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ABSTRACT
Title of Thesis: Equilibrium and Kinetic Study
of the Substitution Reaction of
Pentacarbonylaminetungsten (0)
with Triphenylphosphine
Name: William O. Bailey
Thesis directed by: Dr. Richard L. Keiter
A kinetic and equilibrium study of the reaction of triphenylphos-
2C6H5] has

been reported previously.l Equilibrium constants for the reaction

phine (PPhS) with pentacarbonylaminetungsten (0O) [(CO)SWNH

(CO)SWNH2C6H5 + PPh3 = (CO)SW[P(CGHS)S] + CGHSNHZ in toluene were
reported to be 17.1, 49.2 and 65.7 respectively. In addition, the
entropy change (AS) for the reaction was found to be 86%5 cal mol'1
deg-l.

In this study the above reaction was reinvestigated in order to
determine the cause of the abnormally large entropy change. The
reaction was investigated spectrophotometrically by monitoring the
absorption of the aniline complex at 406 nm. Other reactants and
products of the reaction do not absorb significantly at this wave-
length, The reaction was examined 6ver a range of ligand concen-
trations and reaction temperatures.

When the conditions of the previous work were duplicated it was
found that the absorption due to the aniline complex disappeared

completely. Concentrations of starting reactants were adjusted in

order to shift the equilibrium position to the left. In no experiment



was there obtained any evidence for equilibrium. Therefore, if an
equilibrium does exist, the equilibrium constant must be much larger
than that previously reported. Furthermore, it was previously report-
ed that equilibrium for the reaction is established in two days. In
this study it was found that the aniline complex continues to react
beyond two days in all experiments.

An attempt to determine the equilibrium constant for the reaction
by approaching the equilibrium from the opposite direction was not
successful. The intensity of the carbonyl absorption of (CO)SWPPh3
did not diminish with time upon treatment of this compound with a
large excess of aniline nor was there any appearance of aniline complex.
It is concluded that the position of equilibrium cannot be determined

by the methods utilized in the previous study.

The previous workers reported that the aniline complex is stable
i; the presence of a large excess of aniline. In this study it has
been found that this is not true for temperatures above 30° and that
at temperatures above 40° rapid decomposition occurs.

It is the conclusion of this study that the thermodynamic data

Previously reported are unreliable.

g, 4. Angelici and C. M. Ingemanson, Inorg. Chem. 8, 83 (1969).



-
f£igure Page

1. ¢Carbonyl Stretching legion of tho Inf'rared
pevtﬂum o a ud(uO)S vomplex...................3

2. Ultraviolet-7isible &pectrum of m(uO)s 6‘5Nh2"25
3. Ultraviolet-Visible Spectrwa orf J(uu}SP(u 5)3.26

4e Plot of Concentration of \LL}ruv,itha

VGI’SUS AbsorbanCe..0.0000.--..........O.l.l.l..32

5. Plot of Ahsorbance versus Time rfor 4quilibrium
Determinations with dxcess P\Ph)3 at Ambient

Tein;')epatur’e......0.-..-.0-0.000' -------- ..nn...35

6. Plot of Absorbunce versvs Time for mquilibrium
fleaction I at 25.7 C. Solution l....evecocecesll

Ts Plot of Absorbanceovo sus Time for iZquilibrium
fleaghiqh T A% 2Zhe] Cu SOLULION Buaersicon s s adaldd

8. Plot of ibsorbance vorsus Time for =quilibrium
iteAttion I 8t 25«7 O BolHTion Lsawe ciow » »nes vl

9. Plot of ibsorbance_versiis Time for xguilibrium
steaction I at 35.0 C¢  301Ution lececccocosscsssdltl

10y Pres & Absorbanceovorsus Yime for sgquilibrium
Beaction T @i $5<0 70 SOTUBESH ide s o dn o'o o - o bosill¥

11, Plot of Absorbance verswvs 'f'ime [0 Aquilibrium
Hoaction T at 35.80 T SOTUTLOH Seccesecocson. il

12, Plo% of Absorbancereraus Time for zZquilibrium
Reagtion I at 40,6 2., BSolution l..v.cccsnsnessl9

13, FPletl of Abcorbancecversus Time for Xquilibrium
i'ied.otj.on I at LIO.é C. SOlutiO?‘l 2. ® ® © 0 0 00 0 0 0 0o .Sl

lli, Tlot of Absorbance_versus Time for :squilibrium
teaction I at [f0.6 C. Solution Sececeessccceeaeb3

vi



15.

16

170

1:8.

1D
20.

21.

22.

23.

2l

295

26.

2T.

28.

29

vii

Pleo® o Absorﬂ°nce versus Time for unilibr*um
Reaction I 2zt L9.7°C. Solution lee...... I o

Flot of 4»sornsnce versus Tlme for Hquilibrium
Shdckion L mt 49:7%0G: SOLUGICH 2, 5«56 4spesms SR

Flot of Absorbhance versus Time for Ecqulilibrium
Regction I at 119'7000 Solution 3-.0'..........%9

Plot of Absorbsnce versus Tlime for Egquilibrium
FKeactlion I a3t Amblent Temoversture. Conducted
under’ Nitrogen. ® & 6 0 & & 0 0 & 0 0 0 0 0o o ® O 0 0 0 ¢ 0 0 0 0 & o o e o o .61

NMR Spectrum of {CO)gWC,I=N¥2 »nd CuHzNH,......63

Plot of Absorbance versus Time Showing the
Decomnosition of (20)gwe S”qkﬁg with Free

Sndildne o BB 7ok vads ¢55olobens st o %o B AT bewat 800

Plot of Log A versus Time for Fquiliorium
Reaction I =t 25.79C. S0lution 3eeeeececes. eees O

Plot of Log L~ 2 versus Time for Equilibrium
Resction I at 25.7°C. Soluticn 3..... BT SNy ) 3

Plot of Loz A versus Time for Equilibrium
Reaation T at 35.09C: $01UL1oN e se5as tvas e .73

Plot of lLog 2.2 X versus Time for #Zoullibrium
Reaction I ag 3§ 0°C. SO0lution 2.e.eeeeeeeecesTh

Plot of Log A versys Time for =Zquililbrium
Rezctlon I 2t LD.5"C. Solution 2..eieeececeese(d

Flot of Log 2— § versus Time for Equilibrium

Rerction I at 10.69C. Solution 2....eceeeeeeenT?

Plot of Log A versus Time for Haulllibrilum
Reacticn I at LU9.7°C. Solutlon lec.eeecesceeesT9
kol of Loy %_;~§ versus Time for =mguillbrium
Rercti~n I at 49.7°C. Solutionl..............80
Plot of Log A versus Time for Equilibrium

Rezction I 2t Amblent Temwerature. Conducted
under NWitrogen....... - A R TS S S site B2



Vi1

30. Flot of Loa @ - X ygrsus Time for Equilibrium
- X

Reacti~n I at Amblent Temperature. Conducted
unde(‘ Nitpogen ------ ® @ o ° 0 9 90 0 0 o 9-.!000-..-¢-.83



Table

11
ITT

IV

VI

VII
VIII

IX

XI

XTI

XIII

XIV

XVI

LIST CF BAJIWES

Page

Data for Phosvnine Derivatives of Co(CO)3NO...5
MNP and pK, Vslues for ?hosnhorus Ligands....7

Fcrce Constants Obtsined for LW(CO)g Molecules
in Cyclohexane Solvent....... L e e ..B8

phOSDhOI"US-Bl N;ﬂR Dﬂta.......................13
Phos~+ine versus Phosnnite 3ond Lengths......1ll

Ratios of ka/kl for Kinetics of the Resation
of W(CO)g(¥R)3 with L at 80.4°C in Decalin...l7

Summsry of Ko, for W(CO)gCspHgNHp in Toluene..l8

q

Sumnary of Entnslnies snd Entronies for the
Reaction of (Co)gwcéﬁqNﬁe with Various Ligands

inTolueneoo-co.-..-cocooc.-oo.o ------ ...-...19

Initial Scncentrations of Ee:zctents end Temo-
eratures for Eouilibrium Determirations......29

Confirmaticn of Beer's Lew., Plot of Cecncen-
tration of (CO)qWCsﬂqNHZ versus Absorbsnce...3l

Abhsorbence ard Time for Tauilibrium Determin-
ation with 70-fo0ld Excess of P(Ph)3 at
Anbient Temperature.....ccceeeceecess. PR —_—1 1)

