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frThe ultimaLe goal of
of chaos, Lhat is, to
patterns which exist
events which occur in

PREFACE

science is to make order out
find the underlying coherent

in the bewildering naultiude of
nature. rl

Author unknown.

This thesis is conposed of two distinct parts, The first chapter

(steroid mass sPectra) pertains to research conducÈed during ny brief
tenure as a Master I s sÈudent r+hile under the supervision of Professor

J.B. hlestmore' Departnent of ChenisLry, University of Manitoba. LaËer

ín ny Ph.D program when the VG7070E-HF double-focusing mass

spectrometer becane available, I was able to complenent the existing

data by perforning linked-scanning, metastable analyses on several of

the steroids. The renainder of the thesis j-s devoted to my prinary

doctoral research project, namely the mass spectronetry of netar þ -
diketonates and monothio-p-aitetonaLes. The Lhesis tiLle reflects uhe

greater depth and enphasis placed on this aspect of the work.

M"L.J.R.
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ABSTRACT

PosiLive-ion elect.ron ionization nass spect.ra of the four isomeric

17Ç -hydroxy-L7 I -methyl-5Ç -androstane C(3) ketones and eight isomeric

C(38 ) alcohols are reported. Linked-scanning, metastable analyses are

used to confirrn postulated fragmentation pathways. The ratios of the

intensity of several fragrnent ions to that of the molecular ion

differentiat.e between the 5,¿- and 5p -isomers in both C(3) ketones and.

alcohols, the extenL of fragnentation being great,er tor 5p -steroids.
However' cont.rary to earlier report,s, no definitive correlations are

evident, between fragment ion intensities and the configuration at

c(17).

Positive-ion elect,ron ionization mass spectra are presented for

A1(III), Ga(III), Co(III), Ni(II), Pd(II), Cu(fI) and Zn(II)

p-atuetonaLes and co(rrr), Ni(rr), pd(rr), cu(rr) and Zn(rr) monorhio-

p<tt<.etonates of the general form MeIn+(RCXCHC0R')n, where

Met = metal, R = aryl or substituted-aryl group, x = o ( P-diketonates)
or s (nonoÈhio-p-dj-ketonates), Rt = difluoromethyl, trifluoronethyl,

pentafluoroeLhyl or heptafluoropropyl group, and n = 2 or 3.

Mechanisms of ion deconposiLion are proposed with the aid of linked-

scanning netastable results. Trends in observed ion abundances are

interpreted in light of several different concepts, including Ëhe

metalts abilit.y to undergo a change in valency, the principle of Hard

and Soft Acids and Bases (HSAB) and the inductive capabilities of the

ligand donor aÈoms and the R and Rr groups.
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ABBREVIATIONS, STMBOLS AND DEFINITION OF TERMS

Mass spectrometrlc lj.terature contains a confusingly large number of

acronyms' abbreviatlons and syrubols, nany of which are nisunderstood

sinply because of their redundant natureo Researchers workJ_ng in

closely-related fields of mass spectronetry often perceive dlstinctions
(be they real or inagined) betr¿een theír work and Lhat of Lheir

colleagues and therefore affíx labels according to Lheír or¿n linited
view and preference (1)o In recent, years, the rnternat,ional Unlon of

Pure and Applied Chenistry (IIIPAC) (2r3) and the Edirorial Board of rhe

journal- Organic Mass Spectronetry (4r5) have nade attenpts at

standardizing Èhe symbolisn and nomenclat,ure for mass spectronetry"

Many of their reconmendat,ions pertaining Lo topics covered in thls

thesis are given belov¡. I{hen necessary, more recent sources (6-10)

have also been consulted.

(Í) Abbreviations

EIMS electron lonlzatLon mass spectronetry

FIMS field j.onlzatlon nass spect,rornetry

FDMS field desorptlon mass spectronetry

CïMS chenlcal ionization nass specËronetry

CAMS co1llsiona1 actlvation mass spectronetry

PIMS photoionizatlon mass spectronletry

SIMS secondary ion mass. specLrometry

FTMS Fourier Lransforn mass spectronetry
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Gc/lts gas chronaLography and mass speclromeury (li.nked)

LC/MS liquid chromatography and nass spectrometry (linked)
ICR ion cyclotron resonance

The letLers preceding MS can also be used separately.
However, Lhe initials MS can have several diiferenc
connoLations when used on their own.

u dalton or mass uniË (r2ç = 12 dartons), formerry ,,amu,,

e magnitude of the electronic charge

m the mass nunber of an ion

z Ehe charge number of an ion

ztn percenËage of totar ionization (see Definitions)
m/z the mass-to-charge ratio, formerly ,tm/e,,

rE ionization energy, formerly "ionizatÍon potenLial,f

AE appearance energy, fornerly ttappearance potentialrt
Rel.int. the relative intensity of a peak as a percentage of theintensity of a base peak (Z Rel.int.)
Mol.mass relative molecular mass

(ii-l surbot"

M*' or [M]+' molecular radical cation

F+ or [F]+ positive even electron fragrnent ion

F*' or [F]+' positive odd elecLron fragment ion

m apparent, mfz value of a metastable peak
2+ 3-r-', fl" nultiply charged ions, preferable to m#, n-3

o , process confirmed by the observation of a netastable peak

indication of a one electron shift

--* 
indication of a two electron shifr
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E

magnetic field (or magnetic sector)

electric fleld (or elecLric sector)

(iiil Definitions

l'lass Spectrograph. An insLrument used for Lhe simultaneous recording
of focused ion beams on a photographic plate; used prinarily for Lhe
accurate determinatlon of atonlc rnassesc

lÍass. SpectfoneÈer. An irlst,runent used for the recording of separated
ion beams by neans of dedicated electronlc devices; morè suited for the
measurenenL of isotopÍc abundances.

Molecular ion. The ion formed by Lhe removal of one electron from a
nolecule (positive) or the addition of one electron to a nolecule
(negative). Represents the ionj.zed nolecule containing only the
isotopes of greatest natural abundance.

Fragnent ion. An ion formed by the cleavage of one or nore bonds in
the nolecular ion. r! r"y be an even electron ion (ion produced by
removing an elect,ron fron a radical) or an odd electron ion (ion
produced by rernoving an elecLron from a molecule) "

Rearraagenent ion. An ion formed by the rearrangenent process of sone
ion species, including the nolecular ion.

Parent-ion: The precursor to a given fragment ion, not, necessarily the
molecular ion,

'(-Cleavageo The cleavage of a bond adjacent t,o an electron deficient
groupc

É-Cleavagen The cleavage of a

Allvlic cleavage. The cleavage
bond"

Benzvl-ic cleavage. The cleavage of a bond one removed fron an aronaLic
rlng"

Mclaffert,v rearrangement. p -cLeavage with concomitant specific
transfer of a /-hydrogen atom in a six-membered transiLlon state in
mono-unsaturated sysLensr irrespective of whether the rearrangenent is
fornulaLed by a radical or ionic mechanlsm and irrespectlve of the
posiLion of the charge.

Resolution: 10 per cent vallev definition. Let Lwo peaks of equal
height 1n a mass spectrum at nasses n and m+^n be separated by a
valley which at its lowest point is just 10 per cent of the height of

bond p (one rernoved) to a given aton,

of a bond one renoved fron a double
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eiLher peak. The resoluLion can then be described as n/ Ln at a IOZ
valley definition. For example, when two nasses (100.000, 100"005) are
separated by a 10 per cent valley, Lhe resolutlou of the instrunent is
10O.000/0.005, i"e. 201000,

Percentage Tolal_Jggige!¿gqo The abundance of an individual ion
compared v¡ith the sum of Lhe abundances of all the lons in a specified
rnass range or of a specified ion type.



CHAPTER I.

MASS SPECTRA OF

17ç -rryDRoxy-l7ç -METHYL-5E -ANDRoSTANE C(3) KETONE

AND

c(3ç ) ALCoHoL TSoMERS



A. INTRODUCTION

Establishing a correlation between the stereochenristry of a molecule

and its mass spectrum has been the goal of count,less studies in organic

nass spectrometry. Included araong them is the applicaLion of nass

spectrometry to the structural and st,ereochemical problems encountered

in the analysis of naturally-occurring steroids. Steroids h¡ere among

the first natural product,s Lo be examined in a mass spectroneter and

irmediately exemplifÍed the potenLial of the technique for organic

analysis (11,12). since that Line, Lhe biological and medical

importance of these conpounds has made then the subjecL of nany studies

relating structure to fragmentation processes. rn fact, the conprexity

of steroid fragnentation pat,terns and the difficulties encountered in
their interpretation have led to Ëwo inportant developnent,s in organic

nass spectrometry: Lhe routine incorporation of stable isotopes int,o

molecules for the purposes of elucidating decomposition pathways (such

as the studies by Djerassi and co-workers of hydrogen nigration in
steroids using 2H-1"b"11ed analogs (13)), and secondly, Lhe use of

derivatives (primarily silyl ether) to aid in Èhe structural

characterization of steroids by conbined GC/l,fS (14)"

The presenL work describes the positive-íon, elect,ron ionizat,ion

(Er) mass spectra of the four isoneric 17Ç -hydroxy-r7t -nethyl-S! -
androstane c(3) ketones and the eight corresponding C(3 E ) alcohols

(see Figure 1). The impetus behind this study, besides the continuing

interest ín Lhe nass spectrometry of sËeroids in general, was the
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1b: 17p-hydroxy- 17a-methyl-5p-androsran-3-one
2a: 17 ø-hydroxy- 1 7 B-methyl-5a- androstan- 3 - one

2b: 17 a-hydroxy- 1 7p-methyl-5p-androstan-3-one
3 a: 1 7c¿-methyl-Sa-androstane-3cl, 1 7 p-diol

3b : i 7c¿-methyl-5a-androstane-3B, 17p-diol
3c: 1 7c¿-methyl-5p-androstane-3a, 17p-diol

3d: 17cr-methyl-5 B-androstane-3 B, 17p-diol

4a; I7 þ-methyl-5a-androstane-3ø, 1 7a-diol
4b: 17p-methyl-5a-androstane-3p, 17a-diol

4c: 17 p-methyi-5p-androstane-3c, 1 7c¡-diol

4d: 1 7 p-methyl-S p-androstane-3 p, 1 7ødiol

Figure 1. L7l -hydroxy-l7Ç -methyl-5Ç -androsr,ane c(3) ketone and

C(3ç ) alcohol isomers"



availability of Lhe complete sets of epimeric ketones (la,hi Za,b) and

diols (3a{; 4a{) and the opportunity to evaluate the stereochemical

factors influencing Lheir mass spectra. 0f particular int,erest were

the effects of the tertiary hydroxyl group orientaEion at c(17), for
reasons to be discussed presently.

Although direct comparative evidence is lacking, sorDe parallels Lo

the present, work can be drawn fron published data on steroids of

similar structure (both electron and chernical ionization studies have

been performed, so each will receive consideration). z.v. ZareLskii

and co-workers (15-17) reported the Er mass spectra of a series of

epineric tertiary alcohols, derivaLives of 3-meLhoxy-l7Ç -a1kyl-
A1'3'5(10)'8-D-horoestratetraen-17g -or (see Figure 2). The ¡nost

striking nass spectral feature of these steroids is the large

difference in intensities for the [M - lB]+' peaks (loss of water from

molecular ion) between C(17) epimers. A conparison of the

[M - H2o]+'¡¡¡a1+' ratios reveals nuch larger values for rhe L74 -oH

compounds as compared to their 17 P 4H isomers. Trideutero-neLhyl

analogs at C(17) were used Ëo elucidate the mechanism of dehydraLion,

indicating an axial arrangement of the L7¿ {H group (equatorial

configuraLion for L7P 4H). Significant correlations were also made

between the relative abundances of uhe [M - H2o - (17-a1ky1)]+ and

[M - H2o]+' ions; the former species is greatly favored over the latter
in epiners with an axial-OH group (i.e. 17"1 -oH), while the opposite

trend exists for isorners wiLh an equat,orial hydroxyl. Again,

deuterated analogs were used to clarify deconposiLion paLhways. Minor



R = CH3, CiH5

H3CO

R = CH¡, CzHs

Figure 2. 3-rnethoxy -77 E -al:kyl- A1 ' 
3 

' 
5 ( 10) ,8-D-honoest,raLeLraen-

17 4 -oL isomers (16).



peaks arising from ring D fragnentation processes were deemed to be

dependent upon the configuration at C(L7) as well.

fn order to determine if the trends in the nass spectral behavior

observed in the D-hono series would be retained in alcohols possessing

a 5-¡nembered ring D, Zaretskii (l8r19) examined the isoners of 3-
meLhoxy-l7Ç -alkyl- 41,3,5(10)-esr,rarrien-17 Ç -o1 and 17 ! -a1ky1-19-

nortestost,erone (see Figure 3). The mass spectra of the 17-

alkylestradiol derivatives differ only in Èhe values of the

[M - H2o]+'¡¡y1+' rarios; as wirh rhe D-hono serÍes, the raLios are

higher in alcohols having a L7o( -0H as compared to a 17 þqU group,

lending support Lo the view that the o( - and p-bonds at c(17) are

axial and equatorial respectively (in relation to ring c). No other

correlations between ion abundances and c(17) stereochemistry are

observed. for these epiners. The dehydraLion of the L7l -arkyl-lg-
nortestost,erones also proceeds more readily in the r74 -hyd.roxy

isomers. However, ir is in rhe [M - HzO - (17-a1ky1)]+/[M - Hzo]+.

rat,io that noticeable differences are reported. The considerable

decrease in the value of thÍs raLio for Lhe r7P 4H epiners is
attributed to different dehydration mechanisms aÈ r+ork in the

corresponding nolecular ions. The ring D fragmentaLions so prevalent

in the alcohols of the D-hono series are either non-existenÈ (for the

17-a1ky1-estradiols) or no longer dependent upon the stereochemistry a¡

the l7-center (for the 17-a1ky1-19-nort,estosterones).

The identifÍcation of st,ereoisomers by electron ionization is often

complicated by extensive fragmentation, which occurs as a resulL of the
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(b) R=CH3,QH5

Figure 3" Isomers of (a) 3-nethoxy-l79 -alky1- A1,3,5(10)-esrrarrien-

17Ç -oL and (b) 179 -alkyl-19-norLesrosrerone (19),



high internal energy inparted to the molecular ion, since the

variat,ions in the fragmenLation patLerns âmong stereoisoners are due to

only nJ-nor steric or energetic differences, the probability of their
detection r+ill be enhanced if the inLernal energies of the nascent, ions

are nini-nized (20). NoL surprisingly, aÈtenLion has recently shifted

to Lhe use of softer ionization nethods, in particular chenical

ionization (CI). Chernical ionization allows for the regulation of the

internal energy by selection of the appropriaLe reagent gas nixt,ure as

well as suitable source tenperatures and pressures. The result Ís a

simpler mass spectrun (as conpared to EI), unencunbered by

fragmentaLions arising from complex rearrangenents.

ïhe 0H- negative chemical ionization (NCr) mass spectra of 17ç -R-
5"( -androstane-l7Ç -o1 (R = H, CZH3, C2H) and 17g -n_S *_,L4þ -
androstane'Lî,17q -diols (R = cH3, c2H5, c2H3, czF-) were recenrly

published by Beloeil et al (21) (see Figure 4). All specrra are

characterízed by abundant pseudonolecular anions tM - H]- and the

competitive losses of waLer and either (i) an exocyclic hydrocarbon

(RH) for tertlary a1cohols, or (ii) norecurar hydrogen (H2) for
secondary alcohols. ResulLs for the l7-androstanols shor+ no

stereochenical effect for hydroxyl groups in position 17. The diols,
however, exhibit very strong preferences in the spectra of theÍr
stereoisoners: only the t,rans diols (r4P ,r7a) eliminate a hydrocarbon

nolecule to a significant extent,. Mechanistic work based upon isotopic
(deuteriun) labelling of Lhe alcohol groups reveals that a bifunctional

14rr7 i-nËeraction plays a major role in sLabilizÍng the resulting

[M-H-RH]-fragnenr.



Isoners of (a) 179

(b) 17ç -R-s"¿,r4p

(a) R = H, C2H3, C2H

(b) R = H, CH3, C2Hs , C2I13, CzH

-R-5< -androsÈane-L7 l -o1 and

-androsrane-l4 ,I7Ç -dtol (21).

Figure 4.
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Prome and co-workers (22) have examined the methane and. amme¡f¿

positive Cf and OH-/NCI nass spectra of a series of four sLereoisomeric

59 -androstane -3-one-179 -ols and eight 55 -androsrane-3\ ,t7 Ç -diols
(see Figure 5) using a reversed-geonetry, double-focusing inst,rument.

under cï4/cr conditions, the spectra of the diors are d.ominated by

[M+H - Hzo]+ and [M+H - 2ifl.zo]+ ions. The abundance ratio of these rwo

species is greatly dependent upon the stereochemist.ry at C(17); Lhe

value of [M+H - àH2OJ+/[M+H - HZO]+ is nuch larger for rhe L7< -
epiners. sinilar behavior is observed under NHr/cr conditions. The

authors attribute the higher abundance of [M+H - 2H2o]+ ions in Lhe

17o{ -ss.1es to a closer proximity of the axial hydroxyl group Ëo other

ring D hydrogen atoms as conpared to it,s equaÈoríal epimer. A second

sLereochemical effect is observed in the mass-analyzed ion kinetj.c

energy (MIKE) specLra of the [M+NH4J+ ions formed fron rhe diols under

NH3/CI conditions. The competitive losses of HrO and NH' as monit,ored

by the ratio IM+NH4 --uro1+/U-l+NHo - NH3l+, are híghly dependenr upon

the configuration at C(17), with dehydration the major process in the

17"( -series. A slight hindrance of the I -face is believed responsible

for the reaction preference. fn contrasL, the 3-keto-17-

hydroxysleroids appear insensitive Lo the configurar,ion aL c(17) in
their methane and ammonia cr spectra. under oH-/Ncr conditions,

however, the loss of vlater is once again favored in Lhe 17o( -series
(yielding [M - H - HZO]- ions). Fragmentat,ion trends in terms of the

could noL be unequivocably establishedstereochemisLry at C(3) and C(5)

for the cornpounds examined.
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HO

Isomers of (a) 5Ç -androstane-3-one-17Ç -o1s and

(b) 5 Ç -androsrane-3 ç ,L79 -diols (22) 
"

Figure 5.
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To this point, the body of evidence present,ed for c(17) epimeric

steroidal alcohols suggests Lhat the rates of certain fragmentation

processes, in parLicular those involving the loss of r+ater from the

nolecular ion (or [M+H]+ ion), are dependent upon the st,ereochemistry

at C(17)" In sharp contrast Ë,o these reports, no general correlation

could be established between the [M - HzO]+' abundances and the

configurat,ion at c(17) for the st,eroids shown in Figure 1. The only

relationship which was found concerned the increased abundances of

several fragnent ions in the rnass spect,ra of the 5p - versus 5o( -ketone

and alcohol isomers.
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B. EXPERII'íENTAL

Positive-ion electron ionization mass spectra were recorded on an

Hitachi RMU-60 single-focusing nagnetic sector instrument at an ion

accelerating voltage of 1800 V. The ionization chanber temperature was

left to equilibrate wi.thout external heating (ca. IBO oc). Electron

beam energíes of 70, 20 and 12 eY (nominal) were used, and all samples

were introduced via a direct-inlet probe.

Linked-scanning experirnents were perforned on a VG7070E-I{F double-

focusing mass spectrometer. constant B/E scans of [M]+' and

[M - 18]+', consrar.r_ n2/f, scans of [M - 33]+ and [M - 75]+, and

consËant neutral loss scans of 15 and 18 were obtained for selected

steroids (I,a/hr3d,/4d). Mass assignments in the parent ion scans

(const,ant g2/E) were made with some uncertainty due Lo the inherenL

broadening of peaks by kinetic energy release. The daughter ion and

mass loss scans were of greater i-nterpretive use. Collision-induced

dissociation (crD) was implenented to increase the abundance of

meLastable ions; heliurn gas was introduced into a collision cell
located in the first field-free region (FFR) of the spectrometer. The

pressure in the collision cell was adjusted so that approximate]-y 50%

aLtenuation of the molecular ion bearn was achieved.

The synthesis and proton NMR spectra of the steroids have been

descríbed elsewhere (23).



L4

C" RESIILTS AND DISCUSSTON

The mass spectra of the 3-keto-17-hydroxysteroids (Table 1) and

3'l7-dihydroxysteroids (Tables 2 and 3) are given in the form of peak

heights relative to that of the molecular ion. This mode of tabulation
permits easy conparison with results of the type cited above. Data are

shown for electron beam energies of 70 ev (to which Lhe 20 ev resurts

are very sínilar) and 12 ev. Normalized nonoisouopic ploLs of the

major ions above n/z 150 are presented in Figures 6-17 (70 ev data).

