported an extension of the chemistry of these vanadium 

imido complexes involving their reactions with alkynes and etliene." Themolysis of 

(RN)2V(HNR)(Et20) with either 2-butyne or 3-hexyne at 80 °C for 16 h in the inert cyclohexane 

afforded quantitative yields of a chelating ligand containing a unique T]^-azaallyl coordination to 

the metal center (Figure 5). *H NMR studies of the reaction using 2-butyne at 25 °C 

revealed an initial formation of a 2+2 cycloaddition product to afford the 2-azametallacyclobutene 

complex. This metallacycle was subsequently converted to the chelate species. In an attempt to 

prepare 2-azametaIloacyclobutane complexes, the bisimido vanadium complex was treated with 

propene or ethene. Instead of isolating the metallacycle, alkenyl complexes of the formula 

(RN=)V(NHR)2(-CH=CHR')(R' = H, Me) were isolated. Monitoring the reaction with ethene by 

'H NMR, the authors were able to view the rapid formation of a proposed metallacyclobutane 

Me2 

RNH 9^' •"a(l-Bu)2 

R" 
Figure 5. Vanadium complex fomied upon reaction of (RN)2V(HNR)(Et20) with 

alkynes. 

\ 

complex. The metallacycle then slowly rearranges to give tlie alkenyl product. 

Metalloporphryin imido complexes 

Despite the large number of metallopophryins containing M=0 multiple bonds, the 
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chemistiy of the analogous imido complexes remains largely undeveloped. Cytochrome P-4S0'^ 

as well as Fe-'^ and Mn-poiphyrins'^ catalyze the transfer of the oxygen atom of 

iodosylbenzene, hypochlorite, hydrogen peroxide, etc. to alkanes and alkenes. High-valent metal' 

oxo complexes, Fe^=0" and Mn^=0", are presumed to be the active intennediates in these 

reactions. Interest in metallopoiphyrin complexes containing M=N multiple bonds as analogues 

to these high-valent oxo species began with studies involving the fonnation of porphyrin-iron-

nitrene complexes, Fe'*=N-NR2", and a poiphyrin-manganese-nitrene complex, Mn^=N-

COCFj.'" Mansuy et al, have demonstrated that treatment of iron(n) poiphyrins with 1-amino-

2,2,6,6-tetramethlypiperidine in the presence of either dioxygen or one equivalent of 

iodosobenzene results in the formation of a pentacoordinate nitrene complex, 

(POR)Fe(=NNC,Hig)."'^' These complexes may also be formed by treatment of the iron(II) 

porphyrins with the free nitrene NNCjHig at -80 °C in CH2CI2. Magnetic susceptibility 

measurements suggest a well-defined high spin ferrous (S = 2) state for these complexes. 

Groves and Takahashi provided the first example of metal nitride activation to give 

aziridines in the presence of double bonds, formally, the aza analog of epoxidatioa^" Treatment 

of (TMP)MnsN with trifluoracetic acid in CH2CI2 leads to the formation of a manganese(V) 

complex, (TMP)Mn(=N-C(0)CF3)(02CCF3). Addition of cycoloctene to solutions of 

(TMF)Mn(=N-C(0)CF3)(02CCF3) gave (TMP)Mn'"(TFA) and the (trifluoroacetyl)aziridine of 

cyclooctene in 82-94% yield. Mansuy, et al.. reported another example of metalloporphyrin 

catalyzed aziridation.^^ Treatment of either (TPP)FeCl or (TPP)MnCl with PhI=NTs^^ in the 

presence of an olefin^ resulting in the generation of two major products, toluene-p-

sulphonamide (TsNHj) and the N-tosylaziridine derived from the addition of the N-Ts moiety to 
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the double bond of the alkene. The amine is presumably formed due to reaction witli advantiiious 

water. The N-tosylaziridation reaction catalyzed by (TPP)FeCl is stereoselective in that it gives 

exclusively the more stable /rfln.s-N-tosyl-2,3-diphenylaziridine from either cis- or /mns-stilbenc. 

This is in contrast to the epoxidation reactions catalyzed by (TPP)FeCl using Phl=0 in which the 

olefin stereochemistry for both cis- and /ram-stilttenc is retained in the product.'^ 

Additional examples of MR transfer from PhI=NR have been reported by Breslow.^' 

Catalytic amounts of (TPP)Fe(n) or (TPP)MnCl will catalyze the tolsylamination of cyclohexanc. 

This reaction is analogous to the hydroxylations by iodosobenzene with metal porphyrin catalysts 

extensively studied as models for oxidations by the cytochrome P-450 class of enzymes.^® 

(TPP)FeCl and (TPP)MnCl have also been found to catalyze intramolecular insertion of MR into a 

C-H bond.^®' As shown in Figure 6, treatment of the (imidoiodo)benzene derivative with a 

catalytic amount of (TPP)FeCl resulted in insertion of the nitrene into the C-H bond of the 

isopropyl group in 85% yield. 

SOsNHs 

CH 3 CHa 
\ / 

C NH 
SOs 

CHG 
\, 

CHs 

/ 

SOpNHp 

i-Pr i-Pr 

Figure 6. Intramolecular nitrene C-H insertion mediated by (TPP)FcCl 
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Mansuy has gone on to report that, upon aziridation of alkenes by PhI=NTs catalyzed 

by Fe(III) tetraarylpoiphyrins, the starting porphyrin is totally converted to an Fe(IIl) complex 

where the N-Ts nitrene moiety is inserted between the iron and a porphyrin nitrogen atom." 

Ts = Tosyl= -SOj-C8H4-CH3 

Phl=NTs 

Ts 

CI 

Figure 7. Formation of an iron(III) porphyrin complex with a nitrene group inserted into a Fe-N 
bond. 

As shown in Figure 7, treatment of PliI=NTs with cytclooctene in the presence of (TPP)FeCl 

leads to the formation of the N-tosylaziridine of cyclooctene (17%) and tosyl-NHj (80%). When 

the reaction is run in the absence of alfcene, a new porphyrin complex is formed in which the N-

tosyl group has been inserted into (TPP)FeCl. (TPP)Fc(NTs)(Cl) (Figure 7) will not transfer its 

bridging NTs moiety to an alkene. However, in the presence of excess PhI=NTs, the 

corresponding aziridine is produced in 17% yield. 

The first examples of early transition metal porphyrin imido complexes were reported by 

Buchler et al?^ Treatment of (TTP)V=0 with oxalyl chloride gave the reactive intermediate, 

(TTP)VCl2. This dichloride complex may then undergo aminolysis when treated with a variety of 

primary amines, RNH^, (R = 'Bu, Ph, p-Tol, p-ClPh, p-Anis, /j-Biph, p-'BuPh) to give the imido 
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complexes, (TTP)V=NR. These paramagnetic complexes were characterized by elemental 

analysis, mass spectrometry, and UV-vis and 'H NMR spectroscopy. In the 'H NMR spectra, no 

resonances were observed for the organoimido ligands, presumably due to their proximity to the 

paramagnetic metal center. An unsuccessful attempt to prepare a titanium porphyrin imido 

complex was also reported. 