Equilinbrium Determination st 25.7°C.
Solution 1.......... ......... .l......l.'...ll36

Equilibrium Determination st 25.7°C.
FOTELEINOT w5 3 515 § WEEUNE o & [6140 ciifem ookl somamepeisssesh s ....38

Equilibrium Neterminaticn at 2%.700.
Solution 3.........'.......l...'.........'...h-o

Equilibrium Determinstion at 35.0°cC.
FOLAELOTY 1 ooer o omorosenorsne oneis s¥Tsl s W Y - I

Equilibrium Tetarmination st 35.004,
SOLUETION 2o sme @ip g are=s s, outioione syt ol ey s 3 5 Ll



XVII

XYTII

XIX

XX

XXI

XXII

XXTIT

XXIV

XXV

XXVI

XXVII

XXVIIT

XXIX

Fqu'librium Determination at 35.0°C.
Solution 3. ® © @ @ o 0 0 & 0 0 0 & 0 0 0 2 0 0 0 2 g 8 ° 2 O 08 o 0 0 0 s e 0 0 0o ué

BEauilisrium Determinstion =t L0.503,
S()ll]tion 1.. ....... P @« @« 0 0 0 & @ ¢ 0 o 0-.-....0....0..-'—1-8

Equilibriun Determination at 110.6°C.
SOlUution 2..eeveceeon et e e e 10

Equiliorium Determination at 40.5°C.
FRIEERORT. T e o 0 0 o 0w s19ms 5 10 onlpine o B Bl SV B TR TATE T B b 5 6 52

Equilibrium Determination at h9.7OC.
SoluRlonn L. . : i65 &5+ 35lads I Y P o amartia Bl

Rauilibrium Letermination at L9.7°0.
SOINELON 25, e w mppiet pu g EanT o e e e omen A o235 ..56

Bauilibrium Determinaticn at h9.7OC.
Solution 3......'.....' llllll e o o o o o o

YWquilibrium Determinaticn at Amblent
Temverature. Conducted under NitrogenN..e.e.....b60

Date for Log A and Log %—;—; versus Time for
Equilibrium R.action I at 25.7°C. Solution 3..69

Data for Log A and Log & - X versus Time for
Equilibrium Reaction I at 35.0YC. Solution 2..72

- X
Data for Log A and Log g —x versus Time for

Equilibrium Reaction I at L0.6°C. Solution 2..75

a - X

Dats for Log A end Log versus Time for

b - x
Equil ibrium Reaction I et 143.7°C. Solution 1..78
Data for Log A and Log &—= ; versus Time for
Equilibrium Reaction I Eonducted at Ambient
Temnersture snd under Nitrogen......... o5 s s s Gl



I TRODICTION

The cnemistry of metal carbonylg has cenjoyed
considerable proainence in recent years.l Complexes
of the type W(CO)SL vwhere L is an amine, phosvhine,

?
or phospaite are pseudo-octahedral co:anlexes of Cuv
gyrmetry.
GO
0C | _CO
0’ | L
Co

The bonding involved is perhaps best treuted by employ-
ing moleculuar orbital theory, which trcats the simul-
taneous interaction of the ligands with the central
metal ion, Ligand orbitals will interact with metal
orbitals of the same symuetry to a aegrce dependens upon
the similarity of their respective cnergies, Sigma
bonding may occur using the Alg’ Eg, and Tlu orbitals,
while g=bonding is limited, througn syumetry and energy
restrictions, to the TZg oroitals.

The tyve and degree of bonding in nectal complexes

1s also depencdent upon the nature of the ligand. When

the ligand is an amine, the type of bonding available is
1



limited. In cocrdinating with the metal, the nitrogen
atom of the amine donates its lone pair oi e¢lectrons

resulting in the formation of a dative 6-bond, R.N—»M

3
(HI= alikyl or aryl, M = metal). Nitroscn possesses
no empty d orbitals of suitable energy to accept back
donated elsctroinis from filled motal d orbitals, thereby
eliminating theo possibility of4d«-dﬂ-bonding.

In contrast, carbonyl groups are well Known as
good ygr-bonding ligands, Tne 2p antibonding orbitals
of the carion are well suited for accenting electron
density froi the metal, making q-bonding possible., How-
ever, it is with phosvhorus ligands, R3P’ thdat conside
erable discuasion, even arzgwaient, has arisen within
rccent years. Again, tie dative o-bond is formed
througn daonatcion of the lone pair oif' phosvhorus to the
central metal, In addition, phosphorus pvossesses empty
d orbitals of correct symmetry and energy I'or w-bonding-
to be a distinct possibility. It is over the relative
merits of g~bonding in phosphorus lizands that the
pendulum o discussion has sweot, without any décisive.
elucidation of truth obvious,

Several approaches have bgcen utilized in attempts
to determine the absence or presence of y-bonding .

between metals and ophosohorus ligands. Hany attempts



have centered around studies of the carbonyl infrared
stretching {roquencies ol substituted metal carbonyls.
Figure 1 shows a typical inirared sneztrum for a complex
of the type LN(CO)S. The chv sy-un2try would predict
three infrared bands of weak, strong, and very strong

2" 1 TN

intensities--the 1% 1A, and 5 vivbration:l imodes,

rospectively, The iA and i modes are assigned to the
four ecquivalont {0 groups, while the C@® group trans to

the ligend nas been assigned to the %A vibrational imtode,
There gy also be a very weak absorption, a 1300 satel-

. ’ .- = -1
lite of the B mode, 1n tie range from 1900-1910 cm as

well as the weaik forbidden Bl mode adgsorption from
g 2 '

1980-2000 em .
LAY

Figure 1 Jarbonyl Stretching Region ol the Infrared
Spectrum ol a L‘»-.’(CO)5 Complex,



Advocztes ol M-P ¢r~bonding in metal-phOSphbrus
comvlexes argue that a phosphine, for examnonle, can
accept electron density into its empty 2d orbitals
thereby reducing the ciitarge on the metal. Phis, in
turn, decroaases the 4-C0 w-bonding while incresasing the
C-0 bond strength and thereby increasing the C-0 stretch-
ing frequency., A& study by uorrociks and Taylor3 which
uses substituted derivatives of cob#lt cricarbonyl
nitrosyl attriouted increasing ©-0 and N-C stretching
frequencies to increasing w-bonding ability ol the
incorporated iigands, i.e.: P013>- PdlqcéHS)

o
?31(06H5)2'> P(06H5)3° The decreasing electron with-
drawing avility of the substituents pound to phospnorus
makes the ligands increasingly voorer y-electron
acceptors, tharevy increasing the cnarze on the metal
which, in turn, is dcnated to antibonding orbitals of
CO and NO, decreasing their strstiching frequencies.

Table I contains some oif the data frowm which the afore-

mentionrned trend was noted.



Table I Data for Phosovhine Derivatives of Ca(CO) NO3

32;3@. _ Cgmggtlsyu. Egg"l 2
Co(CO}BHO 2100. 3 2033.0 1806.2
One Ligand
PC1, 2073.1 2029,6 1805.7
PClacéﬁs 2061.4 201kl 1785.6
PC1(06H5)2 2048.5 1996,V 177245
P(36H5)3 2035.0 1981.2 1761.0
Two Ligands
PCl, 204145 13982
PCL, gt 5 2023,6 1793.2
PCl(CéHS)Z 1967.3 1747.2
P(C Hc) 5 195Gl 1717.0

A study by Cottonu of substituted group VI carbonyls
also indicated the presence of ¥-P g-bonding. In fact,
'through examination of 0O force constants (as calculatéd
by the method of Cotton and KraihanzelS), Cotton was led
to the interesting, il not startling, conclusion that
PF3 is a stronger np-acscepting ligand than CO. For v

Mo(PF3)3(00)3 the force constant, k,, was calculated to

L
be 16.95 mdyne/}, or almost 0.5 mdyne/R higher than

the value of 16.52 indyne/R for the similar CO force



constants for Ho(CC)6 as reported earlier.b As a result
it was reasoned that since the CO force constant in
h'o(-PFB)B(co)3 was 0.5 ndyne/R higher than that in |
Ho(CO)é, the CO bond orders are 0.07 higher, thus imsly-
ing that each CO, in Mo(P?B)B(CO)B, was receiving 0.1li
electrons less than those in MO(CO)é. Thus, of the

6 dw-electrons available, the CO groucs were receiving

3 - 3(0;1&) = 2.58 electrons, while the PFB grouss were

left with 3.42. Thus, PF, is about 3.42/2.58 = 1,32

3
times stronger a w-electron acceptor than €0, Cotton
estimated this figure to be reliavle within the limits
of 207,

