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The Photochemistry of (r|6-arene)M (CO)3 
(M = Cr or Mo) and Related Compounds.

Mary Pryce.

Abstract.

The first chapter consists of a literature review of the known photochemistry of 
the compounds studied in this work along with relevant related systems.

The second chapter describes the photochemistry of a number of (r|6- 
arene)Cr(CO)3 compounds. The rate constants for the reaction of photogenerated 
solvated dicarbonyl intermediate derived from these compounds with carbon 
monoxide were measured by UV/vis. monitored laser flash photolysis. These rate 
constants were found to depend on the nature and number of the substituents on 
the arene ligand. The associated activation parameters for these reactions were 
also determined. The difference in the rate constants were found to be the result 
of variations in the activation entropy term, which became less negative as the 
number of electron donating substituents on the ring increased. The activation 
enthalpy remained constant however. The displacement of various alkane 
solvents by CO was measured for the (r|6-benzene)Cr(CO)3 system. Rate 
constants increased on increasing the alkane chain length. This increase was also 
the result of an increase in the entropy of activation. The enthalpies of activation 
were similar for all aliphatic solvents. The photochemisty of (r|6- 
benzene)Cr(CO)3 was investigated in fluorinated solvents and this was found to 
differ significantly from the photochemistry in alkane solvents, Cr(CO)6 being 
formed on irradiating (r|6-benzene)Cr(CO)3 in fluorinated solvents under one 
atmosphere of CO.

Flash photolysis studies were carried out on the analogous molybdenum system 
in hydrocarbon solvents. No significant variation in rate constants, entropy or 
enthalpy of activation values were observed for this system irrespective of the 
nature of the arene or the solvent used.

The photochemistries of (ri6-allylbenzene)Cr(CO)3 and (r|6-tetrahydro- 
naphthalene)Cr(CO)3 are reported in chapter three. (r|6-Allylbenzene)Cr(CO)3 
behaves differently to any of the previous chromium tricarbonyl systems 
investigated. Mass-spectrometry of the photoproduct confirmed the presence of 
three carbonyl ligands. A process involving a change in ring hapticity is proposed 
to explain these observations. This chapter also outlines the photochemistry of 
(ri6-tetrahydronaphthalene)Cr(CO)3. This investigation included both UV/vis. 
monitored laser flash photolysis and Transient Infrared (TRIR) studies. The



primary photoproduct was assigned to the carbonyl loss product but a second 
long-lived species was also observed, the identity of which remains unknown.

In the fourth chapter the results o f flash photolysis studies are reported for a 
number of polyaromatic chromium tricarbonyl compounds (namely naphthalene, 
phenanthrene and pyrene). The photolysis of these compounds in the presence of 
CO results in the formation of Cr(CO)6 and the liberation of the aromatic ligand. 
Extensive matrix isolation work was carried out on the (ri6-naphthalene)Cr(CO)3 
compound which exhibited wavelength dependent photochemistry. On short 
wavelength irradiation the dicarbonyl photoproduct is observed while long 
wavelength irradiation a second species which is attributed to a (r|3- 
naphthalene)Cr(CO)3-type intermediate was detected.

The fifth chapter discusses the photochemistries of both the cis and trans-isomers 
of (ri6-l,2-diphenylethene)Cr(CO)3. Visible irradiation of the czs-isomer results 
in a efficient conversion to the trans-isomer as confirmed by NMR and UV/vis. 
spectroscopy. The molecular structure of the /ram-isomer was also determined 
by single crystal X-ray diffraction.

Within the sixth chapter the photochemistry of a number of pentadienyl 
manganese carbonyls compounds is reported along with the photochemistry of 
(r) 3-C3H4-C6H5)Mn(CO)4 and Mn(CO)4(r|3-C3H4-ri6-C6H5)Cr(CO)3. The
photochemistry of the dinuclear compound was intially investigated using laser 
flash photolysis but as the results were not conclusive it was decided to 
investigate a number of manganese ligands namely (r\ l-pentadienyl)Mn(CO)5’ 
(r)3-pentadienyl)Mn(CO)4 and (rj5-pentadienyl)Mn(CO)3.

The final chapter consists o f the experimental procedures used for the preparation 
and analysis of the compounds synthesised in this work.
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C h a p te r  1 

In tro d u ctio n .



1.1 Introduction.

After the steady grow th o f  ch em ica l know ledge through the first h a lf  o f  

the century, the find ings that 'spurred' the growth o f  organom etallic chem istry  

cam e in the early 1950's. T h ese w ere  the d iscoveries o f  ferro cen e1 in 1951 and 

the developm ent o f  the Z ieg ler  p r o c e ss2 in 1953. W ilk inson  and Fischer  

proposed  a structure for ferrocene con sistin g  o f  an iron sandw iched  b etw een  tw o  

planar cyclopentad ienyl ligand s that sym m etrically  bind the central m etal 

atom .2 a ' 3

A s early as the b eg in n in g  o f  the 1900's so lub le m etal salts w ere used  

com m ercially  as catalysts for a ce ty len e  reactions but it w as n ot until the 1940's 

that the w idespread use o f  so lu b le  catalysts began. A  num ber o f  conditions at 

this tim e w ere favourable for d eve lop m en t o f  n ew  processes. Firstly, w ar tim e  

restrictions on raw m aterials led  to  n e w  C obalt-based p rocesses for production o f  

fuels and p lastics. S econ d ly , and m ore importantly, the introduction o f  m any  

n ew  polym ers b etw een  1940 and 1960  necessitated  w orld w id e develop m ent o f  

n ew  processes for production o f  m onom ers.

The im petus for n ew  p rocess  tech n o logy  cam e during a period o f  rapid  

developm ent in the organic ch em istry  o f  transition m etals. F ischer, W ilk inson , 

Z ieg ler and Natta w ere conductin g  the research that w on  them  the N o b el prize in  

chem istry. Their research proved  the basis for m odem  h om ogen eou s cata lysis. 

Industry has built on their fundam ental d iscoveries to create p rocesses that are 

cata lysed  by soluble transition m eta l com p lexes.

A m ong the m ost im portant com m ercial h om ogen eou s catalytic  

p rocesses in use is the h ydroform ylation  o f  alkenes and the W acker process for 

m aking acetaldehyde from  eth y len e . T he hydroform ylation (som etim es know n as 

the oxo  process) o f  unsaturated com p ounds w as d iscovered  b y  Otto R o les in  

1938. Its m ain use is  in  the co n v ersio n  o f  alkenes to the h om ologou s aldehyde b y  

addition o f  H 2 and CO cata lysed  b y  R hH (C O )(P P h3)3.

R C H =C H 2 + H 2 +  CO  c*tal-vst „> R C H 2C H 2CH O  (1 .1 .1 )

The aldehdydes produced m ay be further reduced to a a lcohol.

R C H 2C H 2CHO +  H 2 +  _çataivst_> R C H 2C H 2CH 2OH (1 .1 .2 )

A nnually  over four m illion  ton n es o f  aldehydes and a lcoh ols are m ade in this 

w ay.
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A cetic  acid  and acetic  anhydride are m ajor industrial chem ica ls u sed  in the 

m anufacture o f  v inyl acetate, ce llu lose  acetate, and pestic id es. A cetic  ac id  has 

been  m ade b y  the carbonylation  o f  m ethanol for over thirty years but this reaction  

has b ecom e m ore attractive w ith the develop m ent o f  a catalyst that operates  

under lo w  pressure. T he new er M onsanto process cata lysed  b y  a rhodium  salt 

w ith  a iodide cocata lyst w ill produce acetic  acid at atm ospheric pressures o f  CO  

although in practice h igher pressures are used. The com m ercial syn th esis  o f  

acetic  ac id  w ith  the rhodium  catalyst is carried out by reacting m ethanol w ith  CO  

at about 180°C and 3 0 -4 0  atm ospheres o f  pressure. A  general schem e for the  

cata lytic  action o f  rhodium  and iod ine in acetic  acid  synthesis is g iven  in  S chem e

1.1 .1 .

RhX i

l o M -

( R h (O O ) jI t ] "  CHjCOOH

[CH5CKMCO)j1s ) "  I  [C H ,R h (C O )j Is )

3

CHSC

CO
0
I

[CHs C R h (C O )Is ] '  
2

CH»0H

CHjCOI CHjI

S ch em e 1.1.1

H om ogen eou s cata lysts a lso  sh o w  potential for so lv in g  som e  

environm ental problem s. C atalytic con version  o f  p o ison ou s N O  and C O  gases  to 

n on -p o ison ou s N 20  and C 0 2 has b een  perform ed using  [R hC l2(C O )2]" as a 

h om ogen eou s catalyst in  an aqueous acid ic  ethanol solution.

2 N O  +  CO  -------->  N 20  +  C 0 2 (1 .1 .3 )



H om ogen eou s catalysts in solu tion  have advantages in that high activ ities are 

p o ss ib le  and also  alteration o f  the e lectron ic  and sten c  factors through ligand  

substitution m ay a llow  for design  o f  h igh se lectiv ity . H om ogeneous reactions  

can a lso  provide a greater insight into the m ech an ism  o f  catalytic reactions sin ce  

th ey  are m ost am enable to study by sp ectroscop ic  techniques.

1.2 B o n d in g  in m eta l ca rb o n y l co m p o u n d s.

In order to d iscu ss the bond ing b etw een  a m etal and a ligand, it is 

n ecessa ry  to consider the m etal and ligan d  orbitals involved . In bond ing to  

ligan d s the m etal em p loys its nd, ( n + l) s  and (n + l)p  orbitals. For form ation o f  

m etal carbonyl bonds the m etal m ust h ave vacant d-orbitals able to accep t  

electron s donated b y  the coordinated C O  m o lecu le  and occup ied  d-orbitals able  

to donate electrons to the CO  ligand.

Q 0 Q 0 
' 0 “ ©  0 W “ ° o

Figure 1.2.1 (a) form ation o f  the c a r b o n  >  m etal g  bond using a lone pair on

the carbon atom, (b) formation of the m etal > carbon 7t bond.

4



The carbon m on ox id e has a lone pair o f  e lectrons in a m olecular orbital loca lised  

at the carbon w h ich  can be donated to a vacant orbital o f  the m etal thus form ing a 

a  bond o f  the donor acceptor type. The carbon m on ox id e  m olecu le  has vacant 

antibonding m olecu lar orbitals o f  correct sym m etry  to accept electron pairs from  

the occu p ied  d-orbitals o f  the m etal to form  a 7i-bond. It is the cr bonding w h ich  

contributes principally  to the total bond en ergy  but the iz bonding has important 

ram ifications in so far as back donation avo id s the accum ulation  o f  an excess  o f  

electron  density  at the m etal atom and strengthens the bond b etw een  the m etal 

and the ligand. The electron  donation b etw een  m etal and ligand also  in fluences  

the strength o f  the bond b etw een  carbon and o x y g e n  in the coordinated CO  

m o lecu le . S ince the m etal electrons are accep ted  into  the antibonding m olecular  

orbital o f  the CO m olecu le , the CO bon d  order decreases. From a direct 

com parison  o f  the CO  stretching freq u en cies in carbonyl m olecu les w ith the 

stretch ing frequency o f  CO itself, certain u sefu l qualitative data can be drawn. 

T erm inal CO groups in  m etal carbonyl m o lecu les  are form ed in the range 2125  to 

1850 cm -1. W hen  changes are m ade that sh ou ld  increase the extent o f  M -C  

backbonding the CO  frequencies are sh ifted  to ev en  lo w er  values.

1 .3  D e c a r b o n y la tio n  o f  m eta l ca rb o n y l co m p o u n d s.

Photodecarbonylation  can be used  to in vestiga te  the primary photoreaction  

o f  m etal carbonyls and the reactivity o f  their photoproducts. The primary 

p hoto induced  photoreaction  o f  m etal carbonyls in v o lv es  decarbonylation. L oss  

o f  CO can be exp la ined  by  referring to the m olecu lar  orbital diagram Figure 

1.3.1. The h igh est occu p ied  orbital subset is the t2g orbitals and the lo w est  

u n occu p ied  orbitals are the a *  (i.e. those orbitals w h ich  are strongly antibonding  

w ith  resp ect to  the cr interaction o f  the carbonyls). T he photoinduced prom otion  

o f  an electron  from  the t2g orbital su b set to  the a *  orbital rem oves electron  

d en sity  from  these orbitals contributing to backbonding interaction and h ence  

populates an orbital w h ich  is strongly antibonding w ith  respect to the carbonyl a  

interaction. The resu lt o f  this prom otion  o f  e lectron s is lab ilisation  o f  a carbon  

m on ox id e  ligand.



Figure 1.3.1. A  m olecu lar orbital picture o f  m etal ligand bonding in  a M L 6 

com plex .

1.4 L o w  tem p era tu re  m a tr ix  iso la tio n .

The use o f  inert m atrices for studying reactive interm ediates o f  m etal 

carbonyl photofragm ents w as o r ig in a lly  develop ed  by  Pim ental in the early  

1950's.4 M atrix iso la tio n  is  a tech n iq u e  for trapping iso lated  m o lecu les  o f  the  

sp ec ies o f  interest. T h is tech n iq u e in v o lv e s  condensation  o f  gaseous a tom ic or 

m olecular species together w ith  a large ex c ess  o f  an inert gas m atrix or a su itable  

substrate at cryogen ic  tem peratures. Irradiation o f  the parent com p ou n d  

generates photoproducts w ith in  the m atrix that m ay then be studied b y  a variety  

o f  spectroscop ic techn iqu es su ch  as U V /v is ., Ram an, m agnetic circular  

dichrom ism  or M ossbauer sp ectro sco p y  h ow ever infrared sp ectroscop y  is  the  

m ost com m on ly  used . A t su ffic ie n tly  lo w  temperature d iffusion  o f  the so lu te  

m aterial is prevented and is h en ce  stab ilised  for leisurely  sp ectroscop ic  

investigation. N everth eless it is k n ow n  that the photofragm ent m ay interact w ith  

the inert matrix m aterial and k n ow n  exam p les include C r(C O )5N 25 , C r(C O )5A r6
■7

and F e(C O )4(C H 4). M ix ed  m atrix experim ents and com parison w ith  spectra o f



stable sp ec ies revealed  the sh ifts in spectra are due to sp ec ific  interactions  

betw een  the photofragm ent and the m atrix sp ec ies  o ccu p y in g  the coord ination  

site. In a so lid  m atrix d iffu sion  o f  CO aw ay  from  the photofragm ent is un likely  

due to the rigid nature o f  the m atrix. The lo w  tem perature or som e other property  

o f  the m atrix ensures rig id ity  so  that the unstable m o lecu les  cannot react w ith  one  

another, w h ile  the lo w  tem perature m ust be su ffic ien t to prevent s e lf  

d ecom p osition  o f  the unstable species.

L ow  tem perature so lven t g la sses  have b een  u sed  for sp ectroscop ic  

identification  o f  reactive m etal carbonyl interm ediates. A  d isadvantage o f  th is  

m ethod is that the infrared bands tend to be broader and h en ce  m ay m ask the  

presence o f  product bands. Isopentane and m ethyl cy c lo h ex a n e  are typ ica l 

g lasses w h ich  are m aintained at 77K  w h ich  is at a h igher tem perature than that o f  

the inert gas m atrices. B itterw o lf et a l .8 irradiated a num ber o f  h a lf-san d w ich  

com pounds and group 6 m etal hexacarbonyls in  N u jo l m u lls  at 77K . A n n ea lin g  

o f  the m ulls resulted in CO  recom bination  in  the case  o f  the pentacarbonyls  

products but form ation o f  d inuclear co m p lex es  w as p roposed  for the h a lf­

sandw ich  com pounds. M atrix iso la tion  and lo w  tem perature g la sses  h ave a 

num ber o f  d isadvantages how ever: firstly  very  little  k inetic  data can be obtained  

b y  either o f  these m ethods b ecause o f  the restricted tem perature range em p loyed , 

som e photochem ical pathw ays m ay be b lock ed  b ecau se  o f  the rigid  structure o f  

the frozen  m atrix and seco n d ly  neither o f  th ese  m ethods is  read ily  applicab le to  

system s in vo lv in g  charged species.

A lso  included w ith in  th is m ethod  o f  id en tifica tion  is  the use o f  so lven ts  

w h ich  include liquid  xen o n  or krypton. L o w  tem perature so lu tion s o f  liq u efied  

nob le  gases have b een  u sed  to exam ine the nature o f  m etal d ihydrogen or 

dinitrogen c o m p le x e s .9 T he H -H  stretching vibrations o f  coordinated  

dihydrogen is too w eak  to be observed  in  m atrices. L iq u efied  n ob le  gas a llow s  

kinetic studies and the determ ination o f  activation  param eters w h ich  is a m ajor  

advantage over m atrix iso lation .

1 .5  F la sh  p h oto ly sis .

C onventional fla sh  p h oto ly sis  w as d eve lop ed  in  the 1950's b y  N orrish  and  

Porter10 for w h ich  th ey  later w o n  the N o b e l prize. B ecau se  o f  th is techn iqu e  

h igh ly  reactive interm ediates present in  m any p h otoch em ica l system s can be  

identified . The underlying princip le con sists  o f  ex p o sin g  a sam ple to a h igh  

in tensity  pu lse o f  ligh t (e.g. laser or d ischarge lam p) w h ich  generates a re la tive ly  

high  concentration o f  transient sp ec ies, radicals or ex c ited  m o lecu les . B y
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m onitoring the subsequent reactions u sin g  U V /v is . or IR detection  it is p ossib le  

to determ ine the reaction  k inetics in vo lved . T he advantages o f  lasers co n sist  o f  

the m onochrom atic nature o f  the beam , its h igh  in tensity  and short pu lse  

duration.

N a sie lsk i et a l 11 p ioneered  fla sh  p h o to ly sis  w ith  U V /v is . detection  to 

m onitor the photofragm ents o f  C r(C O )6 produced  fo llo w in g  irradiation. M etal 

carbonyls are suitable for flash  p h o to ly sis  stu d ies b ecau se  o f  their production o f  

high  quantum  y ie ld s  and U V /v is . absorptions are in tense. The basic  technique  

in vo lves excita tion  o f  the sam ple so lu tion  w ith  a h igh  intensity  flash , w h ile  

sim ultaneously  p assin g  a m onitoring beam  through the sam ple. H en ce changes  

in absorbance as detected  b y  the m onitorin g  beam  reflect the form ation o f  

interm ediates or d ep letion  o f  parent com p ou n d  or both. Spectra are obtained  as a 

result o f  point b y  point bu ild  up b y  changing the w avelen gth  o f  the 

m onochrom ator. A  schem atic diagram  o f  a con ven tion a l flash  p h oto lysis  system  

is g iven  in Figure 1.5.1 The m ain  d isadvantage to U V /v is . m onitored  flash  

p h oto lysis is very  little  structural in form ation  is  available, h ow ever it is a u se fu l 

m ethod o f  obtain ing k inetic  data.

The m easurem ent o f  IR spectra o f  transient sp ecies w as d eve lop ed  by  

Pim entel et a l.12 T he infrared spectrum  o f  a m etal carbonyl provides structural 

inform ation as the num ber and in ten sity  o f  the infrared bands is dependent o n  the  

m olecular sym m etry, a lso  it is p o ss ib le  to  probe the reactiv ities o f  a sp ec ific  

m etal carbonyl interm ediate in the p resen ce  o f  other sim ilar sp ec ies using  TRIR. 

G enerally, U V /v is . f la sh  p h oto lysis  is com b in ed  w ith  IR m onitoring at a sin g le  IR  

w avelength . B y  repeating the m easurem en t at a series o f  w avelength s w ith in  the 

region o f  interest a 'point b y  point' spectrum  can  be constructed. A s w ith  U V /v is . 

spectra the TR IR  spectrum  is a d ifferen ce  spectrum . W ith TRIR, m etal carbonyl 

fragm ents can be detected  at room  tem perature in  both  so lu tion 13 and gaseou s  

p h a se .14

A s w ith  all m ethods o f  an a lysis  fla sh  p h oto lysis has inherent 

disadvantages. It is  necessary  that the so lu tion  be op tica lly  transparent for the  

m onitoring light beam . Solvents o f  sp ectroscop ic  purity are required and even  

w ith  this im purities prove to be a problem . A n a ly s is  o f  spectra m ay be d ifficu lt i f  

absorption bands o f  several interm ediates overlap.
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Figure 1.5.1 Schem atic diagram  o f  a conventional flash  p h oto lysis system .

1.6 P h o to ch em istry  o f  (Ti6-b e n z e n e )C r (C O )3.

The earliest observations o f  the photoreactions o f  (r |6-b en zen e)C r(C O )3 

w ere m ade by Strohm eier and v o n  H o b e 15 w h o  proposed the fo llo w in g  reaction  

Schem e 1.6.1

+ Cr(CO)6

hv
O C-Cr -CO

I
CO

O C - C r - C O
I

CO

* denotes excited  state

CO

OC^Cr^CO

S ch em e 1.6.1

T hese resu lts w ere based on exp erim en ts in w h ich  the com p lexes w ere irradiated  

in  the presence o f  14CO and l4C -la b e lled  arene; in both cases incorporation o f  the
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labelled  sp ecies w as observed . E xch an ge o f  the arene w as b e liev ed  to proceed  

via the one step d issocia tion  o f  the ex c ited  m o lecu le  to g iv e  C r(C O )3 and arene.

W righton and H averty16  exam in ed  the p h otoch em istry  o f  (q 6- 

arene)C r(C O )3 according to R eaction  1.6.2 in  w h ich  the arene =  ben zen e or 

m esity len e and x  =  pyridine.

(r|6-arene)C r(C O )3 +  x  — (r |6-arene)C r(C O )2x  +  CO  ®  =  0 .72

( 1.6.2)

The chem istry observed  w as con sisten t w ith  d isso c ia tiv e  lo ss  o f  CO  as the 

primary photoprocess. T he nearly quantitative y ie ld  o f  (q 6- 

arene)C r(C O )2(pyrid ine) revea led  that i f  arene group exch an ge occurred at all it 

w as on ly  a very m inor com p onent o f  the photochem istry. T he quantum  y ie ld  for  

the form ation o f  (ri6-arene)C r(C O )2(pyrid ine) w as fou n d  to be 0 .7 2  +  0 .0 7 , the 

quantum y ie ld  w as found  to be independent o f  w avelen g th  (A, =  313 , 366 , 346  

nm ), (so lven t =  iso -octan e or b en zen e) and ligh t in tensity . T h ey  noted  that 

irradiation o f  (r|6-arene)C r(C O )3 w ith  a constant stream  o f  C O  bub bling  through  

the solu tion  resu lted in  little or no  net ch em ica l change, and in  particular the lack  

o f  form ation o f  C r(C O )6 w as noted . Irradiation o f  ( q 6-arene)C r(C O )3 in  aerated  

iso -octan e or ben zen e lead  to  d ecom p osition  o f  the tricarbonyl presum ably by  

oxidation  o f  the coord in atively  unsaturated interm ediate.

A  quantitative study o f  the photosubstitu tion  o f  CO  in (r|6- 

benzene)C r(C O )3 by  N -d o d ecy lm a le im id e  w as undertaken by  N a sie lsk i and 

D e n iso ff .17 In b en zen e so lu tion  the quantum  y ie ld  w as ca lcu la ted  to be 0 .9  +  

0 .09  at 313 nm. N o  detectable m esity len e-b en zen e  exch an ge w as observed . In 

cycloh exan e so lu tion  the study w as ham pered b y  the photo -in stab ility  o f  the 

reactants and products.

G ilbert et a l.18 studied the photo induced  CO  exch an ge o f  (r|6- 

arene)C r(C O )3 and in  accordance w ith  the resu lts o f  H averty and W righ ton16  

obtained a sim ilar quantum  y ie ld  o f  0 .7 2 . Furtherm ore the e ff ic ie n c y  o f  arene  

exchange in cyc loh exan e  w as m easured  to be o n e-six th  that o f  CO  exchange  

being 0 .12 . U V /v is . m onitored  fla sh  p h o to ly sis  in  cy c lo h ex a n e  so lu tion  revealed  

the form ation o f  a transient sp ec ie s  w h ich  reacted  w ith in  the first m illiseco n d  to  

form  a secon d  sp ecies. B oth  transients w ere found  to b e  strongly  quenched  on  

saturating the so lu tion  w ith  CO . T he first transient sp ec ies  w a s  consid ered  to  be  

(ri6-arene)C r(C O )2 and that exch an ge  w ith  b en zen e in v o lv es  th is interm ediate. 

T his con clu sion  w as based  on  the observation  that arene exch an ge is strongly
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suppressed in  the presen ce o f  CO , w h ereas that o f  CO exchange w as u naffected  

b y  the presen ce o f  b enzene.

Sim ilar con clu sion s concern ing  the p hotochem istry  o f  (r]6- 

benzene)C r(C O )3 w as reported b y  B am ford  et a l. 19 S c iss io n  o f  the chrom ium  to 

CO bond w as found  to have b een  the m ain  route o f  p h o to ly sis  o f  (r|6- 

benzene)C r(C O )3 and (r[6-to lu en e)C r(C O )3 in  isooctan e and m ethylm ethacrylate  

solu tions.

The spectral changes w h ic h  occurred during irradiation o f  (r\6- 

arene)C r(C O )3 in  cy c lo h ex a n e  w ere  reported by  T rem bovler et a l.20 and 

Y avorskii et al.21 U n co m p lex ed  arene and C r(C O )6 w ere the products o f  the  

p hotodecay  o f  (ri6-arene)C r(C O )3. Substituents on  the b en zen e ring had no  

effec t upon the rate o f  d ecom p osition  o f  the com p lexes investigated , w h ile  

substitution o f  a CO  group b y  a PPh3 ligand  increased  the rate o f  reaction  by  

alm ost an order o f  m agnitude. Further T rem bovler et a l.20 determ ined the 

quantum  y ie ld  o f  p h o tod ecom p osition  as a function  o f  ligh t in ten sity  and  

proposed  the sim ultaneous occurrence o f  three decay p rocesses, w ith  different 

dependencies on  ligh t in tensities. H ow ever, no  con clu sion s about the detailed  

photo lytic  reaction  w ere drawn.

M any interm ediates in  m etal carbonyl photochem istry  have b een  

characterised in  lo w  tem perature gas m atr ices.2 2  The first m atrix experim ents  

conducted  on  (ri6-b en zen e)C r(C O )3 w ere carried out b y  R est et a l.23 w h o  

investigated  the p hotochem istry  o f  a num ber o f  substituted M (C O )3 com pounds  

in frozen  gas m atrices at 12 K. P h o to ly sis  o f  (ri6-benzen e)C r(C O )3 in  argon or 

m ethane m atrices resu lted  in  the form ation  o f  bands at 1937 and 1885 cm*1, and 

1925 and 1870 cm -1 resp ectiv e ly  in  the carbonyl stretching region . T h ese bands  

w ere assigned  to the coord in atively  unsaturated dicarbonyl sp ec ies  as the prim ary  

photoproduct. T his is in  agreem ent w ith  previous m atrix experim ents on  the 

analogous F e 2 4  and M n 25  system s. P h o to ly sis  in  a dinitrogen m atrix resu lted  in  

bands at 1940 and 1896 cm -1 for the dicarbonyl interm ediate. N o  ev id en ce  w as  

obtained in  this study for ejection  o f  the arene ligand  to y ie ld  a M (C O )3 

fragment.

B lack  et al.26 exam in ed  the photochem istry  o f  (r)6-ben zen e)C r(C O )3 in  

m ethyl-T H F  at 77  K. Irradiation gave  rise to a four band spectrum  assignab le to  

tw o rotam ers w ith  the higher freq u en cy  b ein g  w eaker and disappearing on  

warm ing. T he bands resu lted  from  the arrangem ent o f  so lven t m o lecu les  around  

the p h oto lysed  m o lecu le . T his observation  w as not unique to the chrom ium  m etal 

but w as a lso  observed  for C p M n (C O )3 (w here C p= cyclopentad ienyl).
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Hill and W righton27 observed ox idative addition o f  trisubstituted silanes 

to photochem ically  generated coordm atively  unsaturated species. A t low  

tem perature ( - 9 0  K ) irradiation o f  (r |6-benzene)C r(C O )3 m the presence o f  

Et3S iH  led  to the generation o f  (r|6-benzene)C r(C O )2H (SiE t3) w ithout a 

detectable interm ediate. A  num ber o f  m etal tricarbonyls w ere photolysed  at low  

tem perature ( -1 0 0  K ) and the reactiv ity  tow ard oxidative addition o f  R3SiH  w as 

reported to be

(n 6-benzen e)C r(C O )2 >  (ri5-pentam eth ylcyclop en tad ienyl)M n(C O )2 > (r |5- 

cyclop en tad ien yl)M n (C O )2 >  (ri4-butadiene)F e(C O )2 >  (r |5-

cyc lop en tad ien y l)R e(C O )2.

This reactivity trend appeared to  correlate w ith  the electron density  o f  the m etal 

fragm ent as g iven  by the stretching frequencies; the m ore reactive fragments have  

the low er average stretching frequency.

P h oto lysis  o f  carbonyl com pounds such as (r|6-benzene)C r(C O )3, (r |5- 

cyclop en tad ien y l)M n (C O )3 and (ri5-cyclop en tad ien y l)R e(C O )3 as solutions or 

m ulls in nujol at 77 K have b een  reported8 to y ield  the carbon m onoxide loss  

fragm ent. Long w avelength  irradiation and annealing the m atrix resulted in  

reversal o f  the carbonyl ejection  photo lysis. For arene and cyclopentd ienyl metal 

tricarbonyls com p lexes, d inuclear com p lexes  w ere form ed in initial photolysis or 

annealing. T h ese products w ere thought to result from  reaction o f  the dicarbonyl 

photoproduct w ith  u np hotolysed  parent m aterial as presented in Schem e 1.6.3. 

N u jo l m ull at 77  K  provides a broadly applicable technique for the study o f  

p h otochem ica l interm ediates w h ich  bridges the gap betw een  frozen gas m atrices 

and so lu tion  studies.
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M ore recently  the p hotochem istry  o f  (r |6-b en zen e)C r(C O )3 has b een  

exam in ed  in  the gas phase by  W an g et a l 2Q u sin g  infrared detection . The  

predom inant photoproduct on  355  nm  p h oto ly sis  w as id en tified  as (r |6- 

benzene)C r(C O )2 w h ile  upon 2 6 6  nm  both the d icarbonyl and m onocarb onyl 

sp ec ies  w ere  produced in the ratio o f  2:5  resp ectively . U nder a CO  atm osphere  

fo llo w in g  355  nm  flash  p h oto lysis  an absorption at 1999 cm -1 w as observed  

w h ich  w as attributed to b elon gin g  to C r(C O )6, although this w as consid ered  to be 

a m inor product. Cr(CO )6 w as assum ed  to form  via the reaction o f  the fragm ent 

C r(C O )3 w ith  CO , but this theory w as m erely  speculation . E vid en ce for  

form ation  o f  a dinuclear sp ec ies w as a lso  observed  in  the absen ce o f  CO  and this  

they  proposed  to form  according to R eaction  1.6.4.

(rj6-b enzen e)C r(C O )3 +  (r\6-b en zen e)C r(C O )2 -------->  (r |6-b en zen e)2Cr2(C O )5

(1 .6 .4 )

Z h en g et a l 29 studied the coord ination  reaction  o f  N 2 and H 2 w ith  

p h oto ly tica lly  generated coord in atively  unsaturated (r| 6-b enzen e)C r(C O )x (w here  

x =  2 or 1) (A. = 355  nm ) in  the gas phase u sin g  tim e reso lved  infrared  

spectroscopy. A ddition  o f  N 2 and H 2 to the d icarbonyl fragm ents form ed the  

correspond ing n itrogen  and hydrogen  com p lexes. T he p osition s o f  the CO  

stretching bands o f  the dihydrogen and dinitrogen co m p lex es  are very  c lo se  as 

found  in the cond en sed  phases thereby ind icating  that the in teraction  b etw een  the  

m etal centres and the ligands are very  sim ilar for N 2 and H 2.

1 .7  T h erm a l c h e m istry  o f  Cn6-b e n z e n e )C r (C O )3.

It is generally  consid ered  that f la sh  p h oto lysis  o f  (ri6-b en zen e)C r(C O )3 

leads to form ation o f  the so lvated  d icarbonyl sp ec ies w h ereas therm al reactions  

carried out on  the tricarbonyls resu lt in  arene exchange. Strohm eier and  

Starrico3 0  carried out therm al reaction s on  (ri6-ben zen e)C r(C O )3 w ith  various  

substituted arene ligands (b enzen e, to lu en e  or naphthalene) w h ich  resu lted  in  

exchange o f  the arene m oiety . T h ese  exch an ge  reactions w ere carried out at h igh  

tem peratures (140°C ) in  sea led  N M R  tubes. A d d ition  o f  a donor so lven t su ch  as 

TH F to the reaction so lu tion  ca ta lysed  the arene exchange.

M ahaffy  and P auson31  su b seq u en tly  investigated  arene exch an ge and  

they  p rop osed  that it occurred through partial d isp lacem en t o f  arene (r |6— >  r |4) 

w h ich  w as in itiated b y  coordinating so lven ts. In the absence o f  a coordinating
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so lvent it has been  proposed  that a secon d  m o lecu le  o f  arene chrom ium  com p lex  

cou ld  catalyse the reaction  b y  coord inating  through the carbonyl oxygen .