West et ai, have repoited the formation of a chromium imido complex.^' In this case, 

the imido complex was prepared by treatment of a low-valent chromium poiphyrin, (TPP)Cr(II), 

with p-tolyl azide. This high spin Ci<IV) imido complex was characterized by mass spectroscopy, 

elemental analysis, UV-vis, and magnetic susceptibility. The UV-visible spectrum of 

(TTP)Cp=NTolyl displayed a Soiet band at 423 nm. Addition of THF or N-methylimidazole 

resulted in shifts in the position of the Soret band and the i^pearance of several new bands at 

higher wavelengths, indicating coordination of these donor molecules to the Cr atom of 

(TPP)Cr=NTolyl to give a six-coordinate complex. Treatment of (TPP)(>=NTolyl with PPhj 

yielded the phosphine-imide, TolylNsPPhj, and (TPP)Cr(II). Oxygen atom transfer from 

(TTP)Cp=0 to PPhj is also knowa^ 

The most recent work involving imido metallopotphyrin complexes has utilized the 

heavier elements of the iron triad. Che et al., reported the first stable /-butylimido complexes of 

ruthenium(VI) and osmium(VI) porphyrins." Treatment of (TPP)M(N2)(THF) (M = Ru or Os) 

with an excess of /-butylamine at room temperature gave (TPP)M(NH2'Bu)2. When a solution of 

(TPP)Os(NH2'Bu)2 was stirred in the air for 24 h, three products were produced, (TPP)Os(=N-

'Bu)2, (TPP)0s(=N-'Bu)(0), and (TPP)0s(0)2. (TPP)Ru(=N-'Bu)(0) was prepared by bromine 

oxidation in the presence of excess amine. The bis(/-butylimido) ruthenium porphyrin was not 
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isolated. These new imido complexes were characterized by 'H NMR and IR spectroscopies. 

Limited reactivity studies reveal that (TPP)Ru(=N-'Bu)(0) reacts rapidly with PPhj to give 

bis(triphenylphosphine)-ruthenium(II)poiphyrin, PhjPsO, and PhjPsN-'Bu within minutes at room 

temperature. 

Utilizing a similar synthetic method, Che reported Ae synthesis of 4-fluoiphenylimido 

osmium(VI) poiphyrins.^^ Again starting with dinitrogen osmium(n) poiphyrins, treatment with 

4-fluoroaniline in THF resulted in the formation of (P0R)0s(=N(p-C6H4F)(0). 

Smeija et al. have recently reported the first structurally characterized metallopoiphyrin 

imido complex, (TTP)0s(=N-C6H4-N02)2.'^ This species was prepared by treatment of the 

osmium porphyrin dimer, [OsCTTPMj, with p-nitrophenylazide. The Os=N distances of 1.822(4) 

A and 1.820(4) A are longer than other stmcturally characterized osmium o^ganoimido bonds.^ 

The oi]ganoimido ligands are strongly bent with Os-N-C = 144.8(3)® and Os-N-C = 142.0(4)°. 

Combined with the long Os=N bond lengths, these small bond angles may indicate metal-

oi^anoimido bonds that have largely double bond character. 

The following two chapters present our research involving the synthesis, characterization, 

and reactivity of early transition metal porphyrin imido complexes. 
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CHAPTER 7: SYNTHESIS AND CHARACTERIZATION OF IMIDO TITANIUM(IV) 

PORPHYRIN COMPLEXES. X-RAY STOUCTURE OF 

PHENYLIMIDO(TETRATOLYLPORPHYRINATO)TrrANIUM(IV). 

A paper accepted by Inorganic Chemistiy* 

Lisa M. Berreau, Victor G. Young, Jr., and L, Keith Woo*^ 

Abstract 

Treatment of diclilon)(me.;o-tetra-p-tolyIpoiphyrinato)titanium(rV), (TTP)TiCl2, with 

LiNHR (R = -CgHj, -C6H4-P-CH3, -CgHu) in toluene produces the imido complexes ('ITP)Ti=N-

CfiHj, 1, (TTP)Ti=N-C6H4-p-CH3, 2, and (TTP)Ti=N-C6Hii, 3. The structure of the phenylimido 

complex, 1, has been determined by single-ciystal X-ray diffraction analysis. Complex 1, 

C54H4,NsTi, crystallizes in the centiosymmetric space group PI with a = 13.338(4) A, 6 = 

13.740(2) A, c = 13.861(3) A, A = 91.86(2) °, P = 100.20(2) °, 7= 112.09(2) V = 2302.9(9) 

A^ Z = 2, R = 0.0552, R„ = 0.1502. The Ti-N bond distance is 1.703(2) A and the Ti-N-Qpso 

bond angle is 170.6(2)°. 

' Reprinted with pennission from Inorganic Chemistry, accepted for publication. Unpublished 

work copyright 1994 American Chemical Society. 
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Introduction 

Group 4 metal complexes containing temiinal imido ligands have received considerable 

attention over the past few years.®'*''®'''' However, metallopoiphyrin species containing imido 

ligands are quite rare and only a small number have been characterized.'*'"'"-" Smieja et al. 

recently reported the first X-ray ciystallographic study of an organoimido metalloporphyrin 

complex, (TTP)0s(=NC5H4-p-N02)2."'" We now wish to report a general method for the 

preparation of the first organoimido titanium porphyrin complexes Irom the reaction of 

(TTP)TiCl2 with lithium amides." 

Results and discussion 

As illustrated in eq 1, treatment of (TTP)TiCl2 with LiNHR results in the formation of 

Ti(IV) organoimido complexes. In a typical reaction, 88 mg of (TTP)TiCl2" (0.11 mmol) 

(TTP)TiCl2 + LiNHR —> (TTP)Ti=NR (1) 

1 .R = -C6H5 
2. R = -QH4-P-CH3 
3.R = -C6H, i 

and 35 mg LiNHCsHj" (0.36 mmol) were stirred m toluene (15 mL) imder N2 at 22 °C. Within 

minutes after the addition of solvent to the solid starting materials, the green solution turned into 

the orange-red color of the phenylimido complex, 1. After allowing the reaction mixture to stir 

for 4 hours, the solution was filtered, and the filtrate was concentrated to ca. 2 mL, Hexane (4 

mL) was added and the solution was cooled to -20 °C for 1 h. Filtration yielded an orange-red 

solid (58 mg, 64%) after washing with hexane and drying in vacuo." The tolyl and cyclohexyl 
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analogs, 2 and 3. can be prepared in a similar manner.'^ 

The new porphyrin complexes were characterized by 'H NMR, UV-vis, and IR 

spectroscopy. The 'H NMR spectra confirm the expected diamagnetism of these d" Ti(IV) 

complexes. For the phenyl- and tolyl-imido complexes, the p-pynole resonance appears as a 

sharp singlet at 9.21 ppm. This signal is shifted downfield slightly for the cyclohexyl derivative, 

appearing as a singlet at 9.24 ppm. These chemical shifts are very similar to that observed for 

(TTP)Ti=0 (9.24 ppm), suggesting that tiie oxo and imido ligands exhibit similar rc-donating 

ability to the titanium atom. The porphyrin tolyl protons appear as two doublets, each integrating 

to four protons, and a multiplet, integrating to eight protons. The magnetic equivalence of the 

four tolyl groups is consistent with a time-averaged C4V symmetry of the metalloporphyrin 

complexes. The protons associated with the axial imido ligand are shifted upfield relative to 

those of the corresponding free amine. This phenomenon is consistent with the position of the 

imido substituent above the porphyrin ring current. 