6,7

However, nrovonents of e-bonding allege thet
increases in C-0 strstching frzquencies are produced by
the decreasing o=bonding adility of the ligands sub-
sequently reducing the charge on the rotal, Inconclusive-
ness oIl evidence results, howsver, from the Tact that

the order of decreasing qr-bonding vctential is the order
of increasing 0=bonding ability as indicated by tie
basicities of the ligands from pK and AHNP data.8
NP is Gefined as the difiference in half-heutralization
-potential between the ligand and NlN'-diphenylguanidine
in nitromethane. The smaller the [\!iiP, the more basic
is the ligand.? Table II givaes gome ty»ical \MNF and

pKa values for various phosonorus lizends,



Table IL AHLP and pK, Values for Phosyhorus Ligands

L ZﬁPJ pKy o

(S E. )

P ( 5 D)j 111

P(n uuﬁg)B 121 Bolt

P(o-n—cuﬁq)ﬁ 520 3:3

RO, J BHE 6465 L5
2737773 : -

Vifferentiation betw2en 4 and ¢~ inductive oifects in the
metal-ligand vond has proved difficulit.

ingelici and Malone® studied the -0 stretching
Jrequencics and Jorce constants5 ox’ pontacarbonyltungsten
comnie:ies with imown non-g-bonding amine ligands, along
with those ol potentially y-bcnding vyridine end phos-
phine ligsnds. Thoy found that the decrease in magnitude
of the stretcring frequencies and force ccnstants.with

increasing basicity of L was virtually the same for all
taree grouns of lipgznds. Table LII nresents some oz

tnelir force constant dzata,



Table III orce Zonstants Cbhtained for LiW{g5O0) 5
iwlecules mn Cyelonesdive Solvent %ﬂdynes/&)

. ) :
smines
u-CH3086H4§H2 B 3 1.5 47 1500 0.3
3, HigitC 8.3 15.12 L5T T 0. 344
Sg iy B4, 10.7 15.07 1575 Oe 34
rYyridines
_j—-.-DI'u5£ ;_]_“ 2.0 15.16 1}t\-)5 O. 3“‘
Csﬂg K 5e2 15511 15.80 0. 34
4-CHq Ot I 6.0 15,07 ey s 34
rhosp.iines
(CgHs)oP R 15N 15,69 0.31
(p—CHBOCénR)BP L5 15,03 15.85 0.5l
-G\ H ™ ° r'." 8 *
'(n u1—19)313 Boly 15,07 15,706 0432

The authors could detect litile significant difrference
in freguency shiilts and force constants us a function

of basicity of the ligand Tor the non-n-bonding ailines
and the votentially g-bonding vyridine and phosphine
ligands. <‘hus, they rsasoned, postulation of HM-L
w-bonding was not reguired to explain the C~0 stretching

I'requency snirts,



However, dissension over the results of Angelici
and ilalone arose after completion ¢ a situdy by Brown

C

and Dobson.l They reazsoned thiat close exemination of
the data ol angelici and Maione, zs weil as their own
independenily obtained dsata Tor tungsten carbunyl con-
plexes cintaining pyridine and amine ligsnas, revealed
no trend in kl’ the axial carbonyl force constant, as a
function orf pKa of' the ligand. <+“nis anparent lack of a
o=bonding ianfluence at the carbonyl tirans to the ligand,
they asserted, made ingelicits attrioution of changes

in carbonyl stretcaing force constanls solely to o=bond-
ing somewnat tenuous. ‘The rssults were adcitionally
suspect, they reasonsd, becaussc of a nrobuble misassign-
ment of oand vcsitions in the infrarec sovectrum, &<or
three of the five complexes studied, angelici and Fialone
were unuble to resolve the iA and = bands of the spectra,

Thus, it vroved necessary to cestimate tho nositien of the

1
1

ination of the rcrce constants. Thelr 2stimatses were

tioa was nignly crisical in deter-

;"'"éj

A band., This

-~
wa
b o

DO

L =

based on the lact that in LH(CO)S comnlexes for which
the ih 2and is resclved, 1t is snifted by an amount
equal to ths average of the shifts of the iA and
bands, This 23 assuned to be the case for the other

complexes as well., Brown and DJobson .argue that this
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asswiption is entirely without theoretical justificsation,
and additionally, thet any combination of ¢= and g-bond-
ing which would produce effects implied by tasir assurip-
pion wculd-be highly improbable. Bvidence of thzir
claim is presented tarough a spectruwa of PhBP’J(CO)5
waich has a sy:metrical E mode--this for a complex

waich, according to the #Angelici assumvtion, should

14 and = bands of 5.5 cm“l,

¥
the Tormar being observable as a shculder oa the X band.

show a separation of the

As a result, Brown and Dobson allege that the data of
Angeiici and ifalone, and conclusions drawn Iror such,
‘are questionavle, They also noted that their rassults
were consistent with alproposal, advanced by Fenske and
DeKockll explaining similar variations of kl enad X5
in the series of complexes Mn(CO)SX (X = @l; By Yy
which postulates direct overlap of tha o;-bonding orbital
of the halogen and the yr orbitzls of equatorial car-
bonyls,

Perhans a more direct probe into ¥-P qr-bonding is
Tound tkrough the exesmination of nuclear magnetic coupling

constants, J

M-P* for those series of vnrosnhorus co.iclexes

‘containing metals with a nuclear spin %. A theorstical
s.pproach.l2 proposed tiree possible coniributlions bo sh

metal-phosphorus couvpling conssants: (1) a Sermi
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centact Ternm deeadent upon electron densicies between
the hwo nuclei, i.e. s cslectron density, (2) coupling
via s»nin-crbit motion (related to anistro:zy in screening),
(3) digole-dipole counling c¢f nucleus and zlectron

sins (reguiring low-1lying electronlc stutes and increas-
ing withh tho eifective nuclear charge.) 3y Tar the most

nificant contribution is made by the Yermal contact

!

term as detonmained py the s character ol the M-P o-bond.
13 -

A study vy Jdria and co-worgers ol vtne tungsien=-

»hosglhiorus coupling constants J of tsrtiary

1683, 315

phoschine derivatives of tunzsten hex ”rbonyls showed

to decresse in the order Ph. P> Ph.RP> PhR.,PD> R P.
5 [as [ 3

) ~

Mis is the order of increasing o=donor ability. If,

indeed, spin-scgin coupling is transmitited mainly through

o>ponds, it mignhi be exnectied

h]

hat the worst o=donor,

ct

"n,P, would have the smallest ccupling consbsnt. That
exzactly the op_osite is truze would sc2ein o indicaie the
oresence of MH-P q-bonding, usack conation oi tungsten

5d electrons to vhospnorus would deshield tne bonding

6s electrons oF tungsten, tnus inecreasing the terwui
contact term, Joncurrently, shosghoruc is accepting
electron density into its 3d orbitals, thus snielding
its 3s electrens, But thne shielding is nct as effective

as the tungsten aeshielding because tne same princival



=
no

quantun nuwider is involved Tor the »noswhorus case. In

Q

addition, tho gynersic elilect oi' the w-accevtor would
increase tie d=bouding., 4n explanation for the observed
trend would still be valid if the coupling constants

were negative (thus reversing the itreand), out thi

vossibility is highly unliitely in light of stuaies on

14,15

coupling coastants ol piatinun-shosphoris compounds.

r

Thus, Griats results would seecm indicative of M-P
w-bondiing,
nowever, in a study of counling coanscants ifor

b
. - = 7 _—— 16 e
peatacarboiylitungsten by seiter and Veriiede™ , a dif-

=

{erent intersretation was ussd, Yney round that tue

mapgnitudes of the coupling constants increased linearly
with an increace in electironegativity ol the substituents
on the nhnos norus ligand., In fact, they obtained a
correlation coefricient of 0,97 ior the plet of the
coupling cusstants against the Pauling electronegativity
scale., Yable IV confains some of their udata Tor com-

plexes exhibiting this trend,
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Table IV Phosphorus-31 NMR Datal®?l7
Compound | J183w_31P
(Equ )3Pw( 0035“ 227
(uuﬂg)zcé’HSP-.I(x.:O)S 235
(CLLHQ)(061{5)2P.-u(0015 250
b sl s g, 2o

51-111 o (cdé){‘3 W vo)S 31
| FBPW(CO )5 1,85

They interoreted the trend as recsulting from the
increasing s electron density of the W-P bond. This is
the result of the rise in vpositive chirge on the phos-
ohorus atom and the increase in R-P-R bond angle as riore
electronegative suostituents are bound to thosphorus,
Tnhus, they explained, because coupling is generally
agreed to occur through bonding orbitals of s character,
=P q¢-bonding need not be invoked to account Ifor the
correlation of' counling constsnts with electronegativity.