R ates o f  exchange o f  arene ligand  w ith  h exam eth y lb en zen e according to 

R eaction  1.7.1 (w here arene =  b en zen e, p -x y le n e  or m esity len e)

(r|6-arene)C r(C O )3 +  h exam eth y lb en zen e  — —— >

(r|6-h exam eth y lb en zen e)C r(C O )3 +  arene

(1 .7 .1 )

have been  determ ined in  cy c lo h ex a n e  so lu tion  at several tem peratures in the 

range 80 - 140°C  by  Z im m erm an et a l 32 In all three cases the reactions w ere  

first order in the co m p lex  and independent o f  the concentration o f  

hexam ethylbenzene. T he rates o f  exch an ge decrease in  the order benzene >  p-  
xy len e  >  m esity len e - in  agreem ent w ith  the w ork  o f  Strohm eier and Starrico.30  

A ctivation  enthalp ies decrease in  th is order and the activation  entropies b ecom e  

increasingly  negative as the num ber o f  m ethyl groups on  the com p lex  increase.

M ore recently , Traylor et a l 33 carried out k inetic  studies o f  the 

disp lacem ent o f  b enzene or substitu ted  b en zen es from  their chrom ium  carbonyl 

com p lex  b y  other substituted b en zen es. T he arene exch an ge reactions w ere  

fo llo w ed  b y  !H  N M R  w ith  the disappearance o f  com p lex  as w e ll as the 

appearance o f  product b ein g  m onitored. R eaction s w ere carried out at 170°C  in  

sealed  N M R  tubes. The general m ech an istic  sch em e w h ich  resu lted  from  this 

w ork in vo lves a r]6 — >  r]4 hap ticity  change (se e  S ch em e 1 .7 .2 ) o f  the arene 

ligand w ith  a subsequent s tep -w ise  d isp lacem en t o f  the arene. The catalytic r\2 
(L) ligands d issocia te  w hether th ey  are arenes or n u c loep h iles  and can be any tw o  

electron L ew is base in clu d in g  k eton es, a lkenes or ev en  another arene.
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S ch em e 1.7.2

It is  w e ll estab lish ed  that arene substitution is  m ore rapid in com p lexes  o f  

p o ly c y c lic  aren es,3 4  and this is generally  attributed3 5  to the relatively  

favourable energies o f  ring slippage to generate a r |4-arene interm ediate w h ich  

results from  the retention  o f  arom aticity  in  the noncoord inated  rings.

H o w ell et a l,3 6  exam in ed  arene exch an ge reactions in  (r|6- 

naphthalene)C r(C O )3 and (r |6-pyrene)C r(C O )3 in  hydrocarbon solvents. 

M olecu lar orbital ca lcu lation s at the extended  H uckel lev e l w ere u sed  to 

construct potential en ergy  surfaces for ring slippage in  the ben zen e, naphthalene  

and pyrene com p lexes. A  q 6 — >  r|4 w as found to be the m o st favourable for the  

naphthalene system , but a rj6 — >  r i1 path required the lea st energy in  pyrene. 

The calcu lations predict arene lab ility  to  be in  the order b en zen e  «  naphthalene  

«  pyrene.

1.8 H a p to tr o p ic  r e a rr a n g e m en ts  in (ri6-a r e n e )C r (C O )3.

H aptotropic rearrangem ent p rocesses have b een  a sp ec ific  foca l point in  

current research. T he m igration o f  a m etal group b etw een  fu sed  fiv e  and s ix  

m em bered rings m ain ly  in  co m p lex es  contain ing a flu oren yl ligan d 37  and
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betw een  tw o s ix  m em bered rings in  naphthalene c o m p le x e s38  rece iv in g  prim ary 

attention.

A lbright et al 39 carried out a deta iled  theoretica l in vestiga tion  into the 

m inim um  energy pathw ays for sh iftin g  o f  the M L n group from  on e ring to  

another in  b icy c lic  p o lyen es. A  num ber o f  com p ounds w ere  treated in depth  

includ ing (r|6-naphthalene)C r(C O )3, (r |5-in d en y l)-F eC p , (r |5-flu oren y l)-F eC p  and  

a num ber o f  other anionic and cation ic  tricarbonyls (Cp =  cyc lop en tad ien y l). It 

w as estab lished  that the m ain  contribution to the b ond ing  in  the ground state o f  n 
com p lexes  o f  this type com es from  the in teraction  o f  the tw o  higher occu p ied  

m olecu lar orbitals w ith  the lo w er  u n occu p ied  m olecu lar  orbitals o f  the 

organom etallic and m etal carbonyl fragm ents. In m o st ca ses  the path o f  least 

m otion  from  ring to ring through the m idd le  o f  the carbon-carbon bond, w h ic h  is  

com m on for these rings, is forbidden. M ore preferable is m etal m igration over the  

p o ly c y c lic  periphery via  an interm ediate r]3-a lly l structure.

The m etal m igration b etw een  tw o non-adjacent rings in  phenyl 

anthracenes w as reported b y  C unningham  et or/.4 0  O n heating a so lu tion  o f  I to  

its reflux  tem perature a co lou r change from  y e llo w  to purple w as observed  w h ich  

indicated  m igration o f  the C r(C O )3 m o ie ty  from  the non-adjacent (b en zen e ring) 

to a term inal phenyl (anthracene) ring.

This m igration from  I >11 as presen ted  in  R eaction  1.8 .1  w as confirm ed  b y  XH

N M R  spectroscopy. The purple so lu tion  reverts to a y e llo w  colour on  standing  

overnight.
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The first experim ental ev id en ce  for r|6 — > r\~ rearrangement for a 

m anganese carbonyl system  w as p roposed  by Rerek and cow ork ers.41  

A ctivation  enthalp ies A H * for the rearrangem ent o f  a number o f  r|6-fluorenyl 

co m p lex es  to ri5-fluorenyl c o m p le x e s  w ere  reported and all A H * w ere found to 

be w ith in  experim ental error o f  101 kJ/m ol. T h ese values were c lo se  to those  

pred icted  experim entally  b y  A lbright and cow orkers o f  113-122 kJ/m ol.39  T he  

m ech an ism  for the r|6 — >  r |5 rearrangem ent is  g iven  in Schem e 1.8.2

S ch em e 1 .8 .2

T h ese  rearrangem ents are con sid ered  to be intram olecular, m ost probably go in g  

through a r|3 interm ediate. V ary in g  the concentration  o f  com pound had no e ffec t  

on  the rate constant and a lon g  w ith  a n e g lig ib le  A S * w hich  further supports an 

intram olecular rearrangem ent occurring.

H aptotropic rearrangem ents w ere determ ined experim entally  in  

naphthalene chrom ium  tricarbonyls com p ou n d s b y  K irss et al,42  K inetic data  

and calcu lated  activation  en erg ies for tw o  com p lexes (3-deuterio  2 ,7 -  

dim ethoxynaph th alene)C r(C O )3 and (3-deuterio -2 ,6 -d im ethoxyn aphthalene)-  

C r(C O )3 w ere determ ined.
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R eaction  1.8.3

W h en  d isso lved  in benzene-dg both com p ounds w ere found  to undergo a 

haptotropic m igration o f  the m etal tricarbonyl group to  the undeuterated ring, 

w ith  (1 :1) at equilibrium . A rene exch an ge w ith  so lven t or d ecom p osition  

appeared to be an insign ifican t factor in either o f  th ese  system s. B oth  p rocesses  

w ere fo llo w e d  by  JH  N M R . T he rate constants va lu es for Ha— >IIb are about 14 

tim es less  than that for la— >Ib. T his im p lies that the m eth oxy  groups p lay  a 

sm all role in  stab ilisation  o f  the transition state w h ich  translates to a h igher rate 

o f  exchange o f  la— >Ib. A ctiva tion  energies w ere a lso  ca lcu lated  and they  w ere  

found  to be very sim ilar for both com pounds b e in g  113 and 118 kJ/m ol for  

la — >Ib and Ha— >IIb resp ectively . Rerek and B a s o lo 4 1  determ ined activation  

param eters for r|6— > r|5 m igrations in  several flu oren yl m anganese sp ec ies , the 

values they  obtained for A H * com pare w e ll  w ith  th ose  o f  K iriss et a l ,42  T h ey  

also  suggested  that h exad ienyl-arene bond ing  m ay be n ecessary  to  perm it r\6 — >  

r|5 rearrangem ents s in ce  F e ^ -C ^ H g X r ^ -C ^ H ^ )43  d oes not undergo a r\6 — >  

r|5 rearrangem ent and this com p ound  has b een  sh ow n  to have a d e lo ca lised -  

arene-bonded-iron.

B e m o  et a l,4 4  reported the m igration  o f  the C r(C O )3 unit from  the eight 

to the six  m em ber ring in  b en zocyclo -octa tren e  (R eaction  1 .8 .4  ) w h ich  w as  

studied in  decalin  and n-butyl ether at tem peratures b etw een  4 2 8  - 454K .
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The activation enthalpy at 443  K  for isom érisa tion  o f  1 ----- >  2 w as m easured to

be 122 kJ/m ol and 130 kJ/m ol in  d eca lin  and n -butyl ether respectively . The  

entropy value w as ca lcu lated  to be c lo se  to zero in  d eca lin  and n-butyl ether. The  

activation enthalpies in  both  so lven ts are very  c lo se  to the va lu es obtained for the  

haptotropic m igration o f  the C r(C O )3 in d im eth oxy  and dim ethyl naphthalene  

com p lexes42 (A H * =  118 and 126 kJ/m ol resp ective ly ). In the theoretical

investigation  carried out b y  A lbright et a l ,3 9  it w as p roposed  that in  the m etal 

group m igration in  naphthalene d id  not occur through the least m otion  pathw ay  

w hereas in  the b en zocyclo -octa traen e co m p lex  it is  partia lly  a llow ed . In contrast 

to the naphthalene sy stem  d ecom p osition  com p etes w ith  isom érisation  for  

benzocyclo-octatetraene com p ound  w h ereas no d ecom p osition  w as observed  for  

naphthalene com pounds (vide supra).
M ore recently  O prunenko and cow ork ers45  have reported ricochet inter­

ring haptotropic rearrangem ents o f  annulene tricarbonyl com p lexes o f  chrom ium . 

From  this study th ey  observed  reversib le intram olecular inter-ring rearrangem ents 

consistin g  o f  correlated m etal sh ifts and hyd rogen  m igrations betw een  the m etal 

atom  endo positions o f  the hydroarom atic ligand.

1 .9  S o lv en t e ffec ts  on th e  p h o to c h e m istr y  o f  m eta l ca r b o n y l com p ou n d s.

F o llow in g  fla sh  p h o to ly sis  o f  C r(C O )6 in  cy c lo h ex a n e  so lu tion  a h igh ly  

reactive species w as observed  b y  K e lly  et a l .46  T his reactive sp ecies w as  

suggested  to be C r(C O )5 w h ich  reacts read ily  w ith  C O  to reform  C r(C O )6. 

R esults obtained w ere con sisten t w ith  the reactions ou tlined  in  1.9.1 and 1.9.2
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Cr(CO)6 >  Cr(CO)5 + CO (1.9.1)

C r(C O )5 +  C O  -------->  C r(C O )6 (1 .9 .2 )

A s a result o f  th is study rates o f  reaction  o f  C r(C O )5 w ith  several so lven ts L (L =  

acetone, acetonitrile, ben zen e, ethylether, ethyl acetate and m ethanol have been  

m easured .47  It w a s  anticipated that in the p resen ce  o f  L, R eactions 1.9.3 and

1.9.4 w ou ld  take p lace  after the photochem ica l generation  o f  C r(C O )5, h en ce  

form ing a so lvated  sp ecies.

Cr(C O )5 +  L -------->  C r(C O )5L (1 .9 .3 )

C r(C O )5L -------->  C r(C O )5 +  L (1 .9 .4 )

Perutz and Turner6 observed  that the p osition  o f  the m axim um  absorption  

(A-max.) o f  the v is ib le  band o f  the chrom ium  pentacarbonyl sp ec ies form ed from  

Cr(CO )6 depends m arkedly on  the m atrix in  w h ich  it is form ed (e.g. A.max =  

N e :6 2 4 , A r:533 and C H 4:489  nm ) and this b lue sh ift has b een  interpreted in  

term s o f  an increasing  interaction o f  the electrons o f  the m atrix m aterial w ith  the 

vacant coordination  site  on  the m etal.

S im on et a l.48  u tilised  p ico seco n d  absorption spectroscop y  to  exam ine the  

primary photoch em ica l p rocess in  the p h oto ly sis  o f  C r(C O )6 in cycloh exan e/T H F  

m ixtures. The first observable interm ediate (form ed in  less  than 25 ps) w as  

suggested  to be the so lvated  cyclohexane-pentacarbon yl sp ecies, in w h ich  a 

cycloh exan e m o lecu le  occu p ies the vacant coord ination  site created b y  the 

photoelim ination  o f  CO . In addition, the rate o f  exch an ge o f  cyc loh exan e  from  

(cycloh exan e)C r(C O )5 b y  TH F to form  T H FC r(C O )5 w as found  to be a 

bim olecular process and en trop ically  controlled .

The generation  o f  a h ig h ly  reactive coord in atively  unsaturated sp ec ies w as  

investigated  in  perflu orm eth ylcycloh exan e b y  K elly  and cow ork ers.49  R esults  

indicated that the pentacarbonyl sp ec ies  (R eaction  1 .9 .1 ) produced in  this so lven t  

w as m uch m ore reactive (3 .3  x  109 dm 3m o l'1s '1) than the pentacarbonyl sp ec ies  

previou sly  observed  in  cyc loh exan e  (3 .0  x  106 dm 3m o l_1s '1). A lso  observed  in  

this study w as the form ation  o f  Cr2(C O )11 b y  the reaction  o f  C r(C O )6 w ith  

Cr(CO )5.

20



Church et a / .50  investigated  fla sh  p h o to ly sis  o f  C r(C O )6 u sin g  infrared  

detection . The p resen ce  o f  a w ater trace im purity in  CO  saturated cyc loh exan e  

so lu tion  w as k in etica lly  and sp ectroscop ica lly  identified . S tudies in  H 20 / C 0  

saturated cyc loh exan e  so lu tion s sh o w  that C ^ C O ^ C g H ^  is 13 tim es m ore  

reactive towards water than CO.

P icosecon d  absorption sp ectroscop y  has b een  used  to m easure the 

form ation kinetics o f  C r(C O )5(M eO H ) and C r(C O )5(cy c lo h ex a n e) in m ethanol 

and cycloh exan e so lu tion s r e sp ec tiv e ly .5 1  T he transient absorption  

characteristic o f  C r(C O )5(cy c lo h ex a n e) w as observed  to  rise w ith  the instrum ents 

response (<  0 .8  ps). In contrast, in  a lcoh o l so lu tion s a 2 .5  ps rise tim e for  

form ation o f  the so lvated  sp ec ies w as observed . T he longer rise tim e in  m ethanol 

reflects so lvent reorganisation  resu lting in  the coord in ation  o f  a so lven t m o lecu le  

to  the vacant site o f  the reactive C r(C O )5 interm ediate. Later, S im on and X ie 52  

carried out tim e reso lved  stud ies o f  C r(C O )6 in  pentanol. The  

therm odynam ically  m ost stable co m p lex  in v o lv es  coord ination  o f  the hydroxyl 

end o f  the so lvent m o lecu le . Thus, i f  in itia l so lva tion  produces interm ediates  

w here the alkyl group is coordinated  to the chrom ium  m etal, rearrangem ent or 

exchange w ill occur to form  the m ost stable com p lex . T he transient spectrum  in  

pentanol (/\.max :460  nm ) is  identica l to that p rev iou sly  observed  in  m ethanol. In 

cycloh exan e so lu tion  the absorption  band is at 505  nm , thereby reflectin g  the 

weaker interaction b etw een  the bound so lven t m o lecu le  and the chrom ium  m etal.

Ishikaw a et a / .53  reported form ation  o f  the co m p lex  W (C O )5C2H 6 in  gas 

phase tim e reso lved  spectroscopy, fo llo w in g  3 0 8  nm  laser p h o to ly sis  o f  W (C O )6 

in  the presence o f  C 2H 6. R esults have b een  obtained  for linear alkanes, from  

propane to hexane, for isobutane and for cyclopropan e, pentane and hexane. A ll 

sh ow ed  behaviour sim ilar to that o f  ethane in  form ing W (C O )5so lven t  

com p lexes. The spectra o f  all the nonsu bstitu ed  alkane so lven ts are very  sim ilar, 

indicating that the structure and therefore the b ind ing m echan ism  are the sam e in  

all cases.

M ore recently  vo lu m es o f  activation  for reactions proceed in g  accord ing to 

Schem e 1.9.5 for C r(C O )6, M o(C O )6 and W (C O )6 for several so lven ts and  

incom ing nucleop h iles w ere investigated  b y  Z hang et a l.5 4 in  order to obtain  an 

overv iew  o f  the m ech an istic  p o ss ib ilit ies  for so lven t d isp lacem en t in  these  

system s.
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C r( C 0 )e  , C Q  »  [ C r ( C O ) 5]  + S  -  C r (C O )5 s

+ L 

LC r(C  0 ) 5

S ch em e 1.9.5

The activation vo lu m e data reported favoured  d issoc ia tive  d eso lvation  pathw ays  

for arene so lven t (path B - S ch em e 1 .9 .6 ) but an interchange pathw ay for  

heptaneC r(C O )5 (path A ). T he resu lts further dem onstrated that vo lu m es o f  

activation observed  for so lven t d isp lacem en t reactions for M (C O )5(s) com p lexes  

are sen sitive to the identities o f  the in com in g  n u cleop h ile  and m etal atom.

Joly and N e ls o n 55  ob served  that CO  d issocia tion  appeared to be  

independent o f  the solvent, im p ly in g  that the d issocia ting  fragm ent fee ls  no  

sign ificant force  or v isco u s  drag from  so lv en t neighbours. In a previous study, 

they  determ ined that CO  d issoc ia tion  is com p lete  w ith in  35 fs. The dynam ics o f  

so lvent com p lexation  to bare M (C O )5 photofragm ent dem onstrates that the  

so lvent has no  sign ifican t e ffec t on  w h ich  CO  d issociated , and that the so lven t  

undergoes no sign ificant rearrangem ent before  coordinating to the open  site.

The stereosp ecific  interaction  b etw een  the m etal and the alkane can  

form ally be described  as an in term olecu lar agostic  b o n d .56  Enthalpies o f  

interm olecular agostic  bonds have o n ly  recen tly  been  investigated . M orse et 
al.51 investigated  the enthalpy o f  C O  d isso c ia tio n  from  M (C O )6 (M =  Cr, M o  or 

W ) in alkane so lven t by  p h otoacou stic  calorim etry. The reaction  in vo lves  the
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substitution o f  a M -C O  bond by an interm olecular agostic  bond  - M -alkane bond. 

The enthalp ies o f  C O  d issocia tion  from  C r(C O )6 in  pentane, heptane, isooctan e  

and cyc loh exan e  w ere  found to be endotherm ic b y  109, 113, 117 and 100 kJ/m ol 

resp ectively . The d ifferen ces in enthalp ies for heptane and cy c lo h ex a n e  w ere  

consid ered  sign ifican t and attributed to a stronger agostic  bon d  to cyc loh exan e  

and h en ce it w as conclu ded  that agostic  bon d  form ation  is preferential w ith  

secondary C H  bonds relative to prim ary C H  bonds. B on d  strengths determ ined  

from  tim e reso lved  photoacoustic  calorim etry depend on  the experim en tally  

determ ined bond strength for CO  d issoc ia tion  from  C r(C O )6 in  the gas phase and  

upon  quantum  y ie ld s  for CO d issoc ia tion  up on  p h o to ly s is .58  T he latter have  

recently  b een  found  to be sen sitive  to the id en tity  o f  the w eakly-in teractin g  

so lvents as p rev iou sly  observed  b y  N ayak  and B u rk ey5 9 (vide infra).
The relative heats o f  CO  photo-su bstitu tion  on  C r(C O )6 b y  cyc loh exan e , 

ben zen e and 1 ,2-d ichloroethane (as ligan d s) in  perfluorocarbon so lven ts and in  

neat ligand  w as determ ined b y  N ayak  et a / .59  From  th ese  resu lts and the  

quantum  y ie ld  o f  C O  substitution in  neat ligand  (0 .6 7 , 0 .6 7  and 0 .6 2  

resp ective ly ) the quantum  y ie ld  in  p erfluorodeca lin  w as found  to be 0 .3 . The lo w  

quantum  y ie ld  in  perfluorodecalin  can be attributed to  its w eaker coord ination  o f  

C r(C O )5. It w as considered  that the m ore e ffic ie n t recom bination  o f  CO  in  a 

fluorocarbon so lven t is  prim arily resp on sib le  for the lo w er  quantum  y ie ld  o f  

substitution.

1 .1 0  P h o to c h e m istr y  o f  (Ti3-a lly l)M n (C O )4.

S ince it w as first dem onstrated in the 1950's that (C 4H 7)C o (C O )3 has rj3 

bonding con figu ration 60  there has b een  interest in  r |3-a lly l organom etallic  

c o m p le x e s .61  Investigations b y  M utteries and cow ork ers62  have sh ow n  that 

(r|3-C 3H 5)C o(P R 3)3 and (r|3-C 3H 5)M n (C O )2(P R 3)2 act as cata lysts for  

hydrogenation  o f  alkenes and arenes. O rig inally  it w as proposed  that cata lysis  

in vo lved  a t ] 3 — >  ally l con version  w h ich  opens a coord ination  site  on  the

m etal. H ow ever, subsequent w ork 6 2 d  on  (ri3-C 8H 13)C o(P (O C H 3))3 su ggest that 

t| 1 com p lexes are n ot in vo lved  in  cata lysis. T he a lly l group is hydrogenated  to  

g ive  the corresponding alkane w h ich  re leases the coord in atively  unsaturated  

C o(P (O C H 3))3 sp ec ies  w h ich  is b e lie v e d  to be the active catalyst. Three types o f  

ally l com p lexes o f  transition m etals have b een  identified: a -a lly l ( t i1-C 3H 5), t z -  

ally l (r)3-C 3H 5) and a lly l bridged ( |i-C 3H 5) c o m p le x e s .61  In general r\ 1-a lly l 

bonds are therm ally le ss  stable and m ay  d ecom p ose  to g ive  the ri3-a lly l com p lex . 

A  a  — >  k rearrangem ent is an intram olecular reaction  in  w h ich  an organic group
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a -b on d ed  (r i1) to a m etal b ecom es n b ond ed  (r |n) and this process is o ften  

reversible. The a -a lly l com p lexes  o f  M ^ -^ H ^ X t^ -C ^ H ^ X C O ^  (M  =  M o 63 
or W 6 4 ) on  irradiation undergo a <7 — >  n rearrangem ent. H ow ever  on  addition  

o f  CO the reverse reaction is observed  as ind icated  in  R eaction  1.10.1

Other con seq u en ces o f  CO d isso c ia tio n  from  substituted  a lly l com p lexes e.g. 

Fe(r)5-C 5H 5)(C O )2(r i1-C 3H 4R ) includ e syn and anti conform ations o f  the R  

group after cr — >  k rearrangem ent as sh ow n  in  R eaction  1 .10 .2

In m ost cases the therm al cj — > % rearrangem ent are irreversible but in  theory  

should be reversib le

Perutz el a l.65 carried out addition  and substitution reactions o f  

pentadienyltricarbonylm anganese com p ounds w ith  various ligands. P h oto ly sis  o f  

(r|5-C 5H 7)M n (C O )3 at 20K  in a CO  m atrix for 3 hours resu lted  in com p lete  

conversion  to (r |3-C 5H 7)M n (C O )4. P h o to ly sis  o f  th is com p ound  in a d initrogen  

matrix led  to  form ation o f  bands ten ta tively  a ssign ed  to  (Ti3-C 5H 7)M n (C O )3N 2. 

Irradiation o f  (r |5-C 5H 7)M n (C O )3 in  h exan e so lu tion  required 30  hours under a 

CO atm osphere to generate bands a ssign ed  to that o f  the tetracarbonyl species, 

and ev id en ce for the presen ce o f  the pentacarbonyl species.
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Palm er and B a so lo 66  exam in ed  reactions for various ally l co m p lex es  o f  

the type in  R eaction  1 .10.3 .

(1 .1 0 .3 )

It appears that the a lly l m anganese com p lexes react b y  a sim ple Sn 1 CO  

d issocia tive  process. A lso , the rate o f  CO  d issoc ia tion  is dependent upon the 

steric bulk  and isom eric  configuration  o f  the substituted a lly l ligands. 

Substituents e ffec ts  for ri3-a lly l m anganese carbonyls on  the rates o f  CO  

substitution w ere m easured. G en era lly  a substituent in  the 2 p osition  increases  

the reaction  rate w hereas in  the 1 p o sitio n  decreases the reaction  rate. It is  

p ossib le  that this is a steric e ffec t b ecau se  the rate o f  enhancem ent correlates to  

the size  o f  the substituent.

The photochem istry  o f  (r)3-a lly l)C o (C O )3 w as in vestigated  in  frozen  gas  

m atrices.67  P h o to ly sis  o f  (ri3-a lly l)C o (C O )3 in argon or m ethane m atrices at 

12K  led  to form ation o f  the coord in atively  unsaturated sp ec ies  (r |3-a lly l)C o (C O )2 

w h ich  is in  accord w ith  the d isso c ia tio n  m echan ism  proposed  for k inetic  studies  

for the CO  substitution reactions o f  (ri3-a lly l)C o(C O )3 in  so lu tio n .68  P h oto lysis  

in  a CO  m atrix resu lts in  the form ation  o f  a tetracarbonyl sp ec ies  - (r\l- 
a lly l)C o(C O )4 w h ich  also  underw ent a hapticity  change. The photoreactions o f  

this system  are uiven in S chem e 1 .10 .4_________________________________________

(r |3- allyl) Co ( C O ) ,  —  ( i v  allyl) Co ( C O )  + C O
3 iii

■ a l l y l ) c o ( C O ) 2 N2 + C O

( r f - a l l y l ) C o ( C O )4 ------- ^ -------- ► C o ( C O )4

i - hv(UV), ii - Ar,CH4 , ¡¡i - hv(visible), iv - N2 , v - CO, vi - UV-vis

S ch em e 1 .10 .4



H itm an et al. 69  carried out m atrix iso la tion  experim en ts w ith  (r]1- 

C 3H 5)M n (C O )5. U V  irradiation (r i1-C 3H 5)M n (C O )5 in a m ethane m atrix  

resulted in  a decrease o f  the parent bands and an increase in  the bands due to (ry’- 

C 3H 5)M n (C O )4 along w ith  a band at 2 1 3 8  cm -1 w h ich  ind icated  further lo ss  o f  

CO  to produce the 16 electron  sp ec ies  (r |3-C 3H 5)M n (C O )3 w h ich  w as later  

confirm ed  b y  13CO lab ellin g  experim ents. T he p h otoch em ica l reaction  pathw ay  

for th is com pound is outlined  in  S ch em e 1.10.5

i - Ch4 ,Ar,N2  or CO, ii - hv(UV), Hi - Ch^A r, iv - hv(vis) or annealing, V - N 2

S ch em e 1.10.5

R ecom bination  w ith  CO to form  (r |3-C 3H 5)M n (C O )4 upon  v is ib le  p h o to ly sis  and  

annealing w as also  m onitored for th is 16 electron  sp ecies. Sim ilar chem istry w as  

observed  in  an argon m atrix a lthough  le ss  e ffic ien tly . P h o to ly sis  in  a d initrogen  

m atrix resu lted  in  the appearance o f  bands in  the vco carbonyl reg ion  attributed to 

the (r |3-C 3H 5)M n (C O )3(N 2). P h o to ly sis  in a C O  m atrix generated  bands 

assign ed  to the tetracarbonyl sp ec ie s  - no  ev id en ce  w as fou n d  for the tricarbonyl 

interm ediate how ever.

The observation o f  r i1— > r |3 con version  in all m atrices su ggests that this is 

a facile  process. The con version  from  r i1— > r |3 w as found  to  be irreversible in  

contrast to C o and W  system s w h ich  indicates that r |3-a lly l m anganese  

com pounds are m ore stable. T his reversib ility  for M n is con sisten t w ith  gas 

phase U V  ph otoelectron 70  and x -ray  p hotoelectron  sp ectro sco p ic7 1  studies.

26



L ee and L iu 72  reported the syn th esis , characterisation and reactiv ity  o f  

pentacarbonyl (r| 1-2 ,4 -p en tad ien y l)m an gan ese. P h oto ly sis  o f  a ethereal so lu tion  

o f  (r i1-C 5H 7)M n (C O )5 at -20°C  for 12 hours led  to  the form ation o f  syn (r |3- 

C 5H 7)M n (C O )4. N o  ev id en ce  w a s  found  for the form ation  o f  the r\5 com pound  

even  on prolonged  p h oto ly sis . H eating  o f  (r i1-C 5H 7)M n (C O )5 to its reflux  

tem perature in  cyc loh exan e  lead  to form ation  o f  the (ri5-C 5H 7)M n(C O )3 together  

w ith  a sm all am ount o f  the r]3 com pound. The overall p h oto lytic  and therm al 

pathw ay for (r| 1-2 ,4 -p en tad ien y l)m an gan ese  is  g iv en  in  S chem e 1 .10 .6

S ch em e 1 .10 .6

M ore recently  Y oung and W righ ton 73  in vestigated  lo w  tem perature 

p h oto lysis  o f  (r| 1-C 6H 5C H 2)M n (C O )5. Irradiation o f  th is com pound in  

m eth y lcycloh exan e  at 9 5K  lead  to  the grow th  o f  bands assigned  to (ri3- 

C6H 5C H 2)M n (C O )4. N o  ev id en ce  w a s  fou n d  for the 16 electron  r\ ^ sp ec ie s . 

Trapping experim ents w ith  CO  and PPh3 resu lts in  sp ectroscop ic  data consisten t  

w ith  form ation o f  the r]3-tetracarbonyl photoproduct. W arm  up o f  the g lass  

resulted in  reversal to  the ri1 parent m aterial as g iv en  in  R eaction  1 .10 .7  and  

1. 10.8

( V - C 6H 5C H 2)M n (C O )5 - ^ >  (r |3-C 6H 5C H 2)M n (C O )4 +  CO
(1 .1 0 .7 )

(r |3-C 6H 5C H 2)M n (C O )4 (q  i-C 6H 5C H 2)M n (C O )5 (1 .1 0 .8 )
CO
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The ratio o f  CO  lo ss  to M n -R  bond h o m o ly sis  w a s  found  to be w avelength  

dependent for R  =  C H 2C6H 5 in  argon purged alkane so lu tion  at 200K . From  

N M R  data it w as con clu d ed  that (r |3-C 6H 5C H 2)M n (C O )4 is flu x ion a l at 2 0 0 K  

and the tw o  structures in  R eaction  1 .10 .9  are rapid ly interconverting. This  

flu x ion a lity  w as not consid ered  unexp ected  as the tt-ct-tu a lly l in terconversion  

should  be fa c ile  due to the arom atic stab ilisation  o f  the ph en yl ring in the 16 

electron  (r| 1-C 6H 5CFl2)M n (C O )4.

H
Ha

Ha V H
Hs

H b

H fc Hb

M n ( C O )4

CH2

Mn(CO)4

Hh

Ha

Ht

Hb

M n ( C O )4

71 a  n
(1 .1 0 .9 )

1 .11 P h o to c h e m istr y  o f  d im e ta llic  ca rb o n y l sy stem s.

O ver the last num ber o f  years there has b een  an  increased  interest in  the 

chem istry o f  com pounds contain ing  tw o or m ore m etal centres. A  w id e  variety  

o f  transition m etal cluster com pounds have been  studied  b ecau se  o f  the presum ed  

analogy o f  their chem istry to that o f  h eterogeneous cata lyst surfaces. For 

com pounds such  as M n2(C O )10, (r |5-C 5H 5)2F e2(C O )4 there are tw o  primary
. r~1 A.

p h otochem ica l p rocesses, h o m o ly s is  o f  the m etal-m etal bon d  and CO  lo ss. 

The form er process g iv in g  rise to 17 electron  radicals m ay undergo a variety o f  

reactions includ ing atom  transfer, recom bination, e lectron  transfer and 

substitu tion .75  The ch em ica l behaviour o f  d inuclear CO lo ss  interm ediates has 

gained  im portance b ecau se  o f  the interest in the reactions o f  m ononuclear  

coord in atively  unsaturated sp ec ies  such  as (r |5-C 5H 5)R h (C O ),76 (r |5-

C 5H 5)M n (C O )277  and C r(C O )5. 78  In the dinuclear com pounds the 

coord in atively  unsaturated m o lecu le  resu lting from  CO  lo ss  can engage in a form  

o f  " self repair" through form ation  o f  bridging (C p2F e2) ( |i2-(C O )3) 7 9 or 

sem ibridging (M n 2(C O )9) 80  CO  linkages.
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The p hotochem istry  o f  M n2(C O )10 in a rigid  m atrix at 7 7K  w as  

found  to be som ew hat d ifferent to that observed  in so lu tio n .8 1  D isso c ia tiv e  lo ss  

o f  CO  from  p h otoexcited  M n2(C O )10 w as observed  w h ich  y ie ld e d  a CO bridged  

M n2(C O )9 species, w h ich  in the p resen ce  o f  2  e lectron  donors w ill react to  form  

M n2(C O )9L. Presum ably in a rig id  m atrix o n ly  the CO  lo ss  product w as

observed  because o f  the im m ediate  cage recom bination  o f  the M n (C O )5* 

radicals. In contrast, in so lu tion  the predom inant reaction  w a s  found  to be M -M  

sc iss io n  along w ith  CO  lo ss  w h ich  accounted  for approxim ately  30%  o f  the 

reaction. T hese resu lts w ere later supported b y  Y esak a  et a l.Q2 w h o  proposed  

h om olytic  cleavage and CO  lo ss  as the p h otoch em ica l reaction  o f  M n 2(C O )10 as 

sh ow n  in R eaction 1.11.1

2 'M n (C O )5

M n2(C O )9

(1 .1 1 .1 )

The first direct ev id en ce  for the transient sp ec ies  M n (C O )5 and M n2(C O )9 

in  so lu tion  w as proposed  b y  Church et a l.Q3 T he pentacarbonyl radical w as  

found  to recom bine at nearly  d iffu sio n  con tro lled  rate to regenerate parent 

m aterial. The decay  o f  the M n2(C O )9 sp ec ies w as a ffec ted  b y  the presen ce o f  

CO and the reactiv ity  o f  th is interm ediate w as fou n d  to be sim ilar to that o f  

C r(C O )5. The behaviour o f  M n 2(C O )9 w as found  to be so lven t dependent w h ich  

is sim ilar to that o f  C r(C O )5 w h ic h  is know n to coordinate rapidly to the 

so lv en t.84

A  num ber o f  heterod inuclear com pounds have b een  investigated  

p hotoch em ica lly  and am ongst th ose  are M n R e(C O )10. Sonnenberger and 

A tw o o d 85  investigated  the k inetics o f  substitution reactions o f  M n R e(C O )10 w ith  

a num ber o f  entering ligands. For all ligands stud ied  the R e substituted product 

(C O )5M nR e(C O )4L  w as fou n d  to predom inate although a very  sm all am ount o f  

L (C O )4M nR e(C O )5 w as form ed early  in  the reaction.

