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SECTICN I: GENERAL DISCUS3ION

in this first sectlion, several general coments will
be made wlth regerd to the phosphorus atom =2nd the
varieus ligands. While the First portion ef this pemper
deals in trénds and observations on the varieus phos-
phine types, the second section is very speciflc,
Part 11 outilnes some of CThe lmportant complexes formed
by reactlens of the llgands with the maln Trensition
metals. The final seétlon 1s concerned with only one
ligand and one metsl, It 1s o summary of the research
whieh Dr. We W. Hess and I have undertaken in an attempt
Lo Torm socme ohromium coordination compounds wWith 1,8«
wis{diphenylphosphine)ethane,

fhosphorus is the gecond group Vb element having
a valence shell whieh is jsoelectronic with the valence
shell of nitrogen, It has long been known thet smmonia,
as well as many primery, secondary, and tertiary amines,
acts ag a ligand forming complexes with fthe main transi-
rion elements., Tt then comes as no surprise Lo Fiand
that the phogphorus snalogue of ammonla, phosphine, l&
also = ligend,
Phogphing, however, iz not the nost lmporitant of

pheaphorug 1igands. IL appzars thet the order of

e,



lnporbance, or ab least occcurrence is: Terbisry vhosphine »
gecondary phesphine? primary phosphined phosphive. .

it ls probable that this trend is partlally due to the
relative stabilities of the phosphine ligsends, The other:
factors which enter in will be discussed later.

The chemistry of both nitrogen and phosphorus
involves covalent bonding. The atoms of both elements
possess lone electron palrs and can act as Lewls bases
in the feorming of coordinate covalent bonds. One nay
sk whether or not there is any difference iln the chem=
istry of these two elements. The answer is that a2 de=
finite difference does exist. Since the principle
guzantum number of nitrogen lis two, it Omly hoE S @nﬁ 5
orbitals avallable to accommodate i1ts omn_fivesr gleGe
’trans and to take pard in bonding, Thlis means that,
aifter 1t has used 1ts three p-orbitals in bonding with
three substltuent groups to form ) amines, it can
act only as a Sigma=donor ligend. ?hosphorué, however,
18 nob as limited as nitrogen, Its prineiple guantum
number is three meaning that 1t has 38, 3p-, and 3de-
orbitals., The s« and p-orbiftals are filled similarly
%o bthose of nltrogen, allowing phosphines to act as
gigma-donors alsoc, This still leaves phogphorus with
five uwnused d-orbitals, These unfilled orbitals give
%hé phosphorusg ligands added versatility zince they are

available To acecept back-bonding from metals and to



incerease the overall conjugation of complexes bhereby
jnoresging the stability of the system.

Tertlary phosphines geem to be by far the most
prominent and numerous of phosphine ligends. The sube
’stituent groups which surround the phosphorus atom vary
all the way from the completely saturated systems of
the alkylas to the highly conjugated systems of the arylse.
Az is fthe case wlith most new discoverlies, the findling
that some phosphine compounds made good ligands initiated
a full-scale search for many other phosphine compounds.
This was of course accomplished by playing the inductilve
effect against the conjugative effect by varylng sub-
stituent greups, elther from one phosphorus atom to another
or on the same phosphorus atom. The importance of having
one effect domimant over the other varies from metal
to netal., A strongly pi-bonding metal will tend to
inerease the importance of conjugation,

Tungstenﬁ the heaviest of the group Via maln tran-
2ition elements, wlll serve as a good illustration of
the relstive lmportance of ilnductance and conjugation
effects in the d-block elements having less than hall-
filled deorbitals. Although the relative importance
of pl-and sigma~-bonding in determining metal-liigand
strengths is still not well established, the work of
Angeliocl and Ingemanson with tunzsten carbonyls hese

greatly added to the undersbtanding of such syst ems.



The bungsten carbonyl woerlk fnvoelved o situdy of Lhe
gguilibriuvm (Am}W(CO}5+L={LW{C0) 5+an (Where Am represe
ents a given amine and L represents a glven phosppine). The
entire serles of reactions was run first in toluene, and
then in other solvents wilth ldentlical trends being noted
for sach. When any given phosphine limand, Lg was held
constant and the amlne group was vafledg the values of
K increased with amine group ag follows: p-CH30CaHNH <
p-CH3CgHYNEp € CplsH2 { p-BrCgHyllHz, This order also
happeng te be the order of decreasing basicity. This
strongly implies that the strongest Am-W bonds to w<cc)§
are formed by the strongest bese., I of course comes as
no surprise that thls would be true in the amine situetion
because an anlne group nas to rely entirely upon 1£s
lone electron palr to form the W-=NHIsB bond which is
therefore strictly a sigma bond,.

Yhen the reverse was tried and Am was held constant
whils L wag varied, fthe order of decreasging K was bthiss
?(n«ehﬁg)g“’?q06ﬂ1333:2?(0C32)3002ﬂ52bP(SCH2)BGCH32;
P{Q“HWCQHQ)B?’P(Q6H5)37??{OCéHB)Bn It was Tound that
this trend ls also the trend in decreasing basgieity of
the phosphines, It therefore appears that sigme bonding
instead of Dl-bonding deternines the bungsten-phosphlne
hond strength. Enthalpy and entyropy caleoulatlons also
supprort this view. This result should be guallified sone-

what, however. The complexes {L)W{CO0)g are very favorable



to W=l sigma bonding. This is trus because the carbonyl
groupg are good ¥ -acceptors snd may be rendering the
tungsten éaél@@ﬁfons uﬂaﬁaila%le for piebonéinga Studies
with tungsten complexes having less 7 -accepting ligaﬂds
mag‘shsw that more dwyadw bonding is possiblaez
- The éencluSisﬁ éaae in the above research does

seem to be in line with what might logically be deduced.
Phogphline ligands must have substantial dw -dwj 1ntera§ticn
oceurring within the phosphorus-metal bond before conju-
gation effects at this bond become very important.,
When the metal is tungsten or any other metal with s
low number of d-electrons, it is less likely that'thé
electrons will be delocallzed in the difeefisn of ﬁhe
phcéphorus é%bm to any great extentQ Pi»benﬁing effects
‘will thérefgzs be minimized for phosphiné complexes with
netals having 2 low number of d-electrons.

| _Plaﬁinum lies in the sixth period with tungsten,
1t will serve weli ag the opposite situation in whieh
theré’are nine electrons in its d-orbitals, giving it
an almost completely filled subshell. A study has been
made of the platinum complexes of the type (BnPhﬁ-3?32~
PtCly. Nmr studies of Pt-195 and P-31 coupling constants
showed that the sigma-donor abllity inereases in the
order; triethyl-< tripropyl-< trit@tyl-phosphine.
This t%ééa is in line with the fact that the electron=-
pushing effects of alkyl groups will increase as the
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shadin length is increased {for the first few carbon stoms).
ﬁ@u@lﬁmg congtante were Tound to increage in the ordey
prialkyle ¢ dlaliyiphenyl- < alkyldiphenylphosphine showing
that the pi-acceptor character of the phosphines inecresses
a8 the number of phenyls increases. Thls may be thought
of as an increasing delocalizatlon of charge which 1s
brought about by & pw -dw -dw interaction along the
carbon=phosphorus-platinun bond.

These platinum complexes were obtained in both ¢isw
and trans=planar forms. There 13 an increased platinumm
phosphorus pi~bonding character in the cis- with respect
vo the trans-complex, In the cis case, the platinum
uses dy, and dyz orbitals along with the in-plane dgy
pi-b@ﬁding orbital. In the trans case, the platinum
can only use the dgpy orbital along with the in-plane
orbital. ﬁCcording to this argument, the phosphorus
atoms of the cls compounds have higher electron densitles
kdue $o increaged back pl-donation from the platinum
d-orbitalsw36

The platinum study leaves no doubt that conjugative
and, therefore, pi-interactions nlay extremely influential
roles in the determination of platinum complexzes with
phogphines. 1% should not be lnferred from this dis-
sussion that sigma-bonding is no longer important where
phosphine conplexes with metals having nearly filled
d-ghells are concerned, Sigma-bonding remains important

ub 1te relative effect diminlishesn,



About as many ﬁitefti&éy phosphines are known asg
tertiary ph93§hiﬁesa %he two phcspﬁarus atoms may be
é@iﬁ@ﬁ by many types @f’iiﬁkagee They may Eé‘joiﬁeé
by 3ataratadiar ansaﬁaraie@‘ca?bon chains;'théy may be
ortho te one another on a phenyl ring, or they may be
3eined by an ether type group. Hany polydentate 11gands
'are also known‘in whieh other atoms or greﬁﬁs éédﬁdinéﬁe
along gith‘phésphorus. These are oxygen, sulfur;’arsenie,
séiéﬂiuﬁ, aéetylene, olefins, and other groupsVQith_
coofdinating'properties similar to those of phosphorus.

Secondary phosphines, though they are not as imporé
tantfés terﬁisry phosphines, have a charaéteristiénﬁhiéh
ailews then t@ form some complexes which ﬁertiary phos=
phines will noﬁ form, In studies with«complexes having,
the gen%ral'fcrmulﬁ Lgﬁigé {where thalegens NCS, or CN),
it h&s been fcuﬁd that,kwhem I=tertiary phcsphines
aaditi@n of excess phosphine to the ecmplex results in
o trisphosphine complex only if X=HC8 or CH. It has 
| been detefmined that a strong field inducing 1igana‘lige
cyanide is necessary before five-coordination will
ocour. Secondary phosphines, hcwever, can form tris
'acmpleges with nickel and cebalt even when the anien
‘i bromine or iodine. This higher sbability of the
tris compounds is attributed to the fact that the t@?tlary
§§asphlﬁeg‘%r@ much stronger bases therefore decreasing

the positive charge on the metal and therefore the
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tendency to coordinate a fifth l;ganigﬁg

An example of a phosphine ligand %?p8 iﬁ‘Whi§h
the phosphorus atom is not ﬁireetly bonded ﬁé the metal
,is éhesphige oxlde, In the phcsphiné oxides. cc@réinaéf
tién ean taéé‘plaéa enly through the cxygen. Aﬁ evalua=
\%ien ef some of the data on phosphine exides Will be
valuable te the uﬁdersﬁan&ing of the nature ef the PaO
hcnd. The Peo stretching freguency deareases from the’
free 11gan@ te the complex. This means that the force
constant, ngg will also decrease while the bond order
will incrggsee.'