An additional tool with which to pry evidence f'or
or against M-P g-bonding is made available by obtaining
the crystal structures of the complexes in question.
Grim anad co-worl{ers18 did this for trivhenylovhosnhite

and tripnenylohosohine complexes of pentscarbonylchromiura,



1i

0o | < NG
or Cr<
06"} ¢ 6e”” | \co
/IJ' iJ
.G, 0 C, i 5 0.7 NG,
5 5 I'c In-‘_‘ \,14615 UU 4.:‘ "—i 06 5
- L J 4
&S5 U

Table V *aocspghine vs.-Phosohite Bond Lungthsl (RJ
Bond “hosnhite rhoswhina:

Jr-p 2. 309 Zeli22

Sr-C (trans) 1.861 1.500

-0 (trans) 1.136 1.150L

Sr-G  (cis, av) 1,096 1.880

-0 dgis; =u) 1.131 L. LT

iistance, and the cis -0 daistance was shorter tnan the

idence wouly seem to add

<

trans 0-~0 distance. Phis e
more fuel ©o the gp-bonding fire, vut, agein, caution is
) B < v 3 19 - 5 .
nceded, Rudolph and Schultz have saovm, Ior examnple,

that the dative vond aistance in M93P~$BH3 is.much

longer than that for FBP—ﬁBH vet the shorter bond

3,

aopears to ve tne thermodynamiczlly weaker bond. As a

rosult, bond length may Ve a less rellaile criterion of
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bond strength than wreviously thougnive.

#1n1v fnto the

i
0,21

in hope of =nroviding furthsr» in
2 14

o

discussgion, angelici and ingemanson conauctced a
gtudy cf tihe kinotics snd deter:iiined soluie equilibrium
paraneters for :'he Tollowing rezction:
(am)ui(C0), + L& (L)W(C0)s + An
>

wilere Amn = amine
L = paosocitine or vhesphite

They discovered thut the amine cerivativas of W(CO)é
react witn a ligand L to {orm u\CO)5L as tne onliy
reaction product. Cvsr a large range oif' ligand concen-
trations, the reaction was found to follow a two-term

rate law:

; IR s ey - L
rate = k [':J(CO)S(RRS)] *+ I (00} (MR )} { L)

iy
They also ceterminzd nseudo~first-ordur rate constants,
k whose denendence unpon the ligand concentration
Obs’ % 123

is illustiated in the following: expressiocn?
k =k + k[
obs ;s 2[

where kl cen be assocliated with a2 eic

+

&

2|

ociatvlive rnlechianism

€
02

involving a rive-coordinated intermed.i:ate wiaich then
vields the product upon addision of ligand, It was

found thet s the basicitvy oi® the amine was incregsad
o 3

the first-order rate ccuastant, K decrsaced in value,

l’
Then, i bond strength is detarminsd oy She basiclity of

7
J

the amine, the negative denendence of I, upon pK,  would

1



oe consistent with e raaction mechanism involving ths

~

breaking of the tungsten~nitrogen bond. The authors

.

the second-order rate constznt, k2, with

JO)
ct
[\

ssociated
STE disvlacament involwing nucleozhiiic zttack by the

ligand u»non the metal to Zorm 2 seven-ccordinated

=

ntermediate which then yields the :croduct.
L

00 .\

"

O

ey co
M/'—/
- N

0C £ co
30
fingelici and Iazemsnson found that, in generzl, Ko

inereases with increasing basicity of the phosphorus
lizand, Their slot of log(kz/kl) versus pKa of the
ligand saows a recular increace of log(kz/li with pKa
szcent rfor sterically hindered P(C.I.)

winich gives a

slower than exnected rate, and cthe i1ewst sterically

ninderec CEKSC(CH“C)B?’ which rozcts relatively f'aster
2
than otiier iizands., 3Since ik, &nd k. are voth sensitive

1 2
To amine busziclty while, in acdition, kz is affected by
steric factors snd ligand basicity, tihe ratio ky/k,

would be exnaczed to isolate the k2 steric and llizand



basicity erfects, oeliminating

tne

influence

17

of asine

basicity. Table VI »oresents scae ol thse xinetic cata
from this study.
Table VI Ratios of k;/kl for Kinetics ol the Reaction
o H(Cu}s(ﬁiq) with L at GO.QOG in Decalinal
amlne P(OU,. R PLC.H . P(n-0C H 2(n-C H_ j
S (s TIOR )y Fin-00 Tely T )
amaonia 3.17 15.5 38,7 116
methylamsine 4 Uf.9 110 3:.0
einetaylcaine Y.,55 &1.3 32 1300
vioeridine 5.92 12,4 15,9 2020
uworholine 11.8 1C.C 76.0 304
thimethylumine 1.64 0.0 .G 304
average 9.20 Pil.=65 1% g 731
The workers did not cocnduct Xinstic studies of arocastic

amines ‘because the r-te oxprsssion {fou-

to be :more coriplex tiian i'or the

drom the eguilibricm stud

w

¥y

noted,

decreased with increszsing amine bas.icit

decreased in the oreer:

-

.

aniline) p-oroucanaline,

g

found to generzlly iacresxse with

several

The e¢uilibriun constents for <

p-anisidine ) p-to

On the cther hand, Ke

increoes

these was found

other aminese

trends were

he reaction

7. Lne &

eq
luidine)
was

ng basicity



o’ the »nosi;herus ligsand. Taole VII gives some
equilibrivm constants {'or various ligands reacting with

W(GO)S(aniline) at varicus temperatures in toluene.

| A " C = | ) - £ . Ty 2
Lable YII woumaary of i ] ) ) G, H.D Tolue
e i unaary of K roxr (Cb )5\.;5 1151-1112 in ‘loiuene

Ligand 35.4.°C 110.5°C 1541 °C
P(n-C, 1. 5 0S 5

(n iy 9)3 225 3ub 859
S, 3(;,}12-;, )3P 263 116 613
P(06n5}3 17.1 1h9.2 65.7
13(0‘36115)3 C)ob 12.L{. 25.4—

Upon cilenzing the ligand centreal atom the equilibrium
constants aeccre=ssed in uhe orde:-: r(CbHS)B) AS(CédS)j>
Sb{Z, H.. i ] « {nis ord was also exr ed si
Sb{ 6ﬂ>);>81(céﬁs)3 This order wa lso exvect since

it follows the order of decreasinz electronegetivity of

<

Y &lsments, {fhereifore, as the differences in

£on

the group
electronegacivit-y decrs éed, the bonds tec:sme more co=-
valent and weakar,

In acdition to eguilirium constants, wvalues for
the enthalpy changes for the displacement reactions were
also calculated. Table VIII prescnts a sumriary oi these

paremoters Ior several ohosshorus ligands,
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Tzdble YIII Suyrasry of =nthelnies znéd Sntropies for the
2eqaciion of (CO)chéﬁgﬁﬁp with Various Ligand:s

in PToluene

Ligand AL, xcal/mole AS, eu

i N - &
P(n oqu)3 746 X 2.5 6 L85
P(n-oouﬁg)3 1.2+ 1.8 5385 5
p(ov6H5)3 26.2 * 0.5 dg t 2

i'he authors noted the large positive AH's, Some

=3

wsre, in fact, as large as tane enthalpiss of activation,
[ﬁ#, calculated in theilr ikinetic study. 'They recasoned
that the closely siiilar values I'or AH anc Aﬁt were
indicative tanat the large »ositlve entrosy chaage, AS,
was the controlling factor in the resaction, Indeed,

the AS values arec quite wositive and stnrtlingly large.
A lerge and vositlve chznge in enSropy woule imnly a
large increase in disorder of the system. or simple
displscemant reactions, as these are, it is aiificult

to conceive of any posgsivle increase in disorder capable
of sroducing such large increzses in eantropy. Solvent
ei'fects, as angelici and Ingemailson noted, coula not ve

expected to az:count i'or sichh large AS'S. aslthougn they

were unacle to account for these valucs they, nevertheless,
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could offer no reascn to dcubt thewn, the variance of
k2and Keq with the basiciiy of the r»hosshorus ligand,
Angelici a:.d Ingertanson conclude, is evidence against

w-P q-bonding ond suggestive that the streagth of the
wW-P Lond is largely decveruinec by the degres of W-P
o-bonding. However, soms apvarent anortalies in their
rasulis, particulary the 6xcecdingly nigh eatrepny values,
cast sowe unzdow of doubt over their werk, It was with
cne inventicn ol cernuns elucideting these anomalies

that this study was unoeertalken,
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i. Gener:l Considerations

vlicroanalyses were verformed by Galoralith uavora-
tories, knoxville, ‘Yemiessoe.