The electronic absorption spectra of 1-3 are characteristic of porphyrin complexes with an 

intense Soret peak at 426 nm (R = -CgHj, -CgHj-p-CHj) or 424 run (R = -CgHii) and an additional 

Q-band at 548 nm. These absorption spectra are similar to Uiose of other titanium porphyrins.'' 

Addition of THF to a toluene solution of (TIP)Ti=N-C6Hs produces no change in position or 

intensity of the absorption maxima, indicating tiiat THF does not appear to bind to the position 

trans to the imido group. 

Infrared spectra of complexes 1-3 exhibit intense poiphyrinato sb^tching modes in the 

region of 1500 cm"' to 500 cm''."-" These bands are similar to those observed in the spectrum of 

(riF)Ti=0. Although Oie Ti=0 stretch in (TTP)Ti=0 is readily observed as an intense band at 
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983 unambiguous assignment of a metal nitrogen double bond stretch has not been 

possible. However, two additional bands are present in the spectrum of (TTP)Ti=N-CfiH5 (753 

cm ' and 687 cm'') and may be assigned as the out-of-plane bending and puckering modes 

associated with the phenyl ring of the imido ligand. 

Crystals of (nP)Ti=N-C6Hj, 1, suitable for single-crystal X-ray diffraction were grown 

by layering a benzene solution of 1 with hexane. Complex 1 ciystallized in the centrosymmetric 

space group PT with 2 molecules per unit cell.^^ The porphyrin frameworlc of (TTP)Ti=N-C6Hj 

is saddle-shaped. The geometry about die Ti is square-pyramidal with the four pyrrole nitrogens 

forming the basal plane and the imido group at the apical site. The titanium atom is displaced 

from the mean plane of the pyrrole nitrogens towards the imido ligand by 0.52 A. The Ti-N(5) 

distance is 1.703(2) A. This value compares well with that reported for (OAr')2Ti=N-C6H4-

C6H4NC4Et4 (Ti-N: 1.708(5) A, Ti-N-C: 170.4(4); OAr' = 2,6-diisopropylphenoxide),®' but is 

noticeably shorter than the distance reported for (Ar'0)2Ti=N-C6H,(py')2 (Ti-N: 1.719(3) A, Ti-

N-C: 173.1(3): py' = 4-pyrrolidinopyridine).®'' The imido ligand is neariy linear with a Ti-N(5)-

C(21) angle of 170.6(2). The slight deviation fiiom 180° is possibly due to close intermolecular 

contacts with adjacent methyl groups. For example, C(107) of one molecule is 3.693 A from 

C(24) of the imido phenyl of a neighboring molecule. Consequently, the neariy linear Ti-N-C 

angle is suggestive of substantial Ti-Nj^jjo triple bond character. 

As illustrated in eq 2, the imido complexes are readily hydrolyzed to the corresponding 

free amine and (TTP)Ti=0." Treatment of CnP)Ti=N-C6H5 with PPhj m the presence of an 

alicyne results in no reaction (eq 3).^ In contrast, chromium porphyrin organoimido complexes 

have been reported to yield the corresponding phosphineimine and Cr(n)(POR) when treated with 
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Rgurc 1. Molecular structure and atom-numbering scheme for (TTP)'n=N-C6H5*C6H6 (1). Theimal ellipsoids are drawn at the 50% 

probability level. Selected bond distances (A): Ti-Nj, 1.703(2); Ti-Nj, 2.101(3); Ti-Nj, 2.100(2); Ti-Nj, 2.098(2); Ti-N4, 
2.104(2); Nj-Czi. 1.386(4). Selected bond angles (deg): Ti-Nj-Qj, 170.6(2); Ni-Ti-N4, 86.29(9); N2-ri-N4,150.64(9); N2-
Ti-Nj, 86.45(9); Na-Ti-Nj, 151.68(9); Nj-Ti-Ni, 86.35(9); N3-Ti-N4, 86.69(9). 
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(lTP)Ti=NPh + HjO —> (TIP)Ti=0 + H^NPh (2) 

(TTP)Ti=NPh + PPhj + PhCsCPh —^ No reaction (3) 

(TTP)Ti=S + Sg —> (nP)TiS2 (4) 

(TTP)Ti=NRi + Sg —^ No reaction (5) 

PPha.' Finally, it has been shown that treatment of terminal sulildo and selenido titanium 

poiphyrin complexes with the elemental chalcogenide results in the formation of a 

perchalcogenido species (eq 4)." In an attempt to prepare a mixed (Ti-N-S) 3-membered 

metallacycle, (TTP)Ti=NPh was treated with elemental sulfiir (eq 5). After stirring with mild 

heating for 12 h in toluene/THF, no reaction was detected by 'H NMR." Further studies 

involving the synthesis and reactivity of early transition metal poiphyrinato organoimido 

complexes are underway. 
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APPENDIX A 

Table I. Structure determination sununaiy 

Crystal Data 

Empirical Fonnula 

Color, Habit 

Crystal Size (mm) 

Crystal System 

Space Group 

Unit Cell Dimensions 

Volume 

Z 

Formula Weight 

Density(calc.) 

Absorption Coefficient 

F(000) 

CeoHtvNsTi 

Puiple, tricllnic 

0.38 X 0.35 X 0.30 

Triclinic 

PT 

a = 13.338(4) A 

b = 13.740(2) A 

c = 13.861(3) A 

a = 91.86(2)° 

P = 100.20(2)° 

Y= 112.09(2)° 

2302.9(9) A' 

2 

885.93 

1.278 Mg/ta^ 

1.927 mm"' 

928 
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Table I. (continued) 

Data Collection 

Diffractometer Used Siemens P4RA 

Radiation CuKo (X = 1.54178 A) 

Temperature (K) 213(1) 

Monochromator Graphite 

6 Range 3.26 to 56.74° 

Scan Type (0-20 

Standard Reflections 3 measured eveiy 97 reflections 

Index Ranges -14^A^ 14, -14^ 14 

0 ^ ^ 15 

Reflections Collected 6447 

Independent Reflections 6140 (Ri,. = 0.0272) 

Observed Reflections 5334 a ^ 2o(D) 

Min./Max. Transmission 0.933 / 0.674 

Absorption Correction Semi-empirical 

Solution and Refinement 

System Used SHELXL-93 (Sheldrick, 1993) 

Solution Direct methods 

Refinement Method Full-matrix least-squares on 

Extinction Correction 0.0014(3) 
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Extinction Expression 

Hydrogen Atoms 

Weighting Scheme 

Parameters Refined 

Final R Indices [I ^ 2o(I)] 

R Indices (all data) 

GooF, Observed and All Data 

Lai:gest and Mean A/o 

Largest Difference Peak 

Largest Difference Hole 

Fc* = kFc[l + 0.001 X Fc^lVsin(20)]-'̂  

Riding 

w = l/[0^(Fo^) + (0.0992P)^ + 0.9343P] 

where P = (Fo^ + 2Fc^)/3 

619 

R1 = 0.0503, wR2 = 0.1467 

R1 = 0.0552, wR2 = 0.1502 

1.175,1.113 

-0.030, 0.000 

0.871e/A-  ̂

-0.520e/A-  ̂
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Table n. Atomic coordinates (x 10^) and equivalent isotropic displacement parameters (A^ x 10^) 
for 1 

Atom U, eq 

Ti 

N(l) 

N(2) 

N(3) 

N(4) 

N(5) 

C(l) 

C(2) 

C(3) 

C(4) 

C(5) 

C(51) 

C(52) 