' Bonding in phosphine oxides involves a coordinate
%«aénbend aﬁd some back-bonding Pe0 due té oveflap of
'filled oxygen pﬁ'—cr%it&ls with the apprepriate empty
é?f»@fbitals of phcsphorus, The back-bonding effect
%f)prcbably great enough . -to cause the P<0 bond to be
sssentially a dcuble bond. When cemplezaticn eccurs,
the£é ar§ thfeé effects upon the P=0 bond order.’ In
’fhe,fiéstg the 6xygen atom being placed near the pé%itive
metal ion to which it may also form a covalent %en§ 
caases tﬁe Pm%O sigma-hond to be strengthenedo This
'%oulé sause ths f@rce gonatant to incveaseg See0ﬁ51§,
?%“%?d%’ backabcndiﬁg will decrease at the same tim%a
eausing kpg to decrease. Third, when there are low
é%é?gg filled d-orbitals in the transition a@tai the m@ﬁaé

é?faalaatrgss may Aarift tawarﬁ the oxygen p?fa@rbitais,



This would displace the pw-orbitals toward the gh@ga
phorus dor -orbltals and the force eonstant_ﬁsula increase.
éltﬁeugh all of these effects are a@tive’tc gome extent;
it;gppears‘%hat the second dominates since kpg decréasss
ex?érimam%&lly.‘ 

:Tha_nat@res’of phésphine ligands and the metals to
which ﬁﬁeﬁ eosﬁdinaté are gso varied thgt ﬁb trend ﬁhigﬁ ;
has been mentioned holds for all cases. Section IT wili 
aﬁééﬁ?ﬁ'té:3h¢w what these variations are and why sb@e

of these occuUT.



- SECTION II: SPECFIC LIGANDS

This sactiem lists most Of ‘the 1igané and complex
ﬁgpes @hich are éisaussed in those articles whieh appe@r
:in the bibliagraphy., Some of the enﬁries state simply
tﬁat a given 1igand hag yielded a partieular complex
with a glven metal, while others relate further informau
tiona Sectio& II does not have to be read im its entiret§{
%é be understood. Each entry is footnoted so tbatg if
further information is deslred on any tople, the associ~
a%ed refsreﬂce can be quickly found., It sheulé be maae
‘elears hewevsr, that %his section does net contain every

ph@sphine aompiex or ccmplex type ﬁhat has been maé@e

PART A: MONODENTATE MONOPHOSPHINES

?E3g phasphiﬁee Fhosphiﬁe has the electrgn dot

fTormula: E P H =
ﬁ

It has been shown that the P-H bonds mainly involve p-
orbitals while the unshared electron pair oceuples the
‘georbitsl principally.”? Phosphine forms complexes with

ﬁiskeifégfbeagl.

?{?h33§ triphenylphosphine:
T4(IV): Triphenyl phosphine re&ets with titaﬁiﬁm

@%trsehlsgzds resulting in a aompauné which was not .
‘ 10
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characterized since it is ext?@i@l§ gsenslitive to moisturs.
It is assumed, however, to have octahedral ccordinstion
and be & unimolecular, non-ionic complex.l5

Pe(II): Coordination compounds of the type FeXa~
;{E{Ph)B)g have been prepared where X=Cl, Br,;dr‘l. Pur
studies show that the bromime complex has a Pseudo-
tetfahedral strueture, however dimeric speéié& areﬁdise
cussed by Naldini.*0,56

Co(II): This tertiary ligand forms tetrahedral
complexes, éo(PFhB)ZXg, where X=Br or I.24,70

Ni(II)s The form, NiX2(PPhg)p, is general for
complezes in whieh X=Cl, Br, I, NC3S, and §03, Where
A=halogen, the complexes have been shouwn %c be tetrahéd:ai
by X-ray studies and dipole moment measurements, The
Z=HN038 complex 1s thought to be trans-planay because of
iﬁs low dipole moment and dismagnetism. These configura-
tions can be explained as a combination of steric and
electronic effects. The field-inducing effect of the
halide and ﬁéiphenylphosphine ligands 1s too low to form
’squafe~p}anar; diamagnetic compounds and the size of ﬁﬁ%3
bulky triphenylphosphine prevents polymerization of the
- complexes to form octahedral specles. The thiocyanato-
gfaap iz a étramg field ligand, on the other hand, which
makes the sguare-planar form desirableg6@’68°?é

The pseudo-pentacoordinated complex %ﬁ«@5§§)§1a
- (PPh3)Ph was ?@%3&%1& prepared and studied by era§'
technigues., The nickel is bound to one molecule ef,%gié

phenyl phosphine, one molecule of e-phenyl, and one %&1@%&1@/
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of the 7 -cyclopentadlenyl ligand which is formally a
tridentate.l?

Bh{I): The complex (&h@i(??hB)B) has activity as
a homogeneous hydrogenation catalyst.20

~ PA(II): (de(co)(PPhB)z)* (PaX(PPh3)3)", PaX,(PPhy),,
and (PdH(?hBP)B)(BPhg) have all been synthesized for X=Cl,
Br, and Is’ They are planar eomplexes.20

PdA(0): The complex (PA(PhP(o-CgHy*PEt3)p) (PPhy)
hss been eharacterize&elg |

| W{0), Aul(Il): PPhy has been studied in the phos-

phine-amine equilibriﬁm° (Am)@(co)s + PPhB = (PPhBEH(CG)S;
+,Am.2 The layered structure of another tungsten ccmplex,
tricarbonyl- ecyclcpentadienyltungstietriphenylphosphine
gcldg has been &educed by Xeray studies,59

L 08(0): Crystallographic investigations prove that
0s{C0) Q?PhB)z is trigonal blpyramidal with the carbonyl
groups in the molecular plaﬁe k5

Iriz)s Trans- (IrCl(C‘O)(PFhB)g) finds use as a
homogeneous hydrogenation catalyst and in oxidative add-
ition reaetionssze

Pt(II): Platinum carbonyls, tetraphenyl borate
salts, and halégaﬁ'eomplexes containing triphenylphosphine

are kn@%n.za’gi

?{%e)g, trimethylphoaphine:
~ Mo{0): Trimethyl phosphine reacts with dibenzene-
molybdenum under nitrogen to form a yellow coordination

@Qaggané too unstable to be characterized.l?
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I»{IT1}s OQotabhedral, siz-coordinate complexes are
formed with Ir(IIZ)}. These have the form {Irly{P(Me),liz)
where L=Cl, G0, COxR, H, COxH, or combinationg thereof,

26

The phosphines occupy trang posgitions,”™

(EtoN) PPy, diethylaminodifluorophosphine:

N1{0): The complexes of Ni{0) with diethylamino~-
dlfluorphosphine are four~coordinated. This ligand
glther occuplies all four positions or just two, The other

ﬁwé being held by carbon monoxlde@61

ﬁéﬂq@zPGI, 2=ghloro~1,3,2-bengzodioxaphosphole:

Hi{0): This monodentate tetracoordinates with
nickel{0). Nmr studies of the complex formed are compared
with studies of the (EtgN)PF, complexes to show that,
during complexabtien, the chlorine substituents cause a
greater hybridization of phosphorus orbitals than do

e

fluorine substj.‘l;ue:n’cs@.Oj

(p-Tol)BP@ Pri-p=tolylphosphine:

Fe(II):s The complex, Fe((p-Tol)4P)pBry, was pre-
pared and its kinetics of ligand exchange studied by
igotepic pmr. The compound has a pseudo=tetrahedral o=
ordination, Second order kinetics were obtained for the
ligand exchenge indicating an associative mechanlsm having
a five-goordinate transitlion state, Other dihslioblae
{tri-p-tolylphosphine)iron{il) complexes were alsc formed.
It hag been found thet the lability trend of this ligand
i8 malnly due to an enthalpy of activetion effect and

ﬁ {
18 in the order: Pe» Ni> Co. 0
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Bol{li): Qomplexes of the type {{p-Tol) .;g}?}g{ﬁ e:iéil? )

whaepe A=Br or I, have been formed and Tound to be tetraw
hedral compounds in which the cobalt is in a gpin quarté%m?@
Bi(IX): The compounds ((p-Tol)qP),Nidy, where X=Cl,
Br, L; are paramapgnetic and have been glven pseudo-
tetrahedral structurss in the solid state. If X=3CH,
the complexes are dlamagnetic and probably planar. Spec-
tral studles have shown that in benzene solutlon the
chlérou\and biomo» compounds have small amounts of diaw
magnetic formse The dipole moments of the compounds ine

crease in the order: X=Cl< Br<I. This trend ig atirie

buted to the expanslion of the FNi1iX bond angles,65

FEtCyz. dlicyclohexylethylphosphine:
Wi {TI): The complexes of this ligand are of the

type trans-(Ni(PEHCyp),X,), where X=Cl, Br, or NCS.C

Pﬁtgﬁyg eyolohexyldiethylphosphinez

W1{II}: The complexes formed by this ligand are
very analogong to those of dleyclohexylethylphosphine as
mlght be expected. Sguare=planar coordinatiim compounds,

(ﬁi{?ﬁtECEBQKg)Q where X=Cl, Br, or NCS are formedap&

PE$Pho s diphenylethylphosphine:

Co{Il): Stable tris-phosphine, cyano compounds were
obtained in the presepnce of excess phogphine, The equil-
Abrivm is of the type ﬁ@{@ﬁt?hg)ﬁ{ﬁﬁ}g = ﬂ@{?%ﬁ?hﬁjﬁiﬁﬁ}gﬁ

The magnetic moment (2.0 BM) obtained for this compound



i typical of Five~coordinate low-spin Colll) complexes,

T hap been fTound that, in %h&ﬁ\sﬁtuati@nﬂ Co{il) seems %o
have a greater tendency to five-coordinete then WL{IT),
Thisg conclusion is based upon the fact that a strong ligand
such ag CN is reqguired Lefore Wi{Il} will five-coordinate,
whereas a weaker llgand NC3 wlll accomplish the same thing
with Co{II).’