Prcton mer spectra were measured with a Varian T-60
svectroneter wiich used satursted deuteriochloroform
solutions with tetramethylsilane as an internal rei'erence.

Infrared spectra wore recorded with a Perkin~Zlmer
237 grating infrared scectrometsr,

Ultraviolzt-visible snectra were recorded on a
Seckman DB-G Spectrophotometszr with an . H. 3argent
recoraey,

tlelsing noints were taken with an arthur i, Thoras
Uninelv anparatus,

3, Ttrr2parsation of Com:lexes

l, Anilinevnentacurbonyltungsten kGO)SWG635EH2

A solutlon of 5.0 g of ’r_i(CO)6 and 10 ml1 of aniline
in 200 al o' tetranydrofuran was irraalilated with ultra-
violet light for five hours in a uv reaction vesssl
(diagrammed in reference 22), ‘Ine resulting solution
was evaporatnc to a thnick yellow oil., 'he excess aniline
was reimnoved with dilute HCl and water, the resulting

£
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yellow crystals being {lltered and drisd. Sxcess W(CO)

6

was reroved by sublimation. rhe complex was sTored

unaer vacuina,

anal, CJalcd. for 2, P1.68; H, 1.69; %, 3,35,

-1y

‘t -~

Found: ©, 31.4237 4, l.u48; N, 3,21,

o)

€. FPyrldinenenuacuirbonyliungsten (CU}HHCSHHN
5 5

A soluiion of 3,92 g %W{CC,, and 6 ml of pyridine in

s irradlated with uv lignt for 5 hours,

p

150 ml of YHT ws
Tne yellow solution was cvaporated ¢o 2 thici yellow

oil, from traich yellow crystals were nreciovitated through
adéition of dilute XCl and water. ricess ;'.i(CG)6 was
removed 0y subdbiimasion,

3« Trivhnenylnhosnhinepentacarbonritungsiaen (CO'EJPkcéHS)

Anilinenentacszrocnyltungsien (5,30 g, 12.7 ruaocles)

nd triohenylvnesphiine (3,32 g, 12.7 rmoles; wore dis-

(]

olved in 100 221 .of benzene and zllowed to react for

6]

20 nours, Thae solvent was then removed with a roto-
evaporator, Lhe resulting crystals were then dissolved

in equal wvolumes o metiyylens citloride and methanol

and refrigeraced overnlght. The reculting crystals were
then {'iltered, then recrystellized Trcon iethylene chloride

ana nethanol and dricd. Zxcess ;'J(C(J}6 was ra:moved by

1 5 g o * R ' O
sublimaticn nt »educad vressure. (mn 1:35.5-1i6.0°C)
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Anal, Caled. for ©, 47.13; H, 2.58; P, 5.28.
found: C, L7,00; H, 2.65; P, 5.12,
C. Purification or Ligands and Solvents

l. Triphenylpnosphine was recrystallized from
ethanol, (obsd'mp 79.9°C, literature 80.0°C)

2., Aniline was distilled on a Nester-IFaust spin-
ning band c¢slumn. The distillation temperature was 60°c
at 1.7 torr. Only the middle fraction was collected.
Distilled aniline was stored under vacuum, (n obsd
1.5852, literature 1,5863)

3. Toluene was purified by distillation. (n obsd
1.4960, literature 1.4969)

D. Kinetic and Zquilibrium rieasurements

angelici and Ingemanson maintain that under thé
aporopriate conditions oi' ligand and amine concentrations,
the reaction of N(CO);(NR3) + L = W(CC)SL b HRB exists
in an eq‘uilibriuni.21 Then, knowing the initial concen-
tration of W(CO)SNRB, the amine, tne phosphorus ligand,
and the fraction of W(GO)SNR3 reacted, the equilibrium
concentrations of all particivating species can be deter-
mined. 7Thus an equilibrium constant for the reaction
can oe calculated, The determination of the aﬁount of
W(CO)SNR3 reactea is facilitated by the fact that only

thae ﬁ(GO)SNR3 coriplexes, of all the reactant or product



speclios, is «ipnificantly colored. Jhe visible apectrum
of the yellow aniline complex, J(CO)506H5NH2, in tolueno,
shows an abgorntion at 106 w1 wich a shouldsr at around
$itS mit,  the reacticn product, ﬁ(CG)SP(36ﬁ>;3, has a
visible sgwnoetrua with very little absorption at 406 ign,
In fact, for the very low concentrations of ligand
esmtployed in our study, the absorvtion at uoézyl is
essentially insignilicant, 3Jzuple spocura.are shovn in
figuros 2 and 3. Jonsegquently, tha.promrass of the
resction can ve effectively followed by observing the
ciange in absorpance 2t LO6 mp.

A8 noted vy Angelici and Ingewenson, the equilibrium

constants cun be calculated in the following manner:

AOX * Al - X)) = A wihere: AO = jnitial apsorbance
A X+ A, - 5 X =4 ho = absorbaince of an

caunrl concentration
o’ product '

(;0 = Aol AT A - Ay 4 = equilibrium absorbance
¥ = 8 = dlew
EE A = fraction of W GO)S(NHB)

unreicted
Merefore, r'or the equilibrium J(GG)S(HH3) * 3, =

J(CC)SL v Wit
-

where: [333]= original concentit.tlor o7 the amine

[LJ: origzinal concentraitilont ol ligand

[d(:e}.un{3ﬂ==criqanul concentration of

A00 )~ (B L)
( Jiﬁ:— 3
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ihe‘concentration of amine can be considered constant
because allarge excess was originally agded. The large
excess was added to minimizeldecomppsition of tne anmine
comvplex, W(CO)SQNH3jf- Solutions of the amine co.iplexes
aré, by themselves, quite unstable, However -ngelici
and Ingemanson reporﬁéd that in the presence of an excess
of amine, the amine complex soluiions rem=2ined stable,
In this study two aporoaches were used.in attempts
at obtaining equilibi-ium constants. One appioach was
an attempt to follow the reaccion (CO)SWKNRB) + PPh3—9
\CO)SWPPh3 + NR3 (I) until equilibrium was atteined
The second approach was to follow the reverse reaction
NRgy * (co)5;'.-sPPh3-—>(GO)SL~;(NRB) + PPhy (II) until quil-
iorium was reached, If the smmne constant were obteined
by apnroaching the ecuilidrium frca both directions,
one coulad ‘he reasonablyﬂconfidant'thaf 8 true eouilibrium
hied been establlisned. |
-In these studies all solids were weighed witn an
anglytical balance. The mass of apiline used was cGetzr-
mined by weighing the aniline in a weighing vessel, then
subtracting the weight of the weighing vessel. Tne
‘amount of pyridine used was determined volumetfically.

The reactants were dissolved in enough degassed toluene

to make 250 ml of solwtion at the avpropriate temparature



28

in a water bath., ‘The volumetric flask was then wrapped
in aluminum foil ts protect the solution from light. A
sample was then witncratm an:d an absorbance determined
within 1--3 hours of mixing. Initially samples were
withdravm daily. “Thereaiter s:mnles were witndarawn

after longer intervals. The equilibrium determinations
attempted are indicated in Table IX, Tnhe Reaction 1
equilibrium determination conducted at ambient temperature
was also conducted undsr a nitrogen atmosphere. A
positive nitrogen atmosphere was maintained when samples

were withdrawvm to vrevent contamination,



Table IX Initial

Concentrations o' Roocctants and
Jeterninations

] Temperature Table

2%

Tempercvures for Bguilibriun
ATLSTICN I
[corgucgitgnin,] [p(c i) [y,

(M x 107 (Nx107%) () (%)
1572 1.508  0.1003 25.7
1.620 1.052  0.099%. 5.7
1,46k 0.5612 0.0999 5.7
1,120 1,26l 0.1000 35,0
Looie 1.081° 0.0988 35.0
1.458 0.4576 0,0992 398
1,602 1.264 0,1008 140, 6
l.410 1,066 0.0996 lj,Cc.6
1.5h2 011576 0, 0988 L0o.6
1.648 1.:130  0.1000 49,7
1.512 1,122 0,u996 0947
1,448 0.4720 0.1009 0.7

R&40PION II
BCO)SHP(CQES)B] &Efii] EUII’KL] ‘
(1) (£ (si)
2 x 1074 0.10 -
@S 0.99 =
2 x 1074 -- 0.10
2 x 1074 - 0.10

XTI
XIII
XTIV

XVI
XVII
XVIII
XIX

XX
XXI
XXII
XXITII

lfemperature

(°c)
ambient

Lnbient

yl
4l



CHAPTER THRZE
RESULTS .:1’D DISCUSSIOIN

To verify that 3eer's Law was oveyed by the sol-

_ution of (CO)chsﬂ Nid, 1n this study, a plot was made

5
of abtsocrrance vefsus~cpncéntration. Tals plot 1s szown
in Figure 4. The data.were fitted by the method of
least squares, which yielded the-equztion
Absorbznce 0.366 (conc x 104) 0.035.