1. 3-Keto-17-hvdroxysteroids

The proposed fragmentation pathways and documented metasËable

transi.Lions for Ëhese conpounds are summarized in Schene 1. Several of

the more proninent ions resulting fron ring D fragrnentaLion processes

(tM - 731+, [M - 58]+' and [M - 57]+) are believed Lo arise according

Lo Lhe document,ed nechanisns (24-26) illustrated in Scheme 2. None of
these fragment abundances seen sensitive to the configuraLion at C(II),
but two of the peaks, narnely [M - 57]+ and [M - 5S1+', appear

suppressed in the 5"( - versus the 5p -sLeroid mass spectra (conpare

(1"2)a with (1-rz)b). The nechanistic implications of such "long-range"

confornational effects are noL clear, buü do inply that the avenues of

decomposiLion available to the nolecular ions of Lhe isoners differ.

0f considerable diagnostic value

is the parenr of [M - 75]+ rhrough L

observation that [M - 57]+

of water, a decomposition

is the

he loss
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Tabl-e 1. Mass spectra of 17Ç -hydroxy-r7\ -methyl-SÇ -androstan-3-ones.

Peak heights relative to [M]+'=1.00.

n/z

Cornpound la Compound lb

70eV 12eV 70eV L2eV

304 1.00 1 "00 1.00 1.oo

2Bg 0.90 0.96 0.39 0.41

286 0.54 0.64 0.19 0.63

27L 0.57 0.gg 0"58 O "47

253 0.07 0"05 0.33 0.19

247 1.104 0,99 z"7ga 3.13

246 0.53 0.50 2"31 2"78

244 0"33 0.32 2"59 3.00

23r 0.84 0.56 0"72 0.56

229 0.29 0.16 2,50 0"56

275 0"29 0.15 0"97 0.53

763 0.68 0,37 0.72 0.25

+5o¿ _+ +_Sp___+

L7 þ -oL--------'

a Base peak aL 70 eV.

Compound 2a Compound 2b

70ev L2eY 70eV I2eY

1.00 1 "00 1.00 1 "00

o"74 0"76 0"29 o.32

0"67 0"66 0"57 0"65

1 " 184 0.g3 L.17 1.05

0.04 0.02 0,39 0.22

0"97 0.93 2.36 2 "62

0"46 0.44 2"OO 2.39

0.32 0"24 2,3ga 2.70

0.80 0"48 0.64 0.46

o "29 0 .I4 2.L7 1 .43

0 "29 0.L2 0.96 0 "46

0"79 0"34 0"67 0.24

+5a---> * 5Én
<-- 17 a -oL-------)
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Table 2" lfass specrra of 17o(-merhyl-sç -androsr,ane-3! ,L7þ -d.to].s.

Peak heights relative Lo tM]+'=1.00.

n/z

Conpound 3a Conpound 3b

70eV L2eY 70eV I2eY

Compound 3c Conpound 3d

70eV L2e\i 70eV 12eV

306 1.00 1 "00 1,00a i.0o 1.00 1.00 1.00 1.00

291 0"95 0.92 0.93 0.gl 0.83 o.g2 1.33 L.4g

2Bg 0,56 0.59 0.35 0.36 2.g3 3.17 2.Oga 2.44

273 0.59 0.51 0.4L 0.33 1.OO O.g2 1.04 0.go

270 0.35 0.39 0.07 0.09 r.67 2.0g 1.19 1.3g

255 0.36 0"23 0.19 0.11 1.50 1.09 0.85 0.54

248 0.52 0.53 0.35 0.34 1.g3 r.g2 0.63 o.5g

246 0.11 0.09 o.2o o.12 0.67 0"45 0.52 0"44

233 0.94 0.60 0.59 0.46 0.67 0.5g 0.96 o.g0

23L 1.00 0.79 o.4l 0.33 4.75 4.25 L.r7 1.10

230 1.334 I.2g 0.24 0.1g 8.65a g.67 1.65 1.7g

2r7 1.09 0"59 0"59 0.35 3.92 2.93 !.79 L.22

215 0.95 0.31 0 .44 o. 1g 3 . g3 2 "OO 1 .39 O .73

165 0.97 0.47 0"60 0.30 0"g3 0.50 0.65 0"34

I49 0.gg 0.24 0.30 0.10 2.og 0.75 1.77 0.73

<- 3oc 

- 
+ 3þ _-___n + 3.{ _+ , 3þ

5,¿ 
-------+ 

<-- 5p -------_>

a Base peak aL 70 eV.
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Table 3. Mass specLra of L7þ -nethyl-5ç -and.rosrane-3Ç ,17o4 -dj.ols.
Peak heights relative t,o lMl+'=1.00,

n/z

Conpound 4a Conpound 4b

70eV I2eY 70eV I2eY

Compound 4c Compound 4d

70eV I2eV 70eV 12eV

306 1.00 1.00

29L 1.11 1 .11

288 0"78 0.90

273 1.594 r"27

270 0.4r 0.41

2s5 0 "75 0.37

248 0.59 0.53

246 0"08 0"04

233 0"94 0"64

23L I.L4 0.91

230 1"51 r.43

2L7 1.22 0.63

2I5 0"92 0"27

165 1.06 0.51

149 0.83 0"2L

ê34---)

1.004 1.00

0.76 0 "74

0.39 0.39

0.60 0"53

0.07 0.09

0.23 0,13

o "32 0.31

0.L7 0.10

0.53 0 "42

0.42 0.34

0,20 0.16

0"54 0.34

0"42 0"L7

0.47 0"27

0"27 0.09

1.00 1.00

0.83 1.00

3.08 3.46

2.17 2.OO

2"L7 2"23

2.50 1.38

1.98 l.g7

0.67 0.46

0.83 0.54

4.83 3.95

9.334 7.69

4.I7 2"92

4"L7 r "77

0.83 0.46

2.25 0.69

+-3&-

1.00 1.00

r.22 1"31

2.L74 2ßB

1.59 1.36

1" 13 L.2g

L.07 0.62

0.54 0.49

0.39 0.33

0.85 0.64

1.11 0"96

I"57 I"45

1.54 0.93

7.I7 0.55

o.46 0"29

1.39 0.55

+ 3þ --+,_3Ê _

a Base peak aL 70 eV.
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Figure 6.

Normalized 70 eV-Ef nass specLrum of

L7 þ -hy d,r oxy -77 o< -rne thyl-5 o( -and ro s tane-3-one
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Figure 7.

Normalized 70 eV-EI mass spectrum of

17 f -hy dr oxy -!7 "1 -me thyl-5 p -and,r o sL ane-3-one
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Figure 8.

Normalized 70 eV-Ef mass spectrun of

17"< -hydr oxy-I7 p -nethyl-5 "( -androstane-3-one
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Figure 9.

Normalized 70 eV-EI mass spectrun of

L7 < -hy dr oxy -I7 P -ne thy 1-516 -and ro s t,ane-3-one
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Figure 10.

Normalized 70 eV-Ef mass spectrun of

L74 -netîyL-S"< -androst,ane-3"< rtlþ -,aiot
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Figure 11.

Normalized 70 eV-EI nass spect,rum of

17 e -neLhy]--s "<-androstane-3f ,17 p -dio]-
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Figure 12.

Normalized 70 eV-Ef mass spectrum of

77t -nethyL-sf -androsr,ane-3/ ,I7p -aiol-



23- s

Ll
H
a
à..t

23. I

ã
CJ

U''

à.{

STEROID 3C 7DEV.

N
(Il

J
Li-Jv

}.e

m

J
Ld
U.



32

Figure 13.

Normalized 70 eV-EI nass spectrun of

17"( -ru¡1ryL-54 -androsr,ane-3p ,L7p -aiot
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Figure 14.

Normalized 70 eV-EI nass spectrum of

L7 p -nethyL-S x.-androstane-3.¿, 1 7o< -diol
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Figure 15"

Nornalized 70 eV-EI mass spectrun of

17 f -nethyl-s e-androsra ne-3 þ,17 a -d;.:oir
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FÍgure 16.

Normalized 70 eV-EI mass specLrum of

77 p -nethyL-sp -androsr,ane-3,(,I7 ¿.-diol
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Figure 17"

Normalized 70 eV-EI mass spect,rum of

17 p -nethyL-s P -and,rosLa ne-3p,I7 d_ -¿io1
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nt/z

304

289

286

271

253

247

246

244

23t

229

215

r63

-------Þ

Ion

IM]*

[M-15]+

lM-l8l+

[M-33]+

IM-51]+

IM-57]+

IM-58]+

lM-601+

lM-731r

lM-751*

lM-891+

lM-1411+

process confimred by rhe observation o[ a metastable transition
in at least one of the conrplexes.

Suggesued fragrnentation pathways for Lhe 3-keto-L7-

hydroxysteroids.

rllvrv
ü

Jr

Schæ L.
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cH"

^¿."
{¿

lM-s8l*'

CHo

,^¿.-V
lM-731.

d,
IM-s4*

+ cH3cH(oH)cH2ðH2

çÓ.' 
"'ç$

+

+ CHr=C199¡9¡1.

Â¿.

lî''\":_*{ry

Fragmentation

¡t't - zs1+, ¡t't

+ CH.C(O)CH,

mechanisns for the formaLíon of ions

- 5S1+' and [M - 57]+ (24-26).

Schene 2"
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supported by metastable evidence in Lhe specLra of all four ketones.

This loss occurs much rnore readily from cis A/B fused 5 þ -steroids Lhan

from the more stable (1ess sLrained) Lrans A/B fused 5l-steroids. No

preference is shown between c(17) epineric pairs La/2a or Lb/2b, which

is not unexpecLed since their stereochemical integrities have already

been 1ost" The source of the two hydrogens Lransferring to Ehe ketonic
oxygen is not known, buL the reaction probably occurs via ring opening.

tr{ithout ring opening, 0-H bond fornation is unlikely, since molecular

models índicate that Lhe closest 0 to H approach in the intact, skeleton

is about 2.5 "A (berween 0 and H(9) in the 5( -Ísomer), which is
considerably larger than normal 0-H bonding dístances (0.96 Ã in uro¡.

Additional support for this view can be seen in the L2 ey data, where

the relative intensity of the [M - 75]+ peak decreases sígnificantly
compared to EosL of the other high nass peaks in these spectra (see

Table 1), indicating a relatively high activalion energy for Lhe

process.

The [M - HzO]+' /lM-l+' rar,ios shown in Table I (where warer loss is
presunably from ring D) do not distinguish between c(17) epineric
pairs, despite the implicat,ions of earrier report,s (15-19). The only

major structural differences between the l7-alkylestradiols /I7-a¡kyl-
l9-nortestosterones studied by Zaretskii et al (1gr19) and the 3-keto-

17-hydroxysleroids (larb;2a,b) of this study are confined to the

vicinity of ring A (specifically, rhe C(10) neLhyl group, C(3)

substiLuent and/or the degree of ring A unsaturation; compare Figures 1

and 3)" compare as well the Ncr results of prome (22) and, Beloeil
(2r)z while Prone reports that water loss frorn the IM - H]- ions of
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androst,ane-3-one-17 Ç -ols is markedly dependent, upon the

stereochenistry at position 17, Beloeil observes no difference in the

dehydration of lM - H]- ions for androstane-l7Ç -ols, which lack a C(3)

substituent. In the end, one can only surmise that the functional

group character of ríng A in some way influences the rate of water loss

from C(17). The nature of the interact,ion is evidenuly quite complex;

it may Ínvolve the transfer of conformational modifications fron ring A

Lo ring D (22) 
"

The only influence aLtributable Lo the stereochemistry of the C(17)

posirion is rhe approxi-nare doubl-ing of rhe [M - Hzo - cHg]*/iul*-

rat,io for a 17o<-conpared to a 17p -oH isoner. unfortunately, Lhe

enhancenent is t,oo small to be of significant diagnoslic value.

Melastable evidence indicates Lhat [M - 33]+ arises fron the molecular

ion in Lwo ways: ej.Lher by successive abst,ractions of H2o and a Me.

radical, or as a result, of eli-mination of these groups in the opposiLe

sequence (see scheme 1). The competitlon between these two

fragmentation pathways may partially conceal the st,ereochemical effects

at c(17). Evidence of this type of behavior has been provlded by

Zaretskii (18r19) in Lhe nass spectra of l7-ethyluestosteroneso

[M - 33]+ is also Lhe precursor of [M - 5l]+ (vta warer loss; confirned

through linked-scanning) with the latLer ion undergoing a definite

enhancenent for 5þ- over 5o(-steroids. The ketonic oxygen is
necessarily lost in thÍs sLep, in a decomposÍtion which presunably

parallels t,he formaLion of [M - 75]+ fron [M - 57]+ described above.
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Common ring A fragnentation products [M _ 701+', [M _ 7l]+ and

U[. - 72]+' are absent from the spectra of the steroidal ketones.

[M - 70]+' is a characterisLic fragment for 3-ketosteroids having a

cis-fused A/B ring junction (24,27)" The suppression of [M - 71]+ and

Ll"l - 72]+' i" not surprising considering that they are only reporLed

for 3-keto-5,(-steroids lacking a c(r7) substiruent (24,2g).

2. 3,17-Dihvdroxvsteroids

Ïhe proposed fragmentat,ion pathways and metastable t,ransit,ions for
the diols are shown in Scheme 3. Many of the observed fragmentations

parallel those discussed for the ketones, thereby supporLing suggesLed

assignments (compare [M - 33]+, [M - 51]+, [M - 5g]+. and [M - 73]+).

However, the [M - 57]+ fragment, charact,eristÍc of l7-hydroxyst,eroids,

is absent, in the diol spectra" At the sarne time, the new fragments

[M - 36]+', [M - 261+' and [M - 91]+ are novr proninenr. Metast,able

peaks indicale Lhat these ions are formed from [M - 1g]+', [M - 5g]+'

and [M - 73]+; respeclively, by loss of water. Linked-scanning

confirms that [M- 181+'is Lhe precursor of borh [M- 76]+. and

[M - 91]+. [M - 76]+' also elininares a methyl radical ro gi.ve

[M - 91]+ ." evidenced by a metastable transiLion. [M - 5s]+' and

[M - 73]+ arise from ring D deconposit,ions (see scheme 2), so the

dehydration of these species must involve the -oH group fron ring A

(and another hydrogen of undetermined origin). As evidenced in the

sLeroidal ketones, this process is highly sensit,ive to Lhe

stereochenisury of the A/B ring juncLion; [M - 76f' and [M - 91]+ are
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rnlz

306

29t

288

273

270

255

248

246

233

23r

230

2t7

2r5

165

------Þ

-------Þ

Ion

IM]*

[M-15]+

[M-18]+

[M-33]+

lM-361+

lM-511*

IM-58]+

lM-601"

IM-73]*

[M-75]+

IM-76]+

lM-891+

lM-911*

lM-1411+

+

+l
+

+

rj
IJ

JJ

process confirmed by the observation of a metastable transition in at leasr one of the complexes.

unconfirnred but probable fragmenrarion.

schæ 3. suggested fragmentation paLhways for the 3,17-diols.
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greatly enhanced with respect to [M]+' in the spectra of 5p -compared.

to 5"1-steroids (compare (3,4)(c,d) with (3,4)(a,b)). Molecular nodels

with the A-ring in the nore stable chair confornation show a much

shorter distance between c(3) and H(9) (the closest non-adjacent

hydrogen) in Lhe 5p -epimer (29). There is a further enhancenent in
Lhese rat,ios when the 3-0H is axial (<) as opposed ro equatoríar (þ ).
rt Ís highly probable thar in rhe case of rhe 3"< -hydroxy-5þ -steroids
(3c and 4c), the dehydration of the morecular ion is preceded by a

chair-to-boat isomerization of rÍng A as shown in schene 4. This

situation, which is not possible in 5o(-sËeroids (trans A/B ring
junction), reduces the C(3)-H(9) distance even nore and. increases the

likelihood of inLeraction. In fact, models show that, the C(9) tertiary
hydrogen nay be brought to within 0.4 Ã of the 3-hydroxyl group in the

boat conformation of ring A ín 5þ -cholan-3o(-o1 (30). At such

proxinate dÍstances, 0-H bond format,ion can occur without the

requirernenL of ring fission (thus lower act,ivation energy). Deuterium

labelling (31) has indeed established that hydrogen abstraction from

c(9) occurs in the loss of Hro from the molecular ion of 5þ -choLan-

3 "¿-o1 (a different, mechanism is assumed to operaLe in Lhe respective

3 þ -alcohols).

The [M - 751+/¡¡a1+' and [M - g9]+/[M]+' raLios exhibir Lhe same

trends as t,hose just discussed. rn addition to the netastable

infornation given in Scherne 3, evidence garnered fron the known

fragmentations of the corresponding ketones would strongly suggest thaÈ

[M - 75]+ i" also formed by Lhe loss of (Hr0+57) from [M]+'. since, as

noted above, the [M - 57]+ fragment is insÍgnificant in all diol
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Scheue 4.

[Mr]*'

Chair-to-boat

sLeroids.

lMzl*'

isomerization of ring A in 3,< -hydroxy- 5p -
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spectra' dehydration of the rnolecular ion is presumed to occur nore

readily Lhan loss of the oLher neutral fragment. Therefore, an

alternative pathway to [M - 75]+ would be loss of H2o fron ring A of

IM]+' (with its attendant st,ereochernical dependencies) followed by loss

of part of ring D.

Interprerarion of rhe [M - 1B]+'/W4+', [M - 301+'/tM]+. and

[M - 51]+/[¡t]+' ratios is cornplicated by Ëhe facr rhar rhe losses of
water from rings A and D of [M]+' probably occur at compet,itÍve rates.

In any event' a comparison of Tables 2 and 3 clearly reveals that there

is little dependence of any of these ratios upon the orientation of the

17-hydroxyl group. All of these ratios are mosL sLrongly enhanced for
the 5p - vs 5o(-st,eroids (compare (3,4)(c,d) wirh (3,4)(a,b)), wirh an

additional smaller enhancement for 3o( -hydroxy- vs Zf -nyato.xy-steroids

(compare (3,4)(a,c) wirh (3,4)(b,d)).
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D. SUMMARY

A definitive correlation between relative ion abundances and the

stereochenistry aL the A/B ring junction is established in the elecLron

ionization mass specËra of the steroidal ketones and alcohols exanined.

The intensiry ratios [M - 51]+/[M]+', [M - 75]+/t¡,tl+' and

[M - 89]+/LMl+' are grearly enhanced for 5p- (cis A/B) conpared ro

5,ú - (trans A/B) sreroids. As well, rhe [M - 1B]+'/Ull+' ,

lM - 361+'/[lt]+', U4 - 761+'7¡¡11+' and [M - 91]+/[M]+. rarj.os for rhe

3'17-dio1s are much greater for 5p- than for 5o(-epimers. Elinination

of H20 is believed to occur at sone stage in Èhe formati-on of all
fragment ions involved. Probably for Lhis reason these ratios are

further increased when a 3'¿-hydroxy group is present, particularly in

" 5 þ-steroid.

A general relationship between the dehydration of the molecular ion

and Ëhe orientation of Lhe -0H group at C(17) is not apparent from this
study. Results suggest that c(17) elimination reactions may be

influenced by the functional groups and conformation of ring A.

Conformational effects are also observed in the ring D fragmentations

of uhe 3-kerosreroids, where [M - 57]+/[N]+' and [M - 5g]+./LI4l+.

ratios are significantly enhanced in the 5B- versus 5"¿-epimers.
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CHAPTER II"

MASS SPECTRA OF

FLUORINATED METAL É-DIKETONATES

AND

MoNorHr o- p -o rrnroNATES
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A. TM|RODUCTION

Beginning wiLh the pioneeri.ng work of combes (32), urbain (33) and

Werner (34) near the turn of the century and continuing to the present

day, Lhe study of metal þ-dtketonat,es has been pursued by a counLless

n'rmber of investigators using many varied Lechniques. The bonding and

sLrucLure of these conplexes have been explored by spectral neLhods

(infrared, elect,ronic, n.rn.r. and mass spectra), as well as through

chronatographic (gas, column and thin-1ayer) and physical neasurement,s

(x-ray diffraction, vapour pressure, nagnet,ic and dipole noments). A

comparable body of evidence has been compiled for Lhe rnetal complexes

of monothio-þ-dikeuones since chaston and Livingst,one (35) first
reported their synthesis ín 1964" From a practical viewpoint, metal

chelates of this type have seen applications as n.m.r. shift reagenLs,

in solvenL extraction studies, and in laser technology.