H1(II): The square-planar complex (Ni{PEtPhy)sCly)
reacts wlth another mole of diphenylethylphosphine in
solutlon to glve a stable flwe-coordinated intermediate-
as shown by vlisible spectra. Thls intermediate is probably
trigonal bipyramldal since the two phosphlne ligands are
trans in both cases, The reactlons are different for differ-
ent anions and the stable lntermedlate 1s not formed. The
Ci{ seems to inhance the metal-phosphine bond. The five=~
coopdination is not noted elther with merely slgme-donate
ing ligands like amines., I% seems to take a w=donor like
vhogphine along with a posSible back donation by the
mat&lmﬁg

Complexes of the type (HiKEKPEtth)z), where = C1,
By, and I, were prepared and studied by X-ray and other
technigues. The chlorlde alone was diamagnetic in the
s0lid state while the bromide and lcdide were paramagnetic
heving, by enalogy with triphenylphosphine campleX@$9 the
betrahedral structure. In solution, they are similar to
corresponding thp and ?hgummﬁu»? complezes, belng mono=

meric with high dipole moments and similar speotre.
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Therefore, even (NiCl,(PEtPhy),) seems to form some para-
magnetic speclies in solution. The equlilibrium between
yisémags is effected by experimental @énditi@ﬁsg
’Thége‘results lead to the assumption %hat,'iﬂ solue-
%iOﬁsyiﬁng(ng?thQ? exists as an equilibrium mixture
 @§ sqaare~pian&r and tstraheéral isomers. The isoners of
\(EiBrZ(PEtPhg)g) were the first examples of squareaplanars
tetrahedral 1semefism in complexes of Ni(II) or any m@t&l.jg

Pﬁe?hg, diphenylmethylphosphines .

Pt(II): The coordination compound (PMePhy)oPtCls,
exists in both cis- and trans-planar isomers. The Pt-195
and P-31 cbupliﬁg congtants are always greater for éhéféls
scmpgande Tha phosphorus chemical shift for the cis com-
pouné is upfﬁeld from the trans compound. Thefe is an
Increased ?t=? 7 -bonding character in the cis- with re-
3pect to the %rans»isomere In the e¢is case,’the Pt uses
éxz aﬁé éyz orbitals along wlth the in-plane &gy‘#-bending
yarﬁital¢ In the trans case, the Pt can only use the dyg
f§r§iﬁai along with the in-plane orbital. Aeccording to
‘this argument; the phcspharﬁs atoms of the cis compounds
have higher electron densities due to increased backe
 §§§&%10n from the platinum d-orbitals. This compound
‘also ai@erizes through chlorine—bri&ging to give the co=-
~ordination compound, (MePhyP)sPtyCly. The trisph@8§hins
complex can be prepared by adding excess phosphine. This

%as'§§@?eﬁ by eonductivity and P-31 nmr measurements and

~ isolation of ({ﬁa?th)BPt61}§leBé
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Diphenyimebhylphosphine also conbines with oiatinmm
in gomplezes conbtalning the llgands, p-dithiccumate and
3.4, Sebrimethoxydithiobenzoate, Since both are bidentate
1ig&nds§ they Torm square pyramldal complexes with the
aingle malecule of diphenylmethylphosphine occupying a
p@&iti&n above the plane of the two chelate rings of the
other'li;ando Pmr studies have shown that exchange occurs
for the PllePhy; ligand at room temperature even when there

is no excess ligand presen‘ta32

P(C3H7)}!hgg diphenylpropylphosphine:

Ni{IXI): This ligand forms complexes of the type
(Nng{?(CSH»?)PhZ)Z)0 where X=Cl, Br, or I, These compounds
are tetrahedral in solid state and monomeric with high
dipole moments in solution. In solution, they constitute
further examples oOf square~planar-tetrahedral geometrical
isomerism. Both forms have been isolated for (NiBrp-
(P(CaHy)Ph2)z) when the propyl group is in both izo and
normal formSQBB

P5(I1): Cis- and trans-planar complexes of platinum
having the formula, (P(03H7)Ph2)2Pt012 are formed. The
ois compound has a higher electron density along the
Pt-P bond. The complex wlll also add another molecule of
the ligeand to Torm the trisphosphine complex ag shown by
the lsolation of ({(C3Hy)PhpP)3PLCL)BPhy. The chlorine-

bridged dimer {(C3Hp)PhyP)aPtoCly, 1s also formed. ®
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FiieoPh, dimethylphenylphosphine:

Ir{IlXl;: oectahedral, siz-coordinated complexes arve
formed having the formulae {Iviy(PMesPh),), where L=Cl,
GO, €008, COOH,H, or combinations tThereof. The phoaphines
26

oceupy trans posltions.” .
) ot

L FMe,Ph

Irv
Fhlifeo® L

L

PE(II): Cis= and Transeplanar bisphosphine compounds
are formed wlth chlorlde acting as the ot~her ligand.,
The trisphosphine compound 1ls also formed wilith one of the
two éhloride ions in the coordinatlon sphere, The chlorine-

bridgéd dimer, (FhBMeP)z?t201#, 21so has been characterized,36

P(CBH?)ZPhg dipropylphenylphosphins:

P{Il): Like other ligands of 1ts type, dipropyl-
phenylphosphine forms compounds cis and trans«((CBH?)g?hP}Qo
PtCly and the trisphosphine, The chloride«bridged dimer

heg also been isolatede36

FBuPhy, butyldiphenylphosphines
Ni1{IZ): Complexes of the type (PhyBuP),NiX,, where
¥=01, Br, and I, avre paramagnevic and tetrahedral in the

20lid state and an equillibrium nixzture of paramsgnetie
[Y2rv e
tetrahedral and diamagnetic sguare-planar specleglin benzene

o 38, 67
soiubion.” ' 4
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PE{Iil: Cis=- and brang- isgomers exist for the complex
ﬁ@ﬁgﬁuféy§%GR?& Addltion of ewxcess phogphine leads Lo the

trisphogphine, uni-univalent electrolyte, ({PhEBuP)%Pt@l)ﬁln

The chlorine-bridged dimer also s‘f‘ormsm«36

PBu,, tributylphosphine:

33
Cr{III): The 1ligand reacts with anhydrous GrCl3 in
benzene &nd toluene forming non-electrolytic, binuclear
il
complexes of composition ((Bu3P)20r013)B and structure:%?

:?BU.B PBu 3

Cl i Cl £ Cl

Cr/cr/

I Cl ¢l

PBuB PBuB
Hn:?*Tribntylphosphine acts as a ligand in the pecali&%
somplex, bis{tetracarbonyl{tributylphosphine)nanganese)s
mercury, containing a metalmmetalwmétal bond. The following

@trn@tur& pogsessing a distorted Dyg point symmetry was
57

deduced from infrared spectral studlies:

£o o
- - { I4 Y
{ ™ ~
! / 00
BuqP- Mn———~Hg>’ Mo——FBuq
' _do o7

)

M 00

O
]

Gof{iX}: The complex ﬁ@(?ﬁua}Bﬁﬁﬁ}z is stable in
golubtlon in the presence of excess phosphine but has not
besn isolated. This iz another exzample in which the fivew

soordingtion in Col{Il} is controlled by the amien$g
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HifEid: The complex %%iﬁﬁu»} (¢ ﬁ}q i in an equile
fbhriun with Lte blaphogphine, four-coordinated counters
part in ethanol. This five-coordination ls controlled by
the “gtrong® anion CH (or also HCS“)«BV

W(0): The ligand replaces amine grmupg on tungsten
carbonyl to form (BuBP)W)CO)so

Pt{0): The ¢is~ and trans-planar isdmers of (BHEF)Q"

Pt@lg form and can react wlth excess phosphine to give the

trisphosphine ((BuB?)EPt01)01936

P(CBH7)39 tripropylphosphine:

Co{II):s This ligand forms Co{(II) complexes having
this equilibrium in solutions Co(PPr)B(CN)ZQ:CO{PPr3)2~
(C), + ?Prja The trisphosphine compound has not been 180=
1ateﬁa?

Pt{(IIl): The ecis- and trans- isomers of the sguare-
planap (Prﬁf)gPL012 have been made and the trisphozphine

complex {iPrjP)th61)CT @xists in solutionogg

?8?39 tricyclohexylphosphine:

Cr{II}: Tricyclohexylphosphine reacts with CrCl,
and ﬁrBrz forming coordination compcounds of the form
(GrXWQFCV3§9). These complexes are unatabl& and dissociate
phmaphiae to form complex salts which are orobably polye
m@riaag?