The calculzated extinction coefficient was 3;66 x 109 cm2/‘
nole. The ﬁagnitude of the extinction coef:iiclent sug-
zests that tae absorbance 1is due to a charge transfer
transition. T@e above equation was used to deteruine
the initilal absorﬁance, Ay, of tue anlline complex,
(00)5W06H5N32, in all or tae runs.

'~ @rom a klnetic study conducted with p-anisidine,

20,21

Angelidi andllngemanson concluded that the reaction

w(co)5(333) PPay  4(00)gPPhy  NR, reaches equiliorium
1n‘two days for all.amines studied.- Under thls assumption
they sealed a typlcal reaction mixture for two da&s,

after waich time a sample was wlthdrawﬁ and an absorbance
reading tzken. At tuis time, the reaction was.aSSUﬁed

to be at eruilibrium. It Qas the findinz of this study’

nowever, 1n contrast to theirs, tnat equililbrium is not

reacted 1n two dsys.
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Table X Clonfirmation of Beer's Law
Plot of Concentration of (CQ)SwséﬁsNHa
versus Avscrbance ‘
(Aniline concentrsztion ror ecach solution 0.10 M)

(60)WC, HNH Absorbance
[’ 5 85

, N
(M x 10°+H)

1 TGS 0.620
1.563 0.524
LD 0. 355
1.026 G355

0.757 Ua 257
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0.8004
figure L  rlot of CToncentration of

A sorhance,

Confirmation of Beer's Law,
O. YOU e
V.600[
)
o
o
3
0
&
o
0
Qa
<
0,500
O.’-J.OO I-
0. 300'
0.2005 0.3500 7500 T.500 =000
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Angelicl and Ingemanson, in thelr experiments, used
10-70~f0ld excesses of ligsnd P(Ph)3 for the reaction
'-f(°°)50635NH2 P(Ph)} ‘.‘I(CO)5P(Ph)3‘ 06}151-:5{2. In the
preliainary reinvestigation of thelr work, these exper-
lments were rebeated. Table XI presenis sone data.froa
one of taese détéfminations and Figﬁfe~5'shows tne
cérrespon&iﬁs slot 6f absorbvance veréus\tiﬁe. The absor-
bénce shown were measured at 406 mu and are due to the
absorption of W(CO)53635N32 at tnat wavelength. The |
disappeesrance of this absorﬁance snows tnzt the re:zction
went essentially to completion in less than 20 days.

" In an attempt to cause a shift in tne position of
equiiivrium to the left, £he concentration of ligand
was decreased to equal tzc or sligantly less than the éon—
centration of (CO)5W86H5NH2. Tables XII tarough XXIV
present data and rFigures 6.through 18 present the cor-
responding plots of absorbance versus tlme for thése__
experiments., Approximately tne same ccﬂcentratioﬁs of
aniline complex (1.5 x 19~ M) and éhilipe (6.1 M)
were used for ezch run, while taree differenﬁ concen-
trations of PtCGH5)3 were used at each tempefatyre.

As can be seen from tae plots, the aﬁsorbance
readings zontlinue to decrease steadlily &arter tuo days

nzve elcpsed. Tnus tne rezction continues beyond two
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Table XI .ibsorvance and Time i'cr gounilibriwn
Determination with 70-70ld .ixcess of P(Ph)3
at Aambient Temonerature
Initial Joneentrations:

i ~ s e s 1 — ] _}-!- \/

flco) 5Lu6H5Hh2I 1,619 x 107+ M

[c, HSM 5] = 0.09% H

HS: r)ﬂ = 64996 x 1072 i

?ime ‘{nrs) sbsorbance
0 0.568 (a,)
68 - 0.41.20
. 0. 358
169 Ou222
213 0.176
263 0,128
333 0. 086

3385 0, 048



600}
A Figure 5 Plot of absorbhance versus Time
for Zqgullibrium Deteritination
with Sxcess P(FPh), av fmbicnt
Teznperature 3
JOU. -3 .
Loop
o)
9
¢
o
300
200
W
100 & 0
s - 80 160 21,0 3e0 400 480

Time (hrs)



Table XITI GBguilibrium DJetsraination at 25.700.
Solution 1
.Initizl Concentrations: "
(too uo N = 2 % 10" V
;éqijs.hgﬁgiﬂé]ﬁ 1;57¢ x 10 " M
;uéﬁ-,l\”lel_]_ O.l\,Og M -h
iP(C,H.J.| = 1,508 x10 " M

Time (hrs) ; absorbance

0 0.51,0 (A )
2 0. 520
28 0.506
52 _ 0.500
71 0.499
156 0.478
218 : 0.456
2nl 0.1150
361 0.1127
110 0417
506 0. 398
578 04 369
61,6 0. 378
887 0. 353
916 0.348
986 . OPC e 2)
1007 0. 339

1226 0. 310

36



i
0,500} ¢ ,
figure ¢ Plot of Aibsorbance versus Time
for sguilibrium Reaction I
z av 25,7 C.
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. R wea o § ) ) Lo o
Table XIITI lquitibrium Yoterminatinm at 25.7 C.
welution 2

nitial doncentrations:

o =

Sl 1i% T WIED ) — £ e
E(Ju}gauéisﬁdaj = 1.620 x 10 + M
o o w Tl = )¢ 4
'.1{1‘64-5_.11.2} 0.0}?“. I:‘.

rlop -

|
Y e i i = w5 10”4+ M
P04 J3d L0052 % 10 i

Time (ars) ADSOTrIANCe
0 0.558 (A,)
2 C.533
28 0.521
52 0.520
y 2 0.520
156 0.511
218 0. 195 -
2lly 0.494
361 | 0.482
410 ' 0.1466
506 0,458
5¢8 0.454
6116 0,455
700 0.439
811 0123
887 0.431
Q36 0.:429
1007 0.426

1226 Qa7



Sve Moy 002 0
OO__:N._” — O,_H.O.M T Oo.mv T Iﬁwmw@ : T OAW: T T i 700E 0
o
o
<4 05€°0
- - 0077°C

00T Q08 Oy

. 06%°*0

*C uoranyog
*0L°52 9@

T UoT29B0) ﬁﬂﬂ&n:mﬁwm. Joz
SUITT. SNS.J0A S0UBGJIOSHY JO 2CTd J ean&

53]
o

T,




Table AIV

S P R - e . (o]
Soullibrium Determinetion at 25.7 C.

solution 3

Initial Concentrations:

[(ub -. '4

e J
L]

-t

= 1,16l

S H f: = :
E, i) = 0.0999 H |
F(Jéﬂ )} = 0.5642 x 10 4 M

[ie (hrs)

0

2

156
218
2y
361
506

6116
19
38
916

1226

-

* 10-14' 1

Atsoroance

0.501 (AO;
0.i476
0.it65
0167
0,469
(Yo 1460
N.1152
0,451
0.11.39
0.u2¢(
O.iL2
0,18
0.115
Oe412
0. 410

G 395

Lo
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figare 8 Plot of Absordance versus Iime

Absorbauce o

L for Zguilibrium ieaction I
= at 85,7 &
S e Solution 3.
o]
I aRe AV of
'
]
¢
o.uoot
|
Oc 350"'
B
|l ] L ] v D
G900 200 400 600 800 1010 1200

Time (hrs)