An exhaustive review of all of the chemical and physical studies

reported to date on netal þ -aik.etonates and nonoth]:o-p-di-ketonaLes

r¿i1l not be attempted here. For Lhis purpose, the reader is referred

to several comprehensive reviews (36-39). rnstead, when possible,

discussion will focus upon studies which are of direct concern to the

specific complexes under j_nvestigatÍon, nanely unsymmeLric, fluorinated

chelares of rhe forn Mern+¡ncxcltcoRrln (where Mer = A1(rrr), Ga(rrr),
co(rrr)' Ni(rr), Pd(rr), cu(rr), zn(TT); R = aryl or hererocycle; x = o

or s; Rr = fluorine-subsLituLed alkyl; n = 2 or 3). Aspects t,o be

considered include general chemistry and synthetic methods, x-ray



54

struct.ural analysis, nornor. specLra and dipole moments. a nore

detailed treatment of prevj-ous nass spectral studies will also be

given,

1. GenerAl ChenisLry

As shown in Figure rg, P-diketones are capable of keto-enol

tautomerism; in solution, the diketo forn I is in equilibrium with the

enol forms rr and rrr" A great deal of effort has been expended in
recent years on the study of keto-enol tautonerism ín þ -diketones. ft
has been found (see (36) and references cited therein) that the

proportion of the enol isoner is increased when (a) an electron-

withdrawing group is substituted for hydrogen on the ¿( -carbon, (u) ttre
ligands are fluorinated or contain an aronatic ring, or (c) tne p -
diketone is in a non-polar solvenË. As wel1, double-bond resonance and

chelation through hydrogen-bonding furLher stabilize the enol form (see

Figure 18). conversely, subsËitution of one of the ø(-hydrogens by a

bulky group (e.g. alkyl) causes steric hindrance between R-group

protons and this, conbined with an a1kyl group?s j.nductive effect,
often dininishes the extent of enolizaLion. It should be noted that

all of the ligands used in this study are unsubstiLuted aL Rr r,

fluori-nated at Rt, and aryl-substituLed at R.
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The nost commonly-traveled synthetic route to þ-diketones has been

.Lhrough a variation of the Claisen condensation, in which a ketone

containing an d. -hydrogen undergoes a base-caLaLyzed reaction with an

ester:

1. Na+-OMe
cH3cOR + R'C0OC,Hs 

^ 
¡- 

R'COCH2COR + CTHTOH lll

The methoxide ion abstracts a proton fron Ëhe oc -carbon of the methyl

ketone to form the carbanion, which in turn attacks the carbonyl carbon

of the fluorine-substituted ethyl est,er, displacing the eLhoxide ion

and giving Lhe þ-dlketone" However, since Ëhe '(-hydrogens of a p-
diketone are located alpha to two carbonyl groups, ionizati-on yields a

part,icularly sLable carbanion. As a result, the þ-atuetone is a

considerably stronger acid than ethanol and therefore reacts with the

ethoxide ion to form ethanol and the p-d,rketo anion [RCOCHCOR']-.

Acidification at this sUage yields the desired product.

under Lhe appropriate reaction conditions, the enolic proton of a

þ-dthetone can be replaced by a metal to form a characËeristic metal

p-ditcetonate. The netal chelation reactions of p-atketones have, in
Lhe past, involved a number of different forms of starting materials:

elemental neLals, metal sa1ts, netal oxides, metal carbonyls and

others. The rnajority of the meËal chelates used in ny work were

prepared fron their metal sa1ts, according to the general equation:

MetrXr, + rnHL 

-> 
yMeLL(n/y) * rH(r/n)x L2l
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where Metrxn is the netal salt (x = acetate, nitrate, chloride or

sulfate), HL ís *u þ-diketone ligand ¡ y = L or 2¡ n = 2 or 3 and

m = 2,3 or 6" As discussed by Fernelius and Bryant (40), the maj.n

difficulty with this process is the accumulation of free acid, which

brings t,he reaction to equilibrium short of completion. A pH control

is therefore mendatory, with three approaches having been employed:

(a) the use of netal acetates, (b) the use of a buffered reaction

medium, and (c) the addition of a weak base such as anmonia. Metal

aceËates have proven Lo be very popular reactants by nature of uheir
t?naturaltr buffering action. The use of a buffer solut,ion has the

disadvantage of adding extraneous ions, whi.ch may in turn contaninate

the final product. A drawback to the addition of ammonia is the

possibility Lhat high loca1 concenLrations of base night result in the

precipitaLion of insoluble rnetal hydroxides. This problern can be

avoided through the honogeneous generation of ammenia by urea

hydrolysis:

C0(NH2)2 + H20 Þ 2NH3 + CO2

The general form of the synthesis then becomes:

t trtr, + inHL + mNH, yMerl(m/y¡ + n(NH4)qrln)x

The reactions of p -aitetones with metal salts in aqueous solution are

often hanpered by the low solubilities of nany p-dlketones in waLer.

Such a problem can usually be overcome by using a partially non-aqueous

solvent (an ethanor/water mixture for example) or by adding an

alcoholic solution of the f -a*.etone to an agueous solulion of the

metal sa1t.

t3l

l4l
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Divalenl transition metals Lypically exhibit coordination numbers

greater than four for oxygen donors. Neutral p-diketonates of these

metals often behave then as Lewis acids, forming addition conpounds

with bases such as water, ammonia or pyridine (41)" rn fact, Lhe

nornal preparative methods for these conplexes give hydrat,es.

Nickel(rr) p-dikelonates, for exampre, are usually obtained as

dihydrates, in which the coordination number of the neLal atom is
raised Lo six. rn the absence of suitable bases, divalent netal p -
diketonates are prone to self-association, giving polyneric species in
which Lhe oxygen atoms of one molecule are coordinated to the neÈal

atom of another. Solid state st,ructural analyses have confirmed uhe

polyneric nature of rnany of these compounds.

The foregoing methodology has been found applicable to the synthesis

of rnosL of the first-row transitíon series metal chelates exami¡sd i*
this sLudy. However, a variatj-on was used for Lhe preparation of the

cobalt(III) p -diketonaLes. The mosl conmon route to Co(III) chelates

involves the oxidation of the co(rr) ion in the presence of excess

ligand, but this nethod can break down when applied to ligands r+hich

are sensitive to oxÍdation or where solvent may be an effective

compet,itor for netal coordinating sites. As an alternative, a Co(III)
internediate, sodiun tris-carbonatocobaltate(rII) trihydrate, rvas

prepared by the hydrogen peroxide-induced oxidation of Co(II) nÍtra¡e
hexahydrat,e in the presence of excess sodium bicarbonate (42)z

1" H2o2
Co(N03)2 

"6H2O 2. excess
_ ::> Na.[Co(C03)3J .3HrO
NaHCO, r tsl
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rne þ-diketone was then added, liberating co, and producing the

desired compound (43):

Nar[Co(C03)3J.lUrO + 3HL CoL3 + 3C0, + 3HrO + 3Na0H

Normally the volaLilÍty of carbon dioxide drives the reaction to
completion, although occasionally acid is added.

Monothio p -aitetones minic their dioxo analogs by exhibitj.ng Lhree

possible tautoneric forns as shown in Figure 19. The same crit,eria
which favour the enol forn of p -atuutones (electron-withdrawing

groups, aromatic substituents, non-polar solvents) also apply to Lhe

monothio derivat,ives. However, physical- evidence (37,38r44 and,

references cited therein) suggesLs thaL in the solid st,aE,e and in
soluLion, nonothio-p-aitetones exisL predorninantly in Lhe

int,ranolecularly hydrogen-bonded thienol form (Vï).

¡¡+

t6l

The sinplest, preparation of monothio-þ-diketones involves

catalyzed reactj.on of hydrogen sulfide wiLh the corresponding

diketone in ethanolic soluËion:

HC1
RCOCI{2C0R' + H2S ;tr 

RC(SH)CHCOR? + Hro

Lhe

É-

acid-

17)

The above reacLion was initially investigated by several researchers

(45-47), albeit with little success; Lhe major obstacles included low

yields and a tendency for Lhe reaction product,s to dimerize. Chaston
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Figure 19. Tautomerism of Monothio-f-diketones.

o
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and co-workers (35,48) found Lhat Lhese problems could be alleviated by

using a 1ow concentration of the st,artíng P-diketone and by keeping

stricL controls on reaction conditions. For example, they observed a

correlation between the degree of enolization of the parent p -d:.ketone

and the concentraLion of HC1 necessary for convert,ing it into Lhe thio
derivative: the higher the percentage of enol taut,oner initially
present in the alcoholic solution, Lhe higher the acid concent,ration

required. since hydrogen chloride enhances the polarity of the

solvenL, it was suggested Lhat the reacËion lrith hydrogen sulfide

occurs primarÍly with the diketo isomer:

H\ \+ \+ Hrs\ I \
C=0 + U+ 

-+ 
.C=g-H ---> 

C_O_H 
-2" 

> 'Ç4-H _ 'C=S 
+ H30+/ / / /L+ / - --:

s-H t8l

In all investigated cases of the reaction with asyrunetrícaL þ -
dikeLones, evidence has shown that Lhe nucleophi.lic atLack by H2s

occurs at the carbonyl aLtached Lo Lhe less elect,ronegative R group,

thereby producing the isomer RC(sH)cHCoRt (elecrronegativiry of

R < Rt). The linitaLion to only one isomeric form is undoubLedly Lhe

primary drawback of this reaction procedure.

An alternative method of synthesizing nonoLhÍo-p-ait"tones v¡as

advanced by uhlenann (49r50) and involves a claisen-type condensaLion

of kelones wiLh thionic or dithionic esters:

RCOCH3 + R'c(s)o"" 
*"*', 

R'c(sH)cHCOR + MeoH t9l
Er20



62

RCOCH3 + R'C(S)SM" -*"*' .o R'c(sH)cHCOR + MeSH
Erro I i0]

This method has the advantage that where t\"ro structural isomers

(Rc(sH)cHc0Rr and RC0cH(sH)cR') are possible, borh can be prepared in
good yield through a suitable choice of starting mat,erials.

Unfortunately, the difficulty in obLaíning thionic or dithionic esters

having Rr- perfluoroalkyl groupr rêcessÉrry for Lhe preparat,ion of the

RCOCH(sH)cRt isoners, detracts fron the general utility of this
procedure.

chelation of monothio- þ -diketones with most meLals is known,

usually by way of direcL reaction of a metal halide or acetate wilh the

ligand in a suitable solvent systen (norma11-y alcohol or aqueous

alcohol). However, the reaction is often complicated by oxidaLj-on-

reduction reactions of the netal ligand system, depending upon the

naLure of the netal (especially ÍLs oxidation suate), the ligand and

the react,ion condiLions. For instance, Chaston and Livingstone (51)

demonstrated that in the presence of netal ions in high oxidation

states (e.g. Fe(IrI), Mn(III)), rhe oxidatj.on of monothio-þ-dikerones

to Lheir corresponding disulfides readily occurs, while on the other

hand, a netal in a low oxidaËion st,ate nay reduce some of the ligand

and forn a metal conplex of a higher oxidat,ion state (e.g. the

oxidaLion of Fe(rr) ro Fe(rrr) and co(rr) ro co(rrr)). As well, rhe

role of the terninal R-groups in determining the oxidaLion staLes of

netal monot,hio-p-aitetonates was established (51) using a
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cu(r) - cu(rr) sysLen; it was found that in general, strongly electron-

withdrawing substituents decrease the negaLive charge densÍty on the

sulfur atom and stabilize the complex in its higher oxidation sLate.

rn contrast to metal p-atuutonates, nonoLhio-þ-atuutonates are

generally anhydrous, soluble in rnost organic solvent.s, and monorneric in
the solid staLe.

2. X-ray SLructural SLudies

Three fundanental physical parameters that can be garnered fron the

x-ray strucLural analysis of a given molecule include bond lengths,

bond angles and molecular geometry. rn metal p -aitetonates and.

rnonothÍo-p-aitetonates, metal-oxygen (or metal-sulfur) bond distances,

chelate ring planariLy and molecular symmetry are a1l imporLant

sLructural characLerist,ics. Unfort,unately, very little single-crystal,

three-dinensional x-ray dat,a exisL for the series of asymnet,rical,

fluorinated metal chelates of interest. As such, only work on

compounds of conparative structure can be reported.

The mosr srudÍed of all nickel(rr) p -atu.eronaLes is bis(2,4-

pentanedionato)nickel(II) (Ni(acac)2i R = Rt = CH3). Early work by

Bullen (52) was initiated on the supposition that all dianagnetic

Ni(II) complexes possess a planar sË,rucLure, whj.le pârem¿g¡¡stic species

such as Ni(acac)2 conforn to- a teLrahedral geometry. His results show

threer nearly colinear nickel aLoms in an asymrnet,rÍ.c unil cell and,
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while not ruling out, square planar or tetrahedral coordination, suggest

the possibility of an octahedral environment for the nickel atoms" An

electron diffracLion study by ShibaLa (53) on the sâme complex does not

reach a definite conclusion regarding geometry, but suggests Lhat the

gas-phase results are consist,ent with a square planar arrangement of

oxygen atoms abouL a nickel center. Bullen and co-workers (54r55)

would later confirm the trineric, octahedral coordi.natÍon of the

cornplex - specifically, a distorted octahedral geonet,ry about each

nickel atom resulting from Lhe bridglng of each pair of Ni atons by

three oxygen atoms as shor¿n in Figure 20. Two types of Ni-O bonds

appear Lo exist, depending on whether the oxygen is bonded to only one

nickel aton (shorter) or shared beLween tr¿o nickel atons. The space

group is 0ca21 and the density calculated aL twelve noLecules per unit
cel1.

Nickel(rr) þ-atx."LonaLes are easily hydraLed in air. Montgonery

and Lingafelter (56) found thar Lhe nickel ion in diaquo-bis(214-

pentanedionato)nickel(rr) Ís surrounded by a t,etragonally distorted

octahedronr wiLh the nickel aËorn slightly out of the plane of each flat
acetylacetone resídue. AlLhough corresponding netal aton displacements

are evident in similar cobalt(rr) (57) and zinc(rr) (58) conpounds, no

explanations have been proposed. The crystals are monoclinic with

space group PZr/c and two molecules per unit cell.

Bullen et al. (54) suggesL Lhat trimerizatÍon can be expected in

complexes sinilar to Ni(acac)2 piovided that the chelating ligands do

noL presenL a sLeríc hinderance Lo such an associat,ion" This idea is
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Figure 20. Trineric strucLure of Ni(rr) acetylacetonate (55).
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confirmed by CoLton and l,Iise (59) in the x-ray structural analysis of

bis(2,2,6,6-Letranethyl-3,5-heptanedionato)nickel(II) " üIith rhe added

bulk of the tert-butyl grou?s, exclusively monomeric, square planar

structures are found as shown in Figure 21. The unit cell is
monoclinic' space group P21/a and contains two formula units" 0f
parLicular interest in this study are the Ni-O bond distances, which

are significantLy shorter Lhan those observed for octahedral Ni(acac)2

or Ni(acac)2.2H2o. The absence of electrons fron the antibonding d

orbital of the low-spin square planar Ni(u) conplex is proposed as Ëhe

main reason for the shortened netal-oxygen bonds.

A sÍng1e-crystal sLructure of the nonothio-p-diketonate bis(4-

mercapto-pent-3-en-2-onato)Ni(Il), as determined by Siinan et a1. (60),

shows a nearly planar, nonomeric molecule in which the nickel aton is

surrounded by a square-planar arrangenent of oxygen and sulfur at,oms

(see Figure 22). The molecule adopËs a cis configuration of sulfur

at,oms abouL nickel, that, according to the authors, is the result of

favourable non-bonded interactions between sulfur atons. The

interat,omic dÍstances in the chelate ring, whi.le consist,ent wiLh

subsLantÍa1 delocalízation of the 7 -bond systen, reveal nore double

bond character in the c-0 bond Ëhan in the c-S bond and a slightly
shorter c{ bond adjacent Lo c-s Lhan the c{ bond adjacenL to c-0.

These observat,i-ons support the view of a predoninantly Lhienol chelate

ring structure. The crystals are orthorhonbic, space group p5.., and

contain eight nolecules per unit, ce1l.



67

Figure 2L. Molecular struct,ure of

heptanedionato )Ni ( II )

bis ( 2 ,2,6 ,6-tetramethyl-3 ,5-
(se).
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Figure 22. Molecular structure of

onato)Ni(Il) (60).

b is ( 4-nercapto-pent-3-en-2-
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conclusions reached by craig and co-workers (61) concerning the

solid state structure of bis(1r1r1-trifluoro-4-rnercapto-penL-3-en-2-

onato)nickel(rr) (R = cH3, Rt= cF3) show Lhe configuration about the

nickel to be cis square-planar (see Figure 23). The authors

rationalize the cis configuration on the basis of a greater ease of
Ni-s 

"--bonding 
when the groups are inclined at 90o rather than 1g0o.

The space group ís P21/c with four molecules per unil cell.

trrlith the exception of adduct derivatives, comparaLívely few x-ray

crystal strucLures of Pd(rfi p -a*etonales have been published. Hon

and co-workers (62) report that the palladiun and four oxygen atons

found in bis(l-phenyl-l r3-butanedionato)palladiun(rr) are coplanar and

form a parallelogram cent,ered on the palladiun (see Figure 24). pd{

bond Lengths are 1.965 and 1.976 Ã and the phenyr substiLuents are

trans t,o one another and at 23o to the plane of the chelaLe ring
(insufficient, to destroy conjugaLion to the chelale ring). The

observed c-0 bond distances indicate Lhat the carbon-oxygen bond

adjacent Lo the nethyl group has nore double bond characLer Lhan uhe

one next to the phenyl group, suggesting a conjugaLed renolrr single-
double bond arrangement in Lhe chelate ring. The crystals are

nonoclinic' space group P2t/c with Lwo molecur-es per unit ce1l.

Recently, a Japanese research group publÍshed an x-ray analysis of the

cis isomer of bis(l-phenyl-lr3-buranedionaro)palladium(rr). The work

of Okeya and associates (63) shows thaL the palladiun alon is
coordinated in a square-planar fashion by Èhe four oxygen atoms. As

wel1, bond angle measurenents indicate Lhat the phenyl and chelate ring
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Figure 23. Molecular structure

3-en-2-onato )Ni ( II )

of bís( 1, 1, 1-trifluoro-4-nercapto-pent-

(61).



7I

Figure 24. Molecular struct,ure of

dionato)Pd(II) (62).

b is ( 1-phenyl-l, 3-butane-
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noiet.ies are approximately coplanar" However, t,he authors do not find

any structural evidence to support the claim of Hon et al " (62)

concerning inter-ring conjugation.

one of the only available crystal st,ruct,ures of a pd(rr) monot,hio-

þ -ath"tonaLe is that of bi.s(1,3-diphenyl-3-rnercapto-prop-2-en-1-

onato)palladiun(rr) by shugan et, al. (64) " A cis stereochemistry of

sulfur aËoms about a square-planar Pd cenLer is report,ed. The crystals

belong Lo the space group P21/c and t,here are four molecules per unit
cel1 "

Hon and co-workers (65) examlned the molecular slructure of the

trans forn of bis(l-phenyl-lr3-butanedionato)copper(II) by x-ray
methods and found Lhat the copper and four oxygens forn a coplanar

parallelogram cent,ered on copper, a geometry very similar Lo Lhat of

Lhe Pd(II) analog discussed above. The pattern of bond lengths around

Lhe chelaLe ring resenbl-es Lhat found for Pd(rr), as do Lhe crystal

parameLers: monoclini-c, space group pz1/c, Lwo nolecules per unit cell.
However, a difference is detected in Lhe netal-oxygen bond lengths,

where the cu-o bond is shortened on t,he side to which the phenyl group

is attached" This behavior is sinilar Lo that observed by these

aut,hors for bis(1-phenyL-1,3-buranedionaro)vanadyl(rv) (66) and is
attributed to an elect,ron-donati-ng resonance interaction between Lhe

phenyl and chelaLe rings. such an effect demands a degree of

conjugaLion between Lhese two moiet,ies, whÍch is possible despiLe the

fact Lhat the phenyl ring carbons are twisted 14o out of the plane of

the chelate rÍng (the overlap integral beÈween Lwo p17- orbítaIs twisLed
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by an angler fa1ls off as cosl-; cos 14o = 0.97u therefore resonance

interaction should be 97% of the value for conplete coplanariLy).