C(53) 

C(54) 

C(55) 

C(56) 

C(57) 

-522(1) 

897(2) 

-1054(2) 

-1482(2) 

492(2) 

-1353(2) 

1792(2) 

2329(2) 

1774(2) 

897(2) 

189(2) 

319(2) 

-560(2) 

-425(3) 

585(3) 

1455(3) 

1325(2) 

742(3) 

7699(1) 

8581(2) 

8929(2) 

7417(2) 

7089(2) 

6722(2) 

8308(2) 

8762(2) 

9314(2) 

9232(2) 

9776(2) 

10468(2) 

10299(2) 

10883(2) 

11663(2) 

11857(2) 

11275(2) 

12286(3) 

275(1) 

1346(2) 

503(2) 

-1156(2) 

-324(2) 

839(2) 

1631(2) 

2619(2) 

2932(2) 

2129(2) 

2107(2) 

3013(2) 

3490(2) 

4364(2) 

4804(2) 

4320(2) 

3438(2) 

5778(2) 

23(1) 

24(1) 

24(1) 

25(1) 

24(1) 

28(1) 

25(1) 

28(1) 

28(1) 

24(1) 

24(1) 

26(1) 

30(1) 

34(1) 

34(1) 

33(1) 

31(1) 

46(1) 
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Table n. (continued) 

Atom 

C(6) 

C(7) 

C(8) 

C(9) 

C(10) 

C(lOl) 

C(102) 

C(103) 

C(104) 

C(105) 

C(106) 

C(107) 

C(ll) 

C(12) 

C(13) 

C(14) 

C(15) 

C(151) 

C(152) 

-654(2) 

-1261(2) 

-2047(2) 

-1948(2) 

-2661(2) 

-3726(2) 

-4082(2) 

-5101(3) 

-5822(2) 

-5457(2) 

•4441(2) 

-6950(3) 

-2462(2) 

-3203(2) 

-2677(2) 

-1599(2) 

-783(2) 

-979(2) 

-1151(3) 

9689(2) 

10361(2) 

9981(2) 

9065(2) 

8391(2) 

8502(2) 

8599(2) 

8631(2) 

8582(2) 

8516(2) 

8467(2) 

8578(3) 

7581(2) 

6823(2) 

6231(2) 

6598(2) 

6204(2) 

5442(2) 

5727(3) 

1306(2) 

1199(2) 

368(2) 

-66(2) 

-896(2) 

-1264(2) 

-2251(2) 

-2586(2) 

-1958(2) 

-967(2) 

-632(2) 

-2330(3) 

-1376(2) 

-2172(2) 

-2461(2) 

-1832(2) 

-1900(2) 

-2777(2) 

-3726(2) 

Ue, 

24(1) 

28(1) 

28(1) 

25(1) 

24(1) 

26(1) 

30(1) 

32(1) 

31(1) 

33(1) 

30(1) 

44(1) 

26(1) 

31(1) 

33(1) 

28(1) 

27(1) 

29(1) 

42(1) 
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Atom 

C(153) 

C(154) 

C(155) 

C(156) 

C(157) 

C(16) 

C(17) 

C(18) 

C(19) 

C(20) 

C(201) 

C(202) 

C(203) 

C(204) 

C(205) 

C(206) 

C(207) 

C(21) 

C(22) 

-1336(3) 

-1367(3) 

-1177(3) 

-984(3) 

-1606(4) 

213(2) 

1111(3) 

1918(3) 

1536(2) 

2132(2) 

3226(2) 

4187(2) 

5207(3) 

5319(3) 

4356(3) 

3330(3) 

6438(3) 

-2171(2) 

-1995(3) 

5028(3) 

4023(3) 

3746(2) 

4440(2) 

3261(3) 

6490(2) 

6204(2) 

6608(2) 

7161(2) 

7684(2) 

7616(2) 

8528(2) 

8474(3) 

7514(3) 

6607(3) 

6654(2) 

7462(3) 

5927(2) 

5668(2) 

-4539(3) 

-4450(3) 

-3507(3) 

-2676(2) 

-5346(3) 

-1221(2) 

-1354(2) 

-546(2) 

113(2) 

1042(2) 

1410(2) 

1620(2) 

1902(2) 

1983(2) 

1787(2) 

1508(2) 

2255(4) 

1176(2) 

2139(2) 

Uc, 

49(1) 

41(1) 

40(1) 

34(1) 

63(1) 

26(1) 

34(1) 

32(1) 

26(1) 

26(1) 

28(1) 

30(1) 

37(1) 

38(1) 

38(1) 

32(1) 

66(1) 

24(1) 

29(1) 
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Table n. (continued) 

Atom 

C(23) 

C(24) 

C(25) 

C(26) 

C(30) 

C(31) 

C(32) 

C(33) 

C(41A) 

C(42A) 

C(43A) 

C(44A) 

C(45A) 

C(46A) 

C(41B) 

C(42B) 

C(43B) 

C(44B) 

C(45B) 

•2809(3) 

-3805(3) 

-3996(3) 

-3197(2) 

5000 

5541(6) 

5490(6) 

4948(8) 

5359(16) 

5851(11) 

5224(12) 

4105(12) 

3613(12) 

4240(16) 

5622(20) 

6130(15) 

5513(16) 

4389(16) 

3882(15) 

4854(3) 

4287(3) 

4551(3) 

5357(2) 

5000 

4406(7) 

5238(8) 

5831(5) 

12045(10) 

11347(13) 

10262(12) 

9875(11) 

10574(16) 

11659(14) 

11294(11) 

10662(14) 

9592(13) 

9155(12) 

9787(17) 

2451(3) 

1818(3) 

883(3) 

550(2) 

5000 

4702(7) 

4200(4) 

4500(7) 

5467(17) 

5270(17) 

5110(15) 

5147(17) 

5345(17) 

5505(14) 

5400(17) 

5071(17) 

4761(15) 

4779(17) 

5107(18) 

Uc, 

41(1) 

46(1) 

43(1) 

33(1) 

50 

240(9) 

227(7) 

242(7) 

144(9) 

114(7) 

82(4) 

106(6) 

160(10) 

109(6) 

144(9) 

114(7) 

82(4) 

106(6) 

160(10) 
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Atom X y z Ueq 

C(46B) 4498(20) 10857(16) 5418(17) 109(6) 

Equivalent isotropic U defined as one third of the trace of the orthogonalized Uy tensor. 
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Table m. Bond lengths (A) 

Ti-N(5) 1.703(2) 

Ti-N(3) 2.098(2) 

Ti-N(2) 2.100(2) 

Ti-N(l) 2.101(3) 

Ti-N(4) 2.104(2) 

N(l)-C(l) 1.379(4) 

N(l)-C(4) 1.384(4) 

N(2)-C(6) 1.383(4) 

N(2)-C(9) 1.386(4) 

N(3)-C(14) 1.384(4) 

N(3).C(11) 1.392(4) 

N(4)-C(16) 1.378(4) 

N(4)-C(19) 1.382(4) 

N(5)-C(21) 1.386(4) 

C(l)-C(20) 1.409(4) 

C(l)-C(2) 1.429(4) 

C(2)-C(3) 1.352(4) 

C(3)-C(4) 1.432(4) 

C(4)-C(5) 1.405(4) 

C(5)-C(6) 1.399(4) 

C(5)-C(51) 1.494(4) 

C(51)-C(56) 1.391(4) 