Gr{IIl)s The binuclear, chlorine-bridged dimer of
formula i&ﬁygyimﬁrﬁig}a has been characterized along with

Myw
the monomer CrBra-2FPCy 40 f
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Co(II): The spin-free, tetrahedral complex, ﬂ@{?§§3§§

has been studied.>” |
§{G}~ The complex (ﬁyj?)%(§®)5 has been stu@iaég‘

lt sas detafminea that sigms-bonding is responsible far

the strengﬁh of the W-P bond instead of piabending‘g

PBng?hg dibutyiphenylphosphine.
ﬁi(II) . The eompounds of type (PhBugP)zﬁiXZ, where

X=C1, Er, or I. are trans-planar and diamagne%i@a67

(C1+CHp) 4P, trisehloromethylphosphine:

Ni(II)‘ This ligand has substituent groups on the
phcsphorus ghich are slightly more electronegative than a
phsnyl group weuld be but has no piabondinge It was th@re»
fore a good ligand to be complexef with Wi (II) to form
(';(cl’.c‘gz)j?)zmxz. where X=C1, Br, and I, in a study of ‘the
ielative importances of inductance and resonance éffécts

in substituent graupsaé?

ip—ﬁnis)BP; tri-p-methoxyphenylphosphine:

§1€31}3 ‘$omp1eXes of the type (Qpaénis)BP)gﬁixgg
where X=Cl, Br;,and I, are paramagnetiec and have been given
a2 pseundo-tetrahedral structure in the solid state.. When
X=NCS, the complex is probably planar and diemsgnetic.
Beﬁzéﬁansclusi@ns of the c¢hloro- and bﬁsmé« complexes héve
small amounts of dilamsgnetic species in @Qui}ibriﬁa with
raramagnetic species, Dipole moments increase 1§ the aréég"

X=C1<Br<I and is attributed to P-Ni-X bond angle éﬁpgasie%eés
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{Phaﬁﬁg}ﬁP@ tribenzylphoasphineg:

Wi{II}: The coumplezes of the type {é?hoﬁﬁgﬁﬁ?}?iﬁgﬁ
where A=Cl, Brg L, and HCS, were comparable to trialkyiphos«
phines and di-n-butylphenylphosphine for these halogeno-
and thiccyanato- complexes. They are monomerics and dia~
nagnetlc. They are essentially trans-planar both in solu-
tion and s0lld state., Small amounts of ¢is-~ isomer may
be present.) Thig was proven by a comparison of refleci-
ance spectyra of the solid to absorption spectra of the

1iquidn66

(PheCHp)oPPh, dibenzylphenylphosphines:

Ni(ITI): This ligend forms compounds of the type
({PneCH, ) PPh)oNLXy, where X=Cl, Br, I, and NCS, which
are ezactly analogeous to those formed by another member of

its famlily, 'tribenzylphosphine»66

(?heeﬁabPPhgﬂ benzyldiphenylphosphine:

N1(II): Compounds of the formula (({PheCHp)PPhy)pliXs,
where X=C1l, Br, I, and HCS, were isolated. The halogeno-
complezes can be isolated in both the paramagnetic and
dlamagnetic lsomeric forms. These are interchangeable upon
heating or variation of solvent. The thiocyanato complex
i1z of the dileamegnedblc forms The paramesgnetic forms pro-
bably conbtain small amounts of dlamegnetlic Llsomer ag ig
deduced from slightly low magnetic susceptibllities along
with reflectance gpectra, Paremagnetlic isomers are tetiae

hedral {analogous to complexes of triphenyiphosvhine), while



e

diamagnetic forms are trans-planar in the solid state l(an~
alogous to btrisliylphosphine complexes). For benzene zolue
tlong of the para-dlsmagnetic equilibrla, the relatlve per-
centage of peramagnetlc isomer increases in the order Cldﬁ

Br<I. The equilibria are rapld.®0

CHy s CH*CH, *PPhy , allyldiphenylphosphine:

Ni(II): The coordination compounds (CHp:CH*CHpePPhy)o-
Hidg, where X=Cl, Br, andl, were studied., Isomerlc solids
were diam&gnetic only. The para=diamagnetlc eguilibrium
exlests in solution in the order of lncreasing raramagnetic

form C1<L<Br< 1 666

®(1=Pr)Php, diphenylisopropylphosphine:
Wi{II): Complexes ({1-Pr)Ph,P),NiX,, where X=Cl,
Br, I, exhibit square-planar-tetrahedral isomerism. For
X=Br, both forms have Deen isolated in the solild st&taﬂéé
imwT01)3P9 tri-metolyl-phosphine:
’Co(Il}z The compleXes of form ((m»Tol)BP)zcgw
‘8o, where X=Br or I, are tetrahedral with cobalt in a
spin quartetn?O
HNi(Il): The nickel compounds are analogous to

the cobalt complexes except that the nlckel 18 in a

s@im tr&pl@ta?o

PhsPH, diphenylphosphines
Cof{Il): Divhenylphosphine unites with CoBr, to

form bthree Adlifferent compounds. The first iz the dﬂ@?m
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hybrid {i?hg?ﬁkﬁﬂﬁﬁf33? whlch hag & trigonal-blpyrenidal
ghructure. The second is é{?hg?ﬂiﬁﬁ@ﬁrﬁBw whieh iz =&
unl-univalent electrolyte heving & tetrahedral confi-
guration., The third ls {(PhyPH),CoBr)sBrp. This complew

ls a unl-divalent electrolyte having the bromine=bridged
50
\
PhoPH};Co  Co(HPP Br
((FhpPH)uCO 5 { ,Rz%) 2
, Br
H1i{II): The ligand reacts with Ni-Brp in the following

structures

manmer: N1Bra+4PhpPH  ((PhyP)oNi(HPPhy),)+2HBr,
The complex 18 square»planarogo

Cu{I): Copper (I) halides of the following strucw
tures have been ebtained: (PhpPHCu°X)y, ((PhyPH)pCuX)a,
(PhyPH)4CuzCly, and {PhyPH)40ucx,1s50

Pa{iIl): Reactions of the ligand with PdClp resulb
in the ehlorine bridged dimer: 0

?haP@m /XERW%‘ J/,yyhg

Pa Pd

B,
Pth 4 CL s ™~ PHPhg

P{OCHy ) 5CCH s
W{0): This lligand forms complexes of the Torm

{iigand}wiﬂﬁ}ﬁ with tungsten earbonyle2

P{5CH2} 3(3(3&13 2
W{0): Thie ligend displaces an apine group rrom

lamine)W{C0) s giving (1igand)}W{CO)s5.



F{@wmmﬁm§§g tri-n<butoryphosphine:s

W{0): Thig ligand, along with others nmentioned
here, was used to dlsplace an amine group of a tungsten
carbonyl to form (llgand)wiﬁﬁ)ﬁﬁ Thiz wag done as
part»ef an equlilibrium study designed to determine the
type of bonding in the W-P bond, It is mostly sigma-
type bonding since the value of the egqulibrium constant
for the various phosphine ligands tried were in. direct

proportion to the basicitlies of those ligands.z

P{QPh)js triphenoxyphosphine:

Mn: This ligand, like tributylphosphine, whose
¥Mn-complex strueture has previously been Shown9 forms
the complex bis{tetracarbonyl (triphenoxyphosphine)man-~
ganese )mercury contalning a Mn-Hg-Mn bond .o

W{D}: The complex (PKOPh)j)W(GO)g was prepared
and used in the study of the WP bonda2

P(Ph) (C=C=CH3)2, bis(l-propynyl)phenylphosphines:
Bh(I): This ligand rescts with the rhodium dicarm
bonyl chloride dimer, {Rh(60)201)2 to form trans-Rh(COjCLl)ligand)a.
Thig complex 1s an undissoclated monomer in solution
and i& a aquayeplanar solid. Infrared spectra have shown
that the triple bond deoes not coordinate sinece the carbone
carbon muiltiple bond stretching frequencies are the sane

e
for the complex as for the free ligand.--
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?é@;@é;?é}Eg tris{ferrocenyl)phosphine:

Rh(I): The first transition metal complex of this
unusual ligané ﬁas’re@eﬁtly prepared. Et“isyah(CQ)a )
féii(clgﬁg?eBEF)g. The infrared spectrum of this com@euné
‘dses not shew the expected Bh-Cl stretchlng frequency
'but 1t is believed pessible that the ferrocenyl gronps

are arranged in such 8 manner as to suppress it 55

 ?h2P6&Q§Fh, £ =styryldiphenylphosphine:

| Rh{I): This ligand forms the square-planar complex
Rh(C0O)C1l(1ligand)s for both its cis- and trans- forms.
Attempts at coérdinating the double banthave been

ineenclusivees5 |

SiH3PH,, monosilylphosphine; (SiH;)PH, disilyl-
phésﬁhin@g (s1H3) 5P, trisilylpﬁeéphine:
éltheugh no eemplexes have been fowmed as gét using“ﬁhésé‘
'e@mpcuﬁés as liganas, it seems prcbabla that they gili

f£ind such =& usa in the ﬁear future 31,34

PEtB, triethylphosphine:

T4(IV): The ligand reacts with TiCly to give an
'ﬁnstaﬁla‘eempound’which could ﬂot“be'aharseterizeds
It is assumed to have octahedral coordination.15 |

Cr(II): CrCly and CrBry react to form (CrXz{PEt3iz),

which may be pelymeriaeg?_



Cr{IXIl}: ALnhydrons CiCly weacts with the ligend
to form the chlorine-bridged dimer Kiﬁﬁgﬁ}g®m¢13)2ﬁ
flerotion with CrBry, however, results in G?Br3@2§3@3}§m;m
(CH)o 2 Co(PEE4)2(CN)y existe for the cyano complex of i;
this 1ligand with cobalt. The complex (Co(mesityl)z
{PEt3)2) has also been studied.ld