M atrix iso lation  and tim e reso lv ed  infrared stud ies ind icated  the primary 

photoprocess o f  M n R e(C O )10 to be form ation  o f  a M n R e(C O )9 bridged sp ecies  

along w ith  M n(C O )5 and R e(C O )5.8 6  O yer and W righ ton 87  have reported that 

unsaturated M nR e(C O )9 resu lting from  p h oto lytic  C O  lo ss  w h en  in  the presen ce  

o f  PPh3 w ill y ie ld  the M n substituted  com pound. T h ese  resu lts indicate that

M n2(C O )10
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photosubstitution  occurs at the site  from  w h ich  CO  is extruded in  the prim ary  

photoprocess.

M u ch  o f  the literature regarding heterodinuclear carbonyl com pounds  

in v o lv e  system s that conta in  m eta l atom s d irectly  bonded . A s n on e o f  th ese  

com pounds have exten d ed  bridgin g system s separating the m eta l centres th ey  are 

n ot u sefu l for studying the e ffe c t  o f  m etal conjugation  through a com p lexed  

ligand.
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A n  in v e stig a tio n  in to  th e  e ffec t o f  su b stitu e n t an d  

so lv e n t on  th e  r e a c t iv ity  o f  (ri6-a r e n e )M (C O )2(s)  

(w h e r e  M  =  C r  or  M o ).

Chapter 2
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2.1 Laser flash photolysis of (rj6-arene)Cr(CO)3.

The p h otoch em ica l carbonyl substitution o f  Group 6 m etal carbonyls 

(M (C O )6, M =Cr, M o  or W ) is w e ll  estab lish ed , w ith  decarbonylation  resu lting on  

absorption o f  l ig h t .1 The coord in atively  unsaturated sp ec ies so generated, 

M (C O )5 reacts w ith  a ligand ,L , to  g ive  M (C O )5L, as g iven  in  R eactions 2 .1 .1  and

2.2 .2 .

M (C O )6 M (C O )5 +  C O  (2 .1 .1 )

M (C O )5 + L  -------->  M (C O )5L (2 .1 .2 )

In com parison  there have b een  re la tively  fe w  investigations into the 

photochem istry o f  (r |6-arene)C r(C O )3. Early w ork u sin g  conventional flash  

p h oto lysis id en tified  (r |6-b en zen e)C r(C O )2(s) (s =  alkane so lven t) as the prim ary  

photoproduct on  the basis o f  k in etic  rather than sp ectroscop ic  data (reaction

2 .1 .3 ) .2 The arene exch an ge p ro cess  w as a lso  observed  fo llo w in g  p h oto lysis  

(reaction 2 .1 .4 ), and the ab ility  o f  C O  to quench this process im p lies the 

interm ediacy o f  (ri6-b en zen e)C r(C O )2 in  th is reaction .2

(r|6-arene)C r(C O )3 - ^ >  (ri6-arene)C r(C O )2 +  CO  (2 .1 .3 )

(r|6-arene)C r(C O )3 +  arene* >  (ri6-arene*)C r(C O )3 +  arene

(2 .1 .4 )

P reviously , fla sh  p h o to ly sis  stud ies have b een  carried out on  a num ber o f  

alkyl substituted b en zen e  com p ounds in  order to investigate  the e ffec t o f  

substituents on  the reactiv ity  o f  the d icarbonyl sp ec ies tow ard C O .3 The aim  o f  

this study w as to further this in vestiga tion  b y  u sin g  other alkyl substituents but 

also  using ha logenated  b en zen e  com p ounds.

2 .1 .1  E le c tr o n ic  a b so rp tio n  sp e c tr u m  o f  (ri6-a r e n e )C r (C O )3.

The U V /v is . spectrum  o f  (r)6-b en zen e)C r(C O )3 in  cyc loh exan e  is  sh ow n  in  

Figure 2 .1 .1  (this spectrum  is typ ica l o f  th ese  com pounds). T he absorption  

spectrum  o f  these com p lexes  is  dom inated  b y  m etal to  ligand  charge transfer 

(M LC T) absorptions.4 T h ese com p ou n d s exh ib it a w e ll d efin ed  lo w e st  energy  

absorption m axim um  at approxim ately  3 2 0  nm  w h ich  has b een  a ssign ed  to M etal
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— > arene CT with som e M — > n* CO CT character. There is a lso  a shoulder  

centred around 265 nm w hich  is assign ed  to a M — >  n* CO  CT transition. This 

band undergoes a blue shift as the num ber o f  electron  donating substituents on 

the ring increases and as a result b ecom es less  reso lved  from  the 2 3 0  nm  

absorption but as w e add electron w ithdraw ing substituents a marked shift o f  this 

band tow ards the red region o f  the spectrum  is n o ticeab le  as is indicated in Figure

2 . 1. 1.2 .

Figure 2 .1 .1 .1  U V /v is . spectrum  o f  (r |6-b en zen e)C r(C O )3 (1 .7  x  10_4M ) in  

cyc loh exan e .

A  sum m ary o f  the U V /v is . ex tin ction  c o e ffic ien ts  o f  the com pounds used  

in th is study at 355 nm  and the vco  infrared stretching frequ en cies in  cyc loh exan e  

for all the com pounds investigated  is  presen ted  in T ab le 2 .1 .1 .1 . The va lu es used  

for ca lcu lation  o f  the extinction  co e ff ic ien ts  are tabulated in A p p en d ix  C.
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Figure 2 .1 .1 .2  U V /v is . spectra o f  —  (r |6-h exaeth y lb en zen e)C r(C O )3 (2 .1  x  10" 

4M ) and —  (r|6-l,2 -d ich lorob en zen e)C r(C O )3  ( 1.1 x  10_4M ) in cycloh exan e.

(r |6-arene)C r(C O )3 ^355 run

dm 3 m o l'1 cm -1

( ±  2 % )

vco
cm "1

(+  2 c m '1)

b enzene 3 0 6 0  a 1983, 1915 a

eth y lb en zen e 3 2 6 9 1979, 1910

o -x y len e 4121 1973, 1905

/-bu ty lbenzene 3 2 2 7 1971, 1908

h exaeth y lb en zen e 3 3 5 4 1953, 1881

p -ch loroto lu en e 40 0 5 1986, 1918

p -flu oro to lu en e 3195 1987, 1916

ch lorob en zene 3 8 6 7 1989, 1926

l,2 d ich lo ro b en zen e 6 0 7 9 1994, 1937, 1933

T ab le 2 .1 .1 .1  A  sum m ary o f  the ex tin ction  co effic ien ts  and the vc0 infrared  

stretch ing frequencies in cy c lo h ex a n e . a data taken from  referen ce 7.
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2.1.2 Primary Photoproduct.

Previous w ork carried out on  th is system  has dem onstrated co n c lu siv e ly  

that the (r)6-arene)C r(C O )2(s) (w here s =  so lvent) is the prim ary photoproduct in  

the p hotochem istry  o f  (r |6-arene)C r(C O )3 com pounds in  con d en sed  p h a se .5 6 

TR IR stu d ies7 confirm ed  that (r |6-b enzen e)C r(C O )2(s) (1 9 2 7 ,1 8 7 7  cm -1) is  the  

prim ary photoproduct in  alkane so lu tion  at room  tem perature and these results 

correlate w e ll w ith  those p rev iou sly  observed  in a m ethane m atrix (1 9 3 7 ,1 8 8 5  

cm -1) .5 It is lik e ly  that the vacant coordination  site  in  this interm ediate is  

occu p ied  b y  a m o lecu le  o f  so lven t(s) as a "token ligand"8 as in  the case o f  

C r(C O )5 w h ere th ese  h ig h ly  reactive 16 electron  sp ec ies  are k now n to  coordinate  

w eak ly  to m atrices, even  th ese  con sistin g  o f  inert n ob e l g a s e s .9 The  

coord in atively  unsaturated iso e lectron ic  M (C O )5 (M  =  Cr, M o ,W ) co m p lex es  are 

n o w  recogn ised  as coordinating to so lven t m o lecu les  fo llo w in g  p h oto ly sis  in  

so lu tion  at room  tem perature.10

O n p h oto ly sis  o f  (r|6-arene)C r(C O )3 (A,=355 nm ) com pounds in  

cyc loh exan e  the first transient sp ec ies observed  w as (r)6- 

arene)C r(C O )2(cy c lo h ex a n e) w h ich  is  probably form ed w ith in  the duration o f  the  

fla sh (10  n s) as in  the case o f  group 6 pentacarbonyl s p e c ie s .11  The overall 

p rocess is outlined  in  reaction  (2 .1 .2 .1 )

(ri6-arene)C r(C O )3 — hv -  >  (r |6-arene)C r(C O )2 +  CO

—  - >  0 i 6-arene)C r(C O )2(s) (2 .1 .2 .1 )

A  typ ica l transient signal ob ta in ed  fo llo w in g  355  nm  p h o to ly sis  o f  a (r|6- 

b en zene)C r(C O )3 m onitored  at 2 8 0  nm  is  show n in  F igure 2 .1 .2 .1  w here the  

d ecay  curve represents reaction  o f  the so lvated  d icarbonyl interm ediate tow ards  

CO  to regenerate parent tricarbonyl, see  R eaction  (2 .1 .2 .2 )

(ri6-arene)C r(C O )2(s) +  C O  >  (r)6-arene)C r(C O )3 +  s (2 .1 .2 .2 )

The return o f  the transient absorption  signal to the pre-irradiated lev e l ind icates  

com plete reversib ility  o f  the system . T he e ffec t o f  d ifferen t concentrations o f  CO  

on the life tim e o f  the so lvated  d icarbonyl sp ec ies w as then investigated . A s  the  

concentration o f  C O  increased  the life -tim e  o f  the dicarbonyl sp ec ies  decreased,
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thus confirm ing reaction o f  the (n 6-arene)Cr(CO )2(s) transient sp e c ie s  w ith CO. 

For instance w ith (r|6-ch lorobenzene)C r(C O )3 the life  tim e o f  the dicarbonyl 

sp ec ies is 2 2 .4  jis in the presence o f  9 .0  x  10"3M  CO w h ereas it increases to 44.5  

(is in the presence o f  4 .5  x  10"3M o f  CO. H ow ever, the in itia l y ie ld  o f  the 

transient sp ecies w as found  to be independent o f  added CO , confirm ing  that the 

signal is resu lting from  the production o f  a primary photoproduct.

10 us/Div

Figure 2 .1 .2 .1  A  typ ica l transient signal obtained for  the d eca y  o f  (r|6- 

benzene)C r(C O )2(cy c lo h ex a n e) at 2 8 0  nm  in the presen ce o f  (9 .0  x  10"3M ) CO.
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timebase= 20 us/diu

Figure 2 .1 .2 .2  T yp ical transient d ecay  curves as observed  under varying  

concentrations o f  CO  for (Ti6-ch lorob en zen e)C r(C O )2(cyc loh exan e).

A s the life-tim e o f  the so lva ted  co m p lex  depends on the concentration o f  

C O  the secon d  order rate for the reaction  o f  the solvated  co m p lex  w ith C O  to 

regenerate parent w as ca lcu la ted  from  the slope o f  a p lot o f  kobs versus CO  

concentration . A ll data for the ca lcu lation s is Tabulated in A ppendix A  and  

sum m arised in Table 2 .1 .2 .1 . A  d eca y  curve indicating the d ifferen ces in  

transients under varying con cen tration s o f  CO is show n in Figure 2 .1 .2 .2 .

A  typical U V /v is . d ifferen ce  spectrum  for these com pounds is g iven  in  

F igure 2 .1 .2 .3 . The s ign ifican t spectral features is the p ositive  absorption band at 

approxim ately  280  nm  w h ich  occu rs in the v a lley  o f  the absorption spectrum  o f  

the parent com pound and a d ep letion  in  the region betw een  3 2 0  nm  and 3 5 0  nm  

indicating depletion o f  tricarbonyl. ^  for all (r|6-arene)C r(C O )2(cyc loh exan e)  

occurs around 280  nm  h en ce  in d icatin g  a sim ilar interaction energy for all 

com pounds, h ow ever as the num ber o f  h a logen  substituents on  the b enzene ring  

increases the ^max. sh ifts to  lo w er  energy  to approxim ately 3 0 0  nm  as in the case  

o f  (ri6-l,2 -d ich lo ro b en zen e)C r(C O )2(cyc loh exan e). Figure 2 .1 .2 .4  contains a 

d ifferen ce  U V /v is. spectrum  under 1 atm. o f  CO recorded at various tim e  

intervals after the fla sh  and further ind icates reversib ility  o f  the system  under 

th ese  conditions.
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0.3

Wavelength (nm)

Figure 2 .1 .2 .3  U V /v is. d ifferen ce  spectra after lj is  fo llow in g  flash photo lysis o f  

(r |6-o-xylene)C r(C O )3 in cy c lo h ex a n e  at 355nm  under 1 atm CO (9 .0  x 10‘3M) at 

298K .

W a v i ' l ^ n o t h  frioi'*

Figure 2 .1 .2 .4  U V /vis. d ifferen ce  spectra at different time bases fo llo w in g  flash 

p h o to ly sis  o f  (r|6-/7-fluorotoluene)C r(C O )3 in  cycloh exan e at 355nm  under 1 atm 

C O  (9 .0  x  10‘3M ) at 298K .
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(a)

K o b s  x

[CO] x  10-3 (M )

t - b u t y l b e n z e n e  “ e t hyl benzene  ~ A~  o - x v l e n e

(b )

[CO] x  10*3 (M )

* 1 2 - d i c h lo r o b e n z e n e  1 c h lo ro b e n ze n e

* p - c h lo r o to lu e n e  1 p - f ) u o r o to lu e n e

Figure 2 .1 .2 .5  P lot o f  versus CO concentration (m ol dm -3) for the decay o f  

(r |6-arene)C r(C O )2(cy c lo h ex a n e) interm ediates for all arene compounds 

investigated.
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A rene k 2 x ( 1 0 - 6) 

m o l_1dm 3s“1 +  10%

1,2 d ich lorobenzene a 3 .9

ch lorob en zene a 4 .8

p -flou roto iu en e a 3 .6

p -ch loroto lu en e a 4 .2

ben zen e a 9 .8

to luene b 9 .4

ethyl a 6 .7

/-butyl a 7 .8

o -x y len e  a 7.1

p -x y le n e  b 8.3

m esity len e  b 13

h exam ethybenzene b 15

hexaeth y lb en zen e  a 6 0 .0

Table 2 .1 .2 .1  S econ d  order rate constants (k2) for reaction  o f  (r |6- 

arene)C r(C O )2(cyc loh exan e) w ith  CO  to regenerate tricarbonyl a th is w ork, b 

reference 3.

The rate constant data presen ted  in  T able 2 .1 .2 .1  outline the variation  

observed  in secon d  order rate constants for R eaction  2 .1 .2 .2  as the nature o f  the 

arene ligand is changed. A s the num ber o f  electron  donating substituents on  the 

arene ring increase there is  a gradual increase in  the secon d  order rate constant 

and vice versa for e lectron  w ithdraw ing substituents. H ow ever, it is o n ly  for the  

h igh ly  substituted arene co m p lex es  that sign ifican t d ifferen ces in  secon d  order 

rate constants are observed . It w as assum ed  that the e lectron  donating e ffec t o f  

the hexaeth ylbenzene ligand  w o u ld  increase the stab ility  o f  the so lvated  

dicarbonyl and thereby decrease the reaction  rate o f  th is sp ec ies  tow ards C O  by  

form ing a m ore stable chrom ium  dicarbonyl com p lex . T he opposite  e ffe c t  w as  

observed  and this suggests that steric e ffec ts  are im portant in  determ ining the rate 

o f  reaction  o f  the dicarbonyl fragm ent w ith  CO , but th ese  cou ld  relate to  the 

internal freedom s associa ted  w ith  the interm ediate. There are tw o  p rocesses  

w h ich  are in fluenced  b y  steric factors, the approach o f  the in com in g  ligand  (C O ) 

and d isp lacem ent o f  cyc loh exan e . Steric interactions w ith  m o lecu les  such  as CO
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are lik e ly  to be sm all and a w eak en in g  o f  the Cr— cycloh exan e  is probably the 

major effect. W hatever the precise  nature o f  the steric interaction, these  

experim ents indicate that substituents som e d istance from  the m etal centre can  

in fluence the rate o f  reaction  o f  the m etal.

This observation  is  not unique in so  far as it has prev iou sly  b een  observed  

for the isoelectron ic  (r |5-cyc lop en tad ien y l)M n (C O )3 system  w here P o lia k o ff and  

cow ork ers12 carried out a study o f  the steric e ffec ts  on  the k inetics o f  (r |5- 

C 5R 5)M n (C O )2(s) in  «-heptane so lu tion  u sin g  TR IR  sp ectroscop y  as outlined  in  

Table 2 .1 .2 .2 . For th is system , the rate constan t for the reaction o f  CO  w ith  (r |5- 

C 5R 5)M n (C O )2(« -heptane) increased  s ign ifican tly , as R  w as changed from  H to  

M e to Et, h ence ind icating  a sim ilar trend to  that observed  in the chrom ium  

system . T h ey  proposed  that the increase in  rate constants w as sterica lly  

controlled  as C 5M e 5 and C 5Et5 have sim ilar e lectron ic  characters.

Ol 5-C 5R 5)M n (C O )3 k2 x ( 1 0 “6)

m o H d n r V 1

CsH< 0.81

C s(C H ,)s 1.6

C s(C 9H O s 5 .4

Table 2 . 1 . 2 . 2  S econ d  order rate constant for the reaction  o f  substituted (r)5- 

C 5R 5)M n (C O )2(«-heptane) tow ards CO , data taken from  reference 12.

2 .1 .3  A c tiv a tio n  p a r a m ete r s  for  th e  r e a c tio n  o f  (ri6-a r e n e )C r (C O )2(s) w ith  

C O .

The activation  param eters for the reaction o f  (r|6- 

arene)C r(C O )2(cy c lo h ex a n e) w ith  C O  w ere ca lcu la ted  usin g  Arrhenius and  

Eyring equations (S ection  7 .9 ). The secon d  order rate constant k2 used  in  the  

calculations w as ca lcu lated  as fo llo w s; k2 =  kobs/[C O ], w here [CO] =  9 .0  x  10“ 

3M . The activation  param eters are listed  in T able 2 . 1.3.3 and the experim ental 

data is g iven  in  T ables B 1 to  B 7  in  A p p en d ix  B and a representative graph for the  

Arrhenius and Eyring p lot in  F igure 2 . 1 . 3 . 1 .
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Ln(Kobs/[CO])

(a)

( 1 /T J /K  x 1CT-3

(b)

Ln(KobS/[CO]/T)

( 1 / T J / K  x 1CT-3

Figure 2 .1 .3 .1  A rrhenius and Eyring plot for the reaction  o f  (r)6- 

ethylbenzene)C r(C O )2(cy c lo h e x a n e ) w ith  C O  to regenerate parent tricarbonyl.
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(r| 6-arene)C r(C O )3 A H *  

kJm ol-1 

(+  2 kJm ol'1)

A S *  

J m o H K -1 

(+  5 J m o H )

AG*(298K) 

kJm ol-1 

(+  2 kJm ol-1)

l,2 d ich lo ro b en zen e  a 22 -43 35

ch lorob en zen e a 22 -38 33

p -flu oro to lu en e  a 25 -38 36

p -ch loroto lu en e  a 25 -3 4 35

b en zen e  b 22 -3 7 33

to lu en e b 23 -35 33

eth y lb en zen e a 25 -28 33

o x y le n e  a 25 -28 33

/7-xylene b 24 -28 32

m esity len e  b 24 -2 7 32

h exam eth y lb en zen e b 25 -2 6 33

h exaeth y lb en zen e a 22 -23 29

Table 2 .1 .3 .3  A ctiva tion  param eters for the reaction  o f  (/n6- 

arene)C r(C O )2(cy c lo h ex a n e) w ith  CO. a denotes this w ork, b referen ce 3.

The enthalpy o f  activation  A H * for the carbon m on ox id e  recom bination  

for all the co m p lex es  is  constant at 2 4  +  2 kJ m o l-1 . T he reported binding energy  

o f  cyc loh exan e  to C r(C O )6 w as found  to be 52  kJ m o l-1 from  photoacoustic  

m easurem en ts,13 h o w ev er  there appears to  be no  literature va lu es concern ing the 

Cr to alkane b ond  in  ( q 6-arene)C r(C O )2 alkane interm ediates. In other system s, 

it has b een  sh ow n  that reactions o f  the photofragm ent w ith  so lven t is  rap id1 4 ’15  

h ence A H * for the lo ss  o f  so lven t from  the so lven t adduct approxim ates the bond  

energy o f  the m etal to so lven t bond. A ssu m in g  the interaction energy  b etw een  

Cr(CO )5 and cyc loh exan e  is sim ilar to that o f  (ri6-arene)C r(C O )2 and 

cycloh exan e and in  v ie w  o f  the fact that th ese  resu lts are s ign ifican tly  low er  than  

those o f  B u rk ey ,13  it is u n lik e ly  that d issoc ia tive  lo ss  o f  so lven t is  the rate 

determ ining step and that an interchange m echan ism  m ay be occurring. Thus
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reaction o f  (ri6-arene)C r(C O )2(cy c lo h ex a n e) w ith  CO  in v o lv es  a transition state, 

w here the CO m o lecu le  coordinates to the m etal centre concom itant w ith  lo ss  o f  

cyclohexane. The activation  entrop ies A S *  are n ega tive  for CO recom bination  

studies here. This observation  a lon g  w ith  th ose  o f  the A H * m easurem ents is 

consistent w ith  an interchange m ech an ism  for C O  binding rather than a 

dissocia tive m echan ism , in  w h ich  the A S *  va lu es shou ld  be c loser to zero or 

perhaps positive. A  further in sigh t into the p roposed  interchange m ech an ism  for  

so lvent d isp lacem ent w as obtained b y  varyin g the nature o f  the alkane so lven t  

and exam ining this e ffec t on the secon d  order rate constant. T he results are 

discu ssed  in Section  2 .3  and are con sisten t w ith  an interchange m echan ism  

occurring.

Figure 2 .1 .3 .2  The nature o f  the transition state for an interchange m ech an ism  for 

so lvent d isp lacem ent b y  CO  in (r)6-arene)C r(C O )2(cyc loh exan e).
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2.1.4 Secondary photoproduct.

For all the (r|6-arene)C r(C O )3 com p ou n d s investigated  (those in Table

2 .1 .3 .3 )  by laser flash  p h o to ly sis  under 1 atm. o f  argon on ly  (r|6- 

hexaethylbenzene)C r(C O )3 w as fou n d  to g iv e  rise to a secondary photoproduct. 

W ith all the other substituted arenes on ly  on e  transient species w as observed  

w h ich  w as assigned to the so lv a ted  d icarbonyl interm ediate. Figure 2 .1 .4 .1  

contains a typical spectrum  o f  th ese  system s and th is spectrum  appears to be no  

different to those under one atm osphere o f  CO  as seen  in Figure 2 .1 .2 .3 . 

H ow ever, w ith  (q 6-h exaeth y lb en zen e)C r(C O )3 a longer lived  transient species  

w as observed  as seen  in the U V /v is . transient spectrum  in  Figure 2 .1 .4 .2  w ith  

m axim a at 290  and 4 1 0  nm w h ich  is assigned  to (r|6- 

h exaeth y lb en zen e)2Cr2(C O )5.

270 300 330 300 390 420 450 480 510 540 570 600

W avelength (nm)

Figure 2 .1 .4 .1 . U V /v is . d ifferen ce  spectrum  after 100 jis fo llo w in g  flash  

p h oto ly sis  o f  (r|6-/?-chlorotoluene)C r(C O )3 in  cyc loh exan e  at 355 nm  under 1 

atm. o f  argon at 298  K.
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Figure 2 .1 .4 .2  U V /v is . d ifference spectra after lOOfis fo llo w in g  fla sh  photo lysis  

o f  (r |6-hexaethylbenzene)C r(C O )3 under 1 atm. argon.

\

o

Figure 2 .1 .4 .3  T ransient signal for form ation o f  the secondary photoproduct - at 

4 1 0  nm  under 1 atm. argon fo llo w in g  flash p h oto lysis o f  (r|6-h exaeth y lb en zen e)-  

C r(C O )3
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The concentration  o f  tricarbonyl w as varied to investigate  its e ffect on  the 

observed rate constant. A  linear relationsh ip  w as ob served  and a plot o f  kobs 

versus concentration o f  parent gave  an estim ate o f  the secon d  order rate for  

form ation o f  th is sp ec ies  b ein g  8 .8 4  x  107 m o l'1dm 3s ' 1 as illustrated in Figure  

2 .1 .4 .4 .

T hese observations are con sisten t w ith  the form ation  o f  a dinuclear  

species form ed b y  the reaction  o f  (ri6-h exaeth y lb en zen e)C r(C O )2(cyc loh exan e)  

w ith  the parent tricarbonyl (R eaction  2 .1 .4 .1 ) . A lth ou gh  there is no defin ite  

ev id en ce for the structure o f  th is d inuclear com p ound  it is probable that the 

Cr(CO )2 fragm ent is bound to the C r(C O )3 v ia  a Cr-Cr interaction and a bridging  

carbonyl group. T his sp ec ies  has p rev iou sly  b een  observed  for (r|6- 

styrene)C r(C O )3 w ith  a secon d  order rate constant o f  form ation o f  3 .2  x  107 

dm 3m ol-1s-1, w here coord ination  o f  the unsaturated fragm ent to the parent occurs 

via a r|2 interaction w ith  the v in y lic  group o f  the p aren t.16 A  dinuclear com p lex  

has p reviou sly  b een  postu lated  for (r |6-b en zen e)C r(C O )3 w ith  a secon d  order rate 

constant o f  4 .8  x  107 dm 3m o l-1s-1. 7

(ri6-hexaeth y lb en zen e)C r(C O )2(s) +  (n 6-hexaeth ylb en zen e)C r(C O )3

 >  (ri6-h ex a eth y lb en zen e)2Cr2(C O )5 +  (s)

(2 .1 .4 .1 )
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0 1 2 3 4 5 6 7 8 9

[(r| 6-hexaeth y lb en zen e)C r(C O )3 ] 

x  104 m ol dm -3

[(rj 6-h exaeth y lb en zen e)-  

C r(C O )3] x  lO-^mol dm -3
W  x  1 0 -4

( s -1)

2 .65 3 .4 6

3.3 3 .61

3 .6 3 .6 8

4 .38 4 .63

4 .8 4 .8 0

5 .63 5 .9 8

7.75 7 .7 5

8 .46 8 .1 9

Slope =  8 .8 4  x  107 +  4 .4  x  106 dm 3 m o l'1 s '1 

Intercept =  7 7 .6 4  x  102 +  2 4 .4  x  102 s*1 

corr. co e ff . = 0 .9 9

Figure 2 .1 .4 .4  A  p lo t o f  kobs versus concentration  for reaction o f  (ri6- 

hexaeth ylbenzene)C r(C O )3 w ith  (ri6-hexaethylbenzene)C r(C O )2(cyc loh exan e) at 

2 9 8  K.
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U sing infrared d etection  w ith  nujol m ulls at 77 K, R est and cow orkers  

have recently reported form ation o f  a dinuclear com pound for (r|6- 

b en zen e)C r(C O ):„ w h ich  th ey  proposed  to form  by reaction o f  the so lvated  

dicarbonyl species w ith  u n p h oto lysed  material in so lu tio n .6 U sin g  TR IR  a 

dinuclear species has been  iden tified  for the isoelectric  (ri5-C 5H 5)M n (C O )3 
com pound, coordination w as su ggested  to occur through M n-M n interaction w ith  

a bridging carbonyl group w ith  a secon d  order rate constant o f  form ation 1.1 x  

106 dm 3m ol-1s_1.14 From  previou s investigations and from  the results in this  

stu dy it w ou ld  not be u n lik e ly  to assum e that in (r|6-h exaeth y lb en zen e)2Cr2(C O )5 
coord in ation  occurs through Cr-Cr interaction and the presen ce o f  a bridging  

carbonyl group as sh ow n  in F igure 2 .1 .4 .5 .

F igure 2 .1 .4 .5  A  p o ss ib le  structure for the dinuclear sp ec ies (r|6- 

h exaeth y lb en zen e)2Cr2(C O )5.



2.2.0 Laser flash photolysis of (r|6-arene)Mo(CO)3.

Surprisingly, n o  deta iled  photochem istry appears to have carried out on 

(r |6-aren e)M o(C O )3 com pounds. H ence, matrix iso la tion  and tim e resolved  

infrared sp ectroscop y  experim ents w ere necessary  to characterise the primary 

photoproduct and U V /v is . flash  p h oto lysis  studies w ere u tilised  to carry out 

kinetic analyses on  th is system . The range o f  arenes studied  include benzene, p- 
x y len e, 1 ,3 ,5 -m esity len e  and hexam ethylbenzene.

2.2.1 Electronic absorption spectrum.

The U V /v is . spectrum  o f  (ri6- l,3 ,5 -m e s ity le n e )M o (C O )3 in cyc loh exan e  is 

sh ow n  in  figure 2 .2 .1 .1 , w h ich  is typ ical o f  the m olyb d en u m  system  studied in 

th is investigation . T h ese  com p ounds have a very  sharp centred around 320  

nm  w h ich  is a ssign ed  to a M o — >  arene charge transfer transition w ith  som e  

M o — >  CO charge transfer character. There is a lso  a shoulder around 255 nm  

w h ich  is assigned  to  a M o — >  n* CO  charge transfer.17

Figure 2 .2 .1 .1  U V /v is . spectrum  o f  (ri6-l,3 ,5 -m e s ity len e )M o (C O )3  in 

cy c lo h ex a n e  (2.1 x  10‘4M )
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A  sum m ary o f  the U V /v is . ex tinction  co e ff ic ien ts  o f  the com pounds  

investigated  in this study at 2 6 6  nm  and the vco  infrared stretching frequ en cies in  

c yc loh exan e  for all the com p ounds is presen ted  in  T ab le 2 .2 .1 .1 . The va lu es  

u sed  for ca lcu lation  o f  the ex tin ction  co effic ien ts  are tabulated in  A p p en d ix  C.

Cn6-
arene)M o(C O )3

^266 nm
dm 3 m ol-1 cm -1

(±  2 %)

v co  
cm -1 

(+  2 c m '1)

ben zen e 2 0 5 0 1987, 1916

£>-xylene 2 2 6 0 1976, 1905

1 ,3 ,5 -m esity len e 2908 1973, 1901

h exam eth y lb en zen e 3469 1959, 1884

Table 2 .2 .1 .1  A  sum m ary o f  the extinction  c o e ffic ien ts  and the vco infrared  

stretching frequ en cies in  cyc loh exan e .

2.2.2 Primary Photoproduct.

2.2.2.1 Matrix isolation.

The techn ique o f  lo w  tem perature m atrix iso la tio n  is a usefu l m eans o f  

generating and sp ectroscop ica lly  characterising sp ec ies  that m ay act as 

interm ediates in  solu tion . T he spectrum  o f  (ri6- l,3 ,5 -m e s ity le n e )M o (C O )3 in  a 

m ethane m atrix at 12K  con sists  o f  tw o  strong bands in  the term inal carbonyl 

stretching reg ion  at 1973 and 1898 cm -1. O n irradiation at 313  nm  n ew  bands 

w ere produced at 1914 and 1861 cm -1, a lso  a band assign ed  to  free CO  in  the  

m atrix is observable at 2 1 3 7  cm -1 (a lbeit very  w eak) as seen  in  F igure 2 .2 .2 .1 .1 .

R est and co -w ork ers5 som e years ago carried out m atrix iso la tion  

experim ents on  the analogous (r |6-b enzen e)C r(C O )3 system . U p on  p h o to ly sis  

n ew  bands at 1925 and 1870  cm -1 w ere observed  w h ic h  th ey  assigned  to b ein g  

(r|6-benzen e)C r(C O )2(C H 4), - va lu es are tabulated in  T able 2 .2 .2 .1 .1 .
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Figure 2 .2 .2 .1 .1  Spectrum  o f  (r|6- l,3 ,5 -m e s ity le n e )M o (C O )3 in  a C H 4 matrix  

fo llo w in g  313 rnn irradiation at 12K.

com pound cm "1

(ri6-b enzen e)C r(C O )3a 1982 , 1913

(r|6-benzene)C r(C O )?a 1925 , 1870

(r|6-l,3 ,5 -m esity len e)M o(C O )-?b 1973 , 1898

( t |6- 1 ,3 ,5 -m esity len e)M o (C O )2b 1914 , 1861

T able 2 .2 .2 .1 .1  B ands observed  on  p h oto lysis  o f  (ri6-arene)M (C O )3 (M =Cr or 

M o) in a m ethane m atrix at 12 K. a data taken from  referen ce  3 and b this work.