. o
Table XV iguilibriwa Dsteruination at 35.0.C.
Solution 1

Initial Concentrations: ‘
((co)guwa HAH,) = 1.410 x 107 M
T H.NHE. 1 = CO M
1?61'5”'1'2__! 0.,10C0 M ;

P(Coligig) = 1,264 x 107+ M
Time (nrs; .bsorbance
0 0.161 (Ao)
3 0,471
Th Neit53
98 O.uL5
124 36
1 0.4.32
L7 0.!127
266 0.L17
338 0.402
hol 0.307
626 0. 362
815 0. 345
91l 0. 338
1¢10 0. 328
1173 0. 304}

1298 0.296

L2
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\
figure 9 Plot of sbsorbance versus Time
for Zouilibrium Reaction I
0.L50F X at 35.0&3.
Solution 1,

0.400F}
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rable XAVI dquilibrium Deteraination at 35.U?G.
Solution 2
Initial Concentrations:
!- 13 i "1 o ‘1 = -L"
1§co)guu6n5mﬂ2J 1,592 x 10 * M
£6d5nﬁ2] = 0,0988 M B
g(céns)g) = 1,081 x 107+ i

Time (hrs) Avsorbance

0 0.548 (A])
3 0.548
Tl 0.523
93 0. 504
124 0.1492
107 0,488
171 O Tl
226 0.1150
338 0«50l
1161 0.2V
626 04392
8u5 0,376
911, 0.371
1010 0. 370
1178 0.349

1298 0.349
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TableXVII Hquilibrium Determination at 35.0,C.
Sojlution 3

Initial Concentrations:

Eco)swcénbNﬁaj = 1,058 x 10'“ M
lyéﬂswnéj = 0.0992 1 _
[P(CeHigig) = 0.4576 x 107"
‘[ime (hrs) Absorbance
0 0.1498 (A;)
3 Glaltt3
[ 0.475
98 0aly70
120, 0.463
17 0.461
171 0./.52
266 0.4.38
3328 0,428
u61 0.407
62 0.381
8li5 0. 364
911y 0. 363
1010 0. 359
1178 0,352

1 298 0, 351
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figure 11 Plot of Absorbance versus Time
for Eauilibrium Reaction 1
at 35.0 C.
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Yable XVIIL guilibrium betermination at 40.b°c.
solution 1
Initial Goncentravions:
{co) vic,H HH.7 = 1.602 x 1074 M
5 65
i B T3 =2 gy 1008 M :

o 5 2d
[P(Cgiiz) ;] = 1.26l4 x 1074 i
rine (hrs, Absorovance
0 0.551 (A))
1 0.542
73 0.495
169 0.462
265 0.128
337 0.399
L3l 0. 382

554 04349
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figure 12 rlot of Acsorbance versus Time

for sguilibrium Reaction 1
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Pable XIX ceuilibrium Determination at ,0.6°C.
Soluticn 2
Initial Concentrations:
!(qo o HEHD) = 1,410 x 1074 n
»C6HSNA ] = 0,0996 M ~
)3] 1.066 x 10°% M

Time (hrs) absorbance
0 0.481 (a )
1 0.457
3 0.418
169 0.390
265 0.36L
800 ' 0.3U46
434 0z 32k

5514 0. 300
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1 Pigure 12  rlot of ibsorbance versus Time

for ﬁqualibrium Heaction I
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Table XX

52

squilibrium Uetermination at u0.6°C.

oolution 3

Initial Concentrations:
ECO)SwééHSNHEj = 1,542 x lO-u M

106H5NHZJ = 0,0968 M ‘

. _ -l

!?(C6H5,3] 0.4576 x 10 M

Time (hrs) ibsorbance
0 0.529 (A )
0 0.511
73 0.478
169 0.453
265 0.432
334 0.41h
L3 0. 388

S5, 0.380
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Figure 1l slot of Absorbance versus Time
for wquilibrium Reaction I
00550 3 at !40.6 D
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Table XXI &gullibrium Determination at h9.7oc.

Solution 1

Initial Concentrationsa: L
ECO}SwféHb“Hé] = 1,648 x 107+ M
péuswﬁa) = 0,1000 M
= S —l;.
o aval =
L(46n5)3j 1,480 x 107+ M

Time (hrs) Absorbance
0 0,568 (&)
2 0.554
23 0.450
117 0. 329
70 ' 0.2L49
167 0.118
191 0.099

217 0.08L
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Pigure 15 [lot of ibsorbannre versus Time
Oe5001f - Tor =duilibrium Reaction I
2 at 149.78’0.
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PubleXXIX

= . : . o)
Sgullibrium Determinstion at L9.7 C.

Sclution 2

Initial Concentrations:

l(uO) ‘-‘u6‘1 NH —‘i
= O 0996 M

5 ui2«

= 1,512 x 1o'LL O

1](U6A‘5 3J = 1 ll:. X 10 - IVI

Time (nrs)

o

2

Adsorbunce

0,518 (A,)
0.502
O.ul}5
0. 377
0, 328
0.221
0,203
0.138
0.181
0.1i1.8
0.139
0,116
0. 099
0,093
0,086
0,077
0,071

56
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flgure 16  Flot oi' ihsorosance versus Time
ior Equélibrium Reaction I

at 49.7 3.
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i - . = . . i ) ' 5
Table XXIII nuillbriwa Determination at £9.7 C.

shjution 3

T N
}
{0013, 30.) = 1.8 = 1074 n

65 2-
BgEcliE,! = 0.1009
‘?(3635)3. = 0.4720 x 10°% i
‘TLie (hrs) Absorbance

0 0.495 (4,)

2 0,198

“3 0.1:.61

if 0,20

(O C.. 393
167 0335
191 0. 322
217 0. 308
307 0,266
oo 0e 231
1180 0. 222
503 0,213
549 0.199
57 0,138
6uT 0.171

668 Cel7l
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17 rlot of acsorbance versus Time
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Tenle XXIV sanilibrian Determnination at wibisnt Temperature
{ Jonuucted under nitrogen aimosshere)

Initial Soncentrations:

i_ ara) el I- - ". - .,J‘- - —"I'l' ¥
l: )5,,(,61514112_1 I8 X 10 ™ M

=féﬂbﬂﬁéi_= 0.0792 H ”
5?(36ﬂ5)35 = 0.975 x 10 i
Time (hrsy ipsorbance
0 0. 5118 \AO)
3 0.542
23 0589
nr Be529
06 0.510
120 0,506
L7 0,196
17 01493
195 0.483
266 0.1:79
M5 0,070
350 Coli66
363 O.462
153 0. i1.36
531 0.439
61,8 064127
696 0.1122
618 0,207
937 04399
1,69 0. 389
1106 04391
1202 0. 384
1271 0. 374
1370 0. 365

1;'!90 Oo 363
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Tlaure 18 ©lot of an
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deyse. Jor the runs oondﬁctod at 25.ZOJ, the ubsorbance
contiruos to decre:se after 1200 hours. At 49.7°2,
the absorbances decreassz nore guicikiy until, Lor the sol-
ution of higan ligand concentration, the absorbance is
approaching =zero after 200 nours., <rhe anparent rate of
reaction, as :easurecua by the rate o.’ decrease in abéor—
bance, 1s geen to increase with increasing concentration
of ligand and with incre:sing tesperacture.

Another attempt to measurs the equilibrium constant
for the remcilon involved the use of proton nuar. It
was reoasenasd thst the chemical shift ol the protons of
the coordinzted aniline wonia e difi'erent Irom the
chemical shift of the nrotons of the unceordinated
aniline. roa the nar snectra of resction mixtures,
thereflfore, co::centrations of {ree and coordinated aniline
could ve aeterained, iiowever, this method proved im-
practical because the nar signals for the Ifree anilihe-
protons ana tie coordinated aniline protons were indis-
tinguishable, prasumably due to chemical exchange.
igure 19 shious the nur scectrum of' a solution of C6H5Nh2
and (CO).WC I _HH_ , The anilino wzs added to revard

] . s 2

decomposition of the aniliinez compla::.