C(51)-C(52) 1.396(4) 

C(52)-C(53) 1.376(4) 

C(53)-C(54) 1.385(5) 

C(54)-C(55) 1.386(4) 

C(54)-C(57) 1.513(4) 

C(55)-C(56) 1.387(4) 

C(6)-C(7) 1.434(4) 

C(7)-C(8) 1.349(4) 

C(8)-C(9) 1.438(4) 

C(9)-C(10) 1.402(4) 

C(10)-C(ll) 1.410(4) 

C(10)-C(101) 1.488(4) 

C(101)-C(102) 1.394(4) 

C(101)-C(106) 1.394(4) 

C(102)-C(103) 1.375(4) 

C(103)-C(104) 1.391(4) 

C(104)-C(105) 1.392(5) 

C(104)-C(107) 1.500(4) 
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Table m. (continued) 

C(105)-C(106) 1.380(4) C(201)-C(202) 1.391(4) 

C(ll)-C(12) 1.430(4) C(202)-C(203) 1.378(4) 

C(12)-C(13) 1.351(4) C(203)-C(204) 1.388(5) 

C(13)-C(14) 1.436(4) C(204)-C(205) 1.388(5) 

C(14)-C(15) 1.400(4) C(204)-C(207) 1.502(5) 

C(15)-C(16) 1.395(4) C(205)-C(206) 1.380(4) 

C(15)-C(151) 1.497(4) C(21)-C(22) 1.394(4) 

C(151)-C(156) 1.386(4) C(21)-C(26) 1.403(4) 

C(151)-C(152) 1.389(5) C(22)-C(23) 1.379(5) 

C(152)-C(153) 1.381(5) C(23)-C(24) 1.380(5) 

C(153)-C(154) 1.377(5) C(24)-C(25) 1.364(5) 

C(154)-C(155) 1.379(5) C(25)-C(26) 1.377(5) 

C(154)-C(157) 1.505(5) C(30)-C(32) 1.37 

C(155)-C(156) 1.393(4) C(30)-C(33)#l 1.37 

C(16)-C(17) 1.432(4) C(30)-C(33) 1.37 

C(17)-C(18) 1.344(5) C(30)-C(31)#l 1.37 

C(18)-C(19) 1.442(4) C(30)-C(31) 1.37 

C(19)-C(20) 1.397(4) C(31)-C(33)#l 1.37(2) 

C(20)-C(201) 1.496(4) C(31)-C(32) 1.37 

C(201)-C(206) 1.389(4) C(32)-C(33) 1.37 
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Table m. (continued) 

C(33)-C(31)#l 1.37(2) C(43B)-C(41B)#2 1.52(3) 

C(41A)-C(46A) 1.39 C(43B)-C(44B)#2 1.77(3) 

C(41A)-C(42A) 1.40 C(44B)-C(41B)#2 0.65(2) 

C(42A)-C(43A) 1.40 C(44B)-C(42B)#2 0.87(4) 

C(42A)-C(44A)#2 1.78(4) C(44B)-C(45B) 1.40 

C(43A)-C(43A)#2 0.75(3) C(44B)-C(46B)#2 1.56(4) 

C(43A)-C(44A)#2 1.10(3) C(44B)-C(43B)#2 1.77(3) 

C(43A)-C(44A) 1.39 C(43B)-C(44B) 1.39 

C(45B)-C(42B)#2 0.65(4) C(45B)-C(43B)#2 0.91(4) 

C(44A)-C(43A)#2 1.10(3) C(45B)-C(46B) 1.40 

C(44A)-C(45A) 1.40 C(45B)-C(41B)#2 1.99(3) 

C(44A)-C(42A)#2 1.78(3) C(46B)-C(43B)#2 0.65(3) 

C(45A)-C(46A) 1.40 C(46B)-C(44B)#2 1.56(4) 

C(41B)-C(44B)#2 0.65(3) C(46B)-C(42B)#2 1.98(4) 

C(41B)-C(42B) 1.39 C(41B)-C(46B) 1.40 

C(41B)-C(43B)#2 1.52(4) C(41B)-C(45B)#2 1.99(4) 

C(42B)-C(45B)#2 0.65(4) C(42B)-C(44B)#2 0.87(4) 

C(42B)-C(43B) 1.40 C(42B)-C(46B)#2 1.98(4) 

C(43B)-C(46B)#2 0.65(3) C(43B)-C(45B)#2 0.91(4) 

Symmetry transformations used to generate equivalent atoms: #1 -x+l,-y+l,-z+l; 
#2 -x+l,-y+2,-z+l. 
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N(5)-Ti-N(3) 101.39(11) N(l)-C(l)-C(20) 125.6(3) 

N(5)-Ti-N(2) 102.20(10) N(l)-C(l)-C(2) 109.3(2) 

N(3)-Ti-N(2) 86.45(9) C(20)-C(l)-C(2) 125.1(3) 

N(5)-Ti-N(l) 106.90(11) C(3)-C(2)-C(l) 107.8(3) 

N(3)-Ti-N(l) 151.68(9) C(2)-C(3)-C(4) 107.2(3) 

N(2)-Ti-N(l) 86.35(9) N(l)-C(4)-C(5) 124.7(3) 

N(5)-Ti-N(4) 107.13(10) N(1).C(4)-C(3) 109.3(2) 

N(3)-Ti-N(4) 86.69(9) C(5)-C(4)-C(3) 125.8(3) 

N(2)-Ti-N(4) 150.64(9) C(6)-C(5)-C(4) 124.6(3) 

N(l)-Ti-N(4) 86.29(9) C(6)-C(5)-C(51) 117.6(2) 

C(l)-N(l)-C(4) 106.3(2) C(4)-C(5)-C(51) 117.8(3) 

C(l)-N(l)-Ti 125.2(2) C(56)-C(51)-C(52) 117.3(3) 

C(4)-N(l)-Ti 123.6(2) C(56)-C(51)-C(5) 121.8(3) 

C(6)-N(2)-C(9) 107.0(2) C(52).C(51)-C(5) 120.9(3) 

C(6)-N(2)-Ti 126.2(2) C(53)-C(52)-C(51) 121.2(3) 

C(9)-N(2)-Ti 126.5(2) C(52)-C(53)-C(54) 121.5(3) 

C(14)-N(3)-C(ll) 106.1(2) C(53)-C(54)-C(55) 117.6(3) 

C(14)-N(3)-Ti 122.9(2) C(53)-C(54)-C(57) 121.5(3) 

C(ll)-N(3)-Ti 123.0(2) C(55)-C(54)-C(57) 120.8(3) 

C(16)-N(4)-C(19) 106.5(2) C(54)-C(55)-C(56) 121.2(3) 
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Table IV. (continued) 

C(16)-N(4)-Ti 126.1(2) 

C(19)-N(4)-Ti 127.4(2) 

C(21)-N(5)-Ti 170.6(2) 

C(5)-C(6)-C(7) 125.4(3) 

C(8)-C(7)-C(6) 107.5(3) 

C(7)-C(8)-C(9) 108.0(3) 

N(2)-C(9)-C(10) 125.4(2) 

N(2)-C(9)-C(8) 108.4(2) 

C(10)-C(9)-C(8) 126.1(3) 

C(9)-C(10)-C(ll) 124.4(3) 

C(9)-C(10)-C(101) 117.7(2) 

C(15)-C(14)-C(13) 125.5(3) 