N1{II): The complexes of type NiXp(ligand)z has
been prepared and are square-planar when X=halogen,

The complexz in which X=CN exhibits a four-coordinste=-
five=coordinate equilibriuvm with its trisphosphine
counterpart@37°6@

Ni{I¥IX): Dipole moment measurements confirm the
structure of (WiBr3(PEt3)p) to be square pyrsmidal with
the two phogphines trans to each other and one bromide
at the &pexa51

Pa{Ii)s Triethylphosphine forms the catlons
(Pax(co) (PEt3)z) and (PAX(Bt3P)s)*, where X=C1, Br,

T, or Hy It also forms tetraphenylyborate and tetra
fluoroborates .~
| Pt(II): The complexes of the ligand with platinum

are similar to those of palladium,20.21

FPEto¥Ph, diethylphenylphosphines

Pe{ll): The reactions of Grignard reagent or
1ithium compound of & complex containing this ligand are:
{(FeClo (PEtpPh)4)+2MeGrR ~2(FeR (PEL2Ph) 2 )+2MpC1Br+2PELoPh

where R=masityl, 2-bliphenyl, Z-methylel-naphthyl and
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Gﬁ{iI}g {CoBrg (PEtpPh)p) undergoes reactions with
orgapnonetallic reagents which are analogous to those
for the iron {II) complex mentioned sbove.'® The tris-
phosphine, Co(PEtpPh)3{CN)z has been isolated. It has
a megnetic moment of 2,0BM which is typlcal of fivee
coordinated low-spin Co(II) complexes.’

Wi(II)s Ceordination compounds wilth formula
Ni{FEtoPh)oXoy whare X=NCO and CN.form, and the cyano
conplex forms the trisphosphine somplex in solution with
excess phosphine. This five-coordinated intermedilate
is probably trigonal bipyramidal since the orizginal
two phosphines are trans in both casegw5g

| Ru(Ii): The trieiinic crystals of trie-yu -chloro-
hﬁX&Kiﬁ(diethylphenylphosphine)diruthenium(ll)tri&hlcrmw
tris{diethylphenylphosphine)ruthenate{Il) are shown by
Xeray to contaln units having two atoms of approximately
petahedrally coordinated ruthenlum bridged by three

-

chlorine atoms.?Y

PART Bs DIPHOSPHINES WHICH ARE NOT JOINED

BY AN AROMATIC RING'(AND REIATED POLYDENTATES)

BbpPCoHySEL, a-~dlethylphosphinoethyl ethyl sulflde:
Hi{IZk This ligend achs as a bidentabe in almost
all complexes of the form Wi{ligand)oXgo, where X=Br,

I, 0L, HCS, and CLOL or combinations of these., Hostb



@f these complexes are Se-coordinated with sguare pyramidsl
configurations., The thiocyanato complex, however, appears
as two isomers, which appear to be a diamasgnetic, foure
aéar&inaﬁeﬁ9 sguare-planar specles in which the ligand

iz a monodentate bonding at phosphoruss

Sog—— 5™
| w1 |

and o paramagnetic, octahedral, six-coordinated speciles
in which the ligand is a bldentate:
- B
SCy P
| N1
(F«_i_m*mgs
S
The second isonmer shows tetrahedral distortions from the

regular Op Syenetry .3

CQHQ(PEtQ}Z@ 1,2=-bisf{diethylphosphing)ethane:

FL{IV): TiClhreacts with this ligand to form a
presumably octahedrally coordinated complex’too sene
gltive to molsture to be characterized,+?

co(II): co{ligand)sIz has one unpaired electron
and is uni-unlivelent in niltrobengene, It 1&, therefore,
probably five-coordinated in solution and octahedral
in the.splid stete.-

Ce{ITx): Co(ligand)oip )X, where X=C1l, Br, and I,
are sll uni-univalent in nitrobengene, They are all
disrasgnetic or silghtly paramagnetloc inﬁie&tiﬁg cctahedral

eonfiguration, all electrons being palred., The halogen
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atoms may occupy the trans posibions. s

Hi{0}: Wickel carbonyl csn be substituted by only
one mole of Lligand to give (BtpPChoCHaPEL: )N (CO) 2,12

Wi {II}: Wickel(IL) compounds involving this ligand
are sguare-planar and diam&gnetiaa3

NL{IITL): N1{ligand)Brj 18 an octahedral, polymeric
3013d.2 |

PA(IT): Pd(1ligand)Cly is a monomer,J

Cu{Xl) and Ag(I): These metal cations form compiexes
which are conducting in nitrobenzene, They are foupr=
coordinated»3

Au(I): Gold differs from the othaf‘coinage metals
in that 1t is reluctant to attain four-coordination.
Instead, it forms the llnear, two-coordinated dimer
Ian{ligand)Aul, This complex can be oxidized to give
Iﬁﬁuiligand)&uiga a dimer contalnlng two sguare-planar,

hecoordinated gold atoms.-

CoHy(Pie2)n, 1,2«big(dimethylphosphine)ethane:
Tertiary phosphlines can stabllize low-valent
besanse of thelr capaclty to form W ~bonds to transition
metals., OFf the first transitlon series, only titanium((Q)
and manganese(0) Tfailed to form complexeg which were
thermally stable. Cul0)} gave indefinite vesults, The
conplexes were prepered by reduction in THF with sodium
napnthalenide. The compounds are thermally stable but

. e}
rary sensitive o aly oxidationtd
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TL{IV}: The conplex of Tilly with this ligand
is extremely sensitive to moisture but 1t probably
has an octahedral coordination,td

V{0}), Cw{O}, HMolO), W(O): “he cemyi&xes of thisz
tyre {metal(lig&nﬁ)B) are éctahedral, démcomplexas@
Oxidation in air is fast and in the order V>Cr> Mo») W, 17.18

Fe{0): The four=-coordinated, d8-iron(0) complex,
is diamagnetlic and planar, There may be some metal-metal
interactions since the complex is a harder, highef melter
than the corresponding species of Co(0) and ﬁi(@)ola

Co{0): (Co{ligmnd),) is tetrahedral since it
is isomorphous with the corresponding nickel complez,18

- Wi{0}, Ni(II), Pa(0), PA(II)s The ligand gives

thermally steble, airsensitive, fourecoordinated compounds
by reduction of the correspondlng Ni{IlTl) snd PA{II)
gomplezeg with NaBHQ¢1Q

Rh{I): Although Bh{dpe)»)CL, where dpe=l,2«bis-
{diphenylpbosphino)ethane, is fnactive towsrd hydrogen
and carbon mnonoxide under ambient conditions, the analogue
with 1.2~bis{dimethylphosphino)ethane is reactlive due
to the fact that It is less electronegative than dpe,
'thereby giving the metal atom & higher electron denszity
and emaaurﬁging oxidation. The analogue r@éeta with
hydrogen halides to form addlitional aompoundsail

Bu{il;, Os{il}: Complexes of this ligand with

thege two eatlions were the flrst examples of complexes



having bobh an oreanic group 2nd a hydrogen atom attached
by’ﬂigmaabcnds o The mebtal, Formulse are of the @ypeﬁy
sigéiﬁﬁgﬁlig&n@}gé and cis- and transe (MXR(Llizend)n},
where ﬁﬁﬁug<$$; A=CL, Br, ¥, 3CH, or H; B=alkyl or aryiﬁzg

Colty (FPhp)o, l,2-bis{dipenylphosphino)ethane{=dpe):

Or:  Dpe would not completely replace CO groups
in chromium carbonyl. Two or four CO molecules remalned
attached to the metal.l?

Co(Il): CodpeX2 compounds, where X=Cl, Br, I,
were shown to have pseudo-tetrahedral configurations by
comparing thelr bptical eleetronic spectra =2nd magneti&
mements with those of the already characterized pseudo-
tetrahedral cobalt(II) phosphine complexes, The magnetic
momente inerease in the order expecteds C1<Br<I.
Additional dpe results in Coldpe)gXp. Evr spectra along’
with cobservetiong on similar compounds ofF the Ltype
{Co(dpe)gl%)éﬁm}, where ¥ is a non coordinating anion
1ike @&rehlorata or tetraphenylborate. The bonds are.
gimilar %o those for Col(dpe)pX2 but not identical. This
suggests that a penta-coordinated species with the other
halogen ocoup¥ing a sixth coordinated peosition or a
tetragonal hexa-coordinated structure with one Co-X
bend short and the other lmngm3§v@m

Wi{0): The ligend Torms H{CO)z dpe and is able
Lo &i@pi&@@ 211 of the carbonyl to yield %ﬂﬁpég whiéh

iz thermally stabls but &i?«ﬁ@nﬁitiv®@i3@i%



Hi{IX): Ni{dpe)¥, coordination compounds, whers
A=G1, Br, CH, and I, are gguare-planar on the beaslsg of
vigible spectra and nmr resulbs, sghowing them to be digw
magmetia in s0lld state and in solution.

The y@liaW'ﬁiﬂdp@)gXEQ where X=C1, Efg and I, seems
to undergo & ocoordination change from the solid to the
red solution. An octahedral coordination is postulated
for the solid with dissolutlon giving dissoclation,.

. Ni(dpe),X,=Ni(dpe)X + dpe
X
T““*"“w
dpa: Ni ;. dpe

2

The strong anion, CN, causes the formation of Ni{dpe),(Cil)y,
a trigdmal bipyramldal, filive-coordinated complex in ﬁhich
one dpe molecule acts as a bidentate and the other as a
monodentate. A dimer is also formed having the fozmazﬁy&ﬁ

(CN )2 (dpe N1 (dpe)Ni{dpe) {CN )

3

3
¥1(III): The dark brown Ni(dpe)Brs has been isolated.
Bo{0): The dlamagnetic compound Mo(dp®)3'33 pre=

pared by reactlion of dpe with diwenzene-molybdenum. The

compound alr-oxlidizes quicklyal?