The rposition ol eguilibriua For a reaction should

be approachable from cecither direction. For that reason
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an attemmot wae .iade to deter.iine eguiilbr»ium conssants
for tho reactlcn 12C)_wP(C H,.)
5 653

P(CGH5)3 wvhare the nmine, am, was znliline or nyridine,

+ 451 > (CO);‘-.'J(.L'&m) +

The reaction was attemoted at both room temperature 'and
at 40.9°C with o E0-500 £old sxcass of amine. wvidence of
reaccion was sougnt in botu tile visible nd infrared
spectra of the reacction mixtures. ILowever, no evidence
of absorption in the visitle or inlrared spectra attrib-
utable to thw amine coaplex, (CO)qWAm, was ever dectected.
In addition no significant reduction in the infrafed
carbonyl stretching aonsorption of (GO)SNP(Céﬁs)B was
cver detected. Thererore, 1t mmust be ascumed th=t the
reaction is sssentially irreversibls, i. e., thut Keq
for the reﬁctiontcﬂ)rﬁP(léH,) + A = (20).i/(am) +

5 5"3 5
P(CéHS)3 (vhere &a = aniline or »yridine) is exceed-

ingly small; or i tne reacticn does significantly

(3]

ro
(©]
-
n
—

con-

cluced tint the amine cempless, (C0)-wlRk,, 1s stable in

the presence of a large excess of' the aaslnes, the

assumvtion of the stability of Lhe amliie complexes with

the added amzine is, of course, vital to their study if

any validity is to be given to their results. However,

it i1s the conclusion of this study that the aniline



omplex, (0] W0 H.Hil,, is net stable even in the presence

of added amiuoe, ecially at hizh temperatures, &

gsolution of 1.5 x 10_& I (60}5N06H¢KH? and 0.1 M aniline
PHi 1

in toluene was nlaced in a water bath at u9.7°u. The
absorbsnce at L06 1y, and therefore the conceitration of

aniline ccmplex, was Jound to decreazse significantly
with time. Jigure 20 shows the decrense in absorvance
with time. Thne concentrations used were approximately
the saraie as these used vy angelici and lagemanson,
Aviother solutlon at 35.000 led to the surie conclusion,
The aniline comvlex did decomcose even with the large
asount of cnlline a2daed, At 2“.?00 the decuv.iposition was
very slow ang over a perfod ¢f & month zould v® ctnsid-
ered insigniricant.

In adaition to the equllivrium study of the reaction

(SG)SWC(.DI!.SNUg - 1“-(06215)3 = (¢ ).,.« (u 5)3 Ce Slv‘Ha,
the kinetics of the reacticn were explored. In taeir

£0,21

study dAngelici and Ingemanson reported that, for

alipnatic amines (XR,), the reacticn ovbeyed a two-tarm
rate law over a large range oi concentrations of the
ligand,

rate kl [ J(\)5 N.\3] + 1{2 W(CUu 5 AR3] E:]

They did not conduct kinetic studices of eroiiatic anines

because tiie rete expression was fcund to be even more
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complexx than for the otner ziines, rom this study,

as with theirs, it is apoarent that a simple Iirst or

second order rate law 1s not followeda by the rezction,

A linear plot of log liCO)SN(CbHS“HZ) versus time would

be indicative of a fifst order rate devendznce Ifor the

reaction. Sincé absorbance o ECO)Sﬁ(CéHSNHZﬂ, a plot

of log A versus time snould equally suffice. In the samne

way a plot of log %—E—% vérsus time, where 2 and b are

the initial concentrations of (CO)SW(06HSNH2) and

P(06H5)3, should show any second order dependence.

Tables XXV throughXXIX and Figures 21 throuzh 30 show

s0m3 repfesentative data and »lots., #s can ove secn,

none of the plots are linear, Thersfors, thes rate ex-

pression 1s more complex than {irst or second order,
Several conclusions can be drawn about the dngelici-

Ingemanson study, Equilibrium is not established. in

two days as they believed. As a result, the equilibriun

constants they determined are too small. Also although

(CO)SW(CéHSNHéJ is reasonably stable in the presence of

free aniline at 25.7°C, at 35.0°C and 49.7°C decomposition

occurs at a significant rate. ‘hersfore, all of the

-thermodynanic values they obtained for the zniline

systen are unreliable. <LThe large AS values are tihe

result of faulty experimsntal work. Any conclusions



they drew about tae relative oond strongth of metal-
amine and metal-nhosphine bonds are without foundation
and therei'ore no contribution Lo the w-bonding contro-

versy nas been mnade,
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z versus Time for

Soue By . 5 . -l
Souilibeivm KHeaction I at 5.7 C.

§ vt - ; ; a
Table XXV Data for Log 4 and Log -

Solution >

mitial Concentrations:

iy
ECO)Sb36HENH£ = 1464 x 107 M
o, H_ = :
Byl = 0.0999 N

T3 f A N = S6h = LI‘ y
é(u6HSJ3) 0.561.,2 x 107 M

{ime (hrs) Log A Log £ i

2 -0.322 0.452
28 -0.333 04471
52 -0.331 041168
71 -0.329 0.465
156 ~-0a 337 0,481
218 -0, 345 0497
2ldy -0. 36 0.499
361 -0, 358 0.525
506 -0.370 0,556
578 -0.37h .0.566
6116 -0,379 0.580
749 -0.382 0,589
837 -0. 305 0.599
916 -0. 387 0.60x

1220 -0,403 0,657



.
m0% 2508 - Figure 21 ‘lot of Log 4 versus Time
= Tor squilibrium reaction I
» at 25.7°¢C.
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figure 22 Plot of Log ; ~
for Zquilibriun Reaction I
at 25.7 C.
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Table XXVI DJata for Log A and Llog 5 5 versus rimge Lor
WA — : . = .0,
Beuilibrium eaction I at 35,0 0.

solution 2

Initial Concentrations:

iiuc, Celighil ) = 1,592 x 107% 1
6 5a ZJ = 0,0988 H |
”(uéfp‘ = 1,081 x 107 1

]

-

Tine (hrs) Log A Jog g‘: i
3 - 261 --

™ -0,2082 0,178
98 -0, 295 0.186
12 -0. 308 0. 152
a7 ~C. 312 0. 19l
171 -0, 32/s Q.201
266 - 0. 3.7 0,215
338 ~Q..353 U, 218
1161 -0.377 0, 235
626 -C.L07 N,256
B3lL5 -0, {125 0.274
91i, =Bl & 0, 279
1C1C ~0,).32 0,280
1178 -0, 457 0.303

1289 -0.1:72 0.318
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Table XXVII sata ffor Loz 4 and Log
dauilibrium Raedction I
Solution 2
Initial

R$0}5‘”6”5”ﬁ ]

Soncencrations:

75

& = X yersus Time for

<

O"(
at UO.() Ve

1.41C x 1674 M

o G TH -] = 0.0936 H
r (Léd ;3] 1,066 x 10 °
Time (hrs) Log & Log ﬁ E §
1 -0, 3,0 0.129
73 -0, 319 0.143
159 ~0.409 0.155
265 -~0.:.39 0,169
334 ~-0.1361 0.180
130 -0.4%0 05 1S
5ot -0.523 0,215
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Table XXVIII data for rog A4 and Log b = x vorsus Time for
S : O
Somllibritwa deaction I at L49.7 C
Solution 1

Initial Concantrations:
?PV' WG, H IWH = 1,6L08 10“& M
L 18] )5 :.f\.}6t15..1 4. ™ ] S8 g

_(}:,jEEE'{-?:{Z] = 0,1000 H :
[?(-361{5)3] = 1,480 x 10™%* i
‘_10 \hrs) Log A l.og H

2 -0.257 0.048

2 -0. 347 0.060

L7 -0,483 0. 08l

70 -0.604 0.115

167 -0,928 0.292
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Table XXIX Dato. for log a1 and Log 7 < versus Time for
squilibrium Reaction I Conducted at Amobient

Tomperatnure and under Mitrogen

Initinl Con:zentratiocns:
{00l gae Hoi] = 1,592 1074 i
1‘?6“5 H,) = 0,0992 H y
[7(Sglig )5l = 09751 = 107+ 1

Pimo (hrs) Log A Log g

3 -0.,266 0.216

23 -0,268 0. 217
e -0.,277 0,223
96 -0.292 0.234
120 ~04290 0,237
1i:7 -0+ 305 0.2443
171 -0, 307 Ge 245
195 -0.316 0,252
266 -1, 320 0.255
215 -0,328 0,261
330 ~0,332 0. 260
363 -C. 335 0,267
158 -0.361 Qi 290
531 -0, 358 0.287
GUG -0.370 B 29
696 - 0¢ 375 0.304
318 -0.390 0. 320
937 =04 399 Q. 330
1037 -0.410 0.3i3
1106 -0,1.08 0. 210
1202 ~0,416 0. 349
1271t -0.427 04365
1270 -0.,438 0312

14,90 -0.440 Ber 262
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