From  a com parison  o f  these values for both the Cr and the M o system  the 

m ost probable exp lanation  for this n ew  product sp ec ies  is (rj6- 1,3,5- 

m esity len e)M o(C O )2(C H 4) w ith  the n ew  bands assign ed  to the term inal carbonyl 

stretch ing m odes o f  a M o(C O )2(C H 4) fragm ent having lo ca l C 2V sym m etry.
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2.2.1.2 Flash photolysis with TRIR detection.

The TR IR d ifferen ce spectrum  obtained  after 10 fis in cyc loh exan e  in the  

presen ce o f  1 atm. o f  C O  (9 .0  x  10"3M ) fo llo w in g  3 0 8  nm  p h oto lysis  ind icates  

d epletion  o f  the parent bands at 1974  and 1900 cm -1 a long w ith  the form ation o f  

tw o  p ositive  absorptions bands at 1914 and 1860 c m '1 w h ich  represent the  

production o f  a prim ary photoproduct (see  F igure 2 .2 .2 .2 .1 ) . The form ation  o f  

these tw o  n ew  bands at decreasing  carbonyl stretching frequencies have b een  

attributed to the form ation o f  the dicarbonyl sp ec ies  and their observed  frequ en cy  

in  cyc loh exan e  is  sim ilar to  that p rev iou sly  observed  for ( t |6-b en zen e)C r(C O )2 in  

a m ethane m atrix (vide supra).5

P revious studies have in d icated  that it is  u n lik ely  that a 16 electron  sp ec ies  

rem ains uncoordinated  in  so lu tion , and h en ce  it is m ost probable that th is sp ec ies  

ex ists as a so lvated  in term ed iate.7 ' 8 Thus the prim ary photochem ica l reaction  

o f  (ri6-l,3 ,5 -m e s ity le n e )M o (C O )3 can be sum m arised as fo llo w s  in  reactions

2 .2 .2 .2 .1  and 2 .2 .2 .2 .2 ;

(n 6-l,3 ,5 -m e s ity le n e )M o (C O )3 ^ v ->  (r |6- l,3 ,5 -m e s ity le n e )M o (C O )2 +  CO

(2 .2 .2 .2 .1 )

(r|6- l,3 ,5 -m e s ity le n e )M o (C O )2 — -—>  (ri6- l,3 ,5 -m e s ity le n e )M o (C O )2(s)

(2 .2 2 .2 .2)

TR IR studies have b een  carried out on  (r|6-benzen e)C r(C O )3 in «-heptane  

so lu tion  in  the presen ce o f  C O  (9 .0  x  10~3M ),7 dep letion  o f  parent w as ev id en t at 

1983 and 1915 cm -1, and photoprodu ction  o f  a transient species at 1927 and  

1877 cm -1 w h ich  w as a ssign ed  to  be (r)6-b enzen e)C r(C O )2(s) (w here s=heptane), 

see  Table 2 .2 .2 .2 .1 . T he sh ifts o f  the h igh  and lo w  energy bands resp ective  to  

parent vco  bands are re la tive ly  com parable for both  chrom ium  and m olybdenum , 

w ith  a d ifference o f  58 and 38  cm"1 for the h igh  and lo w  frequency band for the 

chrom ium  system  w h ile  w ith  the m olyb d en u m  com pound a d ifference o f  6 0  and  

42  cm -1 w as m easured for the h igh  and lo w  carbonyl stretching frequencies.
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com pound cm -1

(n 6-benzene)C r(C O )^a 1983 ,1915

(r|6-benzene)C r(C O )?a 1 9 2 7 ,1877

(r|6-l,3 ,5 -m esity len e)M o (C O )^ 1974 ,1902

(r|6-l,3 ,5 -m esity len e)M o(C O )-) 19 1 4 ,1 8 6 0

T able 2 .2 .2 .2 .1  TR IR  data fo llo w in g  p h oto ly sis  o f  (r |6- l ,3 ,5 -

m esity len e)M o (C O )3 in  cyc loh exan e  and (r |6-b en zen e)C r(C O )3 in  « -heptane. a 

data taken from  reference 7.

The b im olecu lar rate constant for the reaction o f  (r |6- 1 ,3 ,5 -  

m esity len e)M o(C O )2(s) (s  =  cy c lo h ex a n e) w ith  CO  u sin g  TR IR  w as ca lcu la ted  to 

be 1.7 x  106 dm 3m o l-1s-1 . This rate data can then  be u sed  to correlate the resu lts  

o f  both  TR IR  and U V /v is . fla sh  p h oto ly sis  studies and is presen ted  in  Table

2 .2 .2 .5 .1  a long side U V /v is . values.

U nder latm . CO  (9 .0  x  10_3M ) the chrom ium  system  w as found  to be fu lly  

reversib le but this w a s  not so  in  the case  o f  (ri6- l ,3 ,5 -m e s ity le n e )M o (C O )3, as 

d ep letion  o f  parent recovered  to o n ly  about 50%  o f  its  in itia l absorbance under  

th ese  conditions as observed  from  TR IR  experim ents.
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Figure 2.2.2.2.1 T R IR  difference spectra o f (r|6-l,3 .5 -m esitylen e)M o(C O )3 in 
cyclohexane recorded 10, 40 and 180ns after the flash. 1 atm. C O  (9.0 x  10-3M ).
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Figure 2.2.2.2.2 Transient signal at 1914 cm "1 fo llow ing flash photolysis o f (r|6- 

l , 3 ,5-m esitylene)M o(CO )3 in  cyclohexane, 1 atm. o f C O  (9.0 x  10_3M ).

2.2.2.3 Determ ination of the bond angle.

To a good approxim ation the relative intensities o f different C O  stretching 

modes can be used to calculate the angles between the carbonyls using a sim ple 
m odel. 18  In this model, each C O  oscillator is treated as a dipole vector, and the 
total dipole vector for the entire vibrational mode is taken to be the vector sum o f 
these individual vectors. Since the intensities are proportional to the square o f 
the dipole vectors, there is a relationship between the intensities o f the absorption 
bands and the angles between C -O  bond vectors. The angle between the 
oscillating dipoles o f these C O  groups can be found from their relative 

absorption intensities.
For the case o f two C -O  groups the ratio o f the intensities o f the 

symmetric and antisym m etric bands is given by

âsym
 =  tan2(0/2 )

^s\m

From  Figure 2.2.2.2.1 an estimate o f the O C -M o -C O  bond angle was calculated 
using the above equation where 0 is the bond angle, I svm is the intensity o f the
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symmetric (high wave number) band, and is the intensity o f the

antisymmetric (low  wave number) band. The ratio o f the (Iasym^sym) was found 
to be 0.86  + 0.1 which gives a bond angle o f 85.7° +  3.3°. This angle is in  close 

agreement to that derived from  crystallographic studies for (r| 6-p- 
xylene)M o(CO )2(c/s-cyclooctene) where the O C -M o -C O  bond angle is 8 4 .4 °.19 
and sim ilar to that o f the parent compound (r|6-1.3,5-m esitylene)M o(CO )3 (88-91 

°).20  Thus loss o f C O  from (r)6- l , 3 ,5 -m esitylene)M o(CO )3 does not appear to 
have a significant effect on the O C -M o -C O  bond angle o f the (ri6- 1,3,5- 

m esitylene)M o(CO )2 fragment p o ssib ly  as a result o f com plexation by a solvent 
molecule.

2.2.2.4 Q uantum  yie ld  ca lcu lation s fo r C O  loss.

The quantum yield  o f C O  loss from (r|6-benzene)M o(CO )3 was measured 
to be 0.2 in cyclohexane solution using pyridine as the incom ing ligand (Reaction 
2 .2 .2 .4 .1). Previous workers have calculated the quantum yie ld  for the analogous 
chromium system 21  to be 0.72 and this yie ld  was found to be independent o f 

entering ligand, its concentration and also wavelength o f irradiation. The 
quantum yie ld  for C O  loss from  chrom ium  is some three times greater than that 
obtained for the molybdenum system , thereby indicating a less efficient C O  loss 
process for the molybdenum metal centre.

Reaction 2.2.2.4.1 Substitution o f a C O  m olecule by pyridine fo llow ing flash 
photolysis.

W ith (rj6-benzene)Cr(CO )3 it is thought that the ligand fie ld  (L F )  energy is below 
that o f the metal to ligand charge transfer (M L C T ) level,4 hence the high
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efficiency for the C O  loss process. Is it possible that in the case o f the 

molybdenum compounds the L F  level m ay now be at a higher energy level 

thereby giving very inefficient population o f the L F  as is outlined in Figure
2 .2 .2 .4.1 and this theory would help to explain the differences in quantum yields 
between the two metals and also w hy a greater excitation energy is required for 
flash  photolysis o f Mo compounds.

________  MLCT

________  L F  >  CO loss

hv

C r

  L F  >CO loss

T  MLCT

hv

M o

Figure 2.2.2.4.1 Possible variation in  energy levels for (r|6-arene)Cr(CO )3 as 

opposed to (r|6-arene)M o(CO )3.

There is no evidence for this postulate but this energy level diagram  does 
help to explain the significant difference in quantum yields. To  validate this 
theory it would be necessary to carry out resonance Ram an spectroscopy 
measurements in order to determine whether or not the M L C T  transition is below 
the L F  level.

2.2.2.5 F lash  photolysis w ith U V /vis. detection.

The transient signals obtained fo llow ing flash photolysis o f (r|6- 
arene)M o(CO )3 at 355 nm were extrem ely weak, consequently experiments were 
conducted using the 266 nm line in  order to m axim ise the transient signal 
intensity. The energy o f the laser at 266 nm is typ ica lly  70-80m J per pulse w hile 
at 355 nm it is somewhat lower w ith an average laser pulse o f 50m J. The rate 
constant data were obtained by m easuring the recovery o f parent depletion rather 
than the rate o f decay o f (n 6-arene)M o(CO )2(s) absorption as the only region that 
the dicarbonyl absorbs more strongly than the tricarbonyl (-2 7 0  nm ) is too close 

to the laser wavelength (266 nm) for reliable data to be obtained. A  typical
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transient signal indicating the recovery o f parent absorption is presented in Figure
2.2.2.5.1, depletion o f parent occurs at 330 run for all compounds and hence this 
was used as the m onitoring wavelength.

Figure 2.2.2.5.1 A  typical transient signal fo llow ing flash photolysis o f (r|6-p- 
xylene)M o(CO )3 in  cyclohexane under 1 atm. o f C O  (9.0 x  10'3M ) at 330 nm.

The U V /vis. difference spectrum o f the first observable species recorded 
20|is after the flash shows a A ^ *  at 270 nm and another m axim um  at 360 nm, 
also a depletion is evident at 330 nm (Figure 2.2.2.5.2) Th is depletion at 330 nm 
corresponds to A ^ ^  o f the parent tricarbonyl. The effect o f different 
concentrations o f C O  on the rate o f recovery o f the parent tricarbonyl was 
investigated extensively using U V /vis. detection. Th is study showed that the 
lifetim e o f the prim ary species decreased upon addition o f C O , however this 
addition had no effect on the degree o f depletion. A s the life  time o f the (r|6- 

arene)M o(CO)2(s) species depends on the concentration o f C O , a plot o f kobs
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versus C O  concentration provides the second order rate constant for the reaction 

o f this solvated species w ith C O  to regenerate parent (data in Tables A9 to A 12). 

The pseudo first order plots are presented in Figure 2.2.2.5.3. The concentration 

o f C O  was assumed to be 9.0 x  10-3M at 1 atm.22  The second order rate 

constants for the reaction for the solvated dicarbonyl intermediate are 
summarised in Table 2.2.2.5.1.

Wavelength (nm)

Figure 2.2.2.5.2. U V /vis. difference spectrum recorded 20|is after the flash 
fo llo w in g flash photolysis o f (r|6-benzene)M o(CO )3 in cyclohexane under 1 atm 
C O  (9.0 x  10"3M )
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20

—— benzene —  /»-xylene 1.3,5-mesitylene — Hexamethylbenzcne

[C O ] 

x  103 M.

Figure 2.2.2.5.3. Plot o f versus C O  concentration (m ol dm-3) for the decay 

o f (ri6-arene)M o(CO )2(cyclohexane).

(r|6-arene)M o(CO )3 k 2 x  10-6 

dm3m ol_1s-1

detection

benzene 1.5 U V /vis.

^-xylene 1.6 U V /vis.

1,3,5-mesitylene 1.8 U V /vis.

1,3,5-mesitylene 1.7 TR 1R

hexamethylbenzene 2.1 U V /vis.

Table 2.2.2.5.1 Second order rate constants for the reaction o f the solvated 
dicarbonyl species towards C O  to regenerate parent tricarbonyl.
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The second order rate constant for the reaction o f (r)6-

benzene)M o(CO )2(s) towards C O  is sim ilar to that o f analogous (r|6-
benzene)Cr(CO )2(s) compound (9.8 x  106 dm3m ol“1s' 1) , 7 and to that o f 

C r(C O )5(s) towards C O  (2.3 x  106 dm3m ol- 1s-1) .23  Both U V /vis. and T R IR  
were used to measure the reactivity o f the solvated dicarbonyl intermediate in  the 
case o f the m esitylene ligand and there appears to be a good correlation between 
these two methods o f detection. The reactivity o f the solvated dicarbonyl 
intermediate was investigated by varying the arene substituent on the benzene 
ring. From  Table 2.2.2.5.1 it can be seen that there is little variation in second 
order rate constant for any o f the arene compounds investigated. These results 
are in  contrast to the results obtained for the analogous chromium  system (see 
Section 2.1.2 and table 2.1.2.1.).

The reactivity o f (ri6-l,3 ,5-m esity len e)M o (C O )2(s) towards pyridine was 
measured. The second order constant for reaction o f the solvated intermediate 

towards pyridine (3.2 x  107 dm3m o l'1s_1) is more than an order o f magnitude 
greater than that towards C O  (data given in  Figure 2 .2 .2 .5.3). T h is difference in  
reactivity can be attributed to the greater a-donating ab ility  o f pyridine, hence 

pyridine is a stronger nucleophile than C O . Th is increase in bim olecular rate 
constant has previously been observed for the C r(C O )6 system where a thirty fo ld  
increase in  the rate o f displacem ent o f cyclohexane by pyridine compared to that 
o f C O  was calculated and the second order rate constant for form ation o f (r|6- 
benzene)Cr(CO )2(pyridine) was measured to be 3.7 x  107 dm3m ol'1s_1.24

ligand k 2 x  10-6 

dm3m ol- 1s-1

C O 1.81

pyridine 32.1

Table 2.2.2.5.2 Second order rate constants for the rate o f reaction o f (r|6-l,3 ,5 - 

m esitylene)M o(CO )2(s) towards ligand.
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[pyndine] 
x 103 mol dm3.

[ L ] x  I0 3 

(mol dm '3)
k obsx  10-4 

s“1

2.0 3.25

4.0 10.61

5.0 12.54

6.0 16.45

Slope =  3.21 x  107 +  2.29 x  106 

Intercept =  -2.9 x  104 +  6.7 +  103 

Corr. coeff. = 0 .9 9

Figure 2 .2 ,2 .5.3 Second order rate constant data for formation o f (rj6- 1,3,5- 

m esitylene)M o(CO )2(pyridine) m onitored at 470 nm at 298 K .
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The U V /vis. Difference spectrum o f the ligated pyridine dicarbonyl 
com plex o f molybdenum is contained in Figure 2.2.2.5.5. In this com plex a 
Ajnax appears at approximately 470 nm. The changes observed in the parent 

com plex as the sample is irradiated indicate a grow  in  at -4 7 0  nm. A  typical 

grow -in at 470 nm is presented in Figure 2 .2 .2.5.4.

tinebase= 20 us/diu

Figure 2.2.2.5.4 A  grow -in transient signal for form ation o f the substituted (ri6-

l,3,5-m esitylene)M o(CO )2(pyridine) at 470 nm.
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Figure 2.2.2.5.5 U V /vis. difference spectrum o f the formation o f (r)6- 1,3,5- 
m esitylene)M o(CO )2(pyndine).

Figure 2.2.2.5 .6 D ifferences observed in the U V /vis. absorption spectrum o f (r|6- 
l,3 ,5-m esitylene)M o(C O )3 during the flash photolysis experiment in the presence 

o f pyridine.
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This substitution o f a C O  m olecule by pyndine results in a red shift in the 

absorption bands o f the dicarbonyl compared to that o f the parent complex. This 
low  energy absorption band is assigned to being metal to pyndine charge transfer 
in character. W ith the corresponding chromium system a grow -in ascribed to the 

pyridine analogue is visib le at 500 nm as shown in Figure 22.2.5.1. Th is blue 

sh ift with the molybdenum system as opposed to the chromium indicates a 
stronger interaction o f the metal towards the ligand. It is observable that for the 

chromium system isosbestic points are maintained at 298 and 350 nm as (r)6- 

benzene)Cr(CO )3 is photolysed in the presence o f pyndine.

Figure 2.22.5.1  U V /vis. spectrum fo llow ing irradiation o f (r|6-benzene)Cr(CO )3 

in  the presence o f pyridine.
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2.2.2 .6 A ctivatio n  param eters for the reaction of (r|6-a ren e)M o (C O )2(s) with 
C O .

Activation parameters were obtained using Arrhenius and Eyrin g plots over a 
temperature range o f 288-320 K  for Reaction 2 .2 .2.6 .1.

(r|6-arene)M o(CO )2(s) +  C O  > (r|6-arene)M o(CO )3 + s (2.2.2.6 .1)

Data used for Arrhenius and Eyring plots is tabulated in  Appendix B  -Tables B 8 

to B l l ,  outlined in  Table 2.2.2.6.1 and illustrated graphically in Figures

2.2.2.6 .1. A ctivation  parameters were calculated under various concentrations o f 

C O , as form ation o f a secondary photoproduct is not entirely suppressed under 1 

atm. o f C O . kobs was plotted versus concentration o f C O  at each temperature and 
the slope o f the line gives k2 (second order rate constant) for the reaction o f the 
solvated intermediate with C O  to regenerate tricarbonyl.

73



(a.)

( 1 / T ) / K  X 1CT-3

(b)

Ln(KobS/[CO]/T)

( 1 / T ) / K  X 1CT-3

Figure 2.2.2.6.1 Arrhenius(a) and Eyrin g(b ) plots the reaction o f (r|6- 

benzene)M o(CO)2(cyclohexane) w ith C O  to regenerate parent.

74



(r|6-arene)
M o (C O )3

A H * 
kJm ol-1 

(+  2 kJm o H )

A S*  
Jm o H K -1 

(+  5 Jm o H )

AG*(298 K)

kJm ol-1 

(+  2 kJm ol"1)

benzene 24 -4 6 38

/7-xylene 23 -4 7 37

m esitylene 23 -4 6 37

hexamethylbenzene 23 -4 8 37

Table 2.2.2.6.1 Activation parameters for the reaction o f (r|6- 

arene)M o(CO )2(cyclohexane) w ith C O .

Enthalpy o f activation A H *  for C O  recom bination for a ll the com plexes is 

constant at 23 +  1 kJm ol"1. The activation entropy A S*  is relatively negative at - 
47 +  1 Jm o W K ' 1 for the recom bination reaction for each arene. These values 
indicate a more associative mechanism than that for the chromium system, where 

C O  recom bination is proposed to occur through an interchange mechanism , and 
the transition state for the chromium appears to be sensitive to the nature o f the 
arene ligand. T h is does not appear to be the case for the molybdenum system  as 
kinetic data for a ll arene ligands are very sim ilar and there is no variation in 
enthalpy (A H * ) or entropy (A S* ) values for reaction (2.2.2.6.1) regardless o f the 

a lkyl substituent. Here it is  proposed that C O  recom bination proceeds via the 
formation o f an intermediate with an increased coordination number resulting in 
an associative mechanism  for solvent loss. Presum ably this is a result o f the 
increased atomic radius o f molybdenum (1.29 A )  over chromium (1.17 A). It is 
possible that second and third row transition metals can exist w ith a coordination

O C
number o f seven, w hich is un likely for first row metals.
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2.2.7 Secondary photoproduct.

2.2.7.1 F lash  photolysis w ith T R IR  detection.

In conditions o f low  C O  concentration (i.e. expenments conducted under 

latm. argon) and high parent concentration form ation o f a long lived species 
other than that o f the prim ary photoproduct was observed. The T R IR  spectrum 
of the second transient species shows three carbonyls stretching frequencies 
which are shown in  Figure 2.2.7.1.1. The bands at 1890 and 1860 cm ' 1 are 
assignable to term inal carbonyl stretching frequencies and that at a much lower 
frequency could possibly be a bridging carbonyl. However absorption o f this 
band is very weak and is only obvious when view ing individual transients, (see 
Figure 2.2.7.1.2).
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Figure 2.2.7.1.1 T R IR  difference spectrum o f (ri6-l,3 ,5-m esitylen e)M o (CO )3 in 
cyclohexane after 360 |j.s follow ing flash photolysis at 308 nm under 1 atm. of 
argon.
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Figure 2.2.7.1.2 T R IR  signal at 1726 cm "1 fo llow ing flash photolysis o f (r|6- 

l,3,5-m esitylene)M o(CO )3 in cyclohexane under 1 atm. o f argon.

A s observable from Figure 2.2.7.1.5 the rate of decay o f the dicarbonyl 
species (ri6-l,3 ,5-m esitylene)M o (CO )2(s) at 1914 cm -1 is  the same as the rate o f 
grow -in o f the second species at 1890 c m '1. A nalysis o f this rate data show a ll 
reactions obey first order kinetics. O n exam ining an individual trace for 

depletion o f the parent compound we see further depletion (see Figure 2.2.7.1.3), 
this observation together with that outlined above indicates that the lik e ly  

explanation for this secondary photoproduct is that the dicarbonyl species is 
reacting with a species in solution whose concentration is much greater, and 
hence the reaction appears first order. Figure 2.2.7.1.4 presents a possible 
structure of this dinuclear com plex.
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-1.00 0. ms 9.0

Figure 2.2.7.1.3 Further depletion o f parent transient at 1976 cm-1.

Figure 2.2.7.1.4 Possible structure for m olybdenum  dinuclear species.
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(a)

«e -i

(b)
■E -i

Figure 2.2.7.1.5 Decay o f the transient species at 1914 cm- 1(a) together w ith the 

grow -in o f the second species at 1890 cm - 1(b) follow ing flash photolysis o f (r|6- 
l,3 ,5-m esitylene)M o(CO )3 in cyclohexane under 1 atm. o f argon.
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The second order rate constant for form ation o f the secondary 

photoproduct for (r|6-l,3 ,5-m esitylen e)M o (CO )3 was measured to be 1.1 x  107 

dm3m ol- 1s_1 as obtained by T R IR . Th is dinuclear species is predominantly 
found under conditions o f low  C O  concentrations but it is not entirely suppressed 
under conditions o f high concentrations (9.0 x  10'3M ) o f C O . It was decided to 
conduct an experiment w ith a high concentration o f trapping ligand to see i f  it 
were possible to totally suppress form ation o f the dinuclear species. The 

trapping ligand chosen was cis-cyclooctene (5 x  10"2M ) in  addition to C O  (9.0 x 
10*3M ) at a parent concentration o f (1.0 x  10'3M ). In  these experiments the 
depleted parent bands provided no evidence for recovery and the two bands 
previously assigned to the solvated dicarbonyl species only exhibited m arginal 
reduction in  their absorbances. However the lack o f any obvious decay back o f 
the bands at 1914 and 1860 cm -1 was disappointing and suggest that (r|6- 1,3,5- 
m esitylene)-M o(CO )2(s) and (r|6-l,3 ,5-m esity len e)M o (C O )2(ds-cyclooctene) 
exhibit v co at identical wavenumbers. N o evidence for the bands ascribed to the 

dinuclear species was evident thereby indicating total suppression because o f the 
excess o f trapping ligand. It is unfortunate that the bands for the (r|6- 1,3,5- 
m esitylene)M o(CO )2(c7s-cyclooctene) occur at a sim ilar frequency to those o f the 
solvated dicarbonyl intermediate, nevertheless the (ri6-/?-xylene)M o(CO )2(cw - 
cyclooctene) compound has previously been isolated and fu lly  characterised, and 
the infrared stretching frequencies for this compound occur at 1914 and 1862 cm ' 

1.19 These values compare w ell w ith those o f the T R IR  experiment fo llow ing 
photolysis o f (r|6- l , 3 ,5 -m esitylene)M o(CO )3 in  an excess o f c/s-cyclooctene 
(vide supra). The over a ll reaction for the form ation o f the cv'v-cyclooctene 

* adduct is proposed to occur through the fo llow ing reactions 2.2.7.1.1 and 

2.2.7.1.2;

(ri6-l,3 ,5-m esity len e)M o (CO )3 —^ - >
s

(r|6-l,3 ,5-m esity len e)M o (C O )2(s) +  C O

(2.2.7.1.1)

(ri6-l,3 ,5-m esity len e)M o (C O )2(s) +  cw -cyclooctene ------- >

(r|6- l , 3 ,5 -m esitylene)M o(CO )2(c 7s-cyclooctene) +  s

(2.2.7.1.2)
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These experiments identify the secondary photoproduct at 1890, 1860 and -1726 
cm *1 as being a dinuclear compound.

2.2.7.2 F lash  photolysis w ith U V /vis detection.

Follow ing laser flash photolysis at 266 nm under 1 atm o f argon a 
transient species is observed to form at 370 nm. Figure 2.2.7.2.1. shows a typical 
'grow -in' for form ation o f this species.

Tine (us)

Figure 2.2.7.2.1 A  transient absorbance curve showing the grow -in o f the species 
observed at 370 nm under fo llow ing flash photolysis o f (r)6- 1,3,5- 

m esitylene)M o(CO )3 under 1 atm. o f argon.

The U V /vis. difference spectrum follow ing flash photolysis o f (r|6- 
benzene)M o(CO )3 in cyclohexane at 800 jis  after the flash is shown in  Figure
2.2.12.2  w ith a at 370 nm T h is spectrum is quite sim ilar to that o f [(ti5-

cyclopentadienyl)M o(CO )3]2 where the sharp, intense near U V-absorption seen 
in  a spectrum o f this compound is associated with a a  —  >  cr* transition .26  The 
Ajnax in  this system is thought to arise from  a sim ilar transition hence the intense 
absorption at 370 nm is assigned to a a  — >  a* transition w hich is a 
consequence o f metal to metal interaction. The over a ll y ie ld  o f the dinuclear 
species was found to be greatly suppressed on addition o f C O  as seen in  Figure

2.2.12.3  together w ith a large increase in rate constant. The increase in rate of 
form ation o f the dinuclear species as C O  is added, is because o f competition with 
the reaction w ith C O ; i.e. reaction o f the solvated dicarbonyl w ith C O  to 
regenerate parent competes with the reaction o f the solvated intermediate with 
unphotolysed parent to generate a dinuclear species.

81



0.14

- 0 .0 2 1 i - H .-L-t \ i » j I t | i i | i i j i i | i i | i i j i J
270 300 330 360 390 420 450 460 510 540 570 600

Wavelength (nm)

Figure 2.2.7.2.2. U V /vis. difference spectrum o f (r|6-benzene)M o(CO )3 

follow ing flash photolysis at 266nm  under latm. argon.

V

1
in

Figure 2.2.7.2.3 Differences observed in transient signals at 370 nm as various 
concentrations o f C O  is added to the cell and this effect on rate and yield  o f 

dinuclear species for (r[6-l,3 ,5-m esity len e)M o (C O )3.

tinebase= 100 us/diu
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10

0 J  2 3 4 5 6 7 8 9

[(ri6-benzene)M o(CO )3] 
x  104 mol dm*3.

[(r|6-benzene)M o(CO )3] 
x  104 mol dm-3

k0bs x  10-3 
(S '1)

1.98 1.66

2.78 2.56
4.9 4.25

5.2 4.52

7.97 6.27

Slope =  7.61 x  106 +  4.66 x  105 dm3 m ol' 1 S' 1 

Intercept =  379.1 +  218.5 s' 1 

corr. coeff. =  0.99

Figure 2.2.7.2.4 A  plot concentration o f (r|6-benzene)M o(CO )3 against the 
observed rate constant for the reaction o f (r|6-benzene)M o(CO )2(cyclohexane) 
w ith (r|6-benzene)M o(CO )3 under 1 atm. o f argon.
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10

< o

^obs
x l O - 3  5

(S’1)

2 5

0 1 2 3  4 5 6 7 8 9

[(Ti6-l,3 ,5 -m esity len e)M o (C O )3] 
x  104 mol dm'3.

[(n 6- i,3 ,5 -  

m esitylene)M o(CO )3] x  
104 m ol dm '3

kobsx  10-3 
(s -i)

1.4 1.02

2.68 1.91

2.99 2.95

4.71 4.28

8.59 7.73

Slope =  8.86  x  106 +  4.95 x  106 dm3 m ol-1 s' 1 

Intercept = -5 4 .7  +  x  10 s' 1 

corr. coeff. = 0 .9 9

Figu re 22.1.2.5 A  plot concentration o f (r|6- l , 3 ,5 -m esitylene)M o(CO )3 against 
the observed rate constant for the reaction o f (r|6- 1,3,5- 

m esitylene)M o(CO )2(cyclohexane) w ith (ri6- l , 3 ,5 -m esitylene)M o(CO )3 under 1 
atm. o f argon.
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[(r|6-hexam ethylbenzene)M o(CO)3] 
x  104 m ol dm*3.

[(n 6-
hexam ethylbenzene)M o( 

C O )3] x  104 mol dm-3

kobs x  10-4
(S '1)

3.46 2.65

3.68 3.3

4.63 4.38

5.98 5.63

8.16 8.46

Slope =  8.41 x  107 +  3.97 x  106 dm3 m ol"1 s_1 

Intercept =  1.07 x  104 +  1.8 x  103 s_1 

corr. coeff. = 0 .9 9

Figure 2.2.7.2.6 A  plot concentration o f (ri6-hexam ethylbenzene)M o(CO )3 

against the observed rate constant for the reaction o f (r|6-
hexam ethylbenzene)M o(CO)2(cyclohexane) w ith (r|6-hexamethylbenzene)-
M o (C O )3 under 1 atm. o f argon.
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(r| 6-arene)M o(CO)^ x  lO -6 dm3s- 1m ol_1

benzene 7.6

m esitylene 8.9

hexamethylbenzene 84.1

Table 2 .2 .7.2 .1. Second order rate constant for form ation o f the dinuclear species.

Rate o f formation o f this dinuclear species was calculated by plotting k obs 
versus concentration o f parent as shown in  Figures 2.2.7.2.4. to 2 .2.7.2.6 . The 

second order rate constant for form ation o f the dinuclear species for a ll arene 
substituents is outlined in  Table 2 .2 .7 .2 .1. The second order rate constants for 
formation o f this secondary photoproduct increases as the number o f m ethyl 
substituents increase w ith almost a 10 fo ld  increase for the h igh ly  substituted 

hexam ethyl derivative. Form ation o f dinuclear compounds have previously been 
reported upon photolysis o f C r(C O )6, 23  (Ti5-C 5H 5)M n (C O )3, 12  (iq4-

O *7
C 4H 4)Fe (C O )3 and a number o f other systems. Rate o f form ation o f the 
dinuclear species is approxim ately 6 tim es faster than that o f reaction o f the 
solvated C r(C O )5 towards C O , 23  and this increase in  rate is common to the 
molybdenum compounds investigated in  this study.

The dinuclear species is long lived, and no decay was observed on a time 
scale o f less than 200 ms. On longer time scales any decay observed can be 
attributed to diffusion o f the photoproduct away from  the detection zone. The 
photochem ical system appeared to be reversible for certain ligands (nam ely; 
benzene and m esitylene) as the U V /vis. spectrum o f the parent monitored 
throughout the experiment showed no sign ificant changes thereby indicating 
eventual regeneration o f parent tricarbonyl. But this regeneration o f parent was 
not so for the hexamethylbenzene derivative, where a number o f hours are 
required for the parent to fu lly  regenerate. It can be seen that for this system 
formation o f the dinuclear species is accom panied b y characteristic, clean 
isosbestic points and very significant spectral changes in  the U V /vis. spectrum, 
w ith bands grow ing in  at 375, 455 and 485 nm concom itant w ith a decay o f 
at 330 nm (see Figure 2.2.12.1).
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Figure 2.2.12.1. Spectral changes observed follow ing irradiation o f (r|6- 

hexam ethy!benzene)M o(CO )3 (1.9 x  10"4M ) under 1 atm. argon.

(ri6-arene)M o(CO )3 -ls

benzene 4103

1,3,5-m esitylene 934

Table 2 2 .1 2 2  Second order rate constant data for decay o f the dinuclear species 
under C O .

Rate o f decay o f the dinuclear species under various concentrations o f C O  
was measured for (r]6-benzene)M o(CO )3 and (ri6-m esitylene)M o(CO )3 (Figure
2.2.7.2.8 and 2.2.12.9). From  Table 2 .2.7.2.2 it is evident that as the number o f 
m ethyl substituents on the benzene rin g  increases the life  time o f this proposed 
dinuclear species also increases. (r]6-H exam ethylbenzene)Cr(CO )3 gives rise to 

the more stable dinuclear compound, as determined from changes in  the U V /vis. 
spectrum. Because o f this apparent stab ility  for the dinuclear compound o f (rj6- 
hexam ethylbenzene)M o(CO )3 attempts were made to isolate the dinuclear 
compound (Chapter 7). Casey and cow orkers have previously synthesised and 
isolated a bridging carbonyl rhenium  com pound sim ilar to that proposed to form  
in these studies.28
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[C O ] 
x 103M.