Pa(0): Two molecules of dpe chelate to form a fours

goordinated complex, The ligand also forms 2 mized die

phogphine somplex with @«ph@nylan@bisdieﬁhylphasphin@@1@

PA{II}: The dinitrate, é?d(dpe}QE(ﬁagbg has been

)
,ﬁﬁi&t@ﬁ@ along with its didbrome an&loguwgi%
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RalTi), Cs{li): Pormulae for these complezes are

gis~{HRodpes) and els- and trans-{M{Rdpe where M=Hu, 0s:

At e Pzl
%=1, Br, I, SCN, or #; R= alkyl or aryl,?

Ir{I): The compounds (Ir(dpe),)CLl and (Ir{dpe)s)BFy
form adducts, incorporating C0, ?FBQGQ,HQWng Nﬁgmyﬁﬂlg
HBr, and SggVinﬁa the coordination sphere to become {ivew
~n@0r&inaﬁed@ This “oationic® coordination compound i3 in
accord with the concept that coordinately unsaturated and
low-valent metal complexes act as bases t@w&f& even such
a weak acid a8 the hydrogen moleculee9

NeeC{CH@°P>h2}3, 1,1,1=tris(diphenylphosphinomethyl}«
ethanes

Ni{0); Pd(e)s: Isomeric configurations of the tri=
phosphine-triphosphine conplexes M(lig&nd)g, where M=Ni or Pd,
are designated and 4. The two isomers readily convert,
and this new type of isomerism lg one in which the only
difference lles An the number of poluts of attackment of

the potentially tridenbtate ligand. These possiblilities

exiats
P
Pt
: ) ‘f \\ e \
(43 @«;@%—-ﬁ {B) \ /, wp
Px {tetrahedral) ‘\F {tetrahedral)
? ?
/" A, ff' \ /(f L‘a
i o Ny \ \a
- M?}.{ 5 & D £}
{¢) k > &\ Xf'””y (D) gﬁﬁﬁf'jék
N ¥ i3 ?( {octahedral}

Theol ~igomer has g zero dipole nmoment and therefore very

high symmebry. The related tebtrahedral mamw@axezg B



‘M{@paﬁﬁg have definite dipole mowments of 1-2 D, yeb greater
gymnetry then 4, B, or €. The ~configuratlon ig , thers.
fore, D. It is survrising to see N1{0) and P4{0) accome
wmodating six dounor aboms glving an effesctive abtomlc number.
of four beyond the next inert ges., The r@adyrcamv@rsi@n
of these to the more stable, lower~-coordination number of
4 48 in accord wlth the expectatlon that the sixth znd poS«=
aibly fifth phosphorus atoma? binding energy to the zerovalent
metal is small.

The expected ~conf'lguration 18 B since 1t would
show the greatest energy barrier between the two configurations,

accounting for the isolatlon of the two in pure formo&@

CHp (PPhp)p, bisdiphenylphosphinomethane:

Hi{(II): The symmetrical Ni(ligand)zxg complexes
have been isolated for X=Cl, Br, and I, These compounds
probably are sguare-planay with the ligand acting ae =
m@ﬂaﬁ@ﬂ@&%@@V The only complex of Ni{(II) in which thig:
ligand acts as a bidentate 13 Ni(llgand§002e1%

Bu(Ii)s 0s({iI): Several octahedral, sigme-bonded

organco- and hydrido- complexes with this ligand aré knawnaﬁﬁ

§3H6(F?ﬂg)az 1¢3-bis(dliphenylphosphino ) propane:

Go{il): Complexes of the form Co(lﬁg&ndixgg where
chig Br, and I, have pseudo-tetrahedral configuratlions
with magnetic nmoments inecreasing C1 By 1T, If H=C0H or
HCH, the complexes are dlmers having the formulae

: / %d
{ﬂ@{lﬁ,g&ﬁﬁ}? 1, ;.3}{233 ea?? i
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Hi{IX): The oomplexes Wi{ligand}X,, where X=Cl,
Br, and I, exhibilt & sguare-planar-tetrahedral equilibrinm
in solution, When X=CH, the complexes formed may be {ive-

V o . 3,
soordinated monomers and @imers¢23”43

{CHQEQw{PPhg)ga 1,4<bis{diphenylphosphino)butane:

Co{II}: This 1ligend forms Co(ligand)xg coinp’lezes3
where X=Br or NCS., They are both probably pserdo-tetra-
hedral. The dimers of the type (Co(ligand)leﬁxabg form
For X=NCS or Clie’!?77

Bi(II): Ni(ligand)Brp is pseudo-tetrahedral with
strong distortions of 1ts Tq structure. The thiocyanato
analogue ls dlamagnetic and square-planar, All thiocyanate
gompounds of nickel with phosphlnes are planar, even 1f the
corresponding'halogen compounds are pseudo-tetirahedral,
This way be due to the high nitrogen donor power of the’
HCS group which 1s capable of inducing a singlet ground
gstate in all casea°33 The cyano complexes are dimersg, sx-

cept for the square-planar ﬁi{ligand}E(CN)gazﬁ

ﬁCHZFg{PPhZ)zg 1, 5-bis(diphenylphosphine)pentanes
Co{IX)s Ni{II): PFor M(ligand)X,, X=Br, if M=Co
and X=Br op: T, if NM=Ni, All of these complexes are psendo-

-
gatrahedral .~

@hX?MQQﬁE}Emﬁw{CﬁE}?u?th9 big{2«-divhenylphogphinoe
athylloride:
Cofil}s NA{IX): ALl complexes Co{ligand)X,, where

=01, By, I, or HCS, are pseldo tetrahedral, The compleres



of nickel are exactly anslogous, except That the thice
evanate 1s square-planar. ALL of these compounds ayre
monoumers and similarities between crystal lleld spectra
of this ligend and {PC,P) compounds show that the oxygen

abom g conslastently uneoordinaﬁ&&$33

CqHg={PCya)p, 1,3-bis(dicyclohexylphosphino)propene;
CyHg=(PCyalo, 1,#-bis(dicyclohexylphosphino)butane; and
Gﬁﬁigm{PCyz)gﬁ 1,5=big({dicyclohexylphosphino)pentane:

Fe(II)s; Co{Il)s Ni{II): These three diphosphines
form compounds of the geheral composition ((ligand)ﬁxg)y
where M=N1, Co, Fe, and ¥=Cl, Br, I, and NOB@ The cobalt :
complexes are tetrahedral, while planar configurations are
found for those of nlckel,

Cu({Il)s Copprer forms bromine complexes with the

firat and third ligands of this series. o

Fg PPhp

Fa 4. PPho, 1,2=bis(diphenylphosphino)tetrasfluoro-
gyclobutenes

Fe(IIl): This wnusual ligand reacts with Feg((}@}9
to form ilig&nﬂ}(?e{ﬁ@)B)gn The double bond of the ligand
coordinates one ilron atom, while the btwo phosphine groups
coordinate the other, This ligand also acts as a bldentate

with certaln metal h&lides¢8

PhoPCECPPhy .,  bis{diphenylphosphinojacetylene (=DPPA);
Cu{I): Complexes {Cuil),(DFPA}y (X=C1, Br, I, WOg,

Hes, Bﬁ@} are binuslear with DPPA-bridging. The local syme
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mebyry around sach metal abtom is S@v and the struobure 4a:”
‘sz é’&fﬁ
}*“~“§%A;w~y

g, A
«wwéé—-pw@%ew? Sou—k

N ¢

Ag(L)s: avu(I)s Au{IIl); PA(TII)s Po(IT); PE{IV)y
Rn(III); Xr(IXI}; Ir{(I): The haliie» of all 0? ‘these
metals form DPPA=bridged complexes of varying typesa Ramam
gspectra of DPPA show a C=C stretching frequeney’which i
much lower than normsl, Tt 18 so low, in fact, that the
shift cannot b& explained solely in terms of the electro-
negatlve P?hz group's inductive effect. The change is
at least partially due to a drift of pi-electron density
away from the actylene bond and toward the empty dw phoge

phorus orbltals. This weakens the triple bond, but streng-

thens the adjacent P«C bond. The structure of DPPA 1s
8

linear with pw-di overlap:

wngﬂgwiﬁth}QQ ¢ligel zmbisidinhanylphoaphin@)m
abthylene:
Rh{I): Zonic complexes, (Bh{ligand),)i have been

igolated. Dimers also form of the type (Rh{llgand)ole
8¢

Trang-Cotip= (PPhajg, trang-l 2, bls{diphenylphosphine) -

ethylienes
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Bh{¥l: When the rhodiun carbonyl chloride dinmer,
(Bh{CO},CL)y, rescta, polymerlc complexes having the

3

formule (Rh{ﬁ@}%lilig&n&}m_ara mbta&m@&wﬁg

thﬁmﬁﬁgwﬂmgﬁgw@?hgg,bis(diyhenylphasphinomethyl}eﬁh@rz
Bh{I}: The ionle complex, (Rh(ligand),)(BFy), shows
inareau@d azsociation as solution concentrations are ine

55

creaged,

?hw?(ﬁﬁ23g (CHB)BS{CHQ)BP?hz, i,3~bls (diphenylphog-
phinopropylthio)propanea Thie tetradentate ligsnd forms
five=coordlnate &M{li@and)ﬁ)ﬂloa gomplexes, where M=Ni,

Pd, Pt). ALl of these compounds are dlamagnetic, while the:
analogous five-coordinate serles of complexes {Co(ligand),X)Y
{where X=(1l, Brs I, and Y=BPhy; X=Cl and ¥=C10p)are para-
magnetic with one unpalred electron,

| Co{iI): The above mentioned cobalt coordination
gompounds have & sguare pyramidal structure..