Kidd' Sager and l^latson (67) nake brief ment,ion of Lhe crystal sLructure

of bis(1,1,1-crifluoro-4-phenyl-2,4-butanedionato)copper(rr) and reporr

a PZt/c space group with Lwo nolecules per unit ce1l. Fron synnet,ry

considerations, Lhey argue Lhat the ligands are required to adopt a

square-planar configuraLÍon about the central copper aton.

The trimeric sLructure discussed earlier for bis(2r4-

pentanedionato)Ni(rr) appears ro be applicabl-e to borh bis(2,4-

pentanedionato)zinc(II) (55) and bis(1, 1,l-Lrifl-:uoro-?,4-

pentanedionato)zinc(rr) (67) " Monrgomery and Lingafelterrs (5g)

invesLigation of monoaquo-bis(2 r.4-peatanedionato)zinc(rr) indicates

that the structure is comprised of discrete rnolecules and uhat oxygen

atoms are coordinated Lo the zinc in a geometry internediaLe between

teËragonal pyranidal and trigonal bipyranidal. This is sonewhat in
contrast Èo an earlier report by Lippert and Trut,er (68) which states

that the conplex has a distorted trigonal bipyranidal geometry.

LipperÈ and rruter lat,er recanted their claim (58). The unil cell
contains two molecules and is space group p2r.

A single-crystal, three-dimensional x-ray study of bis(2 121616-

Letranethyl-3,5-hepLanedionato)Zn(Il) by Cotron and l{ood (69) indicares

a distorted tetrahedral geometry abouL the metal cenLer (see Figure

25)" The crystal is tetragonal, space group JI+1/a with four nolecules

per unit ce11. The C{ and C{ bond disËances in the chelate rings

correspond to the delocalized lr-bonding (or resonance) sLructures
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c( 5)

c (6)

c(3)

C (2I c(2)

¿A
rt

Molecular structure of bis(2,2,6,6-tetranethyl-3r5-

heptanedionato)Zn(II) (69).

c (4)

Figure 25.
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posLulated for 2r4-pentanedionato rings" Synmetry dictaLes that Lhe

pairs of C-0 and C-C bonds in each ring nust, be exactly equal in

length, a facL confirmed by experinental results.

011is and co-workers (70) describe the single-crystal sLruct,ure of

Lris( 1 , 1 , 1-trifluoro-4-mercapto-4-phenyl-but-3-en-2-onato )cobalt( rrr) .

As shown in Figure 26, the molecule is centered on a Lhree-fold axis of

sym¡net,ry and has a facía1 octahedral configuration rcith all three

sulfur at,ons rnutually cis. The crystal is hexagonal, space group R5

with six nolecul-es per unit cell.

3. Nuclear Magnet,ic Resonance Studies

Ïn 1958, Holn and Cotton (71) published the proton nuclear nagnetic

resonance spect,ra of ten netal acetylacetonates, thereby providing the

first nmr examination of rnetal p -aitetonates. By observing the

resonance of the I -hydrogen, the auLhors atLenpted to establish a

correlatíon beLween the elecLronic distribution in the chelate rings

and the particular netal atom present. They found, however, ÈhaL the

magniLude of the chenical shifts appeared to be independent of the

nature of the metaL. Although the chenical shifts approximaLed those

of olefinic protons, Holn and Cotton were reluctant Lo endorse the

concept of aronaticity in the ring noiety. Subsequent studies (72r73)

by oLhers also proved inconclusive in establishing an aromatic

characLer for rnetal acetylacetonates.
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o

C3

Fg

c4 CZ c10

CT CS

Figure 26. Molecular struct,ure of tris(1,1,1-trifluoro-4-nercapto-4-

phenyl-bur-3-en-2-onaro)Co(III) ( 70) .
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More recently, nnr spectroscopy has been put Lo productive use for
the investigation of geomeLrical isomerisn i_n netal tris p -
diketonates. ff the chelate rings of the conplex are unsymmetrical,

Lhere exists the possibility of cis/trans isomerization. Figure 27

depicts two dj-astereomeric forns of an octahedrally-coordinated tris
p -AtUetonate. The cís isoner has a three-fold axis of syrnnet¡y,

whereas there is no such symretry axis in the t.rans form. Fay and

Piper (43,74,75) were anong Lhe first Lo use nmr to sLudy cis and trans

isonerism in unsymmetrical tris p-diketonates" They exarnined a series

of chelates of the form MeI(RCOCHCOR?)3 (R = merhyl, phenyl; R' =
methyl, trifluoromeLhyl; MeL = Cr(III), Co(III), Rh(III), Mn(III),
Fe(rrr), A1(ïrr), Ga(rrr) and rn(rrr)) bv lH and 19F r-r rechniques.

Thu 19F nmr resulrs for rhe inerË cr(rrr), co(rrr) and Rh(rrr) chelares

show two distinct forms in solution: a soluble, polar form giving a

single line resonance (an identical signal for each ring substituent)

and a less soluble, less polar conponent giving three resonance lines,

one for each cF, substit,uenL group. The two forms are assigned, as cís

and trans respectively on Ehe basis of equivalent and nonequivalent

ri-ng environmenLs. The spectra of rhe A1(rrr), Ga(rrr), Mn(rrr),

Fe(III) and In(III) conpounds reveal that these labile complexes exisL

as equilibrium mixt,ures of cis and trans isomers while in solution.

The raLes of isomerization can be estimaLed (75) by deternining the

temperaLure at which the four resonance lines in the 19F rrr spectra of

the trifluoro derivatives merge inLo a single line. This coalescence

is attributed to rapid interconversion between cis and trans isomers;

the environment of the three trifluoromethyl groups lies beuween those
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Figure 27. configuraLions of cis and Èrans isomers in co(rrr)

p -aiteuonaLes.
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of the four possible nonequivalent siLes of the cis and trans isomers"

Based on 19F nmr evidence, Fay and piper reject the likelihood of a

dissociative, intermolecular mechanism for these stereochemical

rearrangements in favour of an intramolecular, single rnetal-oxygen bond

rupture process. However, the possibiliLy thaL one or more

intranolecular Lr+isting mechanisms (76-7s) may be at work cannot be

discounted.

Haworth, Das and co-workers (79180) continued the nnr-based

examination of stereochemically non-rigid netal trt"- p-aiketonates by

studying a series of novel aluninun(fII), galliurn(III) and indiun(III)
chelates (R = phenyL, Z-naphthyl, 4-fluorophenyl-, 4-methylphenyl and 2-

thienyl; R? = dÍfluoronethyl and trifluoromethyl). Fou, 19F resonances

- corresponding Lo an equilibrium mixture of the cÍs (one signal) and

trans (three signals) isorners - are observed. for each coroplexo The

fluorj-ne signals coalesce into one resonance at a temperaLure unique Lo

each conplex; thís information can then be used to establish rates of,

and energy barriers to, rearrangement. A single metal-oxygen bond

rupture mechanism proceeding through a square pyranidal intermediate is
suggesLed as being responsible for the rapid intramolecular exchange

phenonenon.

Eight bis (¡3-aiteronauo) palladium(rr) chelares conLaining

fluorinated, unsynmetrical ligands (R = CH3, C6H5, C4H3S; Rt = CHFZ,

cF3, c2F, and c3F7) have been examined by Haworth et al. (81) using 13c

.rrd 19F nnr spectroscopy. The observation of dual carbon and fluorine

resonances in several of these square-planar complexes suggests the
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existence of both cis and trans isomers. A preference for the Lrans

isoner is indicated i-n the averaged relative peak intensities of each

pair of 19F 
"ignrls 

(cis:trans ratio of 1:1.3 Lo 1.5).

Metal rnonothio-p-aitetonat,es can display geometrical isomerism as

well: cis or Lrans square-planar in bis chelates and facial or

meridional configurations in octahedral complexes (see Figure 28).

fn a series of articles, Haworth and Das (g2-g5)

19F rrr characteristics of a number of nickel(ïï),
zinc(fÏ) and cobalr(IIT) monor,hio- p-atketonaLes (R

díscuss the 13C and

palladium(II),

= C6H5, C4H3S,

ctoHz and substituLed -phenyl; Rt = cHF2, cF3, c2F5 and c3F7), wirh

particular enphasis on st,ructure and isomerism. The data show Lhat Lhe
13c ,*t chenical shifts of the diketonaue carbon ring resonances vary

between complexes having different metal centers. Sinilarly, the 19F

results indicate that the fluorines nearesL Lhe metal give chenical

shifts that, are rnetal dependent. The authors are reluctant to

speculate as to whether Lhese effecËs are a result of nolecular

geonetry or the nature of the metal complexed. Exceptions Lo this
behavior are the fluorine signals in the chelat,es having Rt = C3F7; iL
is suggested that the increased inductive effect of CrF, (relative to
H, F or CFr) cancels any shielding change of the CF, resonance that

inight arise from metal coordinatj-on andfor configuration. All of the

cobalt(Irf) conplexes exhibit a cis (fac) geonetry as evidenced by only

single resonances for each type of carbon atom in the 13c nmr specÈra

(a neridional configuration, which lacks the C, symmetry axis of the

facial isomer, would show a unique resonance for each respect,ive
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Ni

(a)

facial (cis)

(b)

meridional (trans)

Figure 28. Geonet,rical isomerisn in (a) square-planar Ni(II) and

(b) octahedral Co(III) monothio-p -diketonates.
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carbon). The preference for the fornaLion of the cis-structure may be

alLribuLed to the fact Lhat all three sulfur at,ons are at rÍght angles

Lo each oEher and to the central metal aLom, thus maximizing metal-

sulfur ?--bonding opportunities. Weak, non-bonded S-S interactions nay

also play a role (60,86)o

Haworth and Das broadened their 13c and 19F ,rrr study of monoLhio-
np -dikeLonates to include alky1-substituLed conpounds (87-89),

galliun(fll) and indiun(Ill) chelates (90) and sorne second- and rhird-
row Lransition netal complexes (91). The results for Lhe alkyl-
substÍtuted chelates are much the sâme as Lhose reported above. On the

basís of variable-t,emperature 19F n*t work, the garlium and indium

complexes appear non-rigid, existing in solut,ion as equilibriurn

mixtures of ci.s and t,rans isoners. The 13c rnd 19F rrr. resulLs for the

rhodiun(rrr), palladiun(rr) and platinum(rr) complexes (91) reveal

chemi.cal shift data that are geometry (or metal) dependent. A facial
ocLahedral geomeLry for the rhodiurn chelates is confirmed.

4. Dipole Moment.s

Dipole moment neasurements can yield valuable infornation concerning

the structure of conplexes in solutj-on. For exarnple, t,he existence of

cis-trans isomerism in unsymmetrical netal þ -a*."tonaLes and nonothio-

p-aitutonates has been established by dipole monenL determinations.

square-planar complexes with negligible dipole noment,s can be

classified as 1Íke1y having a trans configuration, while those
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possessing significant moments may be cis isomers. Sinilarly, a high

dipole momenL for an octahedrally-coordinaLed metal chelate suggests a

facial (cis) geonetry, whereas lower dipole values indicaLe the

presense of a neridional (trans) isomer.

Relatively few dipole rnoment sLudies concerning metal 76 -aitetonales

have been published, perhaps because their linited solubility in

organic solvents renders then unsuÍtable for solution phase work.

NeverLheless, Holn and CoLton (92) report, the dipole moments of

bis(1 r1,l-trifluoro-2,4-penranedÍonaro)Be(rr), co(rr) and cu(rr) as

calculated from static polarization neasurementsn Their result,s

indicate thaL the beryllium cornpound i.s tetrahedral, while Lhe latter
Lwo each exist as nixtures of cis- and trans-square-planar cornplexes

(estimated cis:trans ratio of 322).

Das and Livingstone (93) have deternined the dipole moments for Lhe

copper(rr) complexes of several rrifluoro-þ-aiu.etones (R = c6H5,

C+HgS, p-MeC6H4, p-C1C6H4, n-C1C6H4, p-BrC6H4 and m-BrC6H4). The

authors suggest that the appreciable sizes of the observed dipole

moments are indicative of a cis square-planar configuration. Their

rationale is based on the assumption that a highly conjugated netal

chelate ring aided by the presense of aromatic substituent,s on the C-4

carbon aton níghL a1low ?7--bonding to occur between the metal and

oxygen aLoms' thereby giving rj-se to a measure of stereoselectivi¡y in

the fornation of Lhese conplexes, Das and Livingstone do not appear Lo

consider the possibility LhaL a mixture of cis and t,rans isomers nay be

present"
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RecenLly, Ifaworth et al" (81) used dipole noment measuerments to

examlne the geonetrical configuration of a series of palladiun(Il)

chelates cont,aining fluorinat,ed, unsynnetrical B-diketone ligands.

The dipole moment data suggesL thaL these compounds co-exist in
solution as a nixture of cis and trans Ísoners.

The first neasurernenLs of the dipole monents of metal monothio-p -
diketonaLes r{ere nade by Eddy and co-workers (94), who exa¡nined the

nickel(rr), palladium(rr) and plarinurn(rr) chelares of 1r3-diphenyl-3-

mercapto-prop-2-en-1-one. Molecular models of these square-planar

complexes show that a snall dipole moment might be expecLed for the

trans isorners due to a non-planar arrangement of the phenyl rings vis-
à-vis the four donor atons. However, Ëhe large dipole values inply

that the cis form predoninates in soluLion. Thi-s concept was

reinforced when attenpt,s to establish Lhe co-exisLence of boLh isoners

proved unsuccessful.

The dipole moment,s of a wide range of metal nonothio-,6 -diketonat,es

have been reported by Das, Livingstone and co-workers (95-103)" The

complexes studied include nickel(rr), palladiurn(rr), platinun(rr),

copper(Il), zinc(Il), iron(III), cobalr(ffI) and rhodium(Ilf); R =

c4H3s, ctoHz, c6H5 and numerous alkyl- and halogen-substituted phenyl

groups; Rt = CHF2, CF3, C2F5 and CrFr. A cis square-planar

configuraLion is indicated by the large dipole ruoments of uhe nickel,

palladiurn, platinum and copper conplexes. However, Lhe appreciably

lower values obtained for Lhe copper compounds as conpared to the Ni,

Pd and Pt chelates implies significant distortion fron square-planar
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towards a tetrahedral geornetry; data for the corresponding zi-nc

complexes, which are knor¿n to be Letrahedral, show even further

lowering" The dipole moment measurements also suggest facial (cis)

octahedral struct,ures for the iron, cobalL and rhodium compounds" The

preferent,ial formation of cis st,ructures in the transition netal

chelates of sulfur-containing ligands is at,tributed to d¡r -dq- me¡al-

sulfur bonding and weak, non-bonded S-S attractive forces as di-scussed

earlier. In general, the nagnitude of the dipole moments increases in
the order: Letrahedral ( distorted square-planar ( square-planar (

octahedral-. In a separate publication, LivingsÈone (104) dj.scusses the

results and conclusions put forth in these papers, paying parLicular

attentÍon to the various R groups and their influence upon the observed,

dipole moments.

The dipole moments of three fluorinated nonothi"-F-diketone

chelates of galliun(Ill) and indiun(IIl) are reporLed by Har¿orth and

Das (90). Their dipole moments are lower than Lhose of conplexes known

to have a facial octahedral suructure (e"g. Co(III) and Rh(III)

monothio-p-diketonates). This facL supports Lhe concept, of a

fluxional, facial-neridional equilibriun for Lhese complexes ín

solution.
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5. Mass Spectrometry Studies

From the time of Macdonald and Shannonts authoritative 1966 paper

ttMass Spect,ronetry and Structures of Metal Acetylacetonate Vapourstt

(105) to Lhe present day, over seventy-five articles concerning the

mass spectral behavior of metal þ-atu"tonat,es and. monothio-p-

diketonaLes have appeared in the literaLure. These studies encompass

over four hundred different conplexes of the alkali earth, lanthanide

and transition metal series and have involved nearly all of the

ionization techniques available in modern mass spectromet.ry. Two

reference conpilations of these works are given in Appendices 1 and, 2.

several excellent, reviews of the subject are arso available

(36,39 ,106,107).

This section will be divided inËo three parts: first, a brief

discussion of the concept of metal valency change in Lhe mass spectra

of metal chelates, followed by a surnmary of previous works concerned.

with Ehe mass spect,rometry of metal þ -att<.etonates, and finally an

exarnination of similar r+ork conducted on meËal monothio- p-d,LketonaLes.

Discussion will focus on chelates of a given ligand type and upon

metals which are of direct interest to this study. Although the vast

majority of work in Lhis field involves posilive-ions produced by

elect,ron ionization (EI), techniques such as negative-ion chemical

ionization (NCr), secondary ion nass specLrometry (SIMS) and laser

desorpLion (LD) will also be considered.
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hlhen discussing the nass spectra of coordinat,ion conplexes such as

metal p-aitetonaLes, the concept of metal valency change is of

fundement,al inportance (108,109). The idea of changing the valence

state of the metal is essentially an offshoot of the teven-elecLron

rule t , an oft-quoted generalization inportant for the und.erstanding and

prediction of the mass spectral behavior of organic conpounds (8,110)"

It basically states that odd-electron [0E]+' cations (such as molecular

ions or fragment ions formed by rearrangemenLs) elininate either odd-

elecLron neut,rals 0E' :

IOE]+

or even-electron neutrals EEo:

[ 11]

loEl+' --> IoEl*' + EEo llzl

but that deconposiLions of even-elect,ron ions IEE]* (such as fragmenrs

formed by a sÍngle bond cleavage) are st,rongly influenced by a

preference for the formation of an [EE]+ ion and an EEo neutral:

[EE]+ --> [EE]* + EEo [13]

Product,ion of an [oE]+' ion from an [EE]+ ion must, be acconpanied by

the formation of an odd-elecLron neutral species, involving the

energet,ically unfavorable separation of an electron pair:

[EE]+ --> to¡l+' + 0E' t 141

The odd- or even-electron characLer of a metal-containing ion is

deternined by the capacity of the complexed netal aton t,o accept, one or
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more electrons from the ligands (valence decrease in metal) or to
donat.e one or more electrons to the ligands (valence increase in
metal). The mass spectra of netal p -dtuetonates can often best be

explained if valence changes in the bonded metal are assumed to occur

during the ion dissociation reactions. rn fact, nany proposed

fragnentatÍon mechanisns appear Lo be dependent on Lhe oxidation stat,es

normally adopted by Lhe metal, For syemple, both tris (2,4_

pentanedionato ) iron ( III ) and tris (2, 4-pentanedionato )alurninun( III)
give nolecular ions and abundant fragment, ions due to the loss of a

ligand radical (Schene 5). Hor+ever, the loss of two ligand radicals is
observed only in the ferric compound, presumably because Fe(rrr), but

not A1(III), can readily assume a lower oxidation state. The

representarions [Mer(rrr)L2J+ and. [Mer(rr)L2i+' in scheme 1 nay be

considered canonical contributions to a resonance hybrid possessing a

certain degree of radical character.

The three postulates put forth by westnore (106) concerning the

relationship beLween meLal oxidation states and. nolecular ion

sLabilities can be used Lo rationalíze much of what has been observed

in Lhe nass spectra of netal p-diketonaLes and nonothio-¡3-

dikeLonates. First, the nolecular ion will be stabilized if netal-to-

ligand 1r-electron donaLion is favored, ioe. if a facile increase in
netal oxidation state can occur. The molecular ion will be relatively
abundant, and the loss of even-electron neutral species fron the

rnolecular ion will be enhanced:

¡MernlrrJ+ [ls]
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IMet(III)14]+'

L

I
[Met(III)L2]+

I

I

,t

[Met(II)L2]+'

I97o,Met=Fe
lj7o,Met= Al

I00Vo, Met = Fe, Al

[Al(rr)L]+

07o

:.L

[Fe(II)L]+

40Vo

Principal fragmentaLion paLhways of rhe A1(III) and

complexes of 2r4-pentanedione (106).

Schene 5" Fe(III)
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Secondly, should the netal not be amenable to either an increase or

decrease in valency, the nolecular ion is not appreciably stabilized

and hence may be of l-ow abundance. Fragmentat,ion typically proceeds

through the loss of a neutral radicar, followed by loss of even-

electron neutrals:

IMernln]+

Finally, if the metal is subject, Lo a facile decrease in oxidation

state, then the nolecular ion nay be destabílized. Fragrnentation

usually occurs via two successive losses of neut.ral radicals.