[C O ] x 103 k0bs
mol dm*3 ( S ' 1)

2.25 11.7

4.5 19.11

6.75 26.5

9.0 39.0

Slope =  4105 ±  3798 dm3 m ol*1 s*1 

Intercept =  0.69 +  1.84 s*1 

corr. coeff. =  0.99

Figure 2 .2.7 .2 .8 P lot o f concentration C O  (mol dm-3) against the observed rate 

constant for the decay o f the dinuclear (r|6-benzene)2M o2(C O )5 com plex at 2 9 8 K
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I________________________I I--------------------------------------------- I--------------------------------------------1----------------------
2,6 4 6.5 7 8.6 10

[C O ] 
x 103M.

[CO ] x 103 

mol dm -3

-------■------- :--------------------------------------------1
^obs

(S’ 1)

1.8 3.34

3.6 4.99

5.4 4.7

9.0 1 0 - -

Slope =  934 ±  63 dm3 m ol-1 s*1 

Intercept =  1 .7 7 +  0.33 s-1 

corr. coeff. =  0.99

Figure 22.1.2.9  Plot o f concentration C O  (mol dm"3) against the observed rate 
constant for the decay o f the d inuclear (r|6- l , 3 ,5-m esitylene)2M o2(C O )5 com plex 
at 298 K

0

1.6

1
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2.2.8 A  study of the activation  param eters fo r the form ation of (r|6- 
arene)M o2(C O )5.

The activation parameters for the formation of the dinuclear species were 
determined from Arrhenius and Eyrin g  plots. The second order rate constant (k 2) 
for reaction 2 .2 .8.1 was calculated by d ivid in g kobs by the concentration o f (rj6- 

arene)M o(CO)-). The data is given in Appendix B and illustrated graphically in 

Figure 2.2.8.1 and 2.2.8 .2.

(r|6-arene)M o(CO )3 +  (r|6-arene)M o(CO )2(s) >

(r|6-arene)M o2(C O )5 +  s (2.2.8.1)



(a)

Ln(Kobs/[samplö])

(1/T)/K  X 1CT-3

(b)

Ln(Kobs/[samplö]/T)

(1/T)/K X 1CT-3

Figure 2.2.8.1 Arrhenius(a) and Eyring(b) plots for the reaction o f  (ri6- 
benzene)M o(CO)2(cyclohexane) with parent compound.
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(a)

(b)
Ln(Kobs/[sampl9]/T)

(1 /T }/K  X 1CT-3

Figure 2.2.8 .1 Arrhenius(a) and E yrin g(b ) plots for the reaction o f (r|6-l,3 ,5 - 
m esitylene)M o(CO )2(cyclohexane) w ith  parent compound.
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(r|6-arene)Mo

(C O )3

A H *  
kJm ol-1 

(+  2 kJm o l'1)

A S*  
Jm ol_1K _1 

(+  2Jm oW )

AG*(298K) 
kJm ol' 1 

(+  2 k Jm o l'1)
benzene 11 -7 1 32

mesitylene 13 -6 7 33

hexamethylbenzene *

Table 2.2.8.1 Activation data for form ation o f dinuclear species under 1 atm. o f 

argon fo llow ing flash  photolysis o f (r|6-arene)M o(CO )3. * A ctivation parameters 
could not be calculated for this compound as the secondary product formed under 
argon is stable and hence no reproducible results could be obtained.

Outlined in  Table 2 .2 .8.1 is  activation data for form ation o f the dinuclear 
species for the arene compounds o f m olybdenum  that were investigated in  this 
study. The enthalpy o f activation A H *  remains fa irly  constant at 12 +  1 kJm ol"1, 
and a G ibbs free energy A G * o f 32 +  1 kJm ol"1. Presum ably it is  ow ing to this 
energetic feasib ility  that form ation o f the dinuclear species is not fu lly  suppressed 

under high concentrations o f C O  (9.0 x  I 0 ' 3M ). The G ibbs free energy for 
form ation o f the dinuclear species for these compounds is lower at A G *  =  32 +  1 
than that o f the corresponding reaction o f the solvated dicarbonyl w ith C O  to 
regenerate parent (37 +  1 kJm ol-1). A S*  values are notably more negative 
indicating an associative type reaction and this is as expected for form ation o f the 
dinuclear species and agrees w ith reaction 2 .2 .8 .1.

93



2.3 L a se r flash  photolysis of (Ti6-a re n e )M (C O )3 com pounds (w here M  =  C r  
or M o) in various hydrocarbon solvents.

Understanding the interactions between solvent m olecules and the reacting 
systems has been an active area o f research for several years.29  W ith the 
availab ility o f picosecond and subpicosecond techniques, time resolved studies o f 
the reaction dynam ics on the same time scale as solvent motion can be probed. 

Such experiments clearly indicate that the role o f solvent cannot be com pletely 
described in terms o f bu lk properties. A  complete description o f the role o f 
solvent in  chem ical reactions must contain a m olecular picture o f the solvent 
medium. C r(C O )6 has served as an explem ar for studies o f solvation in 
coordinatively unsaturated intermediates. It has been found that upon C r-C O  
bond fission  in  C r(C O )6, the [C r(C O )5] produced reacts rap id ly w ith solvent to 
afford C r(C O )5(solvent) species.30  M ixed m atrix31  and m ixed solvents studies 

have indicated that the m axim um  absorption o f the prim ary intermediate 
"M (C O )5(s)" is very sensitive to the m atrix or solvent.32  In  this study the 
second order rate constant and activation parameters for the reaction o f the 
photoproducts o f (r|6-arene)M (CO )3 (M  =  C r or M o), in  various hydrocarbon 
solvents was investigated w ith the hope that a further insight into the mechanisms 
o f these systems could be explained.

2.3.1 E le ctro n ic absorption spectra.

The U V /vis. spectra for (r|6-benzene)Cr(CO )3 and (r|6- 
m esitylene)M o(CO )3 is contained in Figure 2.3.1.1. These spectra have 
previously been described in sections 2.1.1 and 2.2.1. From  Figure 2.3.1.1 it is 
obvious that the U V /vis. spectra o f the C r and M o systems differ enormously. 
The A.max for the Mo system has a very sharp band at approxim ately 320 nm in  
comparison to the C r analogue w hich has a much broader absorption band. W ith 
the Mo system a band is v isib le  at 330 nm and a shoulder at approxim ately 370 
nm w hich is not as intense w ith the C r system. It is  speculated that the L F  band 
is lower in  energy than the M L C T  band for the C r system and hence a relatively 
efficient C O  loss process occurs.4 W hen the quantum yie ld  was measured for 

the Mo system it was found to be far less efficient being only one third that for 
the C r system. So is it possible that the L F  band is now greater in  energy and 
that the band absorption at 270 nm m ay be attributed to a L F  absorption or at 
least partially so. Extinction  coefficients for these systems are in  Table 2.3.1.1 
and 2.3.1.2, 355 nm was used exclu sive ly  for the C r experiments and 266 nm for
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flash photolysis o f the Mo system. The data used for calculation o f extinction 
coefficient is in Appendix C.

Figure 2.3.1.1 U V/vis. spectra o f (r|6-benzene)Cr(CO )3 (4.5 x  10"4M ) and (r|6-
l,3,5-m esitylene)M o(CO )3 ( 2.4 x  10'4M ) in cyclohexane.

solvent

(s)

m olar extinction coefficient 

8 (dm 3 m ol-1 cm*1)

(±  2% )
cyclohexanea 3060

cyclooctane 5175

w-pentane 3261

«-heptane 2467

«-decane 4053

w-dodecane 3481

Table 2 .3 .1. 1. Extinction coefficient o f (r|6-benzene)Cr(CO )3 in various 
hydrocarbon solvents (s) at 355 nm. a reference 7.
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solvent molar extinction coefficient

(s) 8 (dm 3 m ol-1 cm*1)

(±  2 % )

cyclohexane 2908

«-heptane 3439

n-decane 6387

Table 2.3.1.2. Extinction coefficient o f (ri6-l,3 ,5-m esity len e)M o (CO )3 in  
various hydrocarbon solvents (s) at 266 nm.

2.3.2 P rim a ry  photoproduct.

A ll the data available indicate that the prim ary photoproduct fo llow ing 
flash photolysis o f either chromium  or molybdenum tricarbonyl results in  the 

production o f the 16 electron coordinatively unsaturated dicarbonyl intermediate 
as outlined in  reaction 2.3.2.1. How ever it has been reported, 8 that generally in  

the presence o f solvent, these 16 electron intermediates do not rem ain 

uncoordinated and the vacant site becomes occupied by a solvent m olecule w hich 
previously been referred to as a 'token ligand' as indicated in  reaction 2 .3.2 .2 . and 
2.3.2.2.

(r|6-arene)M (CO )3 — — >  (r|6-arene)M (CO ) 2 +  C O  (2.3.2.1)

(r|6-arene)M (CO )2 +  s  >  (r]6-arene)M (CO )2(s) (2.3.2.2)

N o measurements on the rate o f solvent recom bination w ith the 
coordinatively unsaturated arene dicarbonyl have been reported. Studies have 
been carried out w ith C r(C O )6 where the recom bination o f the 16 electron 
intermediate with cyclohexane occurs in  less than 1 ps. 11  Presum ably the 
systems being investigated here under go solvent recom bination on a sim ilar time 
scale. A  typ ical transient signal for recom bination o f the solvated chromium  
dicarbonyl intermediate w ith C O  is shown in  F ig  2.3.2.1. The transient is 

composed o f two parts, firstly  the rise time during w hich the solvent interaction 
to the metal centre occurs. Th is rate cannot be measured w ith the experimental 
set-up used in  these experiments as only a nanosecond time base is available.
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The second part o f the transient corresponds to the displacement o f solvent by a 

C O  ligand, hence rate o f this decay provides the second order rate constant for 
reaction o f the solvated intermediate with C O  to regenerate parent. In the case o f 

the Mo system the rate o f recovery o f parent depletion was used to provide rate 
data and a typical transient for this reaction is given in Figure 2.2.2.2.

Q
Z>

£

©

10 us/Diu
Figure 2.3.2.1 A  typical transient spectrum o f the rate o f decay o f (r|6- 

benzene)Cr(CO )2(s).

50 us/Div
Figure 2.3.2.2 A  typ ical transient spectrum for the recovery o f (rj6- 1,3,5- 

m esitylene)M o(CO )3.
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U V/vis. difference spectra were constructed 'point by point' fo llow ing 
flash photolysis in  each solvent for (Ti6-benzene)Cr(C O )3. W ith a ll straight chain 
hydrocarbon solvents a Amax was found at 280 +  5 nm and hence this was used 

as the m onitoring wavelength for a ll solvents. Because for this system is 
sim ilar in  a ll solvents it is indicative o f a sim ilar interaction energy for the 

solvated transition state. W ith cyclooctane the rate o f recovery o f tricarbonyl 
was measured as opposed to the decay o f the transient species as the solvent 

absorbs up to approxim ately 280 nm. A ga in  the y ie ld  o f the photoproduct is 
unaffected by C O  concentration thereby indicating presence of a prim ary 
photoproduct. A s regards the m olybdenum  system  the rate o f recovery o f parent 
was measured, because the decay o f the transient dicarbonyl species occurs at 
270 nm and this wavelength is  too close to the laser line to y ie ld  reliable data, 
hence the m onitoring wavelength used was 330 nm for a ll arene molybdenum 
compounds.

In  this study the reaction rate o f the solvated dicarbonyl intermediate 

towards C O  was measured from  pseudo first order plots o f the observed rate 
constant versus the concentration o f C O . The data obtained is tabulated in 
Appendix A  (Tables A13 to A 2 0) and illustrated graph ically in  Figure 2.3.2.3. 
Second order rate constants for each solvent are presented in  Tables 2.3.2.1,
2.3.2.2 and 2.3.2.3 along w ith the so lu b ility  o f C O  at 298 K  in  each solvent. The 
rate o f decay o f the solvated species can be considered as a measure o f the ease 

o f displacement o f the solvent m olecule and hence consequently a measure o f the 

metal to solvent interaction.
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solvent

(s)

k 2 x  IO '6 

dm3m ol"1s' 1

(±  10%)

so lu b ility  o f CO at 

1 atm ( x  102 M)

(± 5%)
cyclohexane a 9.8 0.9
cyclo-octane 64.3 0.63

«-pentane 13 1.6
«-heptane 23 1.2
«-decane 28 0.85

«-dodecane 34 0.68

Table 2.3.2.1 Second order rate constants for the reaction o f (ri6- 
benzene)Cr(CO )2(s)w ith C O  to regenerate tricarbonyl, data taken from  reference
7.

solvent k2 x  10“6 so lu b ility  o f CO at

(s) dm3m ol"1s"1 1 atm ( x  102 M)

(±  io%) (± 5%)
cyclohexane 59 0.9

«-heptane 110 1.2

Table 2.3.2.2 Second order rate constants for the reaction o f (r|6- 
hexaethylbenzene)Cr(CO )2(s) w ith C O  to regenerate tricarbonyl.

solvent k 2 x  10-6 so lu b ility  o f CO at

(s) dm3m ol"1s' 1 1 atm ( x  102 M)

(±  10%) (± 5%)
cyclohexane 1.56 0.9

«-heptane 1.96 1.2
«-decane 2.50 0.85

Table 2.3.2.3 Second order rate constants for the rate o f reaction o f (r|6- 1,3,5- 

m esitylene)M o(CO )2(s) w ith C O  to regenerate tricarbonyl.
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From  results outlined in  Table 2.3.2.1 it is  noticeable that as the carbon 
chain length o f the solvent increases, an increase in  second order rate constant is 

also observable, thus indicating that n-dodecane is displaced at a greater rate than 
«-pentane by the incom ing ligand CO . The second order rate constants for the 

recom bination o f (r|6-benzene)Cr(CO )2(s) w ith C O  in  «-heptane and «-dodecane 
are approxim ately 2 and 3 times that respectively in  cyclohexane. Just as in  the 
case o f C r(C O )5(s) 33  and C p M n (C O )2(s) 14  second order rate constants are 
greater in  n-heptane than in  cyclohexane, suggesting that n-heptane may 
coordinate more w eakly to the metal centres. The rate constant for the reaction 

o f (r|6-hexaethylbenzene)Cr(CO )2(s) w ith C O  in  n-heptane is more than four 
times greater than that for the corresponding reaction o f the benzene derivative 
(see Table 2.3.2.2). T h is is consistent w ith the results obtained for the (r|5- 

C 5H 5)M n (C O )2(s)and (r|5-C 5E t5)M n (C O )2(s) system . 12

Possible explanations for this variation in  second order rate constants have 
been suggested for the C r(C O )5 system . 13  The exact binding o f solvent m ay 
differ from cyclohexane to the straight chain hydrocarbons. W ith cyclohexane 
there are only methylene hydrogens available for b inding to the vacant site at the 
metal unlike the straight chain hydrocarbons w hich have both m ethyl and 
methylene hydrogens. Incidently these hydrocarbons are proposed to bind 

through agostic bonds w ith the metal centre. A go stic interactions are composed 
o f 2 electron three centred bonds.34  It has been suggested that methylene 

hydrogens may be more electron rich  than m ethyl C H  bonding hydrogens.

The reactivity o f (ri6-l,3 ,5-m esity len e)M o (C O )2(s) towards C O  was 
examined in ;- cyclohexane, «-heptane and «-decane (see Table 2.3.2.3). In  
comparison to the C r system the results obtained for the equivalent reaction for 

the Mo compound were quite different, however this solvent study was not as 

extensive as that described above for (r|6-benzene)Cr(CO )3. The second order 
rate constants indicate that the reaction o f the solvated species towards C O  does 
not appear to be sensitive to the nature o f the solvent as there is effectively no 
variation in second order rate constant unlike the C r analogue. Presently the 
reactivity o f M o (C O )5(s) is being investigated in  a number o f solvents and it 
appears from theses studies that there is not a sign ificant increase in rate constant 
as the hydrocarbon chain length increases unlike C r(C O )5(s) where the second 
order rate constant increases 5 fo ld  on changing the solvent from  n-pentane to n- 
dodecane.34
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2.3.3 A ctivatio n  Param eter study fo r the displacem ent o f solvent in (t|6- 

are n e )M (C O )2(solvent) by C O .

Activation parameters were measured w ith the hope o f a gaining a greater 

understanding o f the reaction m echanism  involved in  these two systems. Results 
are outlined in  Tables 2.3.3.1 and 2.3.3.2 and illustrated graphically in  Figures
2.3.3.1 and 2.3.3.2 (data used for these plots is tabulated in Appendix B ). In  the 
Mo system form ation o f dinuclear species is not fu lly  suppressed under 1 atm. 
C O  (9.0 x  10-3M ) as explained in  the previous section, hence activation 
parameters were calculated by plotting k obs versus concentration o f C O  at 

different temperatures and the slope o f this line generates the second order rate 
constant (k2) w hich was used in  these calculations.
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15 2    ■»--------------------- ■---1---------------------
3.1 3 15 3.2 3 25 3 3 3 35 3 4 3.45 3 5 3 55 3 6 3 65

M /T ; 'k  x 1C T -3

' p e n ta d e  neo  t a r e  ~ ^  de cane

— * * —  d o a e c a ne ~ c y o o o c t a n e

( b )

L ri(Kobs/[CO]/T)

( 1 /T i / k X 10~-3

p e r i ta n e  h e c t a r e  ~ ^  a e c a re

— d o a e c a n e  c y c io c c t a n e

Figure 2.3.3.1. (a) Arrhenius and (b) E yrin g  plots for the reaction o f (r|6- 
benzene)Cr(CO )2(s) towards C O , in  hydrocarbon solvents monitored at 280 nm 
(straight chain hydrocarbon solvents) and at 330 nm (cyclooctane) in  the 
temperature range 288-313 K .
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( V T ) / K  X 1 C ' - 3  
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( b )

Ln(KcCs/[CO]/T)

( 1 / T ) / K  x 1CT-3

Gecar'e ~ n e o t a n e  - ’ 3—  c y c ic re x a re

Figure 2.3.3.2 (a) Arrhenius and (b) Eyring plots for the reaction o f (q 6- 1,3,5- 

m esitylene)M o(CO )2(s) towards C O , in hydrocarbon solvents monitored at 330 

nm in the temperature range 288-313 K .

103



solvent AH* AS* AG *(298 K)

(s) kJm ol-1 Jm ol- 1K -1 kJm ol-1

(+  2kJm ol"1) (+  5Jm ol_1) (+  2 kJm o l'1)
cyclohexane a 22 -37 33

cyclooctane 24 -13 28

n-pentane 24 -18 29
«-heptane 26 -16 31

n-decane 26 -12 29

w-dodecane 26 -10 29

Table 2.3.3.1 A ctivation  parameters for the reaction o f (r|6-benzene)Cr(CO )2(s) 
w ith C O  to regenerate parent. a data taken from  reference 7.

solvent AH* AS* ^G*(298K)

(s) kJm ol-1 Jm o H K ' 1 kJm ol-1

(+  2kJm ol‘1) (+  5Jm ol_1) (+  2kJm ol_1)

cyclohexane 23 -46 37

n-heptane 23 -46 37

n-decane 25 -39 36

Table 2.3.3.2 Activation parameters for the reaction o f (r|6- 1,3,5-
m esitylene)M o(CO )2(s) w ith C O  to regenerate parent.

From  Table 2 .3.3 .1 it is  noticeable that there is effectively no change in 
enthalpy value A H *  on varying the solvent medium where an average enthalpy 

value o f 24 +  2 kJm ol"1 is measured for reaction o f (ri6-benzene)Cr(CO )2(s) 
towards CO . Tim e resolved photocalorim etric studies have shown that n- 
pentane, «-heptane and cyclohexane bind to the coordinatively unsaturated 
C r(C O )5 fragment w ith an interaction energy o f 37, 40 and 52 kJm ol' 1 

respectively. 13 T h is interaction energy difference was prosposed to explain the 
apparent difference in  rate constants for cy c lic  as opposed to linear alkanes. The 
interaction enthalpies determined b y Burkey et al. 13 are considerably greater 
than the activation values obtained in  this study. Consequent to this, the
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interaction o f C r(C O )5 was again investigated in  a number o f hydrocarbon 
solvents using U V /vis. flash photolysis. Th is time the results obtained were not 
in  agreement with those published b y Burkey and cow orkers13  as now an 
activation enthalpy value o f 20 +  4 kJm ol“1 was calculated for the interaction o f 
solvent (solvents used;- cyclohexane, «-pentane, «-heptane, «-decane and «- 

dodecane) to the vacant coordination site .24  Th is value is in  closer agreement to 
the values measured here.

From  this study it can be proposed that it is not a variation in  activation 
enthalpy but rather a variation in  the entropy term o f free energy o f activation 
that alters the rate o f reaction o f (r|6-benzene)Cr(CO )2(s) towards C O . In  view  o f 
these results (Table 2.3.3.1) it w ould suggest that it is the increased freedom o f 
the alkane fragment that dominates the entropy term. In  the case o f «-pentane 
there is less freedom o f motion present in  the transition state compared to that in  
«-dodecane. A lso , there appears to be a linear relationship between the entropy 
term A S*  and the carbon chain length for linear alkanes.

The results in Table 2.3.3.2 sign ify  that there is no variation in  enthalpy 
value for the reaction o f (r|6-l,3 ,5-m esity len e)M o (C O )2(s) w ith C O  as A H *  o f 23 
+  1 kJm o H  was measured. The enthalpy value calculated here compares w ell 
w ith that o f the o f (ri6-benzene)Cr(CO )2(s). The entropy o f activation for (r)6-
l,3,5-m esitylene)M o(CO )2(s) is sligh tly  more negative w ith a A S*  o f -39Jm ol" 
1K -1 as opposed to -12 Jm o H K -1 for the analogous reaction o f (r|6- 

benzene)Cr(CO )2(s) in  «-decane. W ith the M o system there is effectively no 
variation in  A S*  on varying the hydrocarbon solvent in  contrast to Cr. 

Adm ittedly there are less solvents used in  the M o study but as there is no 
variation in  second order rate constant it was decided not to further the number o f 
solvent experiments. These results indicate that the transition state in  Mo does 
not appear to be sensitive to the nature o f the solvent in  question and this is quite 
surprising in  light o f the experiments previously carried out w ith C r. The M o 
metal has a considerably greater atom ic radius than C r being 1.29 and 1.17 A  
respectively, presum ably this plays a sign ificant part in  the observed difference in  
the reactivity o f these two systems. It is  know n that metals other than first row 
can exist w ith a form al coordination number o f seven hence is it possible that this 
is what is occurring here.

Entropy values can be used to determine that overall m echanism  for a 
reaction being associative, dissociative or interchange. The entropy values
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measured in this study for (n^-beiizenejCXCOM s) would suggest that solvent 
displacement by ligand occurs through an interchange mechanism. For an 

interchange mechanism to occur, the C O  ligand coordinates to the solvated 

dicarbonyl species as the solvent is being displaced as indicated in Figure 2.3.3.3. 

A n  interchange mechanism for solvent displacem ent in M (C O ),(s) has previously 
been reported by Dobson et a! 35

benzene)Cr(CO )2(s).

The larger negative term for activation entropy (A S*) for (rj6- 
m esitylene)M o(CO )2(s) indicates a transition state with more bond m aking 

hence, it appears that the larger M o as a metal centre has available to it an 
associative type pathway that the sm aller C r does not. These results give rise to 

the possib ility o f an associative m echanism  being responsible for recom bination 
o f C O  ligand (see figure 2.3.3.4.). G enerally on going from C r to Mo to W  
reactions become more ordered and from  the results gathered in this study one 
would suggest that this is occurring.

Figure 2.3.3.4 Associative m echanism  for the solvent displacement by C O  in 

(r|6- 1,3,5-m esitylene)M o(CO)2(s).
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2.4 Photolysis of (rj6'benzene)Cr(CO)3 using fluorinated solvents.

Reports on the photochem istry o f C r(C O )6 in perfluorom ethyl- 
cyciohexane have indicated that the pentacarbonyl species produced follow ing 
irradiation reacts w ith C O  w ith a second order rate constant o f 3 x  109 mol" 

1dm3s-1.23  Th is increased rate constant is some three orders o f magnitude 

greater than the corresponding reaction in  cyclohexane . 3 6 Previous to this, 
m atrix isolation studies had indicated that interaction o f the pentacarbonyl 
species w ith perfluoromethane (Àmax 547 nm) is weak in  comparison to a C H 4 

m atrix (Amax 489 nm ) .31  A s a result o f the w ork carried out previously in 
hydrocarbon solvents (Section 2.3.3) it was decided to extent this 'solvent' 
investigation to incorporate fluorinated solvents and to compare results from  this 
study w ith that already carried out on the C r(C O ) 5 system.

2.4.1 E le ctro n ic  absorption spectrum .

The electronic absorption spectrum o f (r| 6-benzene)Cr(CO )3 in  fluorinated 
solvent is sim ilar to that in  alkane solvent and has previously been described in  
section 2 .2 .1.

2.4.2 R esu lts and D iscussion .

Solutions o f (ri6-benzene)Cr(CO )3 in  perfluorom ethylcyclohexane under 1 
atm C O  (9.0 x  10_3M ) were irradiated w ith À >  345 nm, and w ithin a short time 
duration (in  the order o f seconds) the U V /vis. spectrum o f the tricarbonyl 

compound had sign ificantly varied as is evident from  Figure 2.4.2.1. The band at 
315 nm decays away w hile the band at 235 and 285 nm are formed. Three 
isosbestic points at 256, 278 and 290 nm were m aintained throughout the course 
o f the reaction, indicating that the reaction proceeds uncom plicated by side or 

subsequent reactions.
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Figure 2.4.2.1. The differences observed fo llow ing irradiation o f (ri6- 
benzene)Cr(CO )3 in perfluorom ethylcyclohexane under 1 atm. o f C O  at A. >  345 
nm.

A t the end o f the irradiation time an infrared spectrum o f this sample was 

measured and only one band was observed at 1987 cm"1 w hich indicates 
formation o f C r(CO )g. In  the U V /v is. a band is seen to grow -in at 285 nm and 
presum ably this indicates form ation o f the 280 nm band o f C r(C O )6. During the 
irradiation time a band is also is seen to grow  in at about 235 nm and A ^ ^  for 
C r(C O )g  occurs in this region.
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Follow ing these results it was decided to carry' a analogous experiment in 
another fluonnated solvent, 1,1,2 tnchlorotnfluoroethane(tcfe). Sim ilar results 

were observed when the sample was irradiated at a > 345 nm as is observable 

from Figure 2.4.2.2. A t the end o f the experiment an infrared spectrum indicated 
the presence o f C r(C O )6, see Figure 2.4.2.3. Flash photolysis studies were carried 
out w ith (r|6-benzene)Cr(CO )3 under 1 atm. o f C O  in tcfe, the only transient 
species observed was that o f a 'step-form' w hich occurred at 280 nm (Figure 
2.4.2.4), and a corresponding depletion at 330 nm. .An N M R  experiment was 

conducted under latm  C O  using acetone-c/ as the external deuterated source ( the 
sample was prepared in a sim ilar manner to those for laser experiments). The 
N M R  tube was irradiated at A. > 345 nm and the presence o f benzene was evident 

w ithin seconds w ith a chem ical shift o f 2.1 ppm for the signal o f uncom plexed 
benzene at 6.3 ppm as opposed to the complexed benzene ligand w hich has a 
resonance at 4.2 ppm, as shown in Figure 2.4.2.3.

Figure 2.4.2.2 D ifferences in the U V /vis. spectrum o f (r|6-benzene)Cr(CO )3 

observed upon irradiation (A >  345 nm ) in 1,1,2 trichlorotrifluoroethane under 1 
atm. o f C O .
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Wavenumber (cm"1) ppm
(a) (b)

Figure 2A.2.3. The infrared(a) and lU N M R (b ) spectrum follow ing irradiation (X 
> 345 nm) o f (r|6-benzene)Cr(CO )3 in  1,1,2 trichlorotrifluoroethane under 1 atm.

o f C O .
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(a)

(b)

tinebase= 100 us/div
Figure 2.4.2 .4. Typ ica l transients fo llow ing 355 nm flash photolysis o f (r|6- 

benzene)Cr(CO )3 in 1, 1,2 trichlorotrifluoroethane at (a) 280 nm and at (b) 320 
nm under 1 atm. o f C O .
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One explanation for this difference in photochem istry in fluonnated 

solvents versus hydrocarbon solvents may be explained by the difference in 

vibrational relaxation times w hich were investigated for M (C O )6 (where M = Cr, 

Mo or W ) in a variety o f solvents by H e ilw ell et al,37  The vibrational relaxation 
times differed sign ificantly depending on the solvent, insofar as the relaxation 
time in  carbon tetrachloride (T1 =  440 +  70 ps) is almost three times greater than 

that in hexane (T1 =  145 +  25ps). It is possible that the difference in relaxation 
times m ay be able to explain the differences that result on varying the solvent 
medium. W ith hydrocarbon solvents relaxation times are considered to be 

efficient, hence an interaction between solvent and vacant coordination site on 
the metal centre occurs w hich results in  reaction o f the solvated species with C O . 

How ever on m oving to a fluorinated solvent (this is assum ing that vibrational 

relaxation times are sim ilar in fluorinated solvents to those in chlorinated 
solvents) there is less efficient relaxation o f vibrational levels hence a further 
reaction is observed. Presum ably this accounts for our observation o f C r(C O )6 

and uncom plexed benzene at the end o f the experiment.
In this study it may be possible that two photolysis pathways e x is t , firstly  

- cleavage o f the metal to arene bond m ay be occur resulting in a tricarbonyl 

fragment w hich rapid ly combines w ith C O  to yield  the hexacarbonyl product. 
Secondly, C O  loss to yie ld  the dicarbonyl intermediate but as C r(C O )6 absorbs at 
280 nm it may be m asking form ation o f this species (see Scheme 2.4.2.1). A t 
330 nm where depletion o f parent is observable no recovery o f parent is evident.

•30

Previously, the generation o f C r(C O )6 has been reported by W ang et al. 
follow ing irradiation o f (ri6-benzene)Cr(CO )3 in  gas-phase experiments, hence, is 
it possible that the experiments carried out in this study in fluorinated solvents 
are more akin to gas phase studies than those in other solvents where an 

interaction w ith the solvent medium occurs.

(r|6-benzene)Cr(CO )3

C r(C O )6

Scheme 2.4.2.1
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2.5 Conclusion.

Th is study demonstrated that the rate o f reaction o f the solvated 
dicarbonyl intermediate in the case o f chromium  was affected by varying the 

arene ligand or the alkane solvent. A s the number o f electron donating 

substituents on the aromatic ring increased there was a corresponding increase in  
the second order rate constant, however it was only for the h igh ly substituted 
arenes for e.g. hexaethylbenzene that a pronounced increase was determined. In  
the case o f the molybdenum compounds no sign ificant increase in  the rate o f 
reaction o f the solvated dicarbonyl intermediate towards C O  was measured 
regardless o f the number o f electron donating substituents on the aromatic ring or 
b y varying the nature o f the solvent.

In  a recent publication by Ford  et al 39 flash  photolysis studies were 

carried out on C F 3M n(C O )5 and the behaviour o f this compound proved to be 
sim ilar to that o f the methyl com plex in  cyclohexane in  so far as C O  loss is the 
principal photoreaction. The one notable difference however is that backreaction 

o f C F 3M n (C O )4(s) w ith C O  is about a factor o f 30 less than that determined for 
the m ethyl derivative. These results are in  agreement w ith those obtained in  this 
study for the chromium  system where the nature o f the a lkyl substituent was 
varied.

Activation parameters were determined for both systems. A ctivation  
enthalpies were very sim ilar for a ll (r|6-aren e)C r(C O )3 compounds, but entropy 

values became less negative as the second order rate constant (k2) increased. 
Th is observed increase in  second order rate constant is thought to be entropic in 
origin. Th is difference was further explained by varying the nature o f the alkane 
solvent. A s the hydrocarbon chain length increased a corresponding increase in  
k2 occurred along w ith an increase in  activation entropy. Hence, this variation in  
reactivity o f (r|6-arene)Cr(CO )2(s) towards C O  is explained by a change in  
entropy o f activation and not by a variation in  activation enthalpy between the 

coordinatively unsaturated photofragment and solvent.
On conducting experiments on the three molybdenum compounds, a ll k 2 

values were identical w ithin experim ental error o f being equivalent. A lso  
activation enthalpies were identical regardless o f the arene ligand or the 
hydrocarbon solvent, as were activation entropies. The one noticeable difference 
w ith this system is that activation entropies are more negative than for the 
corresponding chromium  compounds, thereby indicating an associative path in  
w hich there is a predominance o f bond m aking in  the transition sate in vo lvin g the 
formation o f a seven coordinated activation com plex. In  the chrom ium  system
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solvent loss is proposed to occur concom itantly to C O  bond formation 

consequently a interchange m echanism  is suggested.
Studies o f ligand displacem ent reactions o f C r(C O )5(L )  com plexes have 

generally shown that a dissociative m echanism  exists for chrom ium .40  For 
group 6 metal com plexes volum es o f activation for C O  displacem ent reactions in 
general are known to decrease from  C r to Mo and W . Th is decrease in  volum es 
o f activation was attributed to a gradual changeover from  a more dissociative 
mechanism for sm aller chrom ium  to a more associative type m echanism  for large 

Mo and W  metal centres.4 1 ,4 2  There is much evidence that volum es o f 
activation may be a better indicator o f m echanism  than entropies o f activation are 
in  ligand exchange reactions in vo lvin g octahedral com plexes, particularly where 
the latter are close to zero .43  O n the basis o f activation entropies measured in 
this study, it m ay be concluded that solvent displacem ent takes place by different 

m echanistic pathways for C r versus M o. T h is difference m ay result from  the 
larger atomic radius for Mo (b y ca. 0.15 A ) than for chrom ium .44

The quantum yie ld  for C r(C O )6 w ith piperidine (Reaction 2.5.1) as 
entering ligand was determined b y W ieland and van E ld ik  in  a number o f 
solvents ranging from  «-pentane (0.72), «-dodecane (0.58) to perfluorohexane 
(0.47) .4 5

M (C O )5(s) +  piperidine -------->  M (C O )5(piperidine) +  s (2.5.1)

W ith increasing hydrocarbon chain length the quantum y ie ld  decreased w ith a 
more pronounced decrease in  quantum y ie ld  w ith perfluorohexane. Quantum 
yields were determined for C r(C O )6(0.72), M o(CO )6 (0.93) and W (C O )6 (0.79) 
using pyridine as entering ligand, w ith M o (C O )6 resulting in  more efficient C O  
loss. The quantum yie ld  for ligand substitution was found not to depend on the 
entering ligand or its concentration, but on the nature o f the solvent. A  direct 
correlation with the visco sity o f the solvent was not found to exist.46  In  this 
study the quantum yie ld  for (r|6-benzene)M o(CO )3 was found to be rem arkably 
less than that for (ri6-benzene)Cr(CO )3 in  comparison to the hexacarbonyl 
system.