C(ll)-C(10)-C(101) 117.8(3) 

C(102)-C(101)-C(106) 116.8(3) 

C(102)-C(101)-C(10) 122.4(2) 

C(106)-C(101)-C(10) 120.7(3) 

C(103)-C(102)-C(101) 121.4(3) 

C(102)-C(103)-C(104) 121.9(3) 

C(153)-C(152)-C(151) 121.0(3) 

C(103)-C(104)-C(105) 117.0(3) 

C(55)-C(56)-C(51) 121.1(3) 

N(2)-C(6)-C(5) 125.6(2) 

N(2)-C(6)-C(7) 109.0(2) 

N(3)-C(ll)-C(10) 124.5(3) 

N(3)-C(ll)-C(12) 109.2(2) 

C(10)-C(ll)-C(12) 126.3(3) 

C(13)-C(12)-C(ll) 107.9(3) 

C(12)-C(13)-C(14) 107.4(3) 

N(3)-C(14)-C(15) 125.1(3) 

N(3)-C(14)-C(13) 109.4(2) 

C(105)-C(106)-C(101) 121.7(3) 

C(16)-C(15)-C(14) 124.8(3) 

C(16)-C(15)-C(151) 117.5(2) 

C(14)-C(15)-C(151) 117.8(3) 

C(156)-C(151)-C(152) 117.7(3) 

C(156)-C(151)-C(15) 121.7(3) 

C(152)-C(151)-C(15) 120.5(3) 

C(106)-C(105)-C(104) 121.2(3) 

C(154)-C(153)-C(152) 121.9(3) 

C(153)-C(154)-C(155) 117.1(3) 
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Table IV. (continued) 

C(103)"C(104)-C(107) 121.8(3) C(153)-C(154)-C(157) 121.1(3) 

C(105)-C(104)-C(107) 121.2(3) C(155)-C(154)-C(157) 121.8(3) 

C(154)-C(155)-C(156) 121.9(3) C(205)-C(204)-C(207) 121.6(3) 

C(151)-C(156)-C(155) 120.3(3) C(206)-C(205)-C(204) 121.6(3) 

N(4)-C(16)-C(15) 125.8(2) C(205)-C(206)-C(201) 121.0(3) 

N(4)-C(16)-C(17) 109.3(3) N(5)-C(21)-C(22) 121.1(3) 

C(15)-C(16)-C(17) 124.8(3) N(5)-C(21)-C(26) 120.4(3) 

C(18)-C(17)-C(16) 107.8(3) C(22)-C(21)-C(26) 118.4(3) 

C(17)-C(18)-C(19) 107.4(3) C(23)-C(22)-C(21) 120.2(3) 

N(4)-C(19)-C(20) 125.8(3) C(22)-C(23)-C(24) 120.6(3) 

N(4)-C(19)-C(18) 109.0(3) C(25)-C(24)-C(23) 119.7(3) 

C(20)-C(19)-C(18) 125.2(3) C(24)-C(25)-C(26) 120.9(3) 

C(19)-C(20)-C(l) 124.3(3) C(25)-C(26)-C(21) 120.1(3) 

C(19)-C(20)-C(201) 117.6(2) C(32)-C(30)-C(33)#l 119.9(9) 

C(l)-C(20)-C(201) 118.0(3) C(32)-C(30)-C(33) 60.1 

C(206)-C(201)-C(202) 117.7(3) C(33)#l-C(30)-C(33) 180.0(14) 

C(206)-C(201)-C(20) 122.0(3) C(32)-C(30)-C(31)#l 119.9(9) 

C(202)-C(201)-C(20) 120.3(3) C(33)#l-C(30)-C(31)#l 120.2 

C(203)-C(202)-C(201) 120.9(3) C(33)-C(30)-C(31)#l 59.8(9) 

C(202)-C(203)-C(204) 121.7(3) C(32)-C(30)-C(31) 60.1 
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Table IV. (continued) 

C(203)-C(204)-C(205) 117.1(3) C(33)#l-C(30)-C(31) 59.8(9) 

C(203)-C(204)-C(207) 121.2(3) C(33)-C(30)-C(31) 120.2 

C(31)#l-C(30)-C(31) 180.0(11) C(43A)#2-C(44A)-C(43A) 32.0(2) 

C(33)#l-C(31)-C(30) 60.1(5) C(43A)#2-C(44A)-C(45A) 149.0(2) 

C(33)#l-C(31)-C(32) 120.0(5) C(43A)-C(44A)-C(45A) 120.0 

C(30)-C(31)-C(32) 60.0 C(43A)#2-C(44A)-C(42A)2 51.4(13) 

C(30)-C(32)-C(31) 60.0 C(43A)-C(44A)-C(42A)#2 83.0(2) 

C(30)-C(32)-C(33) 60.0 C(45A)-C(44A)-C(42A)#2 156.0(2) 

C(31)-C(32)-C(33) 119.9 C(46A)-C(45A)-C(44A) 120.0 

C(31)#l-C(33)-C(30) 60.1(5) C(41A)-C(46A)-C(45A) 120.0 

C(31)#l-C(33)-C(32) 120.0(5) C(44B)#2-C(41B)-C(42B) 28.0(4) 

C(30)-C(33)-C(32) 60.0 C(44B)#2-C(41B)-C(46B) 92.0(4) 

C(46A)-C(41A)-C(42A) 120.0 C(42B)-C(41B)-C(46B) 120.0 

C(43A)-C(42A)-C(41A) 120.0 C(44B)#2-C(41B)-C(43B)#2 67.0(3) 

C(43A)-C(42A)-C(44A)#2 37.9(12) C(42B)-C(41B)-C(43B)#2 94.6(10) 

C(41A)-C(42A)-C(44A)#2 156.4(13) C(46B)-C(41B)-C(43B)#2 25.4(10) 

C(43A)#2-C(43A)-C(44A)2 96.0(3) C(44B)#2-C(41B)-C(45B)#2 19.0(3) 

C(43A)#2-C(43A)-C(44A) 51.0(2) C(42B)-C(41B)-C(45B)#2 8.8(11) 

C(44A)#2-C(43A)-C(44A) 148.0(2) C(46B)-C(41B)-C(45B)#2 111.2(11) 

C(43A)#2-C(43A)-C(42A) 161.0(4) C(43B)#2-C(41B)-C(45B)#2 85.8(12) 
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Table IV. (continued) 

C(44A)#2-C(43A)-C(42A) 91.(K2) 

C(44A)-C(43A)-C(42A) 120.0 

C(44B)#2-C(42B)-C(41B) 20.0(2) 

C(45B)#2-C(42B)-C(43B) 32.0(3) 

C(42B)-C(43B)-C(44B)#2 29.2(13) 

C(44B)#2-C(42B)-C(43B) 100.0(2) 

C(41B)-C(42B)-C(43B) 120.0 

C(45B)#2-C(42B)-C(46B)#2 22.0(2) 

C(44B)#2-C(42B)-C(46B)#2110.0(3) 

C(41B)-C(42B)-C(46B)#2 130.1(12) 

C(43B)-C(42B)-C(46B)#2 10.1(12) 

C(46B)#2-C(43B)-C(45B)#2126.0(5) 

C(46B)#2-C(43B)-C(44B) 92.0(4) 

C(45B)#2-C(43B)-C(44B) 142.0(2) 

C(46B)#2-C(43B)-C(42B) 148.0(4) 