Succeeding losses will occur through the elimination of odd- or even-

electron neut,rals, depending upon the ease of a further reduction in

netal oxidation st,ate:

IMernln]+

llter(n-t)tr, - on'1+' ---) [Mer(n-l)ln - 2oE.]+ IlBl

lu"r(tt-l)t, - 20E'l+ --) [Met(n-l)ln - zol - EEo]+ t19l

[u"r(t-t)ln-zou' ]+ <--> lrqet(n-z)Ln-208. ]+' -> lruer(n-z)Ln-308. ]+ Izol

The consecutive losses of odd-elect,ron neutraLs may, although not

necessarily, involve chenically-equivalent species, of which one or

nore may be a ligand moieLy (L' ).
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As mentioned earlier, Macdonald and Shannon (105) were the first to

systernatically record Lhe positive-ion, Br nass spectra of neør þ-
diketonates, specífically twenty netal chelates of 2,4-penLanedione

(acetylacetone; Hacac). Their results support the idea of netal

valency change and the tendency of ions to dissociate along parLicular

pathways depending upon Lheir odd- or even-electron character and

ability Lo change oxidation staLe. For example, the primary

fragmentation process for the molecular ion [Metn(aca.)rr]+' is the loss

of an 0E'neutral: ej-ther a methyl radical (tM- r5]+) when n is 1 or

2, or a ligand radical (tM - 99]+) when n is 3 or 4. The preference

for loss of a ligand radj-cal in tri- and tet,ravalent complexes is
attributed to a lower actÍvation energy for this process as compared to

the rnono- and divalent, species. Elirnination of CH3' frorn the molecular

ion is often followed by successive losses of CH2C0 or a single loss of

CH3COCHCO, borh ¡¡o neuLrals, to give [M - 99]+" Norably, rhe peak ar

[M-L]+ forms the base peak in many of the spectra; regardless of the

pathway followed for iLs formation, Lhis ion does not, require a formal

change in the oxidat,ion stat,e of the meta1. The ion decompositions

requiring no change in metal- valency are summarized in Schene 6. After

Lhe iniLial loss of an 0E' neutral, all subsequent neut,ral fragnents

are EEo species. Fragmentat,ion pathways requiring a decrease in netal

valency are presenLed in Schene 7, Repeated losses of 0E' neutrals are

evident in the mass spectra of tris (2r4-pentanedionato)cr(rrr),

Mn(rrr), Fe(rrr) and co(rrr), and bis (2,4-penranedionaro)cu(rr) and

Ni(Ir), which is in keeping wirh rhe established sEabiliry of lower

oxidaLion states for these netals"
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[M-ts1*'

LM'+21*'

[M-57]+

[M-117]+

[M- 141]+

[M-199]+

LM-2991+

lM-3231+

scheme 6. Fragmentation paLhways for netal chelates of 2r4-pentane-

dione Ínvolving no change of neLal oxidation state (105)"

[M]*'

I

,t

lM-151+

tM

IM

tM

-991*

J
-i811+

I
.263J+

I
28rl+

I
3621*'
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[M- 1 14]+

[M-156]+

[M-216]+

[M] *'= 
[Metn(CH3COCHCOCHs),,] *'

.ffi reaction step in which a decrease in metal oxidation state is proposed.

Schene 7. Fragmentation pathways for netal chelates of 2,4-penÈane-

dione involving a reduction of netal oxidation state (105).

lMl*'

j
[M-15]+

J
IM-99]+

lM-tggl*'

I

J,

l}'l-2131+

I

ü

LM-2971+

\



94

Shortly afLer Macdonald and shannonrs work was published, several

reports of sinilar mass spectral investigations appeared in the

literature. sasaki eL al. (111) neasured the Er nass spectra of

fifteen metal aceLylacetonat,es and correl_aLed the observed

fragmentations with the elect,ronegativity of the central ¡retal aton"

ïn a series of articles, westnore and co-workers (112-114) tabul-ated

Lhe nass spectra and appearance potentials of boLh divalent and

trÍvalent t,ransition netal chelat,es of 2r4-pentanedione. Generally,

lhe results obtainéd were analogous Lo Lhose reported by ldacdonald and

shannon. However, a peak at [M - 9B]+ was evi-dent in the spectra of

Lhe divalent, nickel and copper species (114). The ion was assigned Lhe

strucLure [MetH(acac)]+ and assumed to be the result of hydrogen

transfer from a nethyl group to the netal aLom. A recent, paper by

Bhattacharjee and co-workers (115) supports this conclusion.

The EI mass spectra of the tris (2r4-pentanedione) chelates of

gallium(IlÏ) and indium(Iff) have been discussed by Charalembous et a1.

(116). Both conplexes give a molecular ion [Mer(acac)r]+' of low

abundance, which proceeds to fragnenË by consecuLive losses of ligand

radÍcals uo give the ions fMer(acac)2J+, [Mer(acac)]+' and [Met]+. The

authors propose LhaL the elinination of acac from [Met(acac)r]+ i"

acconpanied by the transfer of two electrons Lo the metal aton (one

from the tleavi.ngt ligand, the other from the renaining ligand),

reducíng its fornal oxidation state to +1:



95

acacl-\
\/

Met(IID

/rlacac/ -_-è 
[Met(I)(acac)]+. acac

A stable +1 oxidation state is known for both gallium and indium

compounds. The subsequent decornposition of IMet(r)(acac)]+ to Lhe

bare metal ion provides added support for the suggested mechanisn. The

EE* ion [Met(acac)2J+ also undergoes dissociation by losses of EEo

neutrals. 0f particular interest is the elinination of the species

cH3cocHCO fron [Ga(acac)r]+; rhis process implies nerhyl nigrarion ro
the meta1, a hitherÈ.o undocument.ed reaction in the mass spectra of
metal acetylacetonates.

cooks and co-workers (rr7 r11B) have sLudied Lhe secondary ion mass

spectra (SIMS) of several transition metal acetylacetonat,es, with a

vj-ew to probing Lhe significance of srMS as a tool for molecular

characterization and as a means of deterrnining the structure of

surfaces. The tris (2,4-pentanedionato) Fe(rrr), Mn(rrr) and cr(rrr)
complexes all yield simple spectra, Lypified by the absence of an

intact nolecular ion and the doninance of the fragnent ion

[Met(acac)z]* " However, under the appropriate ionizaLion conditions,

many sLructurally-informative adducL ions are produced, ê8.

INa + Met(acac)r]+, [Ag + Met(acac)3J+, and [Met + Met(acac)3]*.

Respectively, these secondary ions are a result of cationizat,ion by Na+

fron a Nacl natrix and Ag+ fron the silver support, and self-

cationization from the complex itself. rn contrast to Lhe Lris
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(p-aitetonato) conplexes, divalent Ni(II) and Cu(II) meral chelares of

2r4-pentanedione exhibit a tendency tor{ards metal clus¡er formation

under srMS conditions. Laser desorption (LD) daLa given for the

cobalt(III) and iron(III) chelates conpare r¿e11 with SIMS, including

Lhe generation of cationized species and cluster-ion formation at the

sarnple surface. Parallels between LDMS and SIMS of metal

acetylacetonates have been drawn by others (119).

The EI nass spect,ra of metal complexes of 1,3-diphenyl-lr3-

propanedione (120) reveal that the molecular ions? primary mode of

decomposition involves the loss of an 0E' neutral (either a ligand or

phenyl radical). The loss of coHs' is usualry followed by the

elimination of the renainder of the ligand, the EEo species c6H5cocHC0.

As wiLh metal acet,ylacetonates, the loss of a second OE' neutral occurs

only in complexes where t,he netal can readily undergo a valency

decrease (eg. Cr(III), Fe(III) and Cu(II)). The renaining

fragmentations revolve around hydrogen aton eliminations and transfers:

(a) loss of a hydrogen atom from the rnor-ecular ion to give [M - 1]+,

(b) hydrogen transfer t,o a phenyl group followed by elinination of the

EEo neutral c6H6 fron ions such as [Met(rr)L]+, (c) rhe fornar,ion of

[MetLH]+ by Lransfer of an ortho-hydrogen fron a phenyl group ro the

netal (Mer = Ni(rr), co(rr)) followed by loss of an EEo fragmenr, and

(d) transfer of a bridging hydrogen into Lhe neutral product (Met =

Cu(II)), leadíng Lo the formaLion of rhe [CuL - H]+ ion.

The electron ionizaËion nass specLra of a series of bis (l-methyl-3-

alkyl-l,3-díonato)cu(rr) complexes (LzL) show a repeLirious
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fragmentation pattern involving the stepwise elinination of the a1ky1

groups around the periphery of the chelat,e ring structure. Results

suggest that as a1ky1 radical stability increases, the population of

copper ions containj-ng thaL alkyl group decreases.

Negative-ion, electron capLure mass spect.ra have been reported by

Gregor and co-workers (L22) for rhe sc(rrr), cr(rrr), Mn(rrr), Fe(rrr),
Co(III), A1(III), Ga(III), In(TII), Co(II), Ni(II), Cu(II) and Zn(II)

chelat,es of. 21216r6-tetrameLhyl-3r5-heptanedione. The spectra are

characLerized by their simplicíty, wiLh the molecular anion being the

principal peak in most instances. The stability of IM]- is influenced

by the availabiliÈy of energetically-accessible and unoccupíed me¡al d-

orbitals. For example, ion currents carried by the moLecular anion for
the first transit,ion series metals decrease fron 99Z" for sc(rrr) (¿0)

Lo 60% for co(rrr) (d6). For rhe ¿10 zn(tt) complex, [M]- carríes (2oz

of the total ion current, r+hich is consistenË with the non-availability

of an appropriate met,al-based LUMO to accommodate the reacting

electron" rn cont,rast,, each of the Co(rI), Ni(rr) and Cu(rI) chelares

forn molecular ions that carry ca. 907" of their respective ion

currenLs. The onry major fragmentation process observed is:

IMernln]- l2Ll

where the neutral producl conlains the metal in a lowered oxidation

staLe. The ligand fragment ion is presumably stabilized through

delocalization of the negati.ve charge:
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Fluorine-substituted metal þ -atk.etonaLes are nore volatile Lhan

Lheir non-fluorinated counterparts, thus making then ideal candidates

for nass spectral studies. The netal chelates derived fro¡n lrlr1-
Lrifluoro-2,4-pentanedj-one (trifluoroacet,ylacetone) and l r1, 1,5,5,5-

hexafluoro-2r4-pentanedione (hexafluoroacet,ylacetone) have, in
particular, receíved Lhorough exami¡¡¿¡fe¡. Two groups of researchers,

one 1ed by hlestmore (123-125) and rhe orher by Koob (Lz6-L2g), have

independently studied rhe Er mass specrra of rhe A1(rrr), Fe(rrr),
cr(rrr), co(rrr), Fe(rr), cu(rr) and Zn(rr) chelares of rhese lÍgands.

The following is a summary of their observations.

substitution of cF, for cH3 in netal acetylacetonat,es leads to
extensive fragmentaLion of the molecular ion. This is perhaps the most

striking feature of the spectra and is believed to be a resulL of uhe

comparativly weak nature of the c-cF3 bonds. As such, ions produced by

Lhe elimination of CFr' are very abundant.

The tendency t,ol¡ards Lhe fornation of EE+ ions, accompanied by rne¡al

valence change where necessary, is a powerful driving force in Lhe

decornposit,Íons of netal tri- and hexafluoroacet,ylacetonates.
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Fragnentation of the OE+' molecular ion generally proceeds via the loss

of 0E' neutrals (F', cF3', cH3' and L') to produce relatively stable

BE+ fragment ions. Further elinination of 0E' neutrals is favored in
complexes of Cr(III), Fe(III), co(III) and Cu(II), where meral valency

change (reducLion) can occur. Otherwise, EE+ ions tend to lose EEo

neuËra1 species (CFZ, CH2CO and (L-F)) with no change in metal

oxidation state.

The eliinination of CF, requires an accompanying fluorine at,om

rearrangement. The two nost likely accepLor sites for the fluorine
include the metal aton and the electron-deficient carbon generated as

Ëhe c-cF, bond is broken. Evidence for the formation of a netal-
fluorine bond is furnished by the loss of neutral metal fluorides in
the nass spectra of several tris þ-atuetonates; meLast,able transit,ions

¿¡s dsçrment,ed for the elimination of AlF3, crF3, FeF3, FeF2 and coF2

from appropriate neEal-containing fragnents. The loss of Lhe

difluorides FeF, and coF2 from MeL(rrr)L3 precursors also suggest,s t,hat

a change in metal valency occurs in these complexes.

The proposed ion dissociation pathways for the lr1rl-trifLuoro-2,4-
pentanedione and 1 , 1 , 1 ,5 r 5 r 5-hexaflu oro-2r 4-pentanedione transiLion

metal chelates discussed above are shown in Scheraes B (tris complexes)

and 9 (bis complexes). The most inport,ant infLuence of the coordinated

netal in these processes would appear Lo be it,s reducibilily. on the

other hand, Lhe ligand composition is crucial in det,ernining the nature

of the fragnents, since essentially all fragmentatíon proceeds via the

loss of all or a ÞorLion of a ligand"
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Scheme 8. Fragmentation routes for t,ris met,al complexes of l r 1,1-

trifluoro-2 r 4-penLanedione and 1 , I , 1 , 5 r 5 ,5-hex afLuoro-2 14-

pentanedione (106).
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IMet(II)L2]+'
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IMet(II)FL].

IMet(II)L]+

IMet(I)þ-CF¡-CH¡]*

IMet(II)F2(L-CF¡)]*

IMet(ll)F(L-CF3)1. lMet(I)l+ [MeI(I)OCCH2J+

+-+-> reaction step in which a decrease in meral oxidation srate is proposed.

scheme 9" Fragmentation routes for bis netal complexes of 1r1r1-

trifluoro-2 ,4-pentanedione and I , I , 1 , 5 r 5 r 5-hex afLuoro-Z 14-

pentanedione (106).
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Charalanbous and co-workers (116) have invesligated the mass spectra

of gallium(III) and indium(III) conplexes derived from 1,1,l-rrifluoro-
2,4-pentanedione. The molecular ions of these conpounds fragrnent by

ligand radical elimination to give [MetL2J+ ions, rvhich in turn

decornpose in a sequence of react,ions involving losses of clr, HF and

cH2c0. The presence of ILMerF]+ and ILMerF-cF21+ indicares fluorine

migration to Lhe metal, although confirnatory evidence (such as

fornation of neutral metal fluorides) is absent. The sLability of the

+1 oxidation state of gallium is exemplified in the ions [Met(I)L]+ and

[Met(r)]+; these species were previously seen in the nass spectra of

Ga(III) and In(III) acetylaceronares (116).

The introductÍon of fluorine into þ -atuetonates is also of

significance insofar as electron aLtachment, and negat,ive ion format,ion

is concerned. rn an extended series of reports, r.K. Gregor and, co-

workers have aLtempted t,o ratj-onaLíze the various ion decomposition

pathways of a nurnber of bis- and t,ris-netat þ-a*.eLonaLes. The

negative-ion mass spectra of netal chelates of 1r1rl-trifluoro-214-
pentanedione (129) and 1, 1, 1 r5,5rS-hexafluoro-2,4-pentanedione (130-

132) are distinguished by their extrerne simpliciLy vis-à-vis the

corresponding posit,ive-ion spectra. fn general, the molecular anion

predominates, r+ith the ligand ion being Lhe only major fragmentation

producL" This is consistent r+ith a react,ion pathway involving

deconposition of the molecular ion to yield the ligand anion and a

neË,al-containing neutral in a reduced oxídation state (see Equation

[17]). Although fragmentaËion is mininal, proof of fluorine
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rearrangenent is found in rhe ions [LrMeLF]-, [LMetFr]- and [LMerF]-.

These species are significanLly more abundanl for the meLals magnesium,

nanganese, cobalt and zinc than for nickel or copper; a similar trend

in the gas phase reactivit,y of these metals has been discerned from

posiLive-ion specLra.

Gregor has also examined electron capture processes in several odd-

electron d9 copper(rr) (133) and even-elecrron d8 nickel(rr) (ßÐ P -
diketonates of the form Met(RCOcHcOR')2, where R is an alky1 or aryl
group and Rt is a perfluoroalkyl group. Once again, the negative-ion

mass spectra of these complexes are simple; [MetL2J- and IL]- ions

predominate. However, the presence of aryl substituents in Lhe ligands

resulLs in some novel- rearrangements, leading to Lhe formation of

[LMetR]- and [RMetR]-. Fluorine aLom transfers of the type observed in

the tri- and hexafluoro derivati-ves are also evident.

Dillow and Gregor (135) have idenLified several reactions involving

radical additions and ligand displacements in the chloride ion NCI mass

spectra of the zinc(Il) complexes Zn(RCOCHCOR!)2 (R,R'_ CHg; R,R' =
terL-buLyl; R = CH3, Rt - CF3i R,Rt = CF3). llajor ions include

lZnLrCLl-, lZnL2J-', IZnLCL2J', [ZnLC1]-' and lZnC\)'" According ro

the authors, Lhe tendency of the compLexes to undergo resonance

electron capture is dependent upon Lhe degree of fluorj.nation in the

ligands; Lhe increasing i-on currents carried by lznL2J- as Lhe number

of fluorine at,oms increases provides evidence of an enhanced cross-

sect,ion for resonance elect,ron capLure in the fLuorinated chelates.
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One of the few applications of positive chenical ionization to the

study of metal þ -a*stonates is f ound in a reporl by Gregor et al,
(136) concerning the interaction of divalent manganese, cobaLt, nickel,

copper and zinc hexafluoroacetylacetonates with pyridine under cr

conditions. Significanr ions include [Merlpyr]+, [Merlpyr]+ and

IMetl2ly2]+ (py = pyridine). Metastable peaks corresponding ro rhe

loss of pyridine from Lhe above ions indicate the reversíbility of

pyridine addition t,o these netal chelates.

Olefin chemical ionization mass spectra of Cu(II) acetylaceLonates,

Lrifluoroacetylacetonates and hexafluoroacetylacetonates have been

published by Morris and Koob (137). Reactions include fragnentation of

the complex, reduction of copper(rr) to copper(r), and subsequenL

conplexation of ttre cu(r) species r+iLh the reagent olefin. This

sequence is most pronounced when the ligand is hexafluoroacetylacetone,

suggesting that the mechanism leading t.o ionization and dissociation of

CuLt (lresumably proton transfer fron the olefin to the unsaturated

diketonaLe ligand) is considerably nore exothermic for bis

(1, 1, 1,5,5,5-hexafluoro-2 r4-pentanedionauo)cu(rr) than for either the

acetylacetonate or trifluoroacetylacetonaLe complexes.

Morris and Johnston (138) have described the multiphoton ioni-zation

and fragmenLation of selected transit,ion metat p -atuetonates. The

spectra obLained for Lhe complexes Mern(RCOcHcoRr)n (Met = cr(rrr),
Co(III), Fe(IfI), Co(II), Ni(II)i R,R'- CH3; R = CH3, R'- CF3i R,Rr=

cF ) disnLay extensi.ve fragmentation; the bare netal ion is Lhe base

peak in all cases. fn contrast to the large metal-organic ions formed
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in Er, nulLiphoton ionization (l"pr) produces small clusters between

metal atons and elect,ronegarive species (eg. [Met0]+, IMetF]+,

IMeLFz]+). The exclusive production of these ions suggests that the

dominant mechanisn for MPf of metal chelates is dissociation to the

bare metal atom (or a sma1l rearrangement cluster) followed by

ionization"

Fukuda and campanats laser photodissociation sLudy (139) of the

mass-selected molecular ions of several transition netal chelates of

2r4-pentanedione and 1r1rl-trifluoro-2r4-pentanedione has revealed a

fragmentaLion paLtern dependent, upon both Lhe nature of the ¡netal

center and the composition of the ligand" In general, chelates of the

t,rivalent metals cr(rrr), Mn(III), Fe(rrr) and Co(rrÏ) fragmenr via r,he

loss of a single intacL ligand, while the divalent species Mn(rr),

co(rr)' Fe(rr), Ni(rr), cu(rr) and Zn(rr) elininare rhe Lerminal R'

substiLuent from the ligand (R,Rr = cH3 for aceLylacet,one; Rt = cF3 for
trifluoroacetylacetone). The non-LransiLion meLal /-aitetonates
studied (those of A1(III) and Ga(III)) do not readily phorodissociare.

These result,s suggesL Lhat a meLal d-orbital int,eract.ion nay be

involved in the photodíssociatÍon process, perhaps as a charge-

transfer, met,a1-Lo-ligand (d 
-> Jl ) transitíon.