H3{IX): While the fdurmcoordinate nickel compounds
are sguare-planar, the five-coordinate ones are %rig@n&ly
bipyranidal, Phe most probable structures for these come-

plexes are the following:

P?ha ﬁ?h?
§ 3 Q‘i}
&\N lr-—--»l““i; or ' \Eﬁ ii,‘,,;;:w}?}?hﬂ
J,:,/JJ!* - [Tt

PPh, X
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PA{TIITYs PE{TIY: These mebals glve Pive-goordinate

sonplexes which are sguare pyranpidal. The possible structures

26
apre;
D, WS\ /théia
8-~ PPh g:-{--PPh A =ren,
N o ,\\ 2 e // 2
{\ﬁ i g (? M .
' I
E ‘ VRN VAN
&= = '}?Phg PhyP-----X PhpF---- %

PhoPCgH), °CH:CHoMe, diphenyl-2-{prop-clg-l-enyl)-
phenylphogphine:s

Mof0): The structure of tetracarbonyl(diphenyle-

2«{prop-cis-i=-enyl)phenylphosphine)molybdenum{0} has been

determined by Xeray methods, The configuratlon is square

bipyramidal with the ligand chelating through phosphorus
and the olefin bond in the molecular plane.

Cry W: Simlilar compounds have been obbtalned with

. Ly
thegse m&t&isgﬁ

PART ¢: DIPHOSPHINES IN WHICH THE PHOSPHORUS ATOMS
DCCUPL POSTTIONS CRTHO TO ONE ANOTHER ON A BENZENE
RING (AND REIATED POLYDENTATES)

AFh)p

-5
Mfmﬁﬁggmﬁ;gm 0«&11y1phany1diphenylphaaphina(m&??:
H

CuflI): In ammplaxmg (CuXeAP)s, where X=Cl, Br, or I,

&
nmr sbtudies show that this ligand acts as a bidentate:”
Py

A,w‘/ i:g\_% {J (u
Ol A0
TN Rp

£
a,
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Ar{lls The ligand acts as a monedentate in bhe silver

«~a~ A

somplexes AgX(AP})p . (where X=01, Br, and I}, AgT(AP}, and
ABNO4 (AP) 7

PALII), Pe{II}:s In all of these complexes, bhe ligand
18 & bidentate. They take the form MX, (AP} (Lf M=Pd,
yxm@my Br, orlj 1f W-Pt, X=Cl, Br, I, and HE3), AP has 8
atronger tendency to form chelate complexes with PE{II)
than PA{II) probably because of a weaker metal-olefin bond

for ?&{EI } P 6

/PPhy
S
CHyG=CTH
CHB ¢ O={2-methallyl)phenyldiphenylphos-
nhine (=MP);

Cu{I): The compound (CuleHP), is analogous to the

soorvesponding conmplex involving APaﬁ

Qiphaﬁyl(m«meﬁhyl@hﬁmph@nyl)phosphineg bis{o-methyle
thiophenyl) phenylphosphine; tris{o-methylihiophenyl)~
phosphines twiu(@wdlphenylphusphlnophenyl)phcgphinex‘ The

w*wu@%uyaﬁ of these ligands are, respectively:

.ﬁ?Pi’! o Q’ ‘»‘, O ;
” PPh t P o ":y e
a .5 m’% . . "'g . x\..,_.éy
' 2 , T3 - 3
Hi{II), PA{Ii): These polydentate ligands showed
very 1little tendency to form five- coordinate PA(II) come

pleres, although they readlily form them for Wi{II). This

goas with the obheserved trend that, as atomic welpht increagses,
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Por & gliven electronlice configuration and oxidatlion stabe,
the bendency to foym Yive-coordinabte conplexeg decreases.
The thioether contalning ligands have less btendency to
Porm five~coordinate complexes than the polyphosphine
ligands, sinee thloethers are less easlly polarized and
fore less covalent bonds with PA(II) than phosphorus forus,
Steric fm@tors may also enber in to ald five-coordinﬁtion

b - P > o0 P{o=PhP 28,30
with the rigid tetradentates like ~(on-h1Ph2)3ﬁ

0—G5H@(PEtg)29 o-phenylenebis{diethylphosphine):

Ti(IV): The ligand combines with TiCl, to give =
compound Hoo unstable to be characterized,

Ni{0): This ligand reacts with nickel carbonyl %o

give the complex:

Complex I has falr thermal stablllity and decomposes only
glowly in aly. The ligand als@ replaces carbon monoxide
framktha gomplex I to glve type 11:
(11) {i\mﬁ‘/ P)
Beactions of type I compounds with halogens results in
replacement of the cerbon monoxide to give plenar, die-
magnetic halogen compounds of hligh @t&bilityalg”lﬁ
Ho{0): Three equivalents of ligand react with dibsnzene-
molybdenuwm o form ﬁo(ligand}3al?
PA{0):  Several mized ligand complexes involving this
?ig&n& and o-phenylenebis{diethyl)phosphine have been produced

E

Some W1(XI) and PA(Il) intermedlates were alzso formed.
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o=CgHi (PHen lo . o~phenylensbis(dimethylphosphine):
Ba{0)s This ligend wlll replace Two of the sarbon
monozides on nlckel @&rhemyloiz
0-GgHy (PPhp o, o-phenylenebis(diphenyiphosgphine):
Wi{0}: Complexes exactly analogous to those formed
by reaction of o-phenylenebis{diethylphosphine) with

nickel carbonyl have been isolated,13

PhP{o-CgHyPEta), bls=(o-diethylphosphinophenyl)-
phenylphosphine:s

PA{0); PA{IIl}: The mlxed phosphine cenmplex {(Fd-
(PhPiowC6H4°PEtg)2(PPh3)) has been isolated. A Pd{Il) conmw=

' I
plex was an intermedlate in its production,l&

i/O PPhy
~Selle, diphenyl{o-methylselenophenyl)phosphine{=3eP):
Wi(il): The complex (Ni(SeP),Br)C1l0, has been
30

isolated,

‘}?Pha

Eél&a?hgﬁ diphenyl{o-diphenylarsinophenyl ) phogphine

{=RaP)e
N4{IT): AsP forms many complexes with this metel

heving foure-, five-, and siz-coordination. The foupr-
coordinate type is Qﬁi{&s?)ﬁ&, wheyre X=01, Br, I, or SCH,
Enfw&r&& shows SCI0 groups to be bonded through nitrogen.
These conpleles are sguare-planar, {Ni(&mp}gﬁ)ﬁlﬁ%
complexes , where X=Cl, Br, I, ﬁ@ag HCH, HC3e, are diampame

netle and five-coordinated. Thelr scatlions have & squere-
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pyrasidal gtructure. (Hi{asp)o{NCS8)z) is six-cocrdinated
ag & 80Ll1ld and flve-coordinated in golubtion. It shows

f)?'

betragonal distortlions from Oy gymmetry .~

PART D: OTHERS3

PhB?Qg triphenylphosphine oxides

Hnj Fej Co; Ni; Cu: The complexes (PhyPO) MK, form
{where M=(o, X=(C1l, Br, I) and the perchlorate complexes
{PhBPa)ME(QEG@)Z {where M=Fe, Co, Hi, Mn, Cu) were also
i@ol@ted; In phosphine oxides, coordination can take

place only through the oxygen.- +*9

MagPOQ trimethylvrhosphine oxide:
Co: §ﬁ33?0?%60(610a)2 and. (Me3P0}200012 have
A - L e
been isolated, -
Cygpﬁg brieyclohexylphosphine oxide:
NL{IX), Co{II}: The complexes (Cy3POuMK2 (where:Xs
halogen or NOE} have been eharacterizgdaaéﬁa?
EE3P6, triethyliphosphine oxide: This ligand fornms
Lo
complexes which are similar to its methyl analogue,i“
(BtwD)p=Pe(S8),, 0,0 -diethyldithiophosphates
PH{II}: Thie ligand bonds through sulfur. The
pomplexr which forms with platinum{Il) is bis{0,0'«diethyl-
dithiophosphato) platinum{il)nethyldiphenylphosphine which

Y
hag the structure:”~
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Diphosphine and Diphosphine-like compoundss Diphog=
phimagpgﬂﬁ;'is an ungtable compound teo which various
substituent groups can be added to form potentially bi-
dentate limands, Although these compounds are potentially
bidentates,  they . generally act as monodentates either in
monomers or bridged complexes. A typleal example of such
2 bridged speclies is:

CPJLFj
(?O)ﬁﬂi“*?"‘?**ﬁiﬁeo)m
7 CP3CF3 . ’
T@%rapheﬁylaiph@sphin@is a monodentate in complexes with
copper{i), nieckei{Il), »alladium(IIl), and cobalt{Il},
while tetracyclohexyldiphosphine forms Lhree-membered

rings Wi%m several transition metal ions, An example of

Ll
this wmusual sysbtem is: - «
Vo
B X‘N\ /ﬁf F
T |
B r/ﬁ j:)ﬂ‘“m
£
L, ",
ot
(]



SECTION IIX: HESEARCH ON CHROMIUM COMPLEXES
WITH 1,2-BIS(DIPHENYLPHOSPHINO)ETHANE.