C(45B)#2-C(43B)-C(42B) 22.0(2) 

C(44B)-C(43B)-C(42B) 120.0 

C(46B)#2-C(43B)-C(41B)#2 67.0(4) 

C(45B)#2-C(43B)-C(41B)#2168.0(3) 

C(44B)-C(43B)-C(41B)#2 25.4(10) 

C(45B)#2-C(42B)-C(44B)#2 132.0(5) 

C(45B)#2-C(42B)-C(41B) 152.0(3) 

C(44B)-C(43B)-C(44B)#2 90.8(13) 

C(45B)#2-C(43B)-C(44B)#2 51.5(13) 

C(41B)#2-C(43B)-C(44B)#2 116.0(2) 

C(41B)#2-C(44B)-C(42B)#2 132.0(5) 

C(41B)#2-C(44B)-C(43B) 88.0(3) 

C(42B)#2-C(44B)-C(43B) 140.0(2) 

C(41B)#2-C(44B)-C(45B) 152.0(3) 

C(42B)#2-C(44B)-C(45B) 20.0(2) 

C(43B)-C(44B)-C(45B) 120.0 

C(41B)#2-C(44B)-C(46B)#2 63.0(3) 

C(42B)#2-C(44B)-C(46B)#2 165.0(3) 

C(43B)-C(44B)-C(46B)#2 24.6(14) 

C(45B)-C(44B)-C(46B)#2 144.6(14) 

C(41B)#2-C(44B)-C(43B)#2 177.0(4) 

C(42B)#2-C(44B)-C(43B)#2 51.0(2) 

C(43B)-C(44B)-C(43B)#2 89.2(13) 

C(45B)-C(44B)-C(43B)#2 30.8(13) 

C(46B)#2-C(44B)-C(43B)#2 114.0(2) 
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C(42B)-C(43B)-C(41B)#2 145.4(10) C(42B)#2-C(45B)-C(43B)#2 126.0(5) 

C(46B)#2-C(43B)-C(44B)#2177.0(5) C(42B)#2-C(45B)-C(46B) 148.0(3) 

C(43B)#2-C(45B)-C(46B) 22.0(2) C(44B)#2-C(46B)-C(42B)#2 85.3(12) 

C(42B)#2-C(45B)-C(44B) 28.0(3) C(45B)-C(46B)-C(42B)#2 10.1(11) 

C(43B)#2-C(45B)-C(44B) 98.0(2) C(41B)-C(46B)-C(42B)#2 109.9(11) 

C(46B)-C(45B)-C(44B) 120.0 C(43B)#2-C(46B)-C(42B)#2 22.0(3) 

C(42B)#2-C(45B)-C(41B)#2 19.0(2) C(45B)-C(46B)-C(44B)#2 95.4(10) 

C(43B)#2-C(45B)-C(41B)#2106.0(2) C(41B)-C(46B)-C(44B)#2 24.6(10) 

C(46B)-C(45B)-C(41B)#2 128.8(10) C(43B)#2-C(46B)-C(44B)#2 63.0(3) 

C(44B)-C(45B)-C(41B)#2 8.8(10) C(41B)-C(46B)-C(45B) 120.0 

C(43B)#2-C(46B)-C(41B) 88.0(4) C(43B)#2-C(46B)-C(45B) 32.0(4) 

Symmetiy transfonnations used to generate equivalent atoms: #1 -x+l,-y+l.-z+l; 
#2 -x+l,-y+2,-z+l. 
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CHAPTER 8: SYNTHESIS, CHARACTERIZATION, AND INTERMETAL IMIDO GROUP 

TRANSFER REACTIONS OF IMIDO MOLYBDENUM(IV) PORPHYRIN COMPLEXES 

A pi4)er to be submitted to Inorganic Qiemistry 

Lisa M. Beneau and L. Keith Woo*' 

Abstract 

Treatment of dicliloro(me£o-tetra-p-tolylpoidbiyrinato)molybdenum(IV), (TTP)MoCl2, with 

LiNHR (R = -CfiHs, -CgH4-p-CH3) in toluene produces the imido complexes (TTP)Mo=N-

CfiHsKHiN-CsHs)^, 1, and (TTP)Mo=N-C6H4-p-CH3.(H2N-C6H4-p-CH3)„, 2, where n ^ 1. When 

treated with pyridine derivatives, NCsH4-p-X (X = -CH3, -CH(CH3)2, -ON), the coordinated 

amine is displaced to fomi a new six coordinate complex, (TTP)Mo-NR*NCgHs-p-X. When the 

six coordinate molybdenum imido complexes, (TTP)Mo=N-C6Hj*(H2N-CfiHj) or (TrP)Mo=N-

CfiHj*(H2N-CfiH4-p-CH3) are treated with (TTP)Ti(PhOCPh), complete unido group transfer 

occurs to give (TTF)Mo(PhOCPh), (TTP)Ti=N-C6H5 or (TTP)Ti=N-C6H4-CH3, and ftee amine. 

Introduction 

The transfer of an oxygen atom from transition-metal 0x0 complexes to organic or 

nonmetal substrates is a well documented process.^ The related process of intennetal oxygen 

atom transfer continues to be an area of intense research and has recently been reviewed.^ 

However, few examples have been reported involving imido group transfer fiom transition-metal 
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complexes. '̂®'®'''' ' Furthermore, the imido group transfer processes reported to date have 

largely involved transfer to nonmetal substrates, eg phosphuies, alkanes, and alkenes. Gibson, et 

al., have recently reported a series of intermetal pabwise exchange reactions involving oxo, 

imido, and alkylidene ligands which do not involve a net redox process.'" 

Metalloporphyrin complexes have been used to investigate a variety of inner sphere redox 

processes involving intermetal halogen-," oxygen-," nitrogen-," sulfur-," and selenium-

atom transfer reactions.'̂  We now wish to report an example of a two-electron intennetal redox 

process mediated by imido group transfer. We have recently discovered that (TTP)TiClj, when 

treated with various lithium amides, results in the fonnation of Ti(IV) oiganoimido complexes.'̂  

Metallopoiphyrin complexes containing oiganoimido ligands are rare,"^*"*'̂ "'̂  with only 

two such species having been characterized by single ciystal X-ray diffraction analysis." '̂  

Having extended this synthetic methodology to molybdenum porphyrins, we have been able to 

prepare oiganoimido molybdenum(rV) poqAyrin complexes. Treatment of('rrP)Mo=NR»(H2NR)n 

(R = -CfiHj, -CgH4-p-CH3; n 1) with a low-valent titanium poiphyrin, (TTP)Ti(PhO(]Ph), 

results in complete intennetal imido group transfer, a formal two-electron redox process, to yield 

(TTP)Ti=NR and (TTP)Mo(PhOCPh). 

Results and discussion 

As illustrated in eq 1, treatment of (TIP)MoCl2 with LiNHR results in the formation of 

Mo(IV) organoimido complexes. In a typical reaction, 50.4 mg of (TTP)MoCl2" (0.060 mmol) 

and 19.2 mg LiNHPh (0.19 mmol) were stirred in toluene (15 mL) under N2 with mild heating 

for 1.5 h. The solution was then stirred an additional 18 h at 22 °C. Within minutes after the 
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(TTP)MoCl2 + LiNHR —> (TTP)Mo(=NR)(L), d) 

2,R = -C6H4-/;-CH3 

L = HjNR, X = ^ 1 

addition of solvent to the solid starting materials, the green solution became the orange-red color 

of the phenylimido complex, 1. After cooling the reaction mixture to room temperature, and 

removing the solvent in vacuo, the remaining solid was redissolved in toluene (10 mL) and 

filtered. The filtrate was evaporated to dryness and the product redissolved in a minimal amount 

of toluene and layered with hexane (ratio ca. 1:3). The solution was cooled to -20 for 1 h. 