Evidence suggesLing the loss of carbon dioxide in the mass specLra

of sorne partially-fluorinated metal(rrr) p -atuetonaLes has been

presented by clobes, Morris and Koob (140). Elimination of c0, is
observed for fragment Íons derived from chelaË,es of the Lype

Met(RCOcHCOcF3)3, where Mer = Fe(rrr), co(rrr) and R = phenyt,
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substituted phenyl and 2-thienyl. The unusual skeletal rearrangemenr

necessary Lo yield C0, (the oxygen atons ín a p-diketone are separated.

by three carbon atoms) apparenLly requires the presence of both the

netal and an aromatic substi-tuent on the chelate ring; carbon dioxide

eli¡rination is not observed in Lhe unconplexed ligand or when R is an

aliphatic group. The variety of aromatic substituents capable of

supporting this reacLion suggests thaL Ínstead of being structurally
associated with the elimination, these groups act in a stabilizing
nanner by way of electrosLatic or resonance effects. A proposed

mechanism is shown in schene 10. Although the precise role of the

netal is not, known, the particular metal involved appears crucial;

studies of comparable Cr(Iff) and A1(III) complexes show no tendencies

towards the loss of carbon dioxide.

Clobes, Morrís and Koob (128) have discussed the mass spectra of the

A1(III), Cr(IIf), Fe(IIf) and Co(IIf) complexes of 1,1,1,5,5,5-
hexafluor o-2 r4-pentanedione, 1 , 1 , l-trifluoro-2 ,4-pentanedione, 1 , 1 , 1-

trifluoro-4-phenyl-2,4-buhanedione and the Fe(rrr) chelaLe of 1,1,1-

trifluoro-4-(2r-thienyl)-2,4-butanedione. rn accordance with the

earlier observations of Macdonald and Shannon (105), the fragmentation

pathways are dependent upon the abiliËy of the complexed netal to
change valence state, Lhereby deternining whether an even-electron or

radical fragment is apt to be eliminated. Decompositions common to all
of the chelates include the losses of a ligand radical, CF3' and CF,

(accompanied by fluorine nigration to the metal). The elinination of

the EEo species HF is seen in most, of Lhe complexes, but only in ions

that already have a fluorine atLached ro the meralo €g. [iMetF(L-CF3)]+
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[Met(tII)þ]+'

[Met(II)L2]+'

+
L-MeI(II)-O C-R

lll
O=C-C-H

L-Met(II)-Cs=ð-R

L-Met(II)-O;C-R/il
O=C-C-H

+

IMet(Itr)þ]+

il
+C-R

L-Met(II);O
\el. H-CIC=O

coz

-H> reaction step in which a decrease in metal oxidation state is proposed.

schene 10. Fragmentation pathway involving loss of co, from some

fluorinated Fe(III) and Co(III) p-aitetonaLes (140).
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loses HF to forn [LMer(L-cHF3)]+, implying rhaL rhe metal-bonded

fluorine forms part of Lhe leaving groupo The introduction of

asymmeLry into the ligands clearly demonst,rates Lheir influence in

decermining Ëhe naLure of the fragrnentation. The phenyl- and thienyl-
substitut"d P-diketonates give the ion [LMetR]+, formed as a result of

a direct aryl group migration (R - phenyl or thienyl) from the ligand

to the neta1. The rel-ative stability of the aryl-metal bond versus the

alkyl-metal bond is reflected by the absence of [LMetR]+ when R = cH3

or CFr.

The Er and cr mass specrra of several galliurn(rrr) and indiun(rrr)
chelat,es of RCOcHrc0cF3 (R = merhyl, phenyl, 4-fluorophenyL, 4-

methylphenyl, 4-nethoxyphenyl, 2-thienyl and 2-naphthyl) have been

reported by Das (14i). rn Lhe electron ioni_zation spectra, the base

peak is the EE+ fragnent lon [MetL2]+. AdditÍonal reactions include

Lhe loss of cF, from [MetL2J+, the elimination of the netal-bonded

fluorine fron [MetL2-cF2]+ in the forn of HF or RCOF, and migraLion of

R to the neLal in Lhe reacLions:

[MetL2J+ ---) [LMetR]+ (excepr R = merhyl)

and

[LMetR]+ ---¡ [t"letR2J+ (excepr R = merhyl)

The najor ions in the Hr-cr spectra are Ehe prot,onated nolecular ion

IMetLaH]+, [MeLL3H-HCF3 J+, IMeuL3H-RH]+, IMeLL3H-]fFl+ and IMerL2 J+.
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Das (142) has published the nass spect,ra of selected palladium(II)

chelates of fluorinated p-aitetones: pd(RCOCHCORT)2 where Rr = CF3,

R = methylr 2-furyL, phenyl, 2-thienyl; Rt = C2F5, C3F7, R = phenyl, 2_

thienyl. Promj.nent, i.ons include the molecular íon, Lhose forrned

through R nigrations to the meLal, and Lhose involving the loss of c0.

Notably absenL from the spectra are ions associated wiLh the transfer
of fluorine t,o palladium.

lulosL of the mass spectral sLudies concerning netal monothio-f -
dikeÈonaLes have been reporued by S.E. Livingstone and M. Das. Their

invesLigations have covered a wide range of transition meLal chelaLes

of fluorinated monot,hio-p -aitecones possessíng both alkyl and aryl
substituents. For example, the major fragrnentation routes arising fron

eiectron ionization of rhe zinc(rr) and nicker(rr) chelaLes

Met(RCSCHCOCF3)2 (R = phenyl, 4-merhylphenyl, 2-rhienyl and nerhyl)

(143) are summarized in scheme 11. The zinc conplexes give strong

peaks for [ZnL-cF27+, [ff.]+, [L]+, [RcscH]+ and [RCS]+, white ¡he nosr

inLense signals in the nickel cherate spectra include [NíL2]+,

INiL2-F]+, INiL2-cF3J+, INiL2-c0cF3ì+, INiL]+, Iui]+ and IL]+. rn many

instances, metastable peaks help to confirn reaction pathways, A

strong signal corresponding to [L-S]+ is evident in the zÍnc and nickel

chelates of 1 , 1 ,1-trifluoro-/+-mercapto-4-(2 t -thienyl)-buL-3-en-2-one,

The intense [L]+ peak present in all of the spectra results from a

process involving a decrease in the oxidaLion sLate of the meLal:

lMer(rr)L2l*' --> [L]+ + Mer(r)L L22l
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(a) lZn(II)L2l+'

t
lzn(QL(L-CF:)l* [L]*

ü 
,* = c4H3s)

[L-S]*

l* ,* = c¿HrS)
\y

lL-s-cF2l+

\
lzn (II)L (L- C F3 - C O S ) I 

+

,/
[Zn(II)L)+

ü
[Zn(II)F(L-CF¡)]*

(b)
[Ni(Ir)r¿]+

lNi(rÐL(L-F)l+

tNi(rÐL(L-cF3-CO)l+ tNi(II)L(L-CF3-COS)]+

lNi(rr)L(L-cF¡)l* [L]*

l* fn = c4H3s)

{/
E-S]*

lNi(rÐL(L-S)lf'

tNi(rrxL-s)l+

I

V
[Ni(IXL-CF3)]+ <- [Ni(II)L]tttv!/
tNi(Ð(L-cF3-COS)l+ tNi(r)l*

* reaction confirmed by the observation of a metastable transition.

schene 11. Fragmentatíon parhways for (a) Zn(rr) and (b) Ni(rr)
chelares MeI(RCSCHCOCF3)2 (R = C6H5, p_CH3C6H4, C4H3S and

cH3) (143),
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Das and Livingstone (144) have reported the mass spectra of the

palladiun(rr) and plaLinun(rr) chelates Mer(RcscHcOcF3)2, where R =

phenyl, 4-methylphenyl, 4-bromophenyl, /r-nitrophenyl, 2-thienyl and

meLhyl- (Pd only). The major fragnentation routes for the pd and pt

conplexes are sunmarízed in Scheme 12. The palladÍum chelates gíve

int'ense signals for IPdLr]+' , Ipdl2-cF3J+, Ipdl]+, [LH]+, IL]+,
[RcscH]+ and [RCS]+, while rhe doninanL ions in Èhe plar,inum mass

specrra are [PtL2]+'' [p|-L24æF3]+' [prl2-cF3_c0s]+' [ptl]+,
IPIL{F2]+, IPtL-cF3]+, Ietl-cOcF3]+, ILH]+, IL]+, IL-s]+, IL-s-cFz]+,

[Rcscn]+ and [RCS]+. rn general, the plarinurn chelaLes yield nore

inLense and nore numerous netal-containing fragment.s than their
palladíun counterpart,s. The ion [L-s]+ appears in the specLra of three

of the platinum complexes (R = phenyl, 4-meuhylphenyl and 2-thienyl)

but in only one of the palladiun chelates (R = 2-thienyl). A degree of
resonance stabilization in Lhe platinun-derived IL-s]+ ions is
proposed. As well, formation of metal-fluorine bonds j-s evidenL only

in the platinum chelaÈes.

A reporL by Das and Livingstone (145) concernÍng the Ef mass spectra

of the Lris cobalr(rrr) chelares Co(RCSCHCOCF3)3 (R = phenyL, 4-

neLhylphenyl, 4-broroophenyl, 4-fluorophenyl, 2-thienyl and nethyl) has

appeared in the literature. The najor fragnentation pathways are

presented in Scheme 13. The lack of a nolecular ion is probably the

most noteworthy aspect of these spectra. The parent molecule is
believed to undergo Lhermal degradation in the nass spectroneter Lo

yield uhe divalent CoL, species and a ligand radical. Although

fluorinaued p -cobalt(ffl) nolecular ions are visible in chelates of



i12

(a) lPd(IÐr.2l*'

lPd(rÐL(L-cF3)l+

I

v
IPd(rr)L(L-cF¡-co)]*

I

v
IPd(rr)L]+

I

\y

lPd(rÐ(L-cF3)l+

[L]+, [HL]+
I

ü, 
(R=c4H3s)

lL-sl*
I

l. (R = crI{3s)

IL-S-CF?]*

lLl*(b)

IPt(lI)L(L-COCF3)]t

[Pt(II)þ]+' ------->

J
IPt(II)L(L-CFr)]+

ü

IP(rr)scR]+

I

V

lP(rr)Rcl+

--+ [L-S1" -----=' [L-S-CF2]+

*
IPt(ll)L(L-CF3-COS)] *

IPt(II)L]+

(rr)L2-(L-co)l*

i.
tJ/

lPt(IIXL

J

-CF¡)l*
/t\

IPr(ll)F(L-CF3)]+

# [PI(II)(L-COCF¡)]+ -----è [pt(rr)CHCR]+

* reaction confirmed by the obsewation of a metastable rransition.

schese 12. Fragmenrarion parhways for (a) pd(rr) and (b) pt(rr)

chelares Mer(RCSCHCOCF3)2 (R = C6H5, p_CH3C6H4, p_BrC6H4,

p-No2c6H4, c4H3S and cH3) G44)"
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L¿l*'Co(II)

I

J
[L]+, [HL]+

/\
[co(I)scR]*' 

--> 

[co(r)]+

* reaction confirmed by the observation of a metastable transition.

#> process in which a decrease in metal oxidation state is proposed.

schene 13. FragmenËation paLhways for the cobalt(rrr) chelates

Co(RCSCHCOCF3)3 (R = C6H5, p-CH3C6H4, p-BrC6H4, I-FC6H4,

C¿HgS and CH3) (145).

[Co(II)L(L-CF¡)]*

l.

ü

[Co(II)L(L-COCF3)]+

l.

,t

ICo(II)L]+

/\

^\
[Co(I)(L-CF3)]+ tCo(II)F(L-CFs)l*

ll't ,t
ICo(IXL-CF3-CO)]+ tCo(II)F(L-CF3-CO)l+
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diketones (128), Lhe substitution of a sulfur for an oxygen j_n the

chelate ring apparently lowers the Lhernal stabiliLy of the resulting

monoLhio conplex. Ilajor i.ons in the cobalt, spectra include lcoL2J+' ,

Icol]+, Icol-cF2J+, Icol-cFr-co]+, Icol-cF3]+, IL]+ and IcF3]+. A

further reduction in the oxidation staLe of cobalt (from +2 to +i) is
necessary in order to rationaLíze t,he loss of the 0E' neutral CF3 from

the EB* ion ICo(II)L]+.

LivingsËone and Saha (146) have obtained nass spectral data on the

nickel(rr), palladiun(rr), plarinurn(rr), zinc(rr) and rhodiun(rrr)

chelates Mern(RcscHCOcF3)n (R = isopropyr, isobuLyl) and on rhe

analogous iron(rlr), ruLheniun(III) and cobalt(III) complexes where R =

isopropyl" The major fragmentation rouLes for the dívalent and

trivalent, species are suilnarized in Schene 14. Not all fragmenLations

shown are common t,o every complex. The novel features of the spectra

are the occurrence of rhe ions [MetL2-(R-H) ]+, [MetLr-R]+, [MerL-H]+

and the loss of Hrs fron [MerL]+ and [MerL-H]+. Alrenpts to obtain rhe

mass spectra of the copper(II) chelat,es of these alkyl-substiLuLed

monothio- þ-ath"tones proved unsuccessful, possibly because of thermal

decomposilion in the Íon source.

The rnonotnio- p -diketone 1, 1, l-trif luoro-4-mercapto- 4- (zt -naphthyl )-
but-3-en-2-one (R = C16H7, Rt = CFS) and irs iron(III),
ruthenium(rII), cobalt(rrr), rhodiun(IrI), nickel(II), palladium(rr),

platinum(rr) and zinc(rr) chelates have been examined by Livingstone

and Moore (147)" Matty of,the observed fragmentatj.ons are consistent

r+ith Lhose of other nonothio-f -ai*.eLonates of these metals. Hov/ever,
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(a) [MetL(L-C3He)]* <n=c+Hs) [MetL(L-C3Hz)]* rn =c¡Hz)

[MetL(L-Ð]*4-[MetI-2]+.--*->[MetL(L-C4H8)]+ß=c¿Hg)

lHLl+, [L]+ [MeIL(L-CF3)]+ (Zn onty¡

jr

lMetl-l+

IMetL-H]+

I

\y

IMetL-H-H2S]+

(b)

[MetL(L-COCFs)]*

* reaction conf,rrmed by the observation of a metastable transition.

Scheme 14" Fragmentation parhways for (a) Ni(II), Zn(II), pd(II),

pr(rr) and Rh(rrr) chelares MeL'(RCSCHCOCF3)n (R = iso-
C3H7, iso-C4H9) and (b) fe(III), Ru(III) and Co(III)
chetates MeI(RCSCHCOGF3)3 (R = iso-caIl7) G46).

* ---o--=

[MetL-H2S]+ 6=caH7) IMetFL-CF3]+

[MetQ]+' (Mct = Rh,Ru)

l,.
\y

[Metþ]+ 
--+ 

[MeIL(L-C3H7)]+

I

{,
[MetL]+

I

l*,
\y

[MeIF(L-CF3)]+ (Mer = Fc,co)
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with the exception of the zinc complex, all of the metal chelates

exhibit a number of unique, hi-gh-mass, metal-free peaks derived frorn

the loss of Mets from [Met(rr)L2J+. The major fragmentarion roures

emanating from the [Metl2-Mets]+ ion are shown in schene 15.

The electron ionization nass spectra of several nickel(II), zinc(If)
and cobalt(III) complexes of the monothio-,6-diketone RC(SH)=CHCOCHF2

(R = phenyl, 2-thieny1, 4-methylphenyl) have been discussed by Das

(99). Losses of. 32 and 111 mass units fron the molecular ions of the

nÍckel complexes resulr in rhe species INiL2-s]+' and INiL2{HF2-c0s]+,

respectively " These decompositions have also been observed in the mass

spectra of the nickel(rr) derivarives of RC(sH)=cHcocF3 (R = phenyl,

2-thienyl, 4-methylphenyl) (143). The zinc chelare

zn(c4H3scscHcocHF2)2 shows rhe loss of HF from rhe molecular ion (rhe

proton eliminated is believed to originate from the CHF2 group) but an

absence of cFr loss from ZnL. Loss of cF2 would involve the

unfavorable migration of a proton to the metal; conversely, migration

of fluorine to the metal would require the release of CHF, a relatively
unstable species vis-à-vis cF2. The co(rrr) specLra lack both a

nolecular ion ([colr1+') and evidence of fluorine transfer to the

netal.

An investigation into the influence of ligand substituents and donor

at.om sets on the gas phase electron attachment. reactions of a series of

nickel(rr) chelates has been carried out by Gregor and co-workers

(148,149). The conplexes srudied. are of rhe form Ní(R?cxcHcyR)2, where

(X,Y) represenL the three possible donor atom combinations, nemely
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[Metþ]+'

1,",,

J
[2L-51*' ' [2L-S-H2O]+' 1tø"t = Fe,co)

I

I

,t
[2L-S-H2O-CF3J+

I

I

't[2L-S-H2O-2CF3]+.

I

I

rt
[2L-S-H2O-2CF3-CO]+'

/\

I

I

,t

[2L-S-CF3]+

[2L-S-CF3-COr]*

[2L-S-2COCF3-H2S]+'

Scherne 15. Fragrnentation pathways involving loss of MetS (Met = Ni,

Pd, Pt, Fe, Co, Ru, Rh) from chelat,es of 1r1r1-trifluoro-4-

mercapt,o-4-(2 t-naphthyl)-buL-3-en-2-one ( 147) .

[2L-S-COCF3]+

I

I

,1,

[2L-S-2COCFr]*'

I

I

,t
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(0,0), (0,S) and (S,S), and R' = CH3, CF3 or C2H50, R - CH3; R' = C6H5,

The negative ion mass spect,raCH, or CF3, R = C6H5i RtrR = tert-C4Hn.

are very sirnple; they are characterÍzed by the dominaLion of molecular

and ligand ion peaks. hlhile the ligand substituents exerL considerable

influence over the various ion deco¡rpositions, the relat,ive INiL2]-
inLensities are largely dependent upon the ligand donor at,om se¡s, with

stabilities decreasing in rhe order (0,0) ) (0,S) > (S,S), The

relat,ive ease of reductive elinination of Ni(r)L (see Equation [21])
appears Lo increase as Lhe number of co-ordinating sulfur at,oms

increases, a possibl-e consequence of the great,er degree of covalency of

the Ni-S bond as compared to Lhe NÍ-0 bondo As we1l, the dithioenolate

ani-on (tL]-) is appreciably stabilized through charge delocalizat,ion.

6. Hard and Soft to Rearr ements in
fe lex

Molecular ions forned under 70ev electron bonbardment, have

sufficient activat,ion energy to undergo not only sÍnp1e cleavage, but

also rearrangernents lnvolving boLh cleavage and bond format.ion. fn the

case of organoEetallic compounds, the most j.nteresti-ng rearrangement,s

are t'hose involving the central metal aLom, either accompanied by Lhe

transfer of an atom (or group of atoms) to Lhe metal in a fragnaent ion,

or in the expulsion of a neutral metal-conLaining species frorn an ion

(150). Met,al p-aitetonaLes are certainly not i.mmune to Ehese

processes; the nigration of fLuorine Lo t,he central netal and the

elimination of neutral melal fluorides is a well-documented phenomenon
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in appropriately-substiEuted metal- chelates. Howevern the underlying

basis for Lhe rearrangements and the reasons behind the bonding

preferences shown by various netals Lowards Lhe nigrati-ng species is
not as well underst,ood, One concept which shows some promise in this
regard Ís Lhe Principle of Hard/sofr AcÍds and Bases (HSAB). This

section will describe the HSAB princÍple in some detail, including its
characLeristics and theoretical ratÍonale. Applications to the mass

speclra of halogenated metal complexes w:ilL also be discussed.

one of the rnost important classes of chemical reaction is the

generalized acid-base reaction:

A+:B_)[¡g

where, accordi.ng to the Lewis definition, a base (B) is an atom,

L23l

nolecule or ion possessing at leasL one pair of valence elecLrons which

are not already being shared in a covalent bond, and an acid (A) is a

unit in which at least, one aton has a vacant, orbital capable of

accommodating a paÍr of elect,rons. The nature of A:B may be that of a

coordinat,ion conpound or complex ion (in which A is a metal aton or

ion), an ordinary i.norganic or organic no1ecu1e, or a charge transfer

conplexr âmong others. In all instances, it, can be assumed that A is
acting in part as an elect,ron acceptor and B as an electron donor.

The special case where A is a meLal ion has been sLudied

exlensively, and many of the associated equilibrirm s6nsl¿¡1ts for
Equation [23] are known. Ahrland, chatt and Davies (151) were among

the firsl to correlaLe the relaLive affinities of donor atoms (ligands,
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Lewis bases) for meLal accepËor molecules and ions. They concluded

that there was no uniforrn pattern of relative co-ordinating affinities
of all ligand atons for all accepLors, but, rather a dependence existed

uPon the particular acceptor or donor concerned. TIowever, tr+o general

rules díd emerge: (i) a sÍgnificant difference in co-ordinating

attract,ion exists between the first and the second element fro¡n each of

Groups vA, vrA and vrrA of ligand at,onns i.e. between N and p, 0 and s,

F and cl; (ii) accept,or ions and molecules are of tr,¡o well-defined

types: class (a), which form their most sËab1e conplexes w-iLh the firsL
ligand atorn of each Group, and class (b), which forn their nost, stable

complexes wiLh the second or subsequent ligand aLoms of each Group.