From  the fluorinated solvent study it appears that by changing the nature 

o f the solvent it is possible to direct the photochemistry. A s yet further studies 
must be conducted in  this area, but a ll results indicate that upon photolysis (A, >  
345 nm), uncom plexed benzene along w ith C r(C O )6 is produced. These results 
are in contrast to a ll other investigations conducted on (ri6-benzene)Cr(CO )3, 
where the only reported photochem ical reaction is loss i f  C O .
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Photolysis of (Ti6-allylbenzene)Cr(CO)3 and 
(ri6-tetrahydronaphthalene)Cr(CO)3  

with UV/visible and TRIR 
monitoring.

Chapter 3
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3.1 The photochemistry of (r|6-allylbenzene)Cr(CO)3.

Few  papers have been devoted to the form ation o f chelates in  group 6 (r|6- 
arene)Cr(CO )3 com plexes in  w hich the ligand is bonded to the metal either 
com pletely or partially through the carbon atoms. It is  known from the 
literature1 that chelate com plexes o f chrom ium  dicarbonyl have only been 

isolated and characterised in  cases where the double bond is separated from the 
aromatic ring by at least two C H 2 units. The general preparation o f u-olefm  
complexes is shown in  Reaction 3.1.1. The form ation o f chelate complexes for a 

series o f manganese dicarbonyl com plexes have been reported2 w ith 
cyclopentadienylm ethyl a lly l ether used as ligan d .3 ’4 The structure o f the 
manganese com plex was confirm ed b y elemental analysis, IR , !H  nmr and mass 
spectrometry.

In  this study flash photolysis experiments were carried out on (r|6- 

a llylbenzene)Cr(CO )3. Previous w ork on this compound carried out by 
Nesm eyanov et al. 1 >5 has indicated that continuous irradiation in  ether results 
in  degradation o f compound.

X  =  C H 2C H 2, (C H 2)3, (C H 2)4

Reaction 3.1.1

3.1.1 Electronic absorption spectrum of (r|6-allylbenzene)Cr(CO)3.

The U V /vis. spectrum o f (r|6-a lly lb en zen e)C r(C O )3 is  given in  Figure
3.1.1.1 and the absorption spectrum o f this compound is sim ilar to that o f any o f 
the other tricarbonyls previously described in  Section 2.1.1, where at 316 
nm is assigned to a C r — >  arene charge transfer transition w ith some C r — >  n* 
C O  character.5

119



Figure 3.1.1.1 U V /vis. spectrum o f (r|6-a lly lb en zen e)C r(C O )3 in  cyclohexane 

(2.9 x  10-+M).

3.1.2 Photolysis studies.

3.1.2.1 Laser flash photolysis using UV/vis. detection.

Fo llow in g laser flash photolysis o f (r]6-a llylb en zen e)C r(C O )3 in 

cyclohexane under 1 atm. o f C O  at 355 nm excitation (£355 =  2695 dm3 m ol'1 s*1) 

a transient absorption was observed at 280 nm. The transient was formed w ithin 
the duration o f the flash  (see Figure 3.1.2.1.1). N o decay o f the transient species 
was evident even on the longest tim e-scale available w ith the current equipment. 
Concurrent w ith form ation o f this species, changes in  the U V /vis. spectrum were 
evident w ith the va lle y  in  the absorption spectrum disappearing, as presented in 

Figure 3.1.2.1.2. Tw o isosbestic points were maintained at 308 and 354 nm 
during the course o f the experiment. Amax at 316 nm decreased in intensity 
along w ith  an increase in the region o f 400 nm. On allow ing the solution to stand 
for 60 minutes in the dark the spectrum reverted to that o f the unphotolysed 

m aterial.
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(a)

(b)

Figure 3.1.2.1.1 Transient spectra follow ing flash photolysis o f (ri6- 

a llylben zen e)C r(CO )3 in  cyclohexane at (a) 280 nm and (b) 340 nm under 1 atm. 
o f C O .
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Figure 3.1.2.1.2 Spectral changes observed in  the parent absorption spectrum 
(2.9 x  1(HM ) follow ing flash photolysis under 1 atm. o f C O  in cyclohexane.

3.1.2.2 Steady state photolysis using IR detection.

A  sample o f (n 6-a lly lb en zen e )C r(C O )3 was dissolved in cyclohexane and 
outgassed with a flow  o f argon. IR  analysis o f the sample revealed two intense 

carbonyl absorptions at 1978 and 1910 cm -1. The sample was photolysed (in  the 
IR  solution cell) at A > 350 nm and the IR  spectrum recorded at various time 
intervals. The resulting changes in  the IR  spectrum  are given in Figure 3.1.2.2.1.

After irradiating the solution ce ll fo r 5 seconds two new bands were seen 
at 1934 and 1881 cm '1. A lon g w ith the growth o f these two new bands the 
intensity i f  the parent bands at 1978 and 1910 cm*1 decreased. On prolonged 
irradiation a band appeared at 1986 cm -1 ( not shown in  Figure 3.1.2.2.1.) w hich 
is m ost like ly  the result o f C r(C O )6 form ation. To  ensure that the same process is 
being observed in the IR  solution ce ll as the laser experiment, an IR  o f the laser 
sample was carried out follow ing a laser flash  photolysis experiment. The bands 
measured from a laser sample agreed w ith those o f the IR  solution cell 

experiment with bands present at 1881, 1934 cm -1 and on continued flashing o f a 
laser sample an infrared spectrum indicated a band at 1986 cm-1 attributed to the 
presence o f C r(C O )6.
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*

Figure 3.1.2.2.1 Infrared spectral changes observed upon photolysis o f (q 6- 
a lly lb en zen e)C r(C O )3 in  cyclohexane.

Chelate com plexes derived from  alkenylarenedicarbonyl com plexes o f C r, 
M o and W  have been isolated and characterised by Nesm eyanov and cow orkers.4 
W hen there are four atoms between the phenyl ring and the olefin group the 
com plex w hich formed was unstable but its formation was proved by IR  
spectroscopy. U V  irradiation o f a solution where x  =  C H 2, i.e. the phenyl ring is 

separated from the double bond by one methylene group did not bring about the 
form ation o f the chelate com plex but only resulted in gradual decom position o f 
the in itia l com plex.

In itia lly  it was thought that perhaps in this work that form ation o f the 
chelate com plex was observed as the difference in frequency o f the new bands 
correspond w ell w ith those reported by Nesm eyanov et al.1 / 6 for other 
arenedicarbonylolefin com plexes (see Table 3.1.2.2.1)
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X cm-1

(C H 9) 9 1878, 1930

(C H ?) , 1871, 1923

(C H 7)4 1886, 1920

Table 3.1.2.2.1 Areneolefm  com plexes o f C r(C O )2(r|6-C 6H 5)-x -C H = C H 2, data 
taken from reference 6.

In a ll complexes synthesised by Nesm eyanov et al.1 / 6 the carbonyl stretching 
vibrations o f the tricarbonyl com plexes are separated by approxim ately 70 cm-1 
whereas in the arenedicarbonylolefin com plexes the differences decreases to 
some 50 cm-1. The v (C O ) gradually shifts to low er frequency as the number o f 

bridging C H 2 units increased from  two to four in  phenyl alkene complexes. Th is 
reported difference between tricarbonyl and chelate dicarbonyl is very sim ilar to 
the data obtained in  this study as bands formed at 1934 and 1881 cm-1 follow ing 

irradiation, thus indicating possible form ation o f this type o f species.

3.1.2.3 NMR monitored photolysis.

A  N M R  sample o f the (r|6-a lly lb en zen e)C r(C O )3 in  cyclohexane-<i12 was 
prepared in  a sim ilar manner to a laser photolysis sample (i.e. freeze pump thaw) 

and 1 atm. o f C O  was admitted to the N M R  tube. A s the N M R  tube was 
irradiated w ith X > 350 rnn a red o il like  product was seen to precipitate from 
solution. The sample was irradiated until such time that no further precipitation 
was observed. The cyclohexane was then removed under reduced pressure and 
benzene-i/g d istilled  into the N M R  tube. The red product is soluble in  aromatic 
solvents. The !H  nmr spectrum o f this solution was identical to the nmr spectrum 
o f the parent tricarbonyl in benzene-c/6.

3.1.2.4 Low temperature photolysis.

Attempts were made to isolate this new species, hence (r|6- 
a llylbenzene)Cr(CO )3 was dissolved in  pentane and this solution was photolysed 
at -25°C, the photolysis was m onitored by infrared spectroscopy. A s the 
irradiation progressed an orange solid  was seen to fa ll out o f solution. A t the 
stage when the bands attributed to the tricarbonyl had dim inished the photolysis
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was stopped and excess pentane was removed at -20°C , leaving an orange solid. 

The solid  was very sensitive to 0 2. The infrared spectrum o f the orange solid  
when dissolved in  aromatic or chlorinated solvent was identical to the parent 
tricarbonyl compound.

A  mass spectrum o f this orange product revealed the peak o f the m olecular 
ion M + 254. The fragmentation pattern was consistent w ith loss o f 3 carbonyl 
ligands, confirm ing that the orange solid  contains 3 carbonyl groups. These 
results indicate that the product formed on photolysis does not result in  carbonyl 

loss but rather the ring coordination changes from being r)6-arene to r|4-arene 
w ith a subsequent r\2 coordination o f the double bond (see Reaction 3.1.2.4.1). 
Presum ably this compound w ould be very unstable and q u ickly reverts to the (q 6- 
arene) compound on d isso lving as the only infrared bands measurable are those 
o f the parent tricarbonyl.

Reaction 3.1.2.4.1
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3.2 (r|6-tetrahydronaphthalene)Cr(CO)3.

In  the latter part o f this chapter the photochem istry o f (r|6- 

tetrahydronaphthalene)Cr(CO)3 is reported. To  date, a ll o f the reported 
photochem istry o f (r|6-arene)Cr(CO )3 compounds deals w ith monoaromatic rings 
attached to the metal centre7 w ith the exception o f one report where the arene 
attached to the metal centre consists o f a biphenyl ligan d .8

3.2.1 Electronic absorption spectrum of (Ti6-tetrahydronaphthalene)Cr(CO)3.

The prominent spectral feature o f the electronic spectrum o f (r|6- 

tetrahydronaphthalene)Cr(CO)3 consists o f a sharp intense band near 330 nm 
assigned as being a combination o f C r — >  arene charge transfer w ith some C r — 

—>  7i* character w hich is sim ilar to that o f (r| 6-benzene)Cr(CO )3.5 The 
absorption spectrum o f (r|6-aren e)C r(C O )3 compounds has previously been 
described in  detail in  Section 2.1.1.

3.2.2 Laser flash photolysis using UV/vis. detection.

Photolysis o f (r|6-aren e)C r(CO )3 compounds have been found to undergo 
C O  loss as the prim ary photoprocess. Fo llow ing laser flash  photolysis o f (r)6- 

tetrahydronaphthalene)Cr(CO)3 ( s 355 =  4263 dm3 m ol-1 s '1) in  cyclohexane 
under 1 atm. o f C O  a transient species was seen to absorb strongly at 280 nm. A s 
w ith any o f the other chromium  tricarbonyls investigated in  Section 2.1.2 
addition o f C O  to the solution reduced the lifetim e o f this intermediate but had no 
effect on it's over a ll yield. The concentration o f C O  admitted to the ce ll was 
varied, a linear relationship between k obs and concentration o f C O  was noted, (as 
presented in  Figure 3.2.2.1) and the second order rate constant for the reaction o f 

this species w ith C O  was calculated to be 7.2 x  106 dm3 m o l'1 s_1 at 298K. From  
these observations and from previous studies on substituted (r|6-aren e)C r(C O )39 
this transient species is assigned as a solvated dicarbonyl intermediate. The 
second order rate constant for reaction o f the solvated dicarbonyl intermediate 
towards C O  is sim ilar to that o f the analogous reaction for (r|6-

benzene)Cr(CO )3.9 Therefore on 355 nm photolysis o f (r|6-
tetrahydronaphthalene)Cr(CO)3 the first species observed was (r|6-
tetrahydronaphthalene)Cr(CO)2(cyclohexane) and this species is formed w ithin 
the duration o f the flash. A  typ ical transient signal obtained is given in Figure
3.2.2.2 where the decay curve corresponds to decay o f the (rj6-
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tetrahydronaphthalene)Cr(CO)2(cyclohexane). (r|6-Tetrahydronaphthalene)- 
C r(C O )3 has been shown to behave sim ilarly  to a ll o f the other (rj6- 

arene)Cr(CO )3 compounds discussed earlier. Thus, the prim ary photoreaction in 
solution is given by Reaction 3.2.2.1.

(r| 6-tetrahydronaphthalene)Cr(CO)3 --^ v >

( r| 6-tetrahy dronaphthalene)Cr(CO )2
+  C O  (3.2.2.1)

A s coordinatively unsaturated 16 electron intermediates are extremely reactive 
and are known to coordinate w eakly even to those consisting o f inert noble 

gases10 the dicarbonyl intermediate readily coordinates to a solvent m olecule 
according to Reaction 3.2.2.2.

(ri6-tetrahydronaphthalene)Cr(CO)2 +  s ------- >

(ri6-tetrahydronaphthalene)Cr(CO)2(s) (3.2.2.2)

In the presence o f C O  the solvated intermediate recom bines with C O  to 
regenerate the parent tricarbonyl according to reaction 3.2.2.3.

(r|6-tetrahydronaphthalene)Cr(CO)2(s) +  C O  ------- >

(ri6-tetrahydronaphthalene)Cr(CO)3 +  s
(3.2.2.3)

The U V /vis. difference spectrum obtained 2 |j.s after the flash  under 1 atm. o f C O  
is given in  Figure 3.2.2.3. A  A ^ x  is evident at 280 nm and a depletion at 340 
nm, w hich is typical o f any o f the (r(6-aren e)C r(C O )3 compounds investigated in 
Chapter 2.

127



80

50
k-obs

x 10-3 40

( s '1)
30

20

10

0
1 2.5 4 5.5 7 8.5 10

[C O ] 
x 103 mol dm-3

[C O ] x  103 m ol dm-3 kfihc (s_1) x 10-3
2.2 9.27

4.5 27.16
6.7 42.52
9.0 58.18

slope =  7.2 x  106 +  1.8 x  105 
intercept =  -62.35 x  10"2 +  9.07 x  10‘2 
correlation coefficient =  0.99

Figure 3.2.2.1 A  plot o f C O  (m ol dm-3) against the observed rate constant for the 

reaction o f C O  w ith (Ti6-tetrahydronaphthalene)Cr(CO)2(cyclohexane) at 298K.
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tinebase= 10 us/diu

Figure 3.2.2.2. Transient decay o f the (r|6-tetrahydronaphthalene)- 

C r(C O )2(cyclohexane) com plex monitored at 280 nm under 1 atm. o f C O .

W avelength (nm)

Figure 3.2.2.3 A  U V/vis. difference spectrum o f (r|6-tetrahydronaphthalene)- 

C r(C O )2(cyclohexane) obtained in cyclohexane solution under 1 atm. C O , 2fis 

after the laser pulse.
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Follow ing flash photolysis o f (r|6-tetrahydronaphthalene)Cr(CO)3 under 1 

atm. o f argon a second transient species was seen to absorb in the region 360 to 

430 nm. Spectral changes were significant in the parent spectrum (see Figure
3.2.2.4) with a band grow ing in at approxim ately 380 nm. Isosbestic pomts at 
276, 296 and 342 nm were maintained throughout the course o f the experiment 
w hich  is indicative o f a reaction uncom plicated by side or subsequent reactions. 
A  U V /vis. difference spectrum o f this secondary photoproduct is given in Figure 

3.2.2.5.
The concentration o f (ri6-tetrahydronaphthalene)Cr(CO )3 in  solution was 

varied and the observed rate constants determined at each concentration. The 
observed rates were plotted against parent concentration. However, a linear 
relationship was not observed. Thus it would appear that the solvated dicarbonyl 

species is  not reacting w ith unphotolysed parent.

Figure 3.2.2.4 Spectral changes observed fo llow ing flash photolysis o f (r|6- 
tetrahydronaphthalene)Cr(CO )3 in cyclohexane under 1 atm. o f argon.
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Figure 3.2.2.5 U V /vis. spectrum o f the secondary photoproduct formed 
follow ing photolysis o f (n 6-tetrahydronaphthalene)Cr(CO)3 in  cyclohexane 

(150|is) under 1 atm. o f argon.

3.2.3 Transient infrared spectroscopy.

A s the identity o f the second species was unknown fo llow ing laser flash 
photolysis it was decided to carry out a number o f T R IR  experiments. T R IR  
experiments were conducted in  the presence and absence o f C O . The T R IR  
difference spectrum obtained fo llow ing photolysis under 1 atm. C O  is shown in 
Figure 3.2.2.3.1. Depletion o f the parent com plex is evident at 1972 and 1900 
cm-1, with production o f positive bands at 1910 and 1868 cm-1. The latter are 
assigned to the solvated dicarbonyl intermediate by com parison w ith the bands 
for (ri6-benzene)Cr(CO )2(s) w hich occur at 1927 and 1877 cm '1. U sin g T R IR  the 
second order rate constant for reaction o f the solvated dicarbonyl species was 
calculated to be 6.7 x  106 dm3 m o l'1 s '1. Th is value corresponds w ell w ith that 
derived using U V /vis. detection (vide supra). From  T R IR  it is apparent that the 
system is not fu lly  reversible under these conditions, as after 20  jis  the bands 

assigned to the dicarbonyl species had decayed com pletely but the bands at 1972 
and 1900 c n r1 o f the parent tricarbonyl com plex remained sligh tly  depleted, thus 
indicating formation o f a further species.

131



0 OlOOr

0.9600 -

- *  nT V  i . . . .  i  .  . . .  i ■ . . .  i  . . . .  i  . . .  .

Z1M.0 2050.0 JOOO.O 1950.0 1900.» J8S0.0 1B00.0 1750.0 1 700.0

wavenumber (cm-1)

Figure 3.2.3.1 T R IR  difference spectrum after 2^is follow ing flash photolysis 

(A.exc. =  308 nm) o f (r|6-tetrahydronaphthalene)Cr(CO)3 under 1 atm. o f C O .

wavenumber (cm-1)

Figure 3.2.3.2 T R IR  difference spectrum after 120|^s follow ing photolysis o f (r)6- 

tetrahydronaphthalene)Cr(CO)3 under 1 atm. o f argon.
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On conducting a sim ilar experiment, but this time under 1 atm. of argon, 
bands were in itia lly  observed at 1910 and 1868 cm -1 (assigned to the dicarbonyl 
species). These bands decayed concurrent w ith form ation o f four new bands at 
approxim ately 1890, 1870, 1832 and 1804 cm -1 as presented in Figure 3.2.3.2. 

The observed rate constant for formation o f these new bands is sim ilar to the rate 
o f decay o f the dicarbonyl species. The average k obs was calculated to be 2.6 x  
104 s '1 for rate o f grow -in o f the 'new' bands. A fter in itia l depletion o f parent 
further depletion is not observed, hence ru ling out the p o ssib ility  o f unphotolysed 

starting material reacting w ith the dicarbonyl as was observed previously for the 
Mo system. Close exam ination o f the ind ividual transients suggests a slight 
regeneration o f parent, however.

The identity o f this species remains unknown. From  U V /vis. results, it 
does not appear to react w ith unphotolysed (r]6-tetrahydronaphthalene)Cr(CO)3 
in solution, as a linear relationship between k obs and concentration o f parent does 
not exist. A lso , i f  a dinuclear species is formed, further depletion of parent 

should be evident, but this does not occur according to the transient infrared data 

experiments carried out on this system.

Dom ogatskaya et al,8 have studied the photochem istry o f r j6- 
arenetricarbonyl com plexes by IR , U V  and N M R  spectroscopy. Experim ental 
data obtained during photolysis o f (r|6-aren e)C r(C O )3 favoured the formation o f a 
multicentre com plex w hich photodecays to y ie ld  C r(C O )6. From  their results 
they proposed that the m ulticentre com plex contains bridging carbonyl groups 

bonded to the metal atom, and term inal C O  groups bonded to the metal atoms 
w hich are either coordinated or uncoordinated to the arene (Figure 3.2.3.3 and
3.2.3.4).

Figure 3.2.3.3
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Figure 3.2.3.4

The electronic absorption spectrum o f irradiated (ri6-b ip h en yl)C r(C O )3 showed 
an optical density increase in  the region A >  375 nm, sim ilar to the observation in  

this study. They reported that form ation o f C r(C O )6 under irradiation o f the 
supposed m ultinuclear com plex is related to breaking o f the C r -C O  (bridging) 

bond.

Another notable feature o f this system was that this secondary 
photoproduct was only formed when samples were freeze pump thawed and 

liqu id  pumped. D egassing alone was not sufficient to generate this product, as on 
photolysing a degassed solution o f (n 6-tetrahydronaphthalene)Cr(CO)3 resulted 
in  degradation. Th is factor made it very d ifficu lt to attempt any preparative work 
to aid in  characterising this secondary photoproduct. It m ay be possible that the 
ligand is present in  the sample, perhaps as a cocrystallite, and this m ay be 
removed by liqu id  pum ping, hence the systems are not equivalent. The identity 
o f this species rem ains unknown and further experiments are required to 
elucidate the nature o f this secondary photoproduct.
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3.2.4 Activation parameters for the reaction of (r|6-tetrahydronaphthalene)- 
Cr(CO)3 with CO.

Activation parameters were obtained using Arrhenius and E yrin g  plots 
over a temperature range o f 288-313K  for Reaction 3.2.4.1.

(ri6-tetrahydronaphthalene)Cr(CO)2(s) + CO ------ >

(ri6-tetrahydronaphthalene)Cr(CO)3 +  s (3.2.4.1)

The second order rate constant k2 was used in  the calculations (k2 =  kobs/[C O ]), 
where [C O ] =  9.0 x  10_3M . The activation parameters are listed in Table 3.2.4.1 
and the experimental values given in  Table 3.2.4.2 and the corresponding graphs 
in  Figure 3.2.4.1.

A H * 28 +  2 kJm ol-1

A S* -17 +  5 Jm o H K -1

AG9tf298K> 33 +  2 kJm ol-1

Table 3.2.4.1 A ctivation parameters for the reaction o f ri6-
tetrahydronaphthalene)Cr(CO)2(cyclohexane) w ith CO .

The enthalpy o f activation A H *  for C O  recom bination at 28 kJm ol"1 is sim ilar to 
that o f the analogous systems described in  Chapter 2. The activation entropy is 
close to zero at -17 Jm o H K -1 w hich is indicative o f a interchange m echanism .11 
Hence the reaction o f (ri6-tetrahydronaphthalene)Cr(CO)2(cyclohexane) w ith 

C O  involves an transition state in  w hich the C O  m olecule binds to the metal 
centre sim ultaneously to loss o f cyclohexane. T h is m echanism  has previously 

been postulated for a ll the substituted (ri6-aren e)C r(C O )3 compounds discussed 
in Chapter 2.
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Scheme 3.2.4.2

Interchange m echanism  fo r the recom bination o f r)6- 

tetrahydronaphthalene)Cr(CO)2(cyclohexane) w ith C O  to regenerate parent 
tricarbonyl.
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Temp. (K) 1/T x 103 
(K-i)

^obs 
( s '1) x 10-4

Ln(kobs/[CO]) Ln(kobs/[C O ]. T)

288 3.47 4.50 15.42 9.75

293 3.41 5.30 15.59 9.91

298 3.35 7.05 15.87 10.18

303 3.30 8.62 16.07 10.36

308 3.25 10.04 16.23 10.50

313 3.19 12.2 16.42 10.68

Arrhenius Plot 
Slope 
Intercept
Correlation coefficient

Eyring Plot 
Slope 
Intercept
Correlation coefficient

Ea* = 30 + 2 kJmol' 1 
AH* = 28 + 2 kJmol' 1 
AS* = -17 + 5 Jmol-1K_1 
AG* = 3 3 + 2  kJmol-1

Table 3.2.4.2 Experimental data for the determination of the activation 
parameters for the reaction of (Ti6-tetrahydronaphthalene)Cr(CO)2(cyclohexane) 
towards CO.

= -3698 + 133 
= 28.21 + 0.03 
= 0.99

= -3421 + 135 
= 21.62 + 0.03 
= 0.99
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(a)

(1/T)/K X 10*-3

(b)

Ln(Kobs/[CO]/T)

(1/TJ/K X 10~-3

Figure 3.2.4.1 Arrhenius(a) and Eyring(b) plots for the reaction of Oi6- 
tetrahydronaphthalene)Cr(CO)2(cyclohexane) with CO to regenerate tricarbonyl.
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3.3 Conclusion.

A number of chelate complexes of chromium, molybdenum and tungsten 
have been isolated with intramolecular cyclisation being most suitable where a 
two or three atom bridge between the arene and olefin exists.1 ' 6 Conversion of 
tricarbonyl was found to be most successful for chromium, followed by 
molybdenum and tungsten, yielding smaller amounts of the dicarbonyl olefin 
compound even after prolonged irradiation. When a one CH2 unit bridge was 
used, as in the case of (ri6-allylbenzene)Cr(CO)3, only decomposition was 
observed following irradiation. When no bridge was used, as in the case of (r|6- 
styrene)Cr(CO)3, ji-olefin bridged dinuclear complexes were formed because of 
the withdrawing action of the (r|6-arene)Cr(CO)3 moiety attached to the vinyl 
group.6

In this study flash photolysis experiments with (r(6-allylbenzene)Cr(CO)3 
were carried out under 1 atm. of CO. Under these conditions a rapid depletion 
was observed with no apparent recovery. Attempts were made to measure the 
rate of formation of this transient species but the response time of the 
instrumental set-up was not adequate. Steady state photolysis was monitored 
using infrared spectroscopy. Initially two bands were observed at 1934 and 1881 
cm-1 concomitant with a decrease in intensity of the bands of the starting material 
at 1978 and 1910 cm-1. On prolonged photolysis a further absorption was visible 
at 1985 cm-1 which is assigned to Cr(CO)6. Initially it was thought that 
formation of an olefin dicarbonyl compound was occurring because of the 
similarity in product bands with those previously reported for other olefm- 
dicarbonyl compounds.1  < 6

However, mass spectrometry indicated a fragmentation pattern consistent 
with loss of three carbonyl fragments thereby ruling out the possibility of a 
dicarbonylolefin compound. The possibility of a dinuclear species comparable 
with the (ri6-styrene)Cr(CO)3 photolysis product, was considered but as only two 
carbonyl stretching frequencies were present this product was ruled out. Hence, 
from the data available it is proposed that on photolysis a hapticity change from 
r\6 — > r|4 occurs with subsequent coordination of the olefin bond, but CO loss 
does not appear to result upon irradiation.

TRIR and UV/vis. flash photolysis studies were carried out on (r|6- 
tetrahydronaphthalene)Cr(CO)3 both under CO and argon atmospheres. The 
primary photoproduct has been identified as the CO loss solvated intermediate. 
A further secondary photoproduct was also observed, the identity of which is 
unknown. However, Domogatskaya et al , 8  have investigated the photochemistry
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of (r|6-arene)Cr(CO)3 compounds using a number of spectroscopic techniques. 
Experimental data suggested formation of a multicentre complex following 
photolysis. Photodecay of this complex then led to formation of Cr(CO)6. The 
changes observed in the electronic absorption spectra of (r)6- 
tetrahydronaphthalene)Cr(CO)3 following photolysis under argon are very similar 
to those observed by Domogatskaya and coworkers,8 but in this study freeze 
pump thaw together with liquid pumping of the sample was required to observe 
formation of the secondary photoproduct. Further studies are required before any 
conclusive results can be determined regarding the nature of this product.
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Photochemical investigation of 
rj6-polyaromatic compounds of 

chromium tricarbonyl.

Chapter 4
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4.1 Photolysis of (r|6-polyaromatic)Cr(CO)3 compounds.

Photolysis of (r|6-benzene)Cr(CO)3 in frozen gases at 12K has been 
reported to form the dicarbonyl species.1  Solution photochemistry has also 
indicated CO loss to be the primary photoprocess,2 as the resulting photoproduct 
has been identified by TRIR spectroscopy as the coordinatively unsaturated 16 
electron intermediate.3 Highly reactive, unsaturated fragments of Cr(CO)6 are 
known to coordinate weakly either to inert matrices4 or to a solvent molecule.5 
Much of the photochemistry concerning (ri6-arene)Cr(CO)3 compounds has dealt 
with monoaromatic systems, however the thermal chemistry of these complexes 
has covered a greater range of arenes.6 While photochemically CO is apparently 
exclusively lost,7 the thermal reaction is somewhat different and is dominated by 
arene exchange.8 Activation of the arene-chromium bonds was first noted when 
arene exchange in (ri6-arene)Cr(CO)3 was observed in various arene 
solutions8 / 9 (reaction 4.1.1).

(ri6-arene)Cr(CO)3 + arene* ------ > (r|6-arene*)Cr(CO)3 + arene (4.1.1)

The displacement of the one arene by another takes place in the following order, 
going from the most to the least reactive arene:

hexamethylbenzene > mesitylene > xylene > toluene = benzene > 
chlorobenzene = fluorobenzene > naphthalene.

The driving force in Reaction 4.1.1 is the greater thermodynamic stability of (r|6- 
arene*)Cr(CO)3 relative to (r|6-arene)Cr(CO)3 because of the increased electron 
donating capability of arene*.10 This situation is reflected in greater ease of 
displacement with increasing alkyl substitution on the arene*.

The aim of this study was to investigate the photochemistry of a number 
of substituted ri6-polyaromatic chromium tricarbonyl compounds using a 
combination of UV/vis., TRIR and luminescence data to aid in characterising the 
photoproducts formed.

4.1.1 Electronic absorption spectrum of (r|6-naphthalene)Cr(CO)3.

Absorption spectra of (r|6-benzene)Cr(CO)3 and related compounds that 
have been studied are dominated by metal to ligand charge transfer 
absorptions.1 1  On examining the electronic absorption spectrum of (r|6-
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naphthalene)Cr(CO)3, it is obvious that this compound absorbs much further into 
the visible than any of the alkyl or halogenated compounds investigated in 
Chapter 2. The UV/vis. spectrum of (r|6-naphthalene)Cr(CO)3 in cyclohexane is 
given in Figure 4.1.1.1. Similar to the benzene analogue, at 345 nm is 
assigned to being predominantly a Cr — > arene charge transfer (CT) transition 
with some Cr — > n* CO CT character. A further maximum at approximately 
432 nm is thought to be essentially Cr — > arene CT. With this compound a 
shoulder at 305 nm is present, which may be masked in any of the previous (r|6- 
arene)Cr(CO)3 compounds investigated. The low energy region of (r|6- 
benzene)Cr(CO)3 has not been studied in detail but it is thought that the low 
lying absorptions are probably ligand field in character.12  As the shoulder at 
305 nm is not observable in the previous arene tricarbonyls investigated, it is 
possible that this band may be the result of a ligand field transition, however 
there is no evidence to support this hypothesis.

Figure 4.1.1.1 UV/vis. spectrum o f (r(6-naphthalene)Cr(CO)3 (1.5 x 10-4M) in 
cyclohexane.
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4.1.2 Laser flash photolysis of (ri6-naphthalene)Cr(CO)3.

Following 266 nm laser flash photolysis of (r|6-naphthalene)Cr(CO)3 in 
cyclohexane (s266 = 8261 dm3 mol-1 s_1) under 1 atm. of CO a transient species 
was seen to absorb at 300 nm. Based primarily on previous studies carried out on 
(ri6-benzene)Cr(CO)3 compounds this transient species was assigned to being the 
solvated dicarbonyl intermediate. A typical transient species monitored at 300 
nm is given in Figure 4.1.2.1 where the decay curve represents decay of the 
solvated complex. The dependence of the life-time of the solvated dicarbonyl 
(ri6-naphthalene)Cr(CO)2(cyclohexane) on CO was investigated. As with (r|6- 
benzene)Cr(CO)2(cyclohexane) (see Chapter 2.) addition of CO to the solution 
reduced the life-time of the solvated complex but had little effect on its overall 
yield. The second order rate constant was calculated by plotting kobs versus 
concentration of CO, and as a linear relationship existed, the slope of the line was 
used to generate the second order rate constant as given in Figure 4.1.2.2 which 
was calculated to be 5.08 x 106 dm3 mol-1 s_1 at 298K. This value is smaller than 
that measured for the reaction of (r)6-benzene)Cr(CO)2(cyclohexane) towards CO 
which was reported to be 9.8 x 106 dm3 mol-1 s_1.2d Hence the primary 
photoreaction of this system is given by Reaction 4.1.2.1 and 4.1.2.2.