I have been engaged in research with Drm We Wo Hess
in an attempt to obtain, purlfy, and characterize the
coordination compounds formed by 1,2-bls{diphenylphosphino)
ebhane {=dpe)} and chromium{IIl). This is a continuation
of a project which was begun by Dr. Hess, Although this
research has not as yet been brought to a satigfactory
concluslion, 2 great deal has been discovered about the
nature of these chromlum complexes. A few of those
observations will be elucldated in this section.

The Jligand was prepared accordlng to the method of
Chatt and Booth.’l 1,2-bls{dlphenylphosphino)ethane
is qmit@ stable in solid form 1n atmospherie oxygen, bub
1t does exhibit a tendency to bxidize %o the corresponding
phosphine oxzide when 1t ls melted or in solutlon., This
was demonstrated by bubbling.oxygen through a2 golution of
the ligzand in tetrahydrofuran to which 2 small anmount of
2e2-Aimebhoxyprovane had been added. After the oxygen
had been allowed to bubble through the solution for approle-
imabely one hour, the golvent system was evaporsbted and
2 melbing point of the recovered crystals taken, Ths

melting polnt indissted that the whibte molld was an

ho
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tncompletely oxidized mixture of the phosphine and Lt
oxide

The majority of attempbe at isolating chromiun

o

ﬁmykaxﬁa have bean centered around a single basle reaction
of CrClge6H20 with the ligand. The hydrated salt is
dissolved in 2,2-DMP and is heated. 'Tha salt slowly
ﬂiaﬂoiv@s and the heating causes the solution to wndergo
a soloy ah&ng@‘frsm green to deep purple. The metal
golublion is then added dropwise to a solution of dpe
in THPF to which a2 little 2,2-DMP has been added, {The
2,2-DMP is used since 1t seems to act as 2 scavenger te
remove water molecules from the reaction system. It
is hoped that, by so doing, H20 will be restrained from
competition with dpe for coordlnation positions on
chromiun(fIi). Anhydrous chromium chloride was not used
in @h@vfirst place because it 18 an extremely sbable
molecule which does not digsolve to any extent in most
zsolvents. Issleid and Préhlich have however run some
anhydrous chromlum reactions in benzene and toluene
s0 that avenue of research will be studled furthe?g@?ﬁ
Most of the eavrly resctlions were run under ambient
emméiﬁﬁmn@ in the atmosphere. As the metal solubion
iz 2dded wnder such conditions, the solution slowly
shanges Trom belng cleapr and colorless to a deep brulshe
purple, After the solution had been allowed Co stend

for four or five days in a sealed llask, enough blue
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gokid formed in the flask that 1t ocould be sollected
%ﬁﬁ'stu&i@d» 'Un&@r the microscope, the sollid appeared
to be elear blue and micro-orystalline and, alithough ite
helt&ng point was guestionable, it was sent off fef
analysls. The analysis unfortunately did not fit any of
the possible epirical Fformulae well enough.

By varying this atmospheric method slightly, other
blue compounds héving wldely divergent melting poimtsﬁ
were obbalined, The only one which had a really good
nelting point was the compound which had been obtained
by adding hexane to the reaction mixture just after the
reacblion had occeured. The blue compound which precipitated
immediately had a melting point of lBSwlBé«Sacﬁm The
obther golide were obtalned by other methods and their
nebulous melting points hinted a2t a solvation effect,

CAn attempt wes then made to prove the theory that
the blue compounds were merely the’same gompound in
rarious gbages of solvation. Mull and EBr infrared
spectra were taken of all of the compounds along with
the ligand. 3pectra were also run of THF and acetonitrile
neat. leanwhile, a larger rTeaction was run which dup-
iiéaﬁ@d the original run. The Tlask was kept sealed
sxcept when small aliguots of solubion were removed for
bheabling. A ﬁﬁ?&raiywe@kg vasged, 10 wag reslized thatb

more and more blue solid was precipitating from the reasction
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mirture. Beosuse The flask had remsined stoppered,

thig phenomencm could not be explalined ag merely a
awﬁ@&nﬁg@%iwn ei'fect, Atmospheric oxygen came under
&usgﬁgi@n and its effect was luvestigated. When pure
oxygen wag bubbled through the reactlon mixzture, a

blu& compound preclpltated almost immedlately, indicating
a difinlte effect of oxygen upon the complex, Solutilons
from reactlons run under nitrogen, on the contrary,

sould stand for weeks under nitrogen without any notlge=
able prec¢ipltatlion cecurring.

It seems obvious that some sort of oxildation of
efither the individual ligands or the complex as a2 whole
is cousing the appearance of abt leagt one new specles
which la insdlubla in THF. The fact that the compounds
in S@lutiﬂm can bhe albtered even after they have fully
Tormed leads one to the following two posslbllitiess
Pilrst, that sometimes a ligand which has been attached
to the central chromlum atom wlll give up one or both
of ite coordination vositions at least momentarily.

At that point, the phosphorus could be oxidized with the
result being the formetion of a phosphine oxide,
Secondly, an alternative mechanism might be an insertion
reaction in which the oxygen atom wounld come to lie
’%@%Wawﬁ chromium and phesphorus, bonding o bobth of them.
IF it 4is indead the cage %%ﬁ% phosphine oxide bonds

are invoelved, it is likely that only one of the two



phogphorus atoms la the chelate ring hasg been oxidized;
since seven-nembered rings are gulte uncomumon due Lo iﬁm
creased strain.

Becently, one reactlon has been run and worked-up
entlirely under nitrogen atmosphere and another has been
run under oxygen. The two resulting compounds are now
belng studied. The melting point of the compound which
was prepared under nitrogen seems to be indicative of
émme golvation either by THF or water, but the complex
prapared under oxygen shows no solvation and has a fairly
sharp melts at approzimately 330°C. These coordination
conpounds will be studled further in theﬂhop@ that they
may be representative of two exbtremes, and that the
conbilnatlion of those two extremes will explain the other
compounds which have previously been prevared.

Some zZerovalent phogphine complexes have been preq
pared simply by dissolving zerovalent nickel in the
phosphine at elevated Temperatures. As an extengion
of the main project, I attempbted this type of & reaction
hetween dpe and chromium metal. The metal and ligand
were sealed in an evacuated glass tube and placed In an
oven at 200°C. The metal does not seem Lo be at all
soluble in the melted 1ligand, but perhapa with increased
ﬁémp&r&turﬁ some complexation will occecur.

In the course of my research, it became neceasary

to deviee many likely empiricel formulse and find the
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persent composlilon of each element involwed in esch
formula, IV was 2lso necessary to take the dabte which
WeL i r@céiva& from the analysis of & glven compound and
detesrmine the lowest approximate whole number rabioc of
the atoms of the elements which had been analysed.
These Ttwo tasks ban be tedlous at best so I wrote two
computer programsg one for each problem, in order to
reduce the timé spent in problem solving. They are
written in BASIC language,

Program (I) is deslgned g0 that the number of atoms
of sach element in a glven emplirical formula can be
entered as data and the computer will give the percent
gcomposition of each element involved., Progzram (I}
does the Treverse of program (I). Composition data is
Centered and the emplrical formula is printed out slong
with The next four integral wmultiples of the empirical
'farmui@ﬁ Although these programs involve only those
elemanﬁg directly assoclabed with my work, it can guickly
be seen that the enbtire periodic chart could easglily be

incorporabed for added flexibllity.

Program {I)

05 INFPUT &,B,C,D,E,F

10 LET‘Q?“(&§1? 0131§+(Bﬁl 00797)+{C*30,975)+(D¥ 52, 0L+ {E¥35,.1

15 LET ﬁ&mD?%if*lﬁm999&}

20 LED Xi={({A%12,0111)/D11#100
25 TEn Mwmqgﬁﬁi 007Q£)/ﬂ1)%100

40 LET X3={{C®30,975)/DLI*100

48 LET ¥hw ﬁﬂ%% @ﬁl}fﬁl)*1§0

X5={ (B¥35,4573) /DLI#L0O0

f#yﬁ; LET Xb={({P*15,9904) /D1)%*100

50 PRINT “NUNMBER OF ATOMS OF C,H,P,CR,CL,0 IH CONPOURD®
Ee PRINT A,B,C,D,E,F

60 PRINT ® PEROENT COMPOS ITION OF ¢, H,P,CR,CL,0%
68 PRINT X1,%2,X3,%4,%8,%6

W0 BHD

-
=
=

b5

%

i

)
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Program {II1)

0% THPUP 4 ,B,C,D,E,F,G
10 LEP X{1)=A/12,0111
15 LED X{2)=B/1.00797
20 LET X{3)=C/30.9738
25 LET X(A4)=D/51,996
30 LET X(5)=E/35.453
35 LET X(b)=F/15,9994
40 LBET X(7)=G/1l.0067
bg LET J=2X(1)
50 POR I=1 T0 7
85 IF X(I)=0 THEN 70
80 IF X{I) =J THEN 70
65 LET J=X(1)
70 NEXT I

78 LET Y{1)=(X(1))}/J
80 LET ¥Y(2)=(X(2)}/J
85 LET Y(3)=(X(3))/7
00 LET Y(M)=(X(4))/J
95 LET ¥{5)=(X(5)}/J
100 LET Y(6)=({X{6)}/J
105 LET Y(7)=(X(7)}/J
110 PRINT PEMPIRICAI FORMULAE SUBSCRIPTS MULTTPLIED BY 1,2,3,K4,5"
115 PRINT Y{1):0(2)sT(3) sy (4)5¥(5)s¥{6)¢T(7}

120 FOR H=2 TO 5

125 POR I=1 T0 7

130 LED K{(I)=EH®{X(I))

135 HEXD 1

140 PRING K{1):X{2)3K{3):K{4)3K(5) sK(86)sK(7)
145 NEXT H

150 END
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