The divisÍon between Lhe two classes is by no means definite; each

oxidaLion state of the metal can be regarded as a unique accept,or (eg.

cu(r) has consíderably rnore class (b) charact,er rhan cu(rr), while

Fe(rrr) exhibits more class (a) behavior rhan Fe(rr)). Even when rhe

oxidation stat,e Í.s specified, the boundary remains slightly diffuse,

depending in its detail on the specific group of ligand aLoms under

consiàerat,ion.

The rules of Ahrland, chatt and Davies were used by pearson (152) to

classify other kinds of generaLized Lewis acids. He observed that Lhe

features common to class (a) accept,ors are sna1l size, high positive

oxidation sLate and few easily-distorLed or removable valence

electrons, while class (b) acids are characLerized by low charge, large

size and several valence elect,rons capable of being easÍly-distorted or

removed. SÍnce the features which pronote class (a) behavior are those

which lead Lo high elecLronegativily and low polarizabilÍty, and Lhose
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which favour type (b) behavior lead to 1or+ electronegativity and high

polarizability, Pearson found it convenient to calr class (a) acids
tthard aci-dstt and class (b) acids "soft acidstt. rn subsequent reports
(153-155), he defined a tthard base'r as one which possesses a donor aton

low in polarizability, high in electronegativity and dífficult to

oxidize, and a ttsof t basett as one in which the donor at,on is of high

polarizability, 1-ow elect,ronegativiLy and easily oxidized.

Comprehensive listings of hard and sofL acids and bases are given in
Tables 4 and 5. These classifications of hardness and softness led

Pearson Lo propose a sinpl-e rule governing Lhe stability of acid-base

cornplexes: hard acids prefer Lo bind to hard bases and soft acids

prefer to bind to soft baseso This principle, while not a formal law,

has nevertheless been invaluable in qualitatively predicting and

correlating the resulls of a vast number of acid-base equilibria.

The nost inportant properties that determine softness in Ler+is acids

include size, oxidation state, electronic structure and other attached

groupsc For instance, in eleraents of variable valence, there Ís
usually a smooth increase in hardness as Lhe oxidatj-on state increases.

rt appears safe to assume that the increase in charge leads t,o a sharp

decrease Ín polarizability and hence a strengLhening of the (a)

characler, The importance of d-electrons for rnetal ions has been

stressed by Ahrland (i56), who noLed that all good class (b) acceptors

have a large nurnber (six or more) of d-elecLrons in their ouLer shell.
The existence of many d-electrons, however, does not necessaríly

constitute a soft accept,or; elect,rons in orbitals outside Lhe d-she1l
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Table 4. Classification of hard and sofl acids.

Hard Acids

H*, Li+, Na+, K+, (Rb+, cs+)

8"2*, Be(cH3)2, Mg2*, cu2*, g.2+ qg.2+¡

s.3*, L.3*, c"4*, Gd3*, Lu3*, Th4+, U4+, tJorz+, p,r4*

Ti4*, zr4*, Hf4*, vo2*, ct3*, cr6*, Moo3+, tr¡04*, l"In2*, Moh, Fe3+, go3+

BF3, Bct3, B(oR)3, A13*, A1(cH3)3, A1c13, A1H3, Ga3*, ro3*

co2, Rco+, NC*, si4r, srr4r, cHrsn3+, (cH3)2sn2+

N3+, Rpor+, Ropor+, A"3*

S03, RSo2+, R0S02+

cl3*, c17+, 15+, T_7+

HX (hydrogen-bondÍng molecules)

Borderline Acids

F"2*, coz*, Ni2*, cu2+, znz+

Rh3*, rr3*, 3u3*, 612*

B(CH3)3, GaH3

R3c*, c6H5+, so2+, p52+

NO+, s63+, Bi3*

soz
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Table 4. (conrinued).

Soft Acíds

co(cN)r3- , Pd2t, Pt2+, P¿4+

cu*, Ag+, ¡u*, ç¿2*, Hg*, Hg2*, cH3Hg+

BH3, Ga(CH3)3, GaC13, GaBr3, GaI3, Tl+, T1(CH3)3

CHr, carbenes

1T'-acceptors: Lrinítrobenzene, chloroanil, qui-nones, tetracyanoethylene

Ho+, Ro+, RS+, RSe+, Te4+, RT"+

Br, Br+, T2, Í+, rcN, etc.

0, Cl, Br, I, N, R0 , R02

Mo (metal aLoms) and bulk meLals
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Table 5. CLassificatÍon of hard and soft bases.

Hard Bases

M3, RNH, , N2H4

H20, 0H-, 02-, ROH, R0-, R20

cH3coo-r co32', N03-, po43-, so42-, c1o4-

F- (c1-)

Borderline Bases

COHSMZ, C5H5N, N3-, N2

NO2-' Sog2-

Br-

Soft Bases

H-

R-, c2H4, c6H6, cN-, RNc, co

scN-, R3P, (R0)3P, R3As

R2s, RSH, RS-, 52032-

I-
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can produce considerable weakening of the (b) properties, presumably

due to a shietding effect on the outer d-electrons"

The hardness of a given accept,or is also a function of the other

groups bonded to it. The introduction of soft, polarizable

substituents can soften an otherwise hard acid, while the additÍon of

elect,ron-withdrar.¡ing groups often reduces the softness of a site.
Further, the presence of "hardtt groups on an acceptor faciliLates Lhe

addiuion of other hard substituents to it, while ttsofttt donors on the

acceptor make it easy Lo add other soft, bases. Jorgensen (157) was the

firsL to comment on this inportant effecL, coining the t,ern ttsynbiosistt

to describe it. SynbiotÍc behavior in metal conplexes can be

rationalized if one consÍders Lhat it is the actual charge on the

central atom, rather than Lhe formal charge, which determines softness.

An explanation of why the HSAB principle works requires a

consideration of all of Lhe factors which deter¡níne the strength

chemical bonds" No one component seens universally responsible,

several theories have been proposed by investigators looking aL

different aspecLs of acid-base behavior.

The oldest and simplest explanation for hard-hard and sofL-soft

interactions j-s Lhe ionic-covalent theory. Hard acids are assumed to

bind to hard bases prinarily by ionic or elect,rostat,ic forces; smaIl

size and high positive (acceptor) and negatÍve (donor) charges favour

such bonding. 0n the other hand, soft acids bind soft bases naín1y by

covalent bonds. clearly, Pearson?s criteria of low charge, high

of

and
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polarizability and 1ow electronegativity for soft-soft cornplex

formatj-on rneld easily into the classical interpretation of covalent

bonding.

chaLLns theory of 'lT-bonding (158,159) has been proposed as a

possible explanauion for HSAB behavioro In this cont,ext, the importanL

features of soft acids are Lheir 1or"¡ oxidaLíon stat,es and abundance of

loosely-held, outer d-orbital electrons. These elect,rons can form ?--
bonds by donation to ligands for r¿hich suiLable empty orbi¡als exist, on

the basj-c atom' Many sofL ligands presunably use vacant d-orbitals to
accommodate the extra elect,rons; the increase in (b) acceptor affinity
between Lhe firsL donor at,oms of each Group (i.e. the hard bases N, O

and F, none of which have d-orbÍtals of the sane principal quantun

number as Lhe bonding electrons), and the following ones (soft bases p,

As, s and r, r+here such orbitals exist and are vacant) is generally

greater Lhan Lhat predicted on the basis of increases in polarizability
aloneo Unsaturat,ed ligands such as carbon monoxide and isonitriles
would also be able to accept netal elect,rons by means of enpty, but not

too unstable z-* molecular orbitals. Conversely, hard basic aLons such

as oxygen and fluorine can form T-bonds in Lhe opposite sense, by

donatÍng electrons fron the ligand to the ernpty, energet,ically-

accessÍble orbitals of the class (a) acid. with soft acids, Lhere

r+ould be a repulsive interact,ion between the filled orbitals on the

netal and those associat,ed with the hard base.

Pitzet (160) points out that London dispersion energies increase

with increasj.ng size and polarizability and Lhus might stabilÍze a bond
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betr+een two soft atoms. It seens reasonable

degree of stabilizatíon due to London forces

complex forned between a polatLzable acid and

to assune that some small

will always exì.st in a

a poLarizable base.

Mulliken (161) offers an alternaLive explanation for the exËra

stability of bonds formed between soft acids and soft bases. He

proposes that d-p orbital hybridization occurs so Lhat both the 1T -
bonding molecul-ar orbitals and the ?-* antibonding orbiuals contain

some admixed d character. Thls has the two-fold effect of

streagtheníng Ëhe bonding orbiEal by increasing overlap and weakeni.ng

the antibonding orbital by decreasing overlap. Mullikenrs theory and

Chattrs z--bonding theory are essentially alike except, for Lhe added

stabilization due to the anLibonding molecular orbital. According to

Mulliken, this effect can be more inportant than the ¡uore usuar T-17-

bonding because the antibonding orbÍtal is more antibonding than Lhe

bonding orbital is bonding, if overlap is included. This condiLÍon

greatly lessens the elecuronic repulsions found in soft-sofL sysLems,

where there is consÍderable nut,ual penetrat,ion of charge clouds.

Quantun nechanical perturbation theory has also been applied to the

problem. Kloprnan?s neLhod (L62) emphasizes the inportance of charge

and frontier-conLrolled effects. The frontier orbiLals are the highest

occupied orbitals of the base (donor) and the lowesü unoccupied

orbitals of the acíd (accepLor). Irlhen the dÍfference in energy of

these orbitals is 1arge, very liLtle elecLron transfer occurs and a

charge-conLrolled, ionic interact,ion resulLs. tr^Ihen the fronlier
orbitals are of sinilar energy, significanL electron Ëransfer froro the
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donor to Lhe acceptor can take place, resulting in a frontier-

controlled, covalent bond. By considering the energies of the frontier

orbitals and the changes j.n solvation energy LhaL accompany electron

transfer, Klopman has succeeded in calculaLíng a set of characterisLic

energy values for many caLions and anions. These numbers show a good

correlation wiLh the known hard or soft behavior of the ions and can be

used to predicL the stability of a given acid-base complex. While the

apparent, success of Kloprnanrs approach speaks well for the ionic-
covalent theory, there is no reason to discount Lhe possibility Lhat

?--bonding and electron correlation (London di.spersion and Mullikenrs

hybridization effecLs) play an important role in some instances.

Miller and co-workers (i63) r,¡ere the first ro apply Hard/Soft

Acid/Base theory to rearrangernents in the nass spectra of

organonetallic conpounds. Their sLudy of a series of Group rvA and vA

perfluoro-phenyl complexes of rhe rype (c6F5)nMetn+ (Met = si(rv),
sn(rv), Ge(rv), Pb(rv), P(rrr), As(rrr) and sb(rrr)) revealed specrral

evidence for Met-F bond formation, especially in the sn(rv), sí(rv) and

sb(rrr) compounds. They also examìned a set of r:aercury(rr) complexes

(CUXt)rHe (X = F, C1 and Br) and reporred observing several Hg-Br

bonded ions, but no Hg-F or Hg-c1 containing species. Assigning the

halide as Lhe base and the central atom as the acid, these results

conform quite closely wiLh the Lenets of the HSAB theory. Mercury,

being a particularly soft acíd, will favour bronide addition in

preference to fluoride or chloride. The Groups fVA and VA rnetals for
which fluorine transfer is favoured can all be considered hard acids,
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so the rnigratíon of a hard base such as F- is not unexpect,ed. rt
should be noted that in separate studies (r64-L66) concerning the

transfer of fluorine from a fluoroaronatic ring to a central carbon,

niLrogen or oxygen atom, Miller found no evidence of fluorine

nigration. He suggest,s that one of the requirements for fluorine

transfer is Lhe presence of a vacant orbital on the central aLon (such

orbitals are absent for the c, N and 0 derivatives). This line of

reasoning is in keeping wÍth Chatt,rs Lheory of 1f--bonding Ín hard-hard

acid-base complexes.

The extension of the HSAB principre to Lhe nass spectra of

fluorinated metal p -aiu"tonaLes has been carried out by Morris and

Koob (167). Rearrangenent of fluorine to the netal Lo forn either

Met-F containing ions or neuLrals is reported in the co(rr), Fe(rrr),
Fe(rr)' cr(rrr), A1(rrr), Zn(rr), Ni(rr) and r{n(rr) conptexes of
11111r5r5,5-hexafluoro-2,4-pentanedíone (R = R? = CF3). A1l of the

netals ment,ioned above can be considered hard or borderline hard acids.

Fluorine rnigration to these centers is therefore Ín keeping wiLh HSAB

theory (the two electron-rviLhdrawing CFg groups on the ligand r+ould be

expected Eo rrhardentt the borderline metals, naklng then more receptive

!o a fluorine transfer). Fluorine rearrangement is notably absenL,

however, in the specLrurû of Lhe copper(r) conplex; cu(r) ís recognized

as a soft acid and so would not be expected Lo bind wÍth fluorine.

Conparing the hexafluoroacetylacet,onate resulLs wiLh Lhose obtained

when R is nethyl, ethyl, isopropyl, tert-butyl, phenyl and. 2r-thienyl

reveals a strikÍng dependence of the rearrangemenL íons? inLensities on

the nature of the substituent. Replacing a cF, group with a more
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elect.ron-rich species softens Lhe acidity of the netal, so fluorine

rearrangement becomes less prevalent. This phenomenon is also seen in
Lhe reactions in which the species HF is elininated. I^Ihen one of the

CFt grouPs is replaced by nethyl or phenyl, the relative abundances for
Lhe ions resulLing from IIF loss increase dramatically; softeni.ng the

metal envíronmenË weakens its ability Ë,o cotrpete with H for the

fluorine.

Morris and Koob (168) have provided an interesting test, of the HSAB

Lheory as applied to non-fluorine halogenated þ-díketonat,es, The

cu(rr), co(rr) ' Mn(rr), A1(rrr), cr(rrr) and Fe(rrr) complexes of

1r1rl-trichloro-2r4-pentanedione give nass spectra in which the

rearrangement of chlorine fron Lhe ligand to Lhe netal energes as a

doninant reaction. The facile Cl transfer competes effectively with

the internal reduction sLep associaÈed wilh fragnents arising from an

0E neut,ral loss from an EE* ion, a process shohrn to be inporËant for
many metal conplexes of other p-diketones. In L,erms of HSAB Lheory,

chloride is considered a softer base than fluoride, and as such is
expected to soften the oLherwise hard central netal. The conbination

of a softer base and a sofÈened acid environment results in a good

natch between Lhe chloride and the conplexed metal.
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B, EXPERII'ÍENIAL

1 " Mass Spectra

Low resolution, positive-ion EI nass spectra of the metal chelates

were ínitial1y recorded on an Hitachi RMU-6D single-focusing nagnetic

secÈor inst,rument (Hitachi, Ltd"; Tokyo, Japan) using the follorving

operatÍ-ng parâmeters: acceleraLing voltage, 1800 v; resoluLion, 700

(noninal); electron beam energy, 70 ev (except where noted); total
emÍssion' 50 ¡A; ion source tenperature, loo-150 oc; scan tine, 300

seconds (n/z rz - 600). All samples were inLroduced into the ion

source via a direct-inlet probe and heated to produce an even rate of
volatilÍzation and to ensure reproducible mass spectra. All spectra

were recorded on a Honeywell model i508 Visicord.er usíng uv-sensitive

chart paper. A ninimun of one background scan was Laken prior Lo each

specLral acquisit,ion.

Iater, spectra vrere acquired on a YGTOTOF-IIF double-focusing mass

spectrometer (VG Analytical Ltd.; ManchesLer, England) equipped wiLh a

DEC Micro PDP-II/73 dara sysLem (Digiral F,quipnent Corporarion;

Maynard, Mass"). The following operaLing parâmeLers were used:

accelerating volt,age, 6 kv; resolution, 1400; electron beam energrr 70

ev (except where noued); trap current , 2oo pA; ion source temperature,

200 oC; scan raue, 1.0 sec/decade" Sanple introduction was

accomplished in a manner sinilar Lo Lhat described above.

Perfluorokerosene (PFK) was adnitted into the ion source through a
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heated septun inlet and used as a calibrant for all mass spectra.

Reported results were the average of at least three representative

scans.

Linked-scanning experiments were also perforned. on the VG7O7oE-HF

double-focusing mass spectrometer. ConsLant B/E and constant neutral

loss scans of selected netal cheraËes l/ere obtai-ned as per the

prescribed operaËing procedures. Collision-induced dissociation (CID)

was inplemented to increase the abundance of metastable ions; helium

gas was introduced into a collision cell located in Lhe first field-
free region (FTR) of the spectrometer, The pressure in the collision
ce1l was adjusted so that approximateLy 507' attenuatÍon of the

molecular ion beam was achieved.

The following linked-scanning experiments were performed (see Table

6 for an explanatj-on of number codes):

Complex FuncLion Tvpe lqnctiory Ì,fass

Daughter

L

ll

Neutral loss

Daughter

il

Neutral loss

457

407

26L

50

Ga-3a 535

32L

50
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CGSa

t{i-2a

Pd-Aa

Cu-l3a

ZD-8a

Cæ14b

Daughter

il

It

n

Neutral loss

Daughter

n

ll

Neutral loss

Daughter

il

il

Daughter

It

il

il

r

Daughter

L

n

Daughter

tt

?t

ll

Neutral loss

501

432

280

230

44

464

473

26r

96

548

4ro

327

s93

474

3s5

328

209

506

437

28s

633

sL4

486

346

32
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I{i-5b

Pd-7b

7.\-7b

Daughter

t,

t?

Neutral loss

DaughLer

tt

Neutral loss

Daughter

n

n

tf

556

4s9

307

210

32

628

367

97

s86

517

325

275

2. Ligand Svnthesis

All ligands were synthesized by Dr. Manoranjan Das or purchased

commercially. LiteraËure references are given in parentheses aL Ëhe

end of each synthetic procedure.

(a\ Fluorinared É-Diketones

{lJ RCOCHzCoCIfiz (R = phenyl, 2-rhienyl).

Equinolar quantiries (0.1 mole) of ethyl difluoroacetate

(cHF2c0oc2H5) and the appropriare merhyl kerone (cH3c0R) were added

to a suspension of sodi-um nethoxide, which was prepared by the
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reaction of Na (3 g) and nerhanol (15 mr) in dry er,her (100 mL).

After standing aL room t,emperature overnight, Lhe nixture was

trear'ed r¿irh a solution of KHSO4 unLil slightly acidic (pH paper).

A, saturat,ed aqueous copper acet,ate solutÍon (200 nL) was then

added, with stirring. The ether was removed. over a sËearnbath and

the green copper complex of the p -aiu.etone filtered and washed

with ethanol. The copper complex q/as resuspended in ether (400 mL)

and HrS r{as passed through the solution for one hour" The

resulting copper sulfide precipÍtate was filLered off with Lhe aid

of lfhaLman cel1u1ose powder. The filtrate was dried over anhydrous

NarSO4, Lhe ether evaporated off, and the crude product

recrystalLízed from a snaLl volume of ethanol (99).

{2} RC0cH2c0cF3 (R = phenyr, 2-thienyl, 2-furyL, 2-naphthyl).

These ligands are available fron commercial sources; Aldrich

chemical co. (R = phenyl, 2-thienyl) and Eastnan Kodak co.

(R = 2-furyl and 2-naphthyl).

{3} RC0CH2C0CF3 (} = 4-rruoropheprl, 4-chlorophenyl, 4-merhylphenyl,
4-rneEnoxypnenyl, .

These ligands were prepared by a claisen condensation method

analogous Lo Lhat reporLed in parL [1] above, using eLhyl

LrifluoroacetaLe and the appropriate para-subsLiLuted aceuophenone

(16e).

{4} RCOCH2COCF3 (R = 5-chloro-2-rhienyt, 5-nerhyl-2-thienyl).

These ligands were prepared by a claisen condensation of nethyl

ketone (RcOcH3) and erhyl rrifluoroacelare (cF3cooc2H5), usin8 a

procedure sinilar to that described in part {1}.
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{5} RCOCH2C}C2F5 (R =

These ligands r+ere

kerone (RCOCH3) and

in part [1].