(r)6-naphthalene)Cr(CO)3 ———> (r[6-naphthalene)Cr(CO)2 + CO

(4.1.2.1)

(ri6-naphthalene)Cr(CO)2+ s ------ > (ri6-naphthalene)Cr(CO)2(s) (4.1.2.2)

When in an CO environment this solvated intermediate recombines with CO to 
regenerate parent the tricarbonyl complex:

(ri6-naphthalene)Cr(CO)2(s) + CO ------ > (r|6-naphthalene)Cr(CO)3
+ s

(4.1.2.3.)
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(a)

tlnebase5 16 us/dlu

Figure 4.1.2.1 A typical transient signal obtained for (a) the decay of (ri6- 
naphthalene)Cr(CO)2(cyclohexane) and (b) rate of recovery of the tricarbonyl 
compound under 1 atm. CO (9.0 x 10‘3M).
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Figure 4.1.2.2 A plot of concentration of CO (mol dm3) against the observed rate 
constant for the reaction of CO with the (ri6-naphthalene)Cr(CO)2(cyclohexane) 
at 298K.
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The UV/vis. difference spectrum under 1 atm. of CO is given in Figure 
4.1.2.3. A maximum is evident at 300 nm and a depletion at 350 nm. The 
positive band at 300 nm represents formation o f the solvated dicarbonyl 
intermediate whereas the negative absorption signifies depletion of parent 
tricarbonyl. Noticeable for this system is the red shift for formation of the 
solvated intermediate as opposed to the methyl or ethyl substituted tricarbonyl 
compounds discussed in Chapter 2.

The UV/vis. absorption spectrum of the sample solution was recorded 
throughout the experiment and it was evident during the flash photolysis 
experiment that the nature of the sample was changing. Total reversibility did 
not occur under a CO atmosphere, as the absorption of Amax at approximately 
345 nm decreased in intensity together with an increase in the absorption in the 
region 290 to 310 nm. The change in the spectrum may appear to be of minor 
consequence but it does indicate the formation of a further species. An infrared 
spectrum of the sample at the end of the experiment indicated formation of 
Cr(CO)6. Further experiments were required to confirm the presence of 
uncomplexed naphthalene.

280 300 320 340 300 380 400 420 450 470 490 510 530 560 580 600

W avelength (nm)

Figure 4.1.2.3 UV/vis. difference spectrum following flash photolysis of (r|6- 
naphthalene)Cr(CO)3 in cyclohexane at 266 nm under 1 atm. of CO (9.0 x 10" 
3M) at 298K.
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Laser experiments were originally conducted at A,exc 266 nm (33mJ per 
pulse) as no transient species were observed following 355 (20mJ per pulse) 
excitation. However, subsequently it was possible to conduct experiments using 
355 nm excitation as the laser setup was serviced, which resulted in the energy of 
the system almost tripling, being 60-70 and 70-80 mJ per pulse for 355 and 266 
nm excitation respectively.

Experiments were also carried out with 532 nm excitation as (r)6- 
naphthalene)Cr(CO)3 absorbs in this region but no transients species were 
observed. If the low lying transition were ligand field in character, transients 
would be expected at this excitation wavelength, but this result further 
substantiates the likelihood that the lowest lying transition in this compound is 
metal to ligand charge transfer.

4.1.3 Luminescence monitored photolysis.

(Ti6-Naphthalene)Cr(CO)3 does not luminescence at room temperature,
1 Q

however the luminescence properties of naphthalene are well documented. As 
(ri6-naphthalene)Cr(CO)3 absorbs well into the visible to approximately 540 nm, 
it was initially decided to carry out long wavelength irradiation of this system. 
Room temperature photolysis of (r) 6-naphthalene)Cr(CO)3 at A, > 345 nm under 1 
atm. of CO revealed the production of uncomplexed naphthalene as monitored by 
luminescence spectroscopy.
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Figure 4.1.3.1 Luminescence spectra obtained after 10 and 20 minutes photolysis 
o f (r)6-naphthalene)Cr(CO)3 at X > 345 nm in cyclohexane under 1 atm. of CO.

Luminescence spectra recorded after 10 and 20 minutes photolysis are given in 
Figure 4.1.3.1. Together with these measurements the absorption spectrum of 
the parent tricarbonyl was also monitored as presented in Figure 4.1.3.2 and this 
time the changes in the parent are much more pronounced. Decay of the 
absorbance at (345 nm) is evident, concurrent with an increase in the
absorption at approximately 290 nm. An isosbestic point at 330 nm was 
maintained throughout the photolysis experiment which is indicative of a 
relatively clean reaction. At the end of the experiment an infrared spectrum of 
the sample solution indicated the presence of Cr(CO)6.
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Figure 4.1.3.2 Changes observed in the UV/vis. spectrum of (q6- 
naphthalene)Cr(CO)3 (1.02 x lO^M) following photolysis at X > 345 nm.

From these results long wavelength photolysis indicated the following reaction 
occurring:

(r|6-naphthalene)Cr(CO)3 > naphthalene + Cr(CO)6
X > 345 nm

This observation raised many questions as to exactly how did formation of 
Cr(CO)6 occur. Is it possible that the metal to arene bond was cleaved upon 
photolysis which would then result in the initial formation of Cr(CO)3 and 
naphthalene. The formation of Cr(CO)3 would indicate the presence of 
essentially a 12 electron species which, if formed, would be extremely reactive. 
However, the exact mechanism of Reaction 4.1.3.1 is unknown and it is merely 
speculation that a Cr(CO)3 fragment is produced following irradiation.

Initially, when the photochemistry of (r|6-benzene)Cr(CO)3 was 
investigated, Strohmeier and von Hobe reported that upon photolysis formation 
of Cr(CO)6 and uncomplexed benzene resulted.23 However these observations 
were later disputed,213 but in light of the experiments conducted on (r|6-
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naphthalene)Cr(CO)3 it appears that formation of Cr(CO)6 does occur when 
experiments are carried out under CO.

At this stage it was decided to carry out a number of matrix isolation 
experiments, as this technique should give a better insight into the exact nature of 
the photochemistry of this compound.

4.1.4 M a trix  iso lation.

The matrix isolation technique was originally developed in order to study 
unstable molecular species, as with this experimental method the life-time of the 
trapped species is much longer. The main aim of matrix isolation is for the 
product formed to be present as an isolated species hence, a series of matrix 
isolation experiments were carried out at the Max-Planck-Institute in Mulheim. 
A number of matrices were used: Xe, Ar, N2, CH4 and CH4/CO (10:1), to aid in 
characterising the observed photochemistry of this system. Matrix isolation has 
proved to be very apt at characterising unstable species, particularly unstable 
organometallic species some of which have been proposed as intermediates in 
thermal and photochemical reactions.

4.1.4.1 Xenon matrix.

The parent bands for (ri6-naphthalene)Cr(CO)3 are present at 1975, 1914 
and 1899 cm-1 in a Xe matrix. Upon photolysis at A = 460 nm new bands were 
observed at 1970, 1906 and 1903 cm-1 - the latter two bands being as a result of 
what is known as the matrix splitting effect (see Figure 4.1.4.1.1). On irradiating 
the matrix at wavelength of 340 nm new bands were produced at 1918 and 1862 
cm*1 as presented in Figure 4.1.4.1.2. On long wavelength photolysis these two 
bands decrease in intensity together with an increase in the parent bands which is 
typical of a reversible CO loss process.
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Figure 4.1.4.1.1 Spectral change of (r|6-naphthalene)Cr(CO)3 in a xenon matrix 
following irradiation at 460 nm at 10K.

4

wavenumber (cm*1)

Figure 4.1.4.1.2 Spectral change of (r)6-naphthalene)Cr(CO)3 in a xenon matrix 
following irradiation at 340 nm at 10K.
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4.1.4.2 Argon matrix.

Parent absorptions bands for (n6-naphthalene)Cr(CO)3 are present at 
1983, 1923 and 1907 cm-1 in an argon matrix. On photolysing the sample at 460 
nm new bands were seen to form at 1979, 1916 and 1914 cm' 1 (again the latter 
two as a result o f matrix splitting), but the intensity of these two bands are 
extremely weak in comparison to the previous work carried out in the xenon 
matrix. On irradiating the matrix with wavelength of 340 nm bands at 1930 and 
1872 cm-1 were produced as shown in Figure 4.1.4.2.1. On short wavelength 
photolysis both photoproducts are formed.

wavenumber (cm'1)

Figure 4.1.4.2.1 Spectral changes of (r|6-naphthalene)Cr(CO)3 in a argon matrix 
following irradiation at 340 nm at 10K.
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4.1.4.3 Dinitrogen matrix.

The bands for (r|6-naphthalene)Cr(CO)3 are present at 1980, 1920 and 
1903 cm' 1 in a dinitrogen matrix. When a sample of (r|6-naphthalene)Cr(CO)3 
was irradiated in this matrix at long wavelength photolysis with either 460 or 430 
nm no new bands were seen to form unlike in the previous matrices. However on 
photolysing the sample with wavelength of 340 nm new bands were seen to 
absorb at 1936 and 1888 cm-1, along with a higher absorption at 2139 cm-1 which 
indicates a v(N=N) vibration. The spectrum obtained is presented in Figure
4.1.4.3.1.

4

wavenumber (cm*1)

Figure 4.1.4.1 Spectral changes of (ri6-naphthalene)Cr(CO)3 in a dinitrogen 
matrix following irradiation at 340 nm at 10K.
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4.1.4.4 Methane matrix.

The infrared spectrum of (r|6-naphthalene)Cr(CO)3 in a CH4 matrix at 
10K consists of four bands in the carbonyl stretching region at 1976, 1914, 1898 
and 1896 cm-1 - the latter two again being a result of matrix splitting. On 
irradiation at 460 nm new bands were observed at 1971, 1906 and 1904 cm' 1 
(1906 and 1904 cm^-matrix splitting). On closer inspection of this spectrum (see 
Figure 4.1.4.4.1) it appears that the parent bands at 1898 and approximately 1896 
cm-1 do not decrease at a similar intensity upon irradiation, thus indicating that 
another band is forming under this parent absorption at 1896 cm*1. Therefore the 
new species formed on photolysing the sample at wavelength of 460 nm has three 
absorptions in the infrared region at 1971, 1904.5 and 1896 cm*1. An infrared 
spectrum in the region 4000 to 1500 cm-1 was recorded and no evidence for 
uncomplexed naphthalene was present. The matrix was then subjected to 
irradiation at 340 nm which resulted in the formation of a further two bands, one 
at 1858 cm-1 and the other at 1914 cm-1. As the parent band at 1914 cm' 1 does 
not decrease at a similar intensity to that of the other parent bands, it is again 
indicative that further band is present at 1914 cm-1 on short wavelength 
photolysis as presented in Figure 4.1.4.4.2.

wavenumber (cm-1)

Figure 4.1.4.4.1 Spectral changes o f (r|6-naphthalene)Cr(CO)3 in a methane 
matrix following irradiation at 460 nm at 10K.
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Figure 4.1.4.4.1 Spectral changes of (r|6-naphthalene)Cr(CO)3 in a methane 
matrix following irradiation at 340 nm at 10K.

4.1.4.5 Methane:CO (10:1) matrix.

The infrared bands for the tricarbonyl compound are slightly shifted to 
lower frequency in a CO doped matrix, with the carbonyl stretches at 1973, 1911, 
and 1894 cm-1. Following irradiation for 60 minutes at X = 460 nm a weak 
absorption was observed at -1985 cm-1, which occurs concomitantly with a 
decrease in the absorption bands of the parent compound. No evidence was 
detected for the bands at 1971, 1905 and 1896 cm-1 previously observed in a 
methane matrix following irradiation at 460 nm. On photolysing the sample at 
340 nm a very weak absorption at 1856 cm4 was detected along with a further 
band at 1911 cm-1. Because the parent bands at 1911 and 1894 cm*1 do not 
decrease at the same intensity it is indicative the presence of a product band 
underneath the parent band at 1911 cm-1.
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wavenumber (cm'1)

Figure 4.1.4.5.1 Spectral changes o f (r|6-naphthalene)Cr(CO)3 in a methane:CO 
(10:1) matrix following irradiation at 460 nm at 10K.

4.1.5 Discussion of matrix experiments.

The matrix experiments provided much more evidence to aid in 
characterising the photoproducts o f this system. (r|6-Naphthalene)Cr(CO)3 upon 
deposition has three stretching frequencies in the carbonyl region. On photolysis 
at X = 460 nm new absorptions were seen to form in all matrices other than the 
dinitrogen matrix. On short wavelength photolysis at A. = 340 nm two absorptions 
were produced in all matrices. The results o f the matrix isolation studies are 
summarised in Table 4.1.5.1.
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Xe
cm-1

Ar
cm-1

n 2
cm_1

c h 4
cm-1

CH4:CO
cm*1

before 1975, 1983, 1980, 1976, 1973,
irradiation 1914, 1899 1923, 1907 1920, 1903 1914, 1897 1911, 1894
A = 460 nm 1970,

1904
1979,
1915

*
1970, 

1905, 1896 1985

A, = 340 nm 1918, 1930, 1936, 1914, 1911,
1862 1872 1888, 2139 1858 1856

Table 4.1.5.1 Differences observed in the carbonyl region of the infrared 
spectrum following irradiation of (r|6-naphthalene)Cr(CO)3. The bands observed 
following 460 nm irradiation are also observed following 340 nm irradiation 
along with the formation of further new bands. * no new bands observed 
following 460 or 430 nm photolysis.

If upon irradiation cleavage of the chromium to naphthalene bond 
occurred resulting in formation of a Cr(CO)3 fragment only two bands would be 
expected in the infrared region based on work carried out by Pertuz and 
Turner14  as shown in Table 4.1.5.2. These workers carried out extensive studies 
on Cr(CO)6 and Mo(CO)6 in a variety of matrices. In a methane matrix two 
bands at 1979 and 1889 cm-1 were observed which they assigned to Cr(CO)3 and 
on further irradiation a band was observed at 1902 cm-1 which was reported to 
belong to a further CO loss product namely Cr(CO)2, (Cr(CO)5 and Cr(CO)4 
were also characterised). This work was repeated in a argon matrix but only one 
band at 1867 cm-1 was observed for the tricarbonyl fragment presumably because 
the other band was masked by another absorption. Gas phase experiments on 
Cr(CO)6 were carried out by Church et a l.15 and from their work they 
concluded that coordinatively unsaturated photofragments in the gas phase 
compare well with those species previously identified in the condensed phase. 
Subsequently Ishikawa et al,16 carried out gas phase studies on chromium and 
molybdenum tricarbonyls and their results correlated with that previously 
reported by Church and coworkers.15
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metal fragment Ar matrix CH4 matrix Gas phase

cm' 1 cm-1 cm-1
Cr(CO)3 1867 a 1979 a 1880 b

1889 »

Cr(CO), 1902 a
n 6 - 1937 c 1925 c 1981 d

benzeneCr(CO)2 1885 c 1870 c 1917 d

Table 4.1.5.2 Carbonyl stretching frequencies for the formation of Cr(CO)2 and 
Cr(CO)3 following irradiation of Cr(CO)6, and (ri6-benzene)Cr(CO)2 following 
irradiation of (r|6-benzene)Cr(CO)3. a denotes reference 14, b reference 15, c 
reference 1, d reference 17.

On long wavelength photolysis of (r]6-naphthalene)Cr(CO)3 in an argon 
matrix, formation of bands at 1979 and 1915 cm' 1 resulted, which are very 
similar in frequency to the carbonyl bands obtained by Wang et al,17  following 
photolysis of (r]6-benzene)Cr(CO)3 in the gas phase. These bands at 1981 and 
1917 cm-1 were assigned to (r|6-benzene)Cr(CO)2. The absorptions for (r|6- 
benzene)Cr(CO)2 in the gas phase are considerably shifted to higher frequency 
with regard to the values reported by Rest et a l 1 for formation of (r|6- 
benzene)Cr(CO)2 in either an argon or methane matrix (Table 4.1.5.2).

Zheng et al.18 investigated the photochemistry of the isoelectronic (r|5- 
C5H5)Mn(CO)3 in the gas phase. Akin to the studies carried out on (r|6- 
benzene)Cr(CO)3 in the gas phase17  the bands observed for the dicarbonyl 
intermediate as presented in Table 4.1.5.3 are at a much higher wavenumber than 
those in either argon matrix19, glasses20 or solution21 .

fragment argona glasses n- gas
MCH/Ipb HCHC heptaned phase0

cm-1 cm-1 cm-1 cm*1

0i 5- c 5h 5)- 1955 1955 1950 1964 2021

Mn(CO)2 1886 1886 1880 1895 1874

Table 4.1.5.3 Carbonyl stretching frequencies for (r|5-C5H5)Mn(CO)2 in various 
media. a reference 1, b reference 19, c reference 20, d reference 21.
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From Table 4.1.5.3 it is apparent that the infrared absorption bands of (r]5- 
C5H5)Mn(CO)2 in the gas phase are in disagreement with the corresponding 
values in condensed phases. Generally, the coordinatively unsaturated transition- 
metal carbonyls observed in the gas phase have their IR absorptions bands shifted 
by ~ 10-30 cm-1 to higher frequency than those in an argon matrix. In both the 
chromium and the manganese systems the positions of the dicarbonyl absorptions 
are shifted to a considerably greater extent in the gas phase. This variation has 
been explained in terms of the interaction of the dicarbonyl with the host matrix. 
This theory was based on previous work22 where it was indicated that 
interaction with even a relatively inert matrix material can cause distortion. 
There have been other publications where coordinatively unsaturated molecules 
show significant differences in structure between matrix and gas phase.23

The systems investigated by Wang et al,17, (r|6-benzene)Cr(CO)3 and 
Zheng et al.18, (r|5-cyclopentadienyl)Mn(CO)3, in the gas phase were reported 
to be photoreversible as the bands assignable to the dicarbonyl species returned 
to base-line at a similar rate to the bands for depletion of parent.

In condensed phases the ejection of benzene the ligand from photo-excited 
(ri6-benzene)Cr(CO)3 is considered to be very inefficient, if it occurs at all. 
Nevertheless it still remains a concern whether a pathway exists involving the 
loss of benzene when (r|6-benzene)Cr(CO)3 is in an excited state.24 The bond 
energy between the chromium centre and the benzene ligand is estimated to be 
180 kJ/mol.25 Wang and coworkers17  noted a weak absorption at ~ 1999 cm-1 
following 355 nm flash photolysis (r|6-benzene)Cr(CO)3 in the gas phase in the 
presence of CO.17  The absorption at 1999 cm-1 occurred in the latter part of the 
experiment and only in the presence of CO, hence suggesting that the absorption 
is due to a secondary product formed via the reaction of the primary 
photoproduct with CO. This absorption they attributed to be as a result of 
formation of Cr(CO)626 formed by the consecutive addition of three CO 
molecules to the primary Cr(CO)3 fragment.

In view of the observations by Perutz and Turner14 it is extremely 
unlikely that cleavage of the Cr-naphthalene bond occurs on irradiating this 
compound, as in this set o f experiments three bands are observed in the infrared 
region rather than the reported two band pattern for formation of the tricarbonyl 
fragment. It appears that the product formed on long wavelength photolysis is
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most probably a tncarbonyl species that is in some way bound to the naphthalene 
ligand, as the bands observed following irradiation are only shifted slightly to 
lower frequency to those of the parent bands.

Albright et al,27 reported a detailed theoretical investigation into the 
minimum energy pathways for shifting of the Cr(CO)3 group from one ring to 
another in bicyclic polyenes, which has been termed haptotropic rearrangements. 
One of the systems on which a detailed theoretical investigation was carried out 
was (r(6-naphthalene)Cr(CO)3. Figure 4.1.5.1 gives a potential energy surface 
diagram for shifting of the Cr(CO)3 moiety relative the naphthalene ring.

Figure 4.1.5.1 The potential energy surface diagram for shifting of the Cr(CO)3 
moiety relative the naphthalene ring. Diagram from reference 27.

The energy contours are given in kJ/mol and are symbolised by solid circles. To 
attain the central r|2 geometry as presented in Figure 4.1.5.2 requires 183 kJ/mol, 
which is close to the computed binding energy of Cr(CO)3 to the naphthalene 
being (197 kJ/mol). The calculated minimum energy pathway is shown by a 
dashed line. A transition state indicated by a cross and a local minimum shown 
by a open circle are computed to be 117 and 88 kJ/mol respectively less stable 
than the ground state. Thus the non-least motion pathway is definitely favoured 
over a least motion alternative. Hence, a r\2 structure is not on the lowest energy 
pathway for a haptotropic rearrangement. In view of the location of the lowest
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energy minimum a r|3 type intermediate is likely which is essentially a 16 
electron r|3-allylCr(CO)3 anion with a heptatrienyl cation fused to the allyl 
portion.

Figure 4.1.5.2

As a consequence of the results obtained by Albright et al.2 7 it would be 
plausible to assume that on long wavelength photolysis a r)3 type intermediate as 
show in Figure 4.1.5.3 is formed.

O C -C r-C O
I

CO 

Figure 4.1.5.3

In the matrix experiments this r |3-allyl intermediate is isolated and trapped 
and three bands are observed for its formation. However the solution 
photochemistry is somewhat different. In solution this intermediate is most likely 
extremely unstable and hence the Cr(CO)3 fragment is lost from the aromatic 
system and in the presence of CO formation of Cr(CO)6 results. The exact 
mechanism for the formation of Cr(CO)6 is unknown and further experiments are 
required to ascertain this information.
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4.1.6 Activation parameters for reaction of (Ti6-naphthalene)Cr(CO)2- 
(cyclohexane) with CO.

The activation parameters for the reaction of (r|6-naphthalene)Cr(CO)2- 
(cyclohexane) with CO were calculated using Arrhenius and Eyring plots. The 
second order rate constant k2 used in the calculation was calculated by dividing 
k0bs/[CO] where the concentration of CO equals 9.0 x 10‘3M. The activation 
parameters are listed in Table 4.1.6.1, the experimental data is given in Table
4.1.6.2 and the corresponding graphs in Figure 4.1.6.1.

AH* 26 + 2 kJmol' 1
AS* -27 + 5 JmoWK-1

AG:?if298K) 34 + 2 kJmol"1

Table 4.1.6.1 Activation parameters for the reaction of (r|6- 
naphthalene)Cr(CO)2(cyclohexane) towards CO.

The results in Table 4.1.6.1 are in agreement with the results determined 
in Chapter 2 . AH* for the recombination of CO was measured to be 26 kJmol' 1 
which is within the error o f the data obtained for any of the monoaromatic 
systems. The activation entropy AS* was measured to be -27 kJmol"1K_1 which 
is in agreement with previous reports. This observation along with the AH* 
value is indicative of an interchange mechanism occurring, whereby the solvent 
molecule is ejected at the same time as the CO ligand forms a bond with the 
metal as presented in Figure 4.1.6.2.

Figure 4.1.6.2
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Temp. (K) 1/T x 103 
(K-i)

kobs 

( s '1) X 10-4
Ln(kobs/[CO]) Ln(kobs/[C O ]. T)

289 3.46 3.2 15.09 9.43

293 3.41 4.2 15.35 9.67

299 3.36 5.1 15.54 9.84

303 3.30 5.9 15.69 9.98

308 3.24 7.1 15.88 10.15

311 3.19 8.6 16.07 10.32

Arrhenius Plot 
Slope 
Intercept
Correlation coefficient

Eyring Plot 
Slope 
Intercept
Correlation coefficient

Ea* = 29 + 2 kJmol-1 
AH* = 26 + 2 kJmol-1 
AS* = -27 + 5 Jmol- 1K_1 
AG* = 34 + 2 kJmol"1

Table 4.1.6.2 Experimental data for the determination of the activation 
parameters the reaction of (ri6-naphthalene)Cr(CO)2(cyclohexane) towards CO to 
regenerate parent tricarbonyl.

= -3446+ 185 
= 27.06 + 0.04 
= 0.99

= -3129+ 171 
= + 0.04 
= 0.99
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(a)

Ln(Kobs/[CO])

(1/T)/K X 1CT-3

(b)

(1/T)/K x 10A-3

Figure 4.1.6.1 Arrhenius(a) and Eyring(b) plots the reaction of (r|6- 
naphthalene)Cr(CO)2(cyclohexane) with CO to regenerate the parent complex.
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4.2 (r|6-Phenanthrene)Cr(CO)3.

4.2.1 Electronic absorption spectrum of (ri6-phenanthrene)Cr(CO)3.

The UV/vis. spectrum of (r|6-phenanthrene)Cr(CO)3 in cyclohexane is 
given in Figure 4.2.1.1. A is prominent at approximately 370 nm which is 
assigned to a chromium — > arene charge transfer transition with some 
chromium — > it* CO charge transfer character. These assignments are based 
primarily on investigations into the electronic absorption spectrum of (r|6- 
benzene)Cr(CO)3.i:L There is also a shoulder centred about 290 nm which is 
assigned to being metal — > n* CO CT. In the valley of the spectrum there is an 
absorption at approximately 310 nm, which was not previously observed in the 
alkyl substituted monoaromatic systems, but in the naphthalene analogue a 
similar absorption was visible at ~ 305 nm which was speculated to be a ligand 
field transition. There is a shoulder at 450 nm which could possibly be MLCT in 
nature but again this is merely speculation. The differences in the spectra 
between naphthalene and phenanthrene are quite marked, in so far as naphthalene 
tricarbonyl absorbs further into the visible than the phenanthrene compound.

4.2.2 Laser flash photolysis of (ri6-phenanthrene)Cr(CO)3.

For this compound all laser flash photolysis experiments were conducted 
at 355 nm excitation. Following laser flash photolysis in cyclohexane (8355 = 
7730 dm3 mol-1 s_1) under 1 atm. of CO a transient species absorbed at 290 nm. 
A typical transient signal observed at this wavelength is presented in Figure
4.2.2.1 along with depletion of parent which occurs at 370 nm.
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Figure 4.2.1.1 UV/vis. spectrum of (ri6-phenanthrene)Cr(CO)3 (1.07 xlO_4M) in 
cyclohexane.

The concentration of CO admitted to the cell was varied, no change in yield was 
observed but as the concentration of CO increased the life-time of the species at 
290 nm decreased. This transient species was assigned to the dicarbonyl 
intermediate as a linear relationship exists between the concentration of CO and 
the observed rate constant. The second order rate constant was calculated by 
plotting kobs versus concentration of CO, the slope of the line represents the 
second order rate constant, 5.93 x 106 dm3 s' 1 mol-1. This value is very similar to 
that obtained for the reaction o f (ri6-naphthalene)Cr(CO)2(cyclohexane) towards 
CO.
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(a)

tinebase= 18 us/div

tinebase= 10 us/diu

Figure 4.2.2.1 A typical transient signal obtained for (a) the decay of (r|6- 
phenanthrene)Cr(CO)2(cyclohexane) at 290 nm and (b) the recovery of the 
tricarbonyl compound at 370 nm under 1 atm (9.0 x 10‘3M) CO.
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6.75 3.6
9.00 5.1

slope = 5.93 106 + 2.03 x 10'5 
intercept = -30.00 x 10-2 + 8.87 x 10‘ 2 
correlation coefficient = 0.99

Figure 4.2.2.2 A plot of concentration of CO (mol dm*3) against the observed 
rate constant for the reaction of CO with the (r|6-
phenanthrene)Cr(CO)2(cyclohexane) at 298K.
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The UV/vis. difference spectrum obtained following flash photolysis 
under 1 atm. of CO is given in Figure 4.2.2.3. An absorption occurs at 290 nm 
which is assignable to the solvated dicarbonyl species together with a depletion 
of parent at 370 nm.

wavelength (nm)

Figure 4.2.2.3 UV/vis. difference spectrum following flash photolysis of (r|6- 
phenanthrene)Cr(CO)3 in cyclohexane at 355 nm under 1 atm. of CO (9.0 x 10“ 
3M) at 298K.

4.2.3 Steady state photolysis with monitoring by luminescence spectroscopy.

Phenanthrene luminesces strongly28 however on complexation to 
Cr(CO)3, luminescence is quenched. Hence, if on photolysis the aromatic ring is 
lost, it's presence can be monitored by luminescence spectroscopy. As before it 
was decided to carry out long wavelength photolysis on this system as it absorbs 
in the visible region. Room temperature photolysis of (rj6- 
phenanthrene)Cr(CO)3 at X > 345 nm under 1 atm. of CO resulted in the
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formation of uncomplexed phenanthrene as monitored by luminescence 
spectroscopy. Given in Figure 4.2.3.1. are luminescence spectra of phenanthrene 
obtained after 10 and 20 minutes photolysis of (r|6- phenanthrene)Cr(CO)3. 
Throughout the photolysis the electronic absorption spectrum was recorded, 
agam slight changes in absorbance were obvious as shown in Figure 4.2.3.2. At 
the end of the experiment an infrared spectrum indicated formation of Cr(CO)6.

wavelength (nm)

Figure 4.2.3.1 Luminescence spectra obtained after 10 and 20 minutes photolysis 
of (r|6- phenanthrene)Cr(CO)3 at X > 345 nm in cyclohexane under 1 atm. of 
CO.
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Figure 4.2.3.2 Changes observed in the UV/vis. spectrum of (r|6-
phenanthrene)Cr(CO)3 following photolysis at X > 345 nm.

These results indicate that on long wavelength photolysis the following reaction 
occurs:

(r)6- phenanthrene)Cr(CO)3 —^ —> phenanthrene + Cr(CO)6
X >  345 nm

c o  (4.2.3.1)

Matrix isolation experiments were not carried out on this system but from 
both the laser experiments and the continued photolysis as monitored by 
luminescence it appears that similarly to the experiments carried out on the 
naphthalene analogue, arene loss is the predominant photochemical reaction on 
long wavelength photolysis.

Consequently, two photochemical reactions are occurring on 355 nm flash 
photolysis, loss of CO to generate the dicarbonyl intermediate which in the 
presence of CO recombined to regenerate the parent compound and arene loss to 
form Cr(CO)6 and uncomplexed phenanthrene. In the case of the naphthalene
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compound arene loss was proposed to occur through a "r|3" type allyl 
naphthalene intermediate. In a matrix environment this intermediate is stabilised 
but in solution this is not so and therefore recombines with CO to form Cr(CO)6 
which was detected by infrared spectroscopy. Infrared spectra of (r|6- 
phenanthrene)Cr(CO)3 before and after a laser experiment carried out under 1 
atm. of carbon monoxide are given in Figure 4.2.3.3. Presumably, in the case of 
the phenanthrene compound a similar reaction occurs as the laser experiments 
and luminescence studies yield similar results to those of the naphthalene system. 
In the haptotropic rearrangement the Cr(CO)3 fragment is lost from the metal 
centre resulting in the formation of the products observed.

Migration of tricarbonyl groups in phenylanthracenes between two non- 
adjacent six membered rings is not unusual and has been reported by 
Cunningham et al.2 9 On heating a solution of I in dioxane a colour change from 
yellow to purple was noted which indicated migration of the tricarbonyl group 
from one aromatic ring to another as shown by NMR to form product II as 
given in Reaction 4.2.3.1.

II
Reaction 4.2.3.1.
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Figure 4.2.3.3 Infrared spectra of (r|6- phenanthrene)Cr(CO)3 before and after a 
laser experiment carried out under one atmosphere of CO.



4.2.4 Activation param eters for reaction of (r|6- phenanthrene)Cr(CO )2- 
(cyclohexane) with CO.

The activation parameters for the reaction of (r|6-phenanthrene)- 
Cr(CO)2(cyclohexane) with CO were calculated using Arrhenius and Eyring 
plots. The second order rate constant k2 used in the calculation was calculated by 
dividing kobs/[CO] where the concentration of CO equals 9.0 x 10~3M. The 
activation parameters are listed in Table 4.2.4.1, the experimental data is given in 
Table 4.2.4.2 and the corresponding graphs in Figure 4.2.4.1.

AH* 25 + 2 kJmol' 1
AS* -3 0  + 5 JmoWK ' 1

AG?7298Ki 34 + 2 kJmol-1

Table 4.2.4.1 Activation parameters for the reaction of (t]6- 
phenanthrene)Cr(CO)2(cyclohexane) towards CO.

The results in Table 4.2.4.1 are similar to the results obtained for the 
activation parameters calculated for (ri6-naphthalene)Cr(CO)3. AH* for the 
recombination of CO was measured to be 25 kJmol' 1 for this compound as 
opposed to 26 kJmoW for the likewise reaction for (r|6-naphthalene)Cr(CO)3. 
The activation entropy AS* was measured to be -30 kJm oHK-1 which is in 
agreement with the naphthalene system and previous reports,3 thus agreeing with 
an interchange mechanism occurring as presented in Figure 4.2.4.2.

Figure 4.2.4.2
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Temp. (K) 1/T x 103 
(K-i)

^obs 

(s-1) X 10-4
Ln(kobs/[CO]) Ln(kobs/[C O ]. T)

283 3.53 2.61 14.88 9.23

289 3.46 3.28 15.11 9.45

293 3.41 4.43 15.41 9.73

299 3.36 5.31 15.59 9.89

303 3.30 5.63 15.65 9.9

308 3.24 6.95 15.86 10.13

311 3.19 8.49 16.06 10.31

Arrhenius Plot 
Slope 
Intercept
Correlation coefficient

Eyring Plot 
Slope 
Intercept
Correlation coefficient

Ea* = 28 + 2 kJmol-1 
AH* = 25 + 2 kJmol' 1 
AS* = -30 + 5 Jm oH K -1 
AG* = 34 ± 2 kJmol"1

Table 4.2.4.2 Experimental data for the determination of the activation 
parameters for the reaction of (r|6-phenanthrene)Cr(CO)2(cyclohexane) with CO 
to regenerate the parent tricarbonyl complex.

=-3373 + 184 
= 26.83 + 0.05 
= 0.99

= - 3074 + 184 
= 10.13+0.05 
= 0.99
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(a)

Ln(Kobs/[CO])

(1/T)/K  x 1CT-3

(b)

Ln(Kobs/[CO]/T)

(1 /T)/K  x 10*-3

Figure 4.2.1 Arrhenius(a) and Eyring(b) plots the reaction of (rj6- 
phenanthrene)Cr(CO)2(cyclohexane) with CO to regenerate the parent 
tricarbonyl complex.
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4.3 (ri6-Pyrene)Cr(CO)3.