Filtration yielded an orange-red solid (30 mg, 58%) after washing with hexane and diying in 

vacuo. '̂ The tolyl analog can be prepared in a simUar manner.^ 

The new poiphyiin complexes were characterized by 'H NMR, UV-Vis, and IR 

spectroscopy. The 'H NMR spectra are characteristic of diamagnetic poiphyrin complexes. 

Molybdenum(IV) poiphyrins have been shown to exhibit both paramagnetic ((TrP)MoCl2)^^ and 

diamagnetic (CnP)Mo=0) behavior." 'H NMR spectra of the isolated imido complexes indicate 

the presence oi^ I equivalent of the corresponding amine, bound as a sixth ligand in the position 

trans to the imido group. The position of the P-pynole resonance is dependent upon the amount 

of amine present, with the signal shiiidng upfield with increasing amount of coordinated amine. A 

range of 8.4-8.7 ppm has been observed for the p-pynole resonance. The poiphyrin tolyl protons 

appear as two multiplets, each integrating to eight protons. The protons associated with the imido 

ligand are shifted upfield relative to those of the corresponding itee amine, appearing in the 
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region of 5-6,5 ppm. This observation is consistent with the position of the imido substituent 

about the porphyrin ring current. Signals for the coordinated amine are shifted upfield as well 

appearing at 6.81(d, 2H), 6.09(d, 2H) and 2.12 (s, 3H) in complex 2. 

Treatment of the imido complexes with pyridine derivatives results in the displacement of 

the coordinated amine and foraiation of a new six-coordinate complex, (TTP)Mo=NR*L', 

(TTP)MO(=NR)(H2NR)x + L —> (TTP)Mo(=NR)(L') (2) 

3a, R = Tolyl, L' = 4-methylpyridine 
3b, R = Phenyl, L' = 4-methylpyridine 
4, R = Phenyl, L' = 4-isopropylpyridine 

with the pyridine derivative now occupying the position trans to the imido ligand.^ 

The 'H NMR spectrum of 3a clearly exhibited a new methyl signal at 1.63 (s, 3H) corresponding 

to the new picoline fragment Significant shifts are observed for all resonances associated with 

the porphyrin ligand for the picoline complexes. For example, the ^-pyrrole resonance has been 

shifted upfield and is observed as a shaip singlet at 6.92 ppm. Resonances corresponding to the 

tolyl groups of the porphyrin ligand are also shifted upfield, with the methyl resonance now 

appearing at 2.24 ppm. The signals associated with the tolyl group of the imido ligand are 

instead shifted downfield slightly appearing in the region of 6.2-6.4 ppm. Similar shifts are 

observed for the picoline derivative of the phenylimido complex, 3b. 

Other pyridine derivatives also react with 1 and 2 to give new six-coordinate imido 

complexes. Addition of 4-isopropylpyridine to 1 affords the molybdenum imido complex trans-
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(4-/-Pr-py)(TTP)Mo(=N-Ph), 4, which is isolated in 61% yield after recrystallization from 

toluene/hexane (1:3)." 

We have found that a net two-electron redox process, mediated by imido group transfer, 

is possible utilizing metalloporphyrin complexes. As shown in eq 3, treatment of (TTP)Mo=N-

C6H5«(H2N-CfiH5)„ with a (OTejo-tetra-p-tolylporphyrinato)-titanium(II) ti^-acetylene complex, 

(TTP)Ti(PhOCPh)," results in complete intermetal imido group transfer, yielding a titanium 

poiphyrin otganoimido complex, (TTP)Ti=NR," and a molybdenum(II) ti^-allcyne complex, 

(TTP)Mo(PhOBCPh)." In a typical reaction, an NMR tube containing a CgDg-solution of 

(TrP)Mo=NR(H2NR)„ + (TTP)Ti(PhOBCPh) 

(TIP)Mo(PhCfeCPh) + (TTP)Ti=NR + HjNR (3) 

R = -QHs or -C6H4-P-CH3, n ^ 1 

(TTP)Mo=NPh was treated with a slight excess of (TTP)Ti(PhOCPh). The reaction was 

monitored over a period of 3 days. After 14 h, new p-pyrrole resonances corresponding to 

(TTP)Ti=NRi (9.21 ppm) and (TTP)Mo(PhOCPh) (8.99 ppm) began to appear. Over the course 

of the reaction, the resonances of the starting materials diminish, whUe those of the products 

intensify, yielding a final spectrum composed of the resonances of (TTP)Mo(PhOCPh) and 

('nP)Ti=NPh. The overall time required for the reaction to go to completion is approximately 2 

weeks. The reaction is slow presumably due to steric problems associated with a putative p.-

imido intermediate. Further studies involvmg the synthesis and reactivity of early transition metal 

poiphyrinato imido complexes are underway. 
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GENERAL CONCLUSIONS 

This dissertation focuses on the preparation of metallopoiphyrin complexes containing 

multiply bonded axial ligands. A fimdamental breakthrough in this research involved first the 

development of new synthetic routes for the preparation of metalloporphyrin halide complexes of 

the eariy transition metals. Because traditional synthetic routes for metallation of free base 

poiphyrins often resulted in the formation of veiy stable oxo complexes, little chemistiy was 

known of early transition metal poiphyrins. As we have demonstrated, treating a poiphyrin 

dianion with metal halides of vanadium, titanium, molybdenum, and tungsten results in the 

formation of the coiresponding poiphyrin halide complex. This reaction is quite general and can 

be used for the synthesis of most early transition metal as well as main group metallopoiphyrin 

halide complexes. 

Utilizing these halide species as starting materials, we have been able to prepare the first 

molybdenum terminal sulfido and selenido metallopoiphyrin complexes. The heavier 

chalcogenides, unlike the terminal oxo complex, are easily reduced with PPhj, to give 

(TTP)Mo(PHi3)2 and the corresponding phosphine chalcogenide. The phosphine ligands of 

(TrP)Mo(PPh3)2 are veiy labile and may be replaced by alkynes or pyridine derivatives. The 

lability of the phosphine ligands makes (TTP)Mo(PPh3)2 an attractive complex for studying 

reactions of low-valent molybdenum poiphyrins. 

Atom transfer reactions involving transfer of the heavier chalcogenides are rare. The 

sulfur and selenium atom transfer reactions involving tin poiphyrins reported here represent the 

first comprehensive study of a two-electron redox process mediated by sulfur or selenium atom 
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transfer. As with halide transfer, the rate of transfer increases on descending the chalcogenides. 

Metallopoiphyrin halide complexes may also be used as precursors to early transition 

metal porphyrin imido complexes. Utilizing simple synthetic routes, we have been able to 

prepare imido complexes of titanium and molybdenum porphyrins. Upon treatment with a low-

valent titanium porphyrin, molybdenum imido por[Ayrins arc reduced with transfer of the imido 

group from molybdenum to titanium, foraially a two-electron transfer. This reaction is the imido 

group analog of intennetal oxygen atom transfer. 
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