{6} RCOCH1C}CaFT (R =

These ligands were

ketone (RC0CH') and

as in part {1}.

phenyl, 2-thienyL, Z-naphthyl),

prepared by a Claisen condensation of rnethyl

ethyl pentafluoropropanoate (CF3CF2C0OC2H5) as

phenyl, 2-thienyl, 2-naphthyl)"

prepared by a Claisen condensation of rnethyl

e thyl hep taf luo ro buranoare ( CF3CF 
ZCF 1COOC 2H S)

{1} RcsHcHcOcF3 (} = phenyl., 4-f}uorophenyl, 4-merhylphenyl,
4-rneE,noxypnenyl / .

Dry HrS was passed at a rapid rate for 30 ¡ainutes through a

solution of the þ -aiu.etone (4 g) in dry eLhanol (250 nL), cooled

to -70 oc in an ethanoL/d,ry ice bath. Dry HCl was then passed for
15 nin aL a rapid rate. The react,ion flask was fitted wiEh a CaCL,

drying tube to prevent, the access of moisture. The mixture vras

allor+ed to stand aL room tenperature for about 20 h. The resulLing

deep red solution r./as poured into ice-cold wat,er (400 mL) with

constant stirring, whereupon a deep red solid separated. The

nixture was a11or¿ed to stand in an ice bath for 30 min with

occasional st,irring. The product,s h¡ere red liquids at roorn

Lenperat,ure, which could be extracted fron Ëhe aqueous nixture wiËh

lÍght petroleun. afËer drying over anhydrous NarsO4, the extracL

was concentrated to a volume of 200 ¡rl, and a solution of lead
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{2}

acetate rrihydrare (4 g) in 9oz alcohol (100 mL) added. Llar,er

(200 mL) was Lhen added, and Lhe lead complex v/as separated by

filtrauion, washed with hot h¡ater, and dried over phosphorus

penLoxide. The dried lead conplex from three batches was suspended

in light petroleum (300 mL) and dry Hrs passed for 90 min. The

resulting lead sulfide was removed by filtration and the filLrate
dried over anhydrous sodium sulfate. The solvent was evaporated

off to yield the pure nonor,hio-p-aitutone as a red oi1 (169,170).

RCSHCHCOCF3 (R = 2-rhienyt, 5-nerhyt-2_rhienyl).

The ligands were prepared by the HCl-catalyzed action of dry Hrs

gas on an alcoholic soluLion of tn" þ-díkeLones in a manner

similar to Lhat described i.n part {1}, wirh the exception that
after suanding in an ice baLh for 30 min, the aqueous ligand

mixture was filtered, washed r¿ith water, drÍed over silica gel, and

recrystallized from light petroleum t,o give red crystals (gg).

RCSHCHCOCF3 (R = 2-naphLhyl).

Dry HrS was passed at a rapid rate for 30 minutes Lhrough a

solution of uhe þ-atuetone (5 g) in dry alcohol (200 mL) aL -7o oc

(ethanol/dry ice bath). Dry HC1 was Lhen passed through for 15

mÍn. The reactÍon mixËure was allowed to stand at roon temperature

for 2 hours, whereupon Hrs and HCr were again passed as before at

-70 oc. Afler standing at, roon tenperaLure overnight, the nixLure

was poured, with vigorous stirring, into ice waLer (4oo nL) and

kept in an ice baLh for 30 min. The red crystals of the compound

deposited were filLered, washed wiLh ice-cold water, and dried in
vacuum over phosphorus pentoxide (I4T) 

"

{3}
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[4] RcsHcHcOc2Fs (R = phenvl, 2-rhienvl, 2-naphrhyl).

Dry HtS was passed for 30 ninutes through a solution of þ -diketone
(5 g) in 250 mL absolut,e alcohol cooled in an ethanol/dry ice bath.

This was followed by Lhe passage of dry HCI for 15 ninutes. The

mixture was then allowed to stand aL room ternperature for about 20

hours i Lhe react,ion vessel was f iLted with a cacr, drying tube t,o

prevent, the access of moisture, Once again, the nixture was cooled

to -70 oc, the passage of gases repeated and uhe solution allowed

to stand at room tenperature for 20 h" The resulting red solution

was poured into ice-water (400 mt) and kept at o oc for 30 nin.

The producL was extracted with 75 nL of pet,roleum ether and dried

over anhydrous sodiun sulfate. Removal- of the solvent gave Lhe

ligand as a red oil (100).

{5} RCSHCHCOC3FT (R = phenyl, 2-rhienyl, 2-naphrhyl).

These ligands were prepared by Lhe HCI-cataLyzed. action of dry Hrs

gas on an alcoholic soLution of tn" p-diketones as described Ín

paru {5} above (100).

3. Metal Chelate Synthesis

The metal chelates prepared fron commercially-purchased ligands are

designaLed with an asterisk (*). All oLher complexes were synthesized

either by Dr. Manoranjan Das or in our laboraLory from ligands prepared

by Das.
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(a\ Chelares of f -diketones

(ir A1(III\ /-dikeronates

{1) AI(RCOCHCOCHF2)3* (R = phenyl, 2-rhienyl).

Aluninun(rrr) chloride hexahydrate (0.16 nTnole) in warer (5 mL) was

added to a solution of the ligand (0.48 nnole) in absoluLe alcohol

(3 mL). Ttre nixt,ure was warned on a steam bath and a sufficient
quantity of urea was added t,o raise the pH Lo about 4 (as

deternined by pH indicator sticks). A precipitate formed in Lhe

reacLÍon vessel aft,er 15 ninutes of heat,ing. The solution was

cooled in an ice bath for one hour. The pale orange product was

filtered under suction and dried for 2 hours (loo oc oven). The

general synthetic nethod of Fernelius and Bryant was adopt,ed (40).

{2} A1(RC0CHC0CF3)3* (R = 5-nerhyl-2-rhienyl).

The preparatÍon was similar t,o that described in {1}. The producL

was a pale yellow solid.

{3} A1(Rc0cHc0cF3)3 (l =_ phenyt, 4-nethylphenyl, 4-fluorophenyl,
2-thienyl).

These conplexes were synthesized by M.Das based on the general

synÈhetic nethods of Fernelius and Bryant (40). Pale pink solids

were obtained.
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(ii\ Ga(fII\ f -dikeronares

[1] ca(RCOCHCOCItrz)3 (R = phenyl, 2_thienyl)"

Gallium(IIf) oxide (1,33 mrnole) was dissolved in hoL aqua regia and

then evaporat,ed to dryness. A solution of the ligand (g mmole) in
absolute ethanol (50 mt) was added, resulting in an alnost clear
solution on warming. The solution was filtered and, concentrat,ed

ammonia was added Lo raise Lhe pH to about 5" After storage in a

refrigerator for 24 hours, the precipitat,e was filLered and washed

with ice-cold absolute ethanol, giving a pale pink solid (141).

(2) Ga(RcOcHCOcF3)3 (l =- phenyl, 4-nerhvlphenyl, 4-fluorophenyl,
2-thienyl, 2-naphLhyl).

The preparat,ion was similar Lo Lhat described in {1}. pale pink

solids were obtained.

(iii\ Co(IIIr f-diketonares

[1] Preparar,ion of co(rrr) inrerrnediare, Na3[co(co3)3].3H20.

A 50 mL aqueous solution of cobalL(rr) nitrate hexahydrate (0.10

nole) and 30% hydrogen peroxide (lo nr) r+as added dropwise wiLh

sLirring to an ice-coi-d slurry of sodium bicarbonate (0.50 nole) in

water (50 mL). The mixture was stirred in an ice bath for one

hour. The olive-green product was fillered under suclion, washed

with 30 nL of cold wat,er and then washed with cold absoluLe ethanol

and allowed to dry in air. The synLheLic procedure of Bauer and

Drinkard was followed (42) 
"
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{2J Co(RC0CHC0CIIF2)3* (R = phenyl, 2-rhienyt).

Sodium tris-carbonat,ocobaltate(III) Lrihydrate (prepared as

described in {1} above; 0"3 mnole) and 6M HNO3 (0.15 nL) were added

to a solution of the ligand (0.9 runole) in 1.5 mL of aqueous

alcohol (4OZ ethanol). A reflux apparat,us r{¡as assembled (Excelo

micro-organic kit) and Lhe nixture refluxed for 30 rnin. The

resulting green precipiLate was filtered under suction, washed with

cold waLer and air dried" A puriLy deternination was made by TLC

and furLher purifÍcat,ion, if warranted, carried out by colum¡r

chromaLography (302 methylene chloride/pet,roleum ether on silica
gel). This synthesis r+as based on a procedure described by Fay and

Piper (43).

{3} co(Rc0cHC0cF3)3* (R = phenyl, 4-melhylphenyr, 4-chlorophenyr,
2-thienyl, 2-furyl, 5-chloro-2-thienyl) 

"

The preparation was similar to that described in {2}. Green solids

were obtained.

{4} Co(RCOCHCOC2F5)3* (R = phenyl, 2-rhienyt).

The preparaLion was sinilar to Lhat described in {2}. The products

were dark green solids"

{5) Co(RC0CHC0C3F7)3* (R = phenyl, 2-rhíenyt).

The preparation was similar Lo LhaL described in {2}. Dark green,

oily liquids were obtained.
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(iv\ Ni(II\ / -dikeronaLes

t1] NI(RCOCHCOCHF2)2* (R = phenyt).

Nickel(rr) acetate tetrahydrate (0.22 mmole) in water (5 mL) was

added to a solution of the ligand, (0.44 nrnole) in absolute ethanol

(3 nt). A cloudy, green precipitate formed on mixing. The

solut,ion was heated gently on a st,eâm balh for 15 minutes and then

cooled in an ice bath for one hour. The precipiLate was filtered
under sucLion, washed with coLd water, and dried in an oven

(100 oc) for 3 hours to give the desired producL. The general

synLheLic nethod of Fernelius and BryanL was adopLed for this
synthesis (40).

{2} Ni(RCOCHCOCIIF2)2 (R = 2-thienyl).

Nickel(rr) acetate tetrahydrate (4 mnole) in hor ethanol (Bo mr)

was added to a solution of the ligand (g mnole) in warm ethanol (30

ml,)" A pale green solid was deposited upon cooling in an ice baLh.

AfLer filtering and washing wÍth cold ethanol, the dried producL

was heated for one hour (1i0 oc) to give the desired conpound (99).

{3} Ni(RC0CHCOCF3)2* (R = phenyl, 5-merhyl-2-rhienyl).

The preparation was similar to Lhat described in parL [1] above.

Enerald green (R = phenyl) and pale green solids were obtained.

{4} Ni(RCOCHCOCF3)2* (R = 2-rhienyl).

Nickel(rr) sulfate hexahydrate (0.2 mnole) in rvarer (5 mL) was

added Lo a sorutÍon of the ligand (0.4 mnole) in absolute ethanol

(3 mL). The mi.xture l.ras warned on a sLeam bath and urea Í/as added
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to raise the pH Lo about 4. AfLer 15 ninutes of heating, a

precipiLate forned. Ttre solution was cooled in an ice bath for one

hour. The precipitate was filLered under sucLion and dried in an

oven (100 oc) for 2 hours to give the desired pale green producL.

Ïhe general synthetic method of Ferneli-us and BryanL was followed

(40).

{5} Ni(RCOCHCOC2F5)2 (R = phenyl, 2_rhienyt).

The preparation was similar to that described in {2}. Pale green

solids were obLained.

(61 NI(RCOCHCOCaF7)2 (R = phenyL, Z_rhienyl).

The preparation was sinilar to that described in {2}. Pale green

solids were obtained.

(v) Pd(fIl É -diketonares

{1} Pd(RC0CHCOCF3)2 (R = phenyl, 2_rhienyt).

A filLered solution of potassi-un tetrachloropalladate(II)

(4.9 mole) in 50 nI of wat,er was added Lo a solutlon of Lhe ligand

(9.8 mnole) in ethanol (50 Et)o The nixture was digested for 15

nin on a stean bath and then cooled in an ice-bath. The resulting

yel1ow-green precipitate was filLered, washed with wat,er and then

with ice-cold absolute al-cohol (81).

{21 Pd(RC0CHC0C2F5)2 (R = phenyl, 2-thienyl).

These conplexes were prepared as described in [1]. For R = phenylr

the producL was dried at 110 oC for one hour. Yellow solids r+ere

obtained.
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t3] Pd(RCOCHCOCSFÐz (R = phenyl, 2-rhienyt).

These complexes were prepared as described in {1}. For R = phenyl,

the product rlas dried aL 110 oC for one hour. Yellow solids were

obLained,

(vil Cu(If\ É-dikeronares

{1J Cu(RC0CHC0CIIF2)2* (R = phenyl, 2-thíenyl).

copper(rr) aceËate nonohydrate (0.2 mnole) in water (5 ,nL) was

added Lo a soluLÍon of the ligand (0.4 nmole) in absolute ethanol

(3 mL). The mixture was heat,ed gently on a steân baLh for 15

minutes and then cooled in an ice bath for t hour. The resulting

precipitate was fíltered under suction, r.¡ashed wiLh cold waLer and

dried for 3 hours (100 oc oven). Blue-green (R = phenyl) and

olive-green solids were obtained. The general synthetic nethod of
Fernelius and Bryant, was adopted (40).

{2} cu(RcOcHcOcF3)2 (R = phenyl, 2-furyl, 2-naphLhyl, 2-rhienyl).
These chelaLes were synthesized by Reichert and wesLrnore (r25)

using the general syntheLic method of Fernelius and Bryant (40).

Dark green (R = 2r-thienyl) and olive-green solids were obtained.

{3} Cu(RCOCHCOCF3)2* (R = 5-merhyl-2-rhienyl).

The preparat,ion was similar to Lhat described in [1]. An olive-
green solid was obt,ained.

{4} Cu(RC0CHC0C2F5)2 (R = phenyl, 2-thienyl),

These conplexes were synthesized by M. Das based on Lhe general

synthetic meLhod of Fernelius and Bryant (40). Olive-green solids

were obtained.
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{5} Cu(RCOCHCOC3F7)2 (R = phenyr, 2-rhienyl).

The preparatj.on was sinilar to that described in {4} " Olive-green

solids were obtained.

(vií) Zn(fI\ f-diketonates

{1J Zn(RCOCHCOCItr2)2* (R = phenyl, 2-thienyl).

Zinc(II) acetate dihydraLe (0.2 rnrnole) in Írat,er (5 nf) r¿as added to

a solut,ion of the ligand (0.4 mnole) in absolute eLhanol (3 nL).

The mixLure was heated gently on a steam bath for 15 minut,es and

t,hen cooled Ín an ice bath for one hour. The resulting precipitate

was fÍltered under sucLion, washed r+ith ice cold water, and dried

for 3 hours (1oo oc oven). I,rhite (R = phenyl) and yellow-r+hite

solids were obtained. The general synthetic nethod of Fernelius
and Bryant was followed (40).

{2} ZI(RCOCHC0CF3)2* (R = phenyl).

The preparaLion was simÍlar to Lhat described in [l]. A white

crysLalline solid r¿as obtained.

{3} zn(Rc0cHcocF3)2* (R = 2-thienyl, 5-meLhyl-2-rhienyl).

Zinc(rr) sulfate hepLahydrate (0.2 runole) in war,er (5 mL) was added

Èo a solution of the ligand (0.4 runo1) in absolute ethanol (3 nL).

The mixture was warmed on a st,eârn bath and a sufficienL quant,ity of

urea added to raíse Lhe pH to about 4 (as deternined by pH

indicator sLicks). A precipitate formed in the reaction vessel

after 15 ninuLes of heating. The solution was cooled in an ice

bath for one hour and Lhen filtered under sucLion. The white



L46

producL was dried (100 oc oven) for 2 hours. The general syntheLic

procedure of Fernelius and Bryant was follor¿ed (40).

= phenyl, 2-thienyl).

synthesized by M" Das based on the methods of

(40). The product,s were white solids.

{4} zn(RcOcHcOc2Fs)2 (R

These complexes were

Fernelius and Bryant

{5} Zn(RC0CHC0C3F7)2 (R = phenyt, 2-Lhienyl).

The complexes \.Iere prepared by neLhods sinilar Lo thaL described in

{4} " l^Ihite solids r+ere obtained,.

(b\ Chelates of Monothio-/6-diketones

[1] co(RcscHC0c2F5)3 (R = phenyl, 2-thieny1, 2-naphthyl).

cobalt(rr) acetate tetrahydraLe (4 mmole) in absoLute eLhanol

(150 mL) rvas added ro a solurion of rhe ligand, (L2 nmole) in
eLhanol (50 nl,). The brown solution was filLered and air was

passed Lhrough the solution for 4 hours. The bror+n deposit was

Lhen filLered and washed wiLh ethanol. For R = phenyl, no solid

was formed after the passage of air. The solution was evaporated

to 75 mL and cooled" To this solulion, 5 nL of water were added

and the nixture was kept overnight in a refri-gerator" ïhe

resulting solid was then filtered and r.¡ashed with cold ethanol

(100).
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{21 Co(RCSCHCOC3F7)3 (R = phenyl, 2-rhienyl, 2-naphrhyt).

These complexes v¡ere prepared as described in [1]. The products

were dark brown solids (100).

(ii\ Ni(II\ MonothÍo-É -dikeronares

{1} Ni(RcScHc0CF3)2 (R = phenyl, 2-thienyl, 4-ner,hoxyphenyl,
4-fluorophenyl, 5-mèrhyt-2-rhieäi'f ) .'

Nickel(rr) acerare rerrahydrate (4 rnnole) in hor ethanol (70 nL)

was added to a solution of Lhe ligand (8 nnole) in ethanol (30 EL).

The resulLing brown precipitat,e was fÍltered and. recrysLallized

from a 1:l aceuone/lÍght petroleum (b.p. 40_60 oC) mixt,ure. The

products were dark brown solids" (971101r143).

{2} Ni(RCSCHCOC2F5)2 (R = phenyl, 2-thienyl, 2-naphrhyl).
These complexes were prepared as described in {l}. Dark brown

solids were obt,ained (100).

{3} Ni(RcscHCOc3F7)2 (R = phenyl, 2-thieny1, 2-naphrhyl).

These conplexes were prepared as described in {l}. The products

were dark brown solids (100).

(iiil Pd(IIl Monothio-f -diketonares

{1) Pd(RcscHcOcF3)2 (R - phenyl-, 4-nerhoxyphenyl, 2-rhienyl).
Potassium LeLrachloropalladate(rr) (4.9 nnole) in wat,er (50 nL) was

added Lo a solutioa of Lhe ligand (9.8 mnole) in aceLone (50 mL).

The resulling reddish-orange or bror¿n precÍpitate was fÍlLered off
and recrystallized fron acetone (97 ,L44).
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(2) Pd(RCSCHCOC2F5)2 (R = phenyl, 2-rhienyl, 2-naphrhyt).

The preparation was sirnilar to thaL described in [1]. Reddish-

orange solids were obtained (100).

{3} Pd(RcscHcOcaFT)2 (R = phenyr, 2-rhienyl, 2-naphLhyl).

These complexes were prepared as described in {1}. Reddish-orange

sol-ids were obtained (100).

(ivr Cu(fIl Monorhio-/-diketonates

{1} cu(RcscHcOcF3)2 (l =. phenv!, 4-merhylphenyl, 4-fluorophenyr,
2-thienyl ) .

Copper(II) aceLate nonohydrate (5 mnole) in hot absolute ethanol

(1OO mL) was added to a solulion of the ligand (10 mnole) in

ethanol (50 mf). The mixture was cool-ed and t,he brown precipitate

filtered off. The producL was recrystallized from a 1:1

acetone/light perroleurn mixrure (96,L70-172) 
"

[2] Cu(RCSCHCOC2F5)2* (R = phenyl).

Thís complex was prepared as described in {1}. a green-brown solid

was obtained"

{3} Cu(RCSCHCOCaFT)2* (R = phenyt).

This conplex was prepared as described in {1}. The producL was a

dark brown solid"
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{1} Zn(RCSCHCOCFT¡ Z ß =.phenyl, 2-Lhieny1, 4-nerhoxyphenyl,
4-rruoroPnenyl.,l .

Zinc(rr) acetate dihydrate (2.3 mnole) in hoL absolut,e ethanol

(70 mL) was added to a solution of the ligand (4.6 runole) in warn

ethanol (30 mL). The addition of wat,er Lo the cooled mixture

precipitated the yel1ow-brown complex, which was then

recryst,alLLzed from light petroleun (97,L43,17L,L72) 
"

{2} ZI(RCSCHCOCF3)2 (R = 5-merhyl-2-rhienyl).

This complex was prepared as described in {1}, excepL the product

was recrystallized from a 4:1 peLroleu¡n ether/benzene nixture to
give an orange solid (101).