The UV/vis. spectrum of (r]6-pyrene)Cr(CO)3 in cyclohexane is given in 
Figure 4.3.1.1. A is prominent at approximately 310 nm which is assigned 
to being predominantly chromium — > arene charge transfer with some 
chromium — > n* CO charge transfer character. Once again, these assignments 
are based primarily on investigations into the electronic absorption spectrum of 
(r|6-benzene)Cr(CO)3.1 1  There are two further maxima at 380 and 490 nm 
which are thought to be metal to ligand charge transfer transitions. (r|6- 
Pyrene)Cr(CO)3 absorbs further into the visible than any of the other 
polyaromatic carbonyl compounds previously discussed.

4.3.1 Electronic absorption spectrum of (r|6-pyrene)Cr(CO )3.

Figure 4.3.1.1 UV/vis. spectrum of (ri6-pyrene)Cr(CO)3 (1.3 x 10_4M) in 
cyclohexane.
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4.3.2 Laser flash photolysis of (Ti6-pyrene)Cr(CO)3.

All laser flash photolysis experiments were conducted at 355 nm 
excitation (8355 = 4748 dm3 mol-1 s_l) under 1 atm. of carbon monoxide. 
Following flash photolysis a transient species was measured at 300 nm as 
presented in Figure 4.3.2.1. This transient species was identified as being the 
solvated dicarbonyl intermediate which reacts with CO with a second order rate 
constant of 3.2 x 106 dnPmoHs"1. The changes in the UV/vis. were monitored 
throughout the experiment and are presented in Figure 4.3.2.2. The absorption 
maxima of the parent complex decreased in intensity along with an increase in 
absorption in the region around 340 nm. A UV/vis. difference spectrum was not 
recorded for this compound as above 340 nm there were problems with 
luminescence as the sample decomposes rapidly, much more noticeably than 
either of the previous compounds investigated.

Figure 4.3.2.1 A typical transient signal observed at 300 nm following flash 
photolysis o f (r|6-pyrene)Cr(CO)3 at 355 nm under 1 atm. of CO (9.0 x 10'3M) at 
298K.
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Figure 4.3.2.2 Changes in the UV/vis. absorption spectrum observed upon flash 
photolysis of (ri6-pyrene)Cr(CO)3.

4.3.3 Steady state photolysis with monitoring by luminescence spectroscopy.

As before it was decided to carry out luminescence studies as 
uncomplexed pyrene luminesces whereas (r|6-pyrene)Cr(CO)3 does not.13 
Room temperature photolysis of (ri6-pyrene)Cr(CO)3 at X > 400 nm and under 1 
atm. of CO resulted in the formation of uncomplexed pyrene as determined by 
luminescence measurements. Presented in Figure 4.3.3.1 are luminescence 
spectra recorded after 5 and 10 minutes photolysis. As before the UV/vis. 
absorption spectrum was recorded and similar changes were observed to that seen 
in Figure 4.3.2.2.
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wavelength (ran)

Figure 4.3.3.1 Luminescence spectra obtained after 5 and 10 minutes photolysis 
of (ri6-pyrene)Cr(CO)3 at X > 400 nm in cyclohexane under 1 atm. of CO.
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4.4 Conclusion.

S olu tion  photochem istry  o f  the polarom atic chrom ium  tricarbonyl 

com pounds in vestigated  in  th is study resu lted  in  the form ation  o f  C r(C O )6. 

H ow ever laser fla sh  p h oto ly sis  experim ents provide ev id en ce  for the presen ce o f  

a dicarbonyl interm ediate w h ich  is presum ably so lva ted  sim ilarly  to other 

dicarbonyl fragm ents.3 The m atrix iso la tion  study carried out on  the naphthalene  

system  further substantiates the form ation o f  a d icarbonyl sp ec ies  on  short 

w avelen gth  p h oto ly sis . O n lon g  w avelen g th  p h o to ly sis  o f  (ri6- 

naphthalene)C r(C O )3 in  either a xen on , argon or m ethane m atrix a further 

photoproduct is  observed . This photoproduct is thought to be o f  an "r|3" type  

interm ediate w h ich  is stab ilised  in  the m atrix b ecau se  o f  its rig id  nature, but th is  

is not so  in  so lu tion  w h ere the C r(C O )3 fragm ent is lo st  from  the arom atic ligand  

and resu lts in  the form ation  o f  C r(C O )6. E xperim ents con d u cted  in  a d initrogen  

m atrix o n ly  resu lted  in  the form ation  o f  a d icarbonyl product, n o  ev id en ce  w as  

found for a secon d  photoproduct. T he C O  doped  m ethane m atrix provides  

ev id en ce for the form ation o f  C r(C O )6 w h ich  is in  agreem ent w ith  so lu tion  

p hotochem istry  and h en ce  ind icates that a sim ilar reaction  p ath w ay ex ists  in  both  

a m atrix and in  so lu tion  for (ri6-naphthalene)C r(C O )3. W ork is  on go in g  on  th ese  

system s in  so  far as m atrix iso la tion  studies have to be carried out on  both  (r|6- 

phenanthrene)C r(C O )3 and (ri6-pyrene)C r(C O )3 com pounds. P rev iou sly  it has 

been  thought that the photochem istry  (ri6-arene)C r(C O )3 com pounds resu lts 

so le ly  in  C O  lo ss , but this study has dem onstrated that b y  varying the nature o f  

the arene ligand  it is p o ssib le  to alter the photochem istry. T he quantum  y ie ld  for  

CO lo ss  has b een  m easured to be re la tive ly  e ffic ien t (O  =  0 .7 2 ) for (r|6- 

ben zen e)C r(C O )32 b , and b ecau se  o f  th is e ff ic ie n c y  it is o f  the op in ion  that the  

lo w est energy transition is  ligan d  f ie ld  in  character. I f  th is w ere  so  for the 

polyarom atic tricarbonyls a transient signal for the C O  lo ss  product w o u ld  have  

b een  exp ected  fo llo w in g  532  nm  fla sh  p h oto ly sis , h o w ev er  th is w as not the case  

as no transient sign als w ere detected. M atrix iso la tion  studies provide ev id en ce  

for a photoproduct fo llo w in g  lo n g  w avelen gth  p h o to ly sis  w h ich  has b een  

iden tified  as an “r |3” type interm ediate and this resu lt further confirm s that the  

ligand  f ie ld  is  no  longer the lo w e st  ly in g  energy transition as it n o w  appears to be  

m etal to ligan d  charge transfer in  origin. I f  the ligand  f ie ld  ex c ited  state w ere the  

lo w est in  energy  th ese  polyarom atic system s w o u ld  m ost probably be  

photoreversib le as is for (ri6-b en zen e)C r(C O )3. A n  overall v ie w  o f  the reaction  

pathw ay for the polyarom atic system s in  both so lu tion  and m atrix is g iven  in  

Schem e 4 .4 .1 .
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arene = polyaromatic (r|6-arene)Cr(CO )3

m atrix

" 3"
"H -areneC r(C O )3

h v 
460 nm

( r i6- a r e n e ) C r ( C O ) :

10 : 1 
c h 4 : CO

C r(C O )6

Scheme 4.4.1

184



4.5 References

1 R est,A .J .;Sodeau ,J .R .;T aylor,D .J .; J. Chem. Soc., Dalton Trans/,
1978 ,651 .

2 (a) S tohm eier,W .;von  H o b e ,D .; Z. Naturforsch-, 1 9 6 3 ,1 8 B ,770.
(b) G ilb ert,A .;K elly ,J .M ;B u d zw ait,M .;K oem er v o n  G ustorf,E .; Z. 
Naturforsck, 1976 ,3 1 B , 1091.
(c ) Z h en g ,Y .;W ang,W .;L in ,j.;She,Y .;F u ,F -J .; J. Phys.Chem.; 
1 9 9 2 ,9 6 ,9 8 2 1 .
(d) M cG rath,I.M . P h .D  Thesis, D u b lin  C ity U n iversity; 1993.

3 C reaven,B .S . ;G eorge,M . W . ;G inzburg,A .G . ;H ughes,C . ;K elly . J.M . ;Long,C. 
;M cG rath,I.M .;Pryce,M .T .; Organometallics; 1 9 9 3 ,1 2 ,3 1 2 7 .

4  Perutz,R .N .;T um er,J.J.,; J. Am. Chem. Soc.; 1 9 7 5 ,9 7 ,4 7 9 1 .

5 (a )B o n n ea u ,R ;K elly ,J .M .; J. Am. Chem. Soc.; 1 9 8 0 ,1 0 2 ,1 2 2 0 . 
(b )K elly ,J .M .;L o n g ,C .;B o n n ea u ,R ; J. Chem. Phys.; 1 9 8 3 ,8 7 ,3 3 4 4 .

6 (a)Strohm eier,S .;Starrico,E .; Z. Phyzik. Chem. Neue Folge.; 1 966 ,38 ,315 .
(b)Z im m erm an,C .L .;S haner,J .L .;R oyh ,S .A .;W illeford ,B .R .; J. Chem. 
R es.(S );l9 $ 0 ,m .
(c)T raylor,T .G .;Stew art,K .J.;G oldberg,M .J.; J. Am. Chem. Soc.; 
1 9 8 4 ,1 0 6 ,4 4 4 5 .
(d)T raylor,T .G .;Stew art,K .J.; J. Am. Chem. Soc.; 1 9 8 6 ,1 0 8 ,6 9 7 7 .
(e)T raylor,T .G .;G oldberg,M .J.; Organometallics; 1 9 8 7 ,6 ,2 4 1 3 .

7 W righton ,M .S .;H averty ,J .L .; Z. Naturforsch; 1975 ,B 3 0 ,2 5 4 .

8 N atta ,G .;E rcoli,R .;C alderazzo.;Santam brozio ,E .; Chim. Ind. (Milan); 
1958 ,4 0 ,1 0 0 3 .

9 E rcoli,R .;C alderazzo ,R ;A bberola ,A .; Chim. Ind. (Milan); 1959 ,4 1 ,9 7 5 .

10 (a) M ahaffy ,C .A .L ,;P au son ,P .L ,; J. Chem. Res.(S); 1979 ,126 .
(b) M ahaffy ,C .A .L ,;P au son ,P .L ,; J. Chem. Res.(M); 1979 ,1972 .

11 (a) C arroll,D .G .;M cG lynn , S .P ,;Inorg. Chem.; 1 9 6 8 ,7 ,1 2 8 5 .
(b) E rco li,R ;M a n g in i,A .; Ric. Sei. SuppL ; 1 9 5 8 ,8 4 ,1 1 6 7 .
(c) Y am ada,S.;N akam ura, H .;T su ch id a ,R , Bull. Chem. Soc. Japan; 
1 957 ,30 ,647 .

185



(d) Y am ada,S.;N akam ura, H .;T such ida,R .; Bull. Chem. Soc. Japan; 
1960 ,3 3 ,4 8 1 .

12 G eoffroy ,G .L ;W righton ,M .S .; Organometallic Photochemistry, A cad em ic  
Press, N e w  York; 1979.

13 Turro,N. J. 'Modern Molecular Photochemistry, B enjam in /C um m ings  
Publish ing Co. Inc.; 1978.

14 Perutz,R .R .;Tum er,J.J.; J. Am. Chem. Soc.; 1 9 7 5 ,9 7 ,4 8 0 0 .

15 Seder,T .A .;C hurch ,S .P .;W eitz,E .; J. Am. Chem. Soc.; 1 9 8 6 ,1 0 8 ,4 7 2 1 .

16 Ish ik aw a,Y -i,;B row n,C .E .;H ackett,P .A .;R ayner,D .M .; J. Phys. Chem.; 
19 9 0 ,9 4 ,2 4 0 4 .

17 W ang,W .;J in ,P .;L iu ,Y .;She,Y .,F u ,K -J .; J. Phys.Chem.; 1 9 9 2 ,9 6 ,1 2 7 9 .

18 Z heng,Y .;W ang,W .;L in ,J .;She,Y .;F u ,K -J .; J. Phys.Chem.;
1 9 9 2 ,9 6 ,7 6 5 1 .

19 B lack ,J .D .;B oylan ,M .J .;B raterm an ,P .S .; J. Chem. Soc., Dalton Trans.; 
1981 ,673 .

20  H ill,R .H ,;W righton ,M .S .; Organometallics; 1 9 8 7 ,6 ,6 3 2 .

21 (a) C reaven ,B .S .;D ixon ,A .J .;K elly ,J .M .;L on g ,C .;P o liak off,M .;  
Organometallics; 1 9 8 7 ,6 ,2 6 0 0 .
(b)Johnson,F .P . A . ;G eorge,M . W . ;Bagratashvili, V .N . ; V ereshchagin a ,L .N . ; 
P oliak off,M.; M endeleev Commun.; 1991 ,26 .

22  P oliak off,M .; J. Chem. Soc., Dalton Trans.; 1974 ,2 1 0 .

23 Ish ikaw a,Y .;H ackett,P .A .;R ayner,D .M .; J. Phys. Chem.; 1 9 8 8 ,9 2 ,3 8 6 3 .

24  R oon ey ,D .;C h a ik en ,J .;D risco ll,D .; Inorg. C /zem .;1987 ,26 ,3939 .

25 C onnor,J.A .; Top. Curr. Chem.; 19 7 7 ,7 1 ,7 1 .

26  F letch er ,T .R .;R osen feld ,R .N .; J. Am. Chem. Soc.; 1 9 8 5 ,1 0 7 ,2 2 0 3 .

27  A lbrigh t,T .A .;H ofin an ,P .;H offin an n ,R .;L illya ,C .;D ob osh ,P .A .; J. Am. 
Chem. Soc.; 1 9 8 3 ,1 0 5 ,3 3 9 6 .

186



28 Y osh ihara,K .;K asuya.;T .;Inoue,A .;N agakura,S .; Chem. Phy. Lett.-, 
1971 ,8 ,469 .

29  C u n n in gh am ,S .D .;O fe le ,K .;W ille ford ,B .R .; J. Am. Chem. Soc.; 
1 9 8 3 ,1 0 5 ,3 7 2 5 .

187



Photochemistry of 
(r\6-cis and trans -1,2 diphenylethene)Cr(CO)3

and
the crystal and molecular structure of 
(t]6-trans-1,2 diphenylethene)Cr(CO)3 .

Chapter 5.

188



There has b een  m uch interest in the p h otoch em istry  o f  transition m etal 

com p lexes that have lo w  ly in g  m etal to ligand  charge transfer exc ited  states, for  

e.g. W (C O )5L 1 or (r |5-C 5H 5)M n (C O )2L 2 co m p lex es  w here L is CO or a L ew is  

base. The resu lts o f  th ese  studies have sh ow n  that the photochem ica l and  

lum in escen ce characteristics o f  the co m p lex es  are d ependent on  the energy o f  the 

lo w  ly in g  M LC T exc ited  state. Sm all changes in  the nature o f  the ligand(L ) have  

illustrated that this can have a m ajor e ffe c t  on  the properties o f  the com p lex . 

T herefore the ligand substituent can  be u sed  to  'tune' the exc ited  states and the  

photochem ica l properties o f  a num ber o f  transition  m etal c o m p le x e s .3
P hotochem ica l studies o f  [W (C O )5L] (L =  N -d o n o r  ligand) in so lu tion  at 

room  tem perature have sh ow n  that the quantum  y ie ld s  (O ) o f  R eactions 5 .1 .1  and

5 .1 .2  are sen sitive  to the w avelen gth  o f  irradiation. Short w avelen gth  cau ses  

m ore e ffic ien t lo ss  o f  CO  (O c0 = 0 .0 4  at 2 5 4  nm 0.002 at 4 3 6  nm; O l  = 0 .3 4  at 

2 5 4  nm , 0 .63  at 4 3 6  nm  w here L = pyrid ine).4

[W (C O )5L] — >  [W (C O )4L] +  CO  (5 .1 .1 )

[W (C O )5L] — >  [W (C O )5] +  L (5 .1 .2 )

For the ligand 4  styrylpyrid ine the e ff ic ie n c y  o f  photosubstitu tion  o f  the ligand  is  

som ew hat reduced  due to com p eting  cis — >  tram  isom erisation  o f  the  

coordinated ligand. Q uantum  y ie ld s  for (styry lp yrid in e)W (C O )s w ere ca lcu lated  

to be ^diss =  0 .1 6 , O c—>t =  0 .31  and — >c =  0 .0 8  (A,eXc. =  436  nm ). In the  

case o f  styrylpyrid ine it w as proposed  that isom erisation  resu lted from  an 

intraligand triplet state form ed b y  internal con version  from  the lo w e st  ly in g  m etal 

centred ligand fie ld  triplet. A rgon  m atrices w ere u sed  to investigate the  

photochem istry o f  (pyrid ine)W (C O )5 and (3-brom opyrid ine)W (C O )5.5 
P hotolysis (3 2 0  <  X < 3 9 0  nm ) produced bands attributed to W (C O )5. L ong  

w avelength  p h oto ly sis  (X =  435  nm ) resu lted  in  regeneration  o f  the parent and a 

decrease in  the bands o f  the starting m aterial. P h o to ly sis  w ith  unfiltered ligh t  

resulted in  a com p lica ted  spectrum  but a band w a s ob served  at 2 1 3 8  cm "1 w h ich  

indicated the presen ce o f  'free' CO.

T hese observations in lo w  tem perature m atrices are con sisten t w ith  those  

prev iou sly  observed  b y  W righton  et a l.1 in  so lu tion  and thus indicate that 

R eactions 5 .1 .1  and 5 .1 .2  can take p lace in  lo w  tem perature m atrices at 12K  w ith  

R eaction  5 .1 .2  b ein g  photochrom ic. In th is study the photochem istry  o f  (r\6-cis

5.1 Photochemistry of (r]6-l,2  diphenylethene)Cr(CO)3.
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and tram -1.2 diphenylethene)C r(C O );, w as investigated along w ith prelim inary  

studies on (r\6-tram ,tram -l,4 -d ip h en y l-l,3 -b u tad ien e)C r(C O )3.

5 .1 .1  E lectron ic  a b so r p tio n  sp e c tr a  o f  ( t^ -c /s  and trans-1,2

d ip h e n y le th en e)C r(C O )3.

(r|6-

■1,2 d iphenylethene)C r(C O )3
(r\6-tram-

1,2 diphenylethene)C r(C O )3

N a v e  1e n q t h ( n m )

5 .1 .1 .1  Electronic absorption  spectra o f  (r\6-cis - and tram-1,2 
diphenylethene)C r(C O )3 in  cy c lo h e x a n e  ( 8.1 x  10‘5 and 8 .7  x  10'5M ).

C r(C O )3
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The U V /v is  spectra for both (rj6-c/^- and tra m -1,2 diphenylethene)C r(C O );, in 

cyc loh exan e  are g iven  in Figure 5 . 1. 1. 1. T he absorption spectra o f  these  

com p lexes are noticeab ly  different to that o f  (r |6-b en zen e)C r(C O )3 in 

cyc loh exan e  prev iou sly  described in Chapter 2, e sp ec ia lly  (r\6-trans-l,2 
diphenylethene)C r(C O )3_ An absorption m axim a at 2 9 0  nm  for the tram  isom er  

is assign ed  to the chrom ium  — > arene CT transition w ith  som e chrom ium  — >  

k * CO CT character.6 In the case o f  the cis isom er, ^  is sh ifted  to a 

som ew hat low er  energy o f  330  nm  and sim ilarly  to the tram  isom er this 

transition is a ssign ed  to being chrom ium  — >  arene CT w ith  som e chrom ium  —  

>  7i*  CO CT character. For the c /s-isom er there is a shoulder at 2 6 0  nm  w h ich  is 

attributed to b ein g  a M — >  z* CO  CT transition. In the tram  isom er this 

transition is  not readily observable and m ay be the shoulder on  the high energy  

sid e  o f  the absorption m axim a at 2 9 0  nm. T w o  further absorption m axim a  

present at 4 0 8  and 4 3 0  nm for the cis and tram  isom ers resp ective ly  are thought 

to  be M LCT transitions as increasing the so lven t polarity  resu lted in  a blue shift 

o f  these bands, g iven  in Figure 5 .1 .1 .2  and 5 .1 .1 .3  are the spectra for both  

isom ers in cyc loh exan e  and acetone. (rj6- 0 \ s - 1,2 d iphenylethene)C r(C O )3 has a 

w in d o w  in the absorption spectrum  at 3 0 0  nm  w h ich  is typ ica l o f  (r|6- 

arene)C r(C O )3 com p lexes. H ow ever in the case o f  the tram  co m p lex  this va lley  

is  absent as A.max occurs in this region.

Figure 5 .1 .1 .2  U V /v is . spectrum o f  (r |6- c / s - l ,2  d iphenylethene)C r(C O )3 in ( 1) 

cyc loh exan e  and (2) acetone.
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Figure 5 .1 .1 .2  U V /v is . spectrum  o f  ( r\6-trans-l,2  d iphenylethene)C r(C O )3 in  ( 1) 

cycloh exan e and (2) acetone.

5.1.2.1 Laser flash photolysis of (rj6-trans -1,2 diphenylethene)Cr(CO)3 .

F ollow in g  flash  p h oto ly sis  o f  ( r\e-trans-\,2  d iphenylethene)C r(C O )3 at 

355 nm  (£355 =  6 2 6 8  dm 3 m o l' 1 s ' 1) under 1 atm. o f  CO  a transient sp ec ies w as  

observed  at 310  nm  and a d ep letion  at 3 5 0  nm  as g iven  in Figure 5 .1 .2 .1 . From  

previous studies conducted  on  (ri6-arene)C r(C O )3 in cycloh exan e under flash
*7 p

p h oto lysis  conditions or lo w  tem perature w ork  the primary photoproduct has 

been  identified  as the coo rd in a tiv e ly  unsaturated dicarbonyl interm ediate. 

Sim ilarly here the prim ary photoprodu ct is a ssign ed  to the solvated  dicarbonyl 

sp ecies w h ich  in  the presen ce o f  a  carbon  m on ox id e  reacts to reform  the parent 

tricarbonyl com p lex  w ith  a secon d  order rate constant o f  6.0 x  106 dm 3m o l'1s '1.

Figure 5 .1 .2 .2  contains a U V /v is . d ifferen ce  spectra recorded under 1 atm. 

o f  CO. A  Amax is ev id en t at 3 1 0  nm  togeth er  w ith  a broad absorption m axim um  

at 470  nm. A s the rate o f  d ecay  o f  the absorption  at 3 1 0  nm  (6 .0  x  106 dm3m ol' 

• s '1) is sim ilar to that at 4 7 0  nm  (6 .2  x  106 d m ^ m o l'V 1) this absorption is 

attributed to the so lvated  d icarbonyl interm ediate. .Along w ith  the absorptions 

fo llo w in g  flash  p h oto lysis a d ep letion  occu rs at 3 5 0  nm  w hich corresponds to  an 

absorption m axim a o f  the parent com p ou n d . This system  is not fu lly  reversib le
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under 1 atm. o f  CO, as the U V /v is. absorption spectrum  o f  the parent recorded at 

various tim e intervals m dicates an increase in the absorption at 250  nm along  

w ith  a decrease in the absorptions at 290 , 335  and 4 0 8  nm. A n infrared spectrum  

o f  this so lu tion  indicated the form ation o f  C r(C O )6 (Figure 5 . 1.2 .3 ).

(a)

tinebase= Id us/d lu

(b)

tinebase= 10 us/div

Figure 5 .1 .2 .1  Transient signal recorded  at 310 (a ) and 350  nm (b) fo llo w in g  flash  

p h oto ly sis  (A^xc = 355  nm  ) o f  (ri6- trans-1,2 diphenylethene)C r(C O )3 under 1 
atm. o f  CO.
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Figure 5 .1 .2 .2  U V /v is . d ifferen ce spectra o f  ( r\6-trans-i,2  
diphenylethene)C r(C O )3 under 1 atm. C O  at d ifferent tim e intervals.

*

M i v t n u « t i r  ( c ■ ”  I )

Figure 5 .1 .2 .3  Infrared spectrum  o f  (r\6-trans-\,2  d ip h en yleth en e)C r(C O )3 under 

1 atm. CO at the end  o f  the experim ent. * indicates C r(C O )6-
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Photolysis o f  (r\6-trans-1,2 d iphenylethene)C r(C O )3 was fo llo w e d  by  

proton N M R  in order to in vestiga te  the nature o f  products. The N M R  sam ple  

w as m ade up in a sim ilar m anner to that o f  any o f  the laser sam ples by using a 

degassab le N M R  tube and 1 atm. o f  C O  w as adm itted to the tube. R esonances for  

the com p lexed  ring in (r\6-trans-l,2  d iphenylethene)C r(C O )3 occur in the region  

b etw een  4 .98  -  5 .32  ppm , th ose  o f  the u n com p lexed  ring betw een 7 .15  -  7 .38  

ppm  and the v iny lic  protons at -  6 .5 4  and - 6.88 ppm. A s the sam ple o f  (r|6- 

trans-1,2 d iphenylethene)C r(C O )3 in deuterated c y c lo h ex a n e-d n  w as irradiated  

at X > 4 0 0  nm  for intervals o f  ap p rox im ately  10 m inutes m ultiplets w ere seen  to  

grow  at -7 .3  ppm together w ith  a d ou b let at 7 .4  ppm . A lso  evident w as a singlet  

at 7 .02  ppm. O n com paring the spectrum  o f  photolysed  (r\6-trans-l,2  
diphenylethene)C r(C O )3 w ith  that o f  the uncom plexed  ligand trans- 
diphenylethene (Figure 5 .1 .2 .1 )  it appears that upon irradiation at X >  400  nm  

sc iss io n  o f  the m etal to arene b on d  occu rs w ith  production o f  the uncom plexed  

ligand. Presented in F igure 5 .1 .2 .2  is  the 1H N M R  spectrum  o f  (r\6-trans-\,2  
diphenylethene)C r(C O )3 in cy c lo h e x a n e -£ /i2 b efore and after irradiation at X > 
4 0 0  nm.

5.1.2 NMR monitored photolysis of (r[6-trans-l,2 diphenylethene)Cr(CO)3 .

c y c lo h ex a n e-d i2.
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Figure 5 .1 .2 .2 , the ^  N M R  spectrum  o f  (r\6-trans-l,2  d iphenylethene)C r(C O )3 
in  cy c lo h ex a n e-i/12 at d ifferent tim e intervals o f  irradiation at X >  4 0 0  nm.
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5.1.3 Infrared monitored photolysis of (r\6-trans-l,2 diphenylethene)Cr(CO)3.

(r|6-A rene)C r(C O )3 com p ou n d s are known to undergo CO  lo ss  upon  

photolysis and in the presen ce o f  a ligand the vacant site on the m etal centre is 

h ence occu p ied .9 For instance fo llo w in g  irradiation in the presen ce o f  e x c ess  

pyridine (n 6-benzen e)C r(C O )3 lo o se s  CO to form the com p lexed  dicarbonyl 

pyridine product as show n in  the infrared spectrum in Figure 5 .1 .3 .1 . A s the 

irradiation tim e progressed  (sp ectra  recorded at intervals o f  3 seco n d s) the  

absorptions at 1982 and 1914  c m *1 decreased  in in tensity  w ith  correspond ing  

form ation o f  bands at 1902 and 1850 c m '1. These n ew  bands are attributed to  

(r|6-benzene)C r(C O )2(pyridine).

WavenumBer (cm-1)

Figure 5.1.3.1 Infrared spectral changes for the reaction o f (ri6-benzene)C r(C O )3

w ith excess pyridine in argon degassed cyclohexane.
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A n argon degassed  so lu tion  o f  (r |6- /r a m - l ,2  d iphenylethene)C r(C O )3 in 

cycloh exan e in the presence o f  e x c ess  pyridine w as p h o to ly sed  (the sam ple w as 

protected by a C om ing  filter 7 -54). A s the p h oto ly sis  tim e increased  the bands o f  

the parent tricarbonyl at 1978 and 1913 cm ' 1 d ecreased  in in ten sity  together w ith  

the form ation o f  bands at 1903 and 1854 cm '1 as sh o w n  in Figure 5 .1 .3 .2 . The 

infrared spectra w ere recorded at intervals o f  approxim ately  4 seconds. An  

isosb estic  point occurs at 1908 cm ' 1 w h ich  is in d ica tive  o f  a clean reaction  

uncom plicated  by  side or subsequent reactions taking p lace. B ased on 

experim ents carried out on  the analogous (ri6-b en zen e)C r(C O )3 com pound the 

bands at 1903 and 1854 cm '1 are a ssig n ed  to (r\6-trans-l,2 
diphenylethene)C r(C O )2(pyrid ine).

I

Figure 5.1.3.2 Infrared spectral changes for the reaction o f  (r\6-trans-l,2
diphenylethene)Cr(CO )3 w ith  excess pyridine in argon degassed cyclohexane.
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Flash photo lysis o f  (r |6-c /.s - l ,2  d iphenylethene)C r(C O )3 at 355  nm (8355 =  

6 7 3 4  dm J m ol' 1 s '1) under 1 atm. o f  CO resulted in the form ation o f  a very long  

liv ed  transient sp ecies w ith  a Amax at 300  nm. A  U V /v is . d ifference spectra for  

(ti6- c « -1 ,2  d iphenylethene)C r(C O )3 is presented in Figure 5 .2 .1 .1 . From this 

difference spectra it can  b e  seen  that upon flash p h oto lysis  o f  (r|6- c / j - l ,2 

diphenylethene)C r(C O )3 reversib ility  o f  the system  is not m aintained, as the  

absorption at 300  and d ep letion  at 3 3 0  nm  do not return to base-line. N oticeab le  

w as a colour change to a m u ch  deeper shade o f  y e llo w  as the experim ent 

proceeded.

Throughout the exp erim en t the U V /v is . spectrum  w as recorded as g iven  in  

Figure 5 .2 .1 .2 . T he absorption  at 330  nm  decreased in in tensity  w ith  a 

concurrent increase in the ab sorptions at 290  and 430  nm. T w o iso sb estic  points  

w ere observed  at 322  and 3 4 0  nm . From  the changes in the U V /v is . absorption  

spectrum  it w ou ld  appear that upon  p h oto lysis conversion  from  the cis to tram  
isom er resulted.

5.2.1 Laser flash photolysis of (r|6-m -l,2  diphenylethene)Cr(CO)3 .

Wavelength (nm)

Figure 5 .2 .1 .1  U V /v is . d ifferen ce  spectra observed upon flash  p h oto lysis  o f  (r |6- 

cis-1,2 d iphenylethene)C r(C O )3 under 1 atm. o f  CO at d ifferent tim e intervals 

after the flash.
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Figure 5 .2 .1 .2  Changes recorded in the electron ic  absorption spectrum  o f  (r |6-c /s-  

1,2 d iphenylethene)C r(C O )3 fo llo w in g  laser flash  p h oto ly sis  at 355  nm  under 1 
atm. o f  CO.

5.2.2 NMR monitored photolysis of (r|6-cis-l,2 diphenylethene)Cr(CO)3 .

P hoto lysis o f  (ti6-c /s -1 ,2  d iphenylethene)C r(C O )3 w as m onitored  by  

proton  N M R . The sam ple for N M R  w as m ade up in a degassab le N M R  tube in  

deuterated cyclohexane fo llo w in g  freeze  pum p thaw  procedure and 1 atm. o f  CO  

w a s adm itted to the tube. R eson an ces for the com p lexed  ring in  (r\6-cis-l,2  
diphenylethene)C r(C O )3 occur b etw een  4 .9  -  5 .2  ppm  w ith  those o f  the 

u n co m p lex ed  ring in the reg ion  7 .1 0  -  7 .2 4  ppm  and the v in y lic  protons occur at 

- 6 .7 5  and ~  6.6 ppm (see  F igure 5 .2 .2 .2 ) . A s the cyc loh exan e  so lu tion  o f  (r|6- 

cis-1,2 diphenylethene)C r(C O )3 w as irradiated at A >  4 0 0  nm  n ew  resonances  

w ere seen  to form in the reg ion  5 .1 6  -  5 .3 4  together w ith  further reson ances in  

the reg ion  7 .2  -  7.4 ppm. C oncurrently  tw o sets o f  doublets appear at - 6 .5 5  and 

- 6.88 ppm . Singlets are observed  at 6.5 ppm  and 7 .2  ppm  as the p h oto lysis
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proceeded. On com paring the final photolvsed  sam ple proton N M R  spectrum  

w ith  that o f  u n com p lexed  trans and cis stilbene (F igures 5 .1 .2 .1  and 5 .2 .2 .1 )  and 

w ith  (r\6-tram -i,2  d iphenylethene)C r(C O )3 it appears that the main  

photochem ical p ath w ay is isom érisation  from  (q 6-c/.y-l,2 
diphenylethene)C r(C O )3 to (r\6-tram -l,2  d ip h en yleth en e)C r(C O )3. H ow ever, 

th is is not the o n ly  reaction  that is occurring as the N M R  resonances o f  

u n com plexed  ligands are a lso  present. A t 7 .2  ppm  a s in g let in creases in intensity  

together w ith other reson an ces, and the sin g let at th is freq u en cy  indicates the 

form ation o f  u n com p lexed  tram  ligand. A lso  a sin g let is ob served  at 6.5 ppm  

w h ich  is present in the u n com p lexed  cis isom er (se e  F igure 5 .2 .2 .1 ). On 

com paring the relative in ten sities  o f  the various products it w o u ld  appear that the 

major photochem ica l pathw ay is isom érisation  o f  (q 6-c z i-1,2 
diphenylethene)C r(C O )3 to  (r |6- /r a m - l ,2 d iph en yleth en e)C r(C O )3, a lso  form ed  

are uncom plexed  cis ligan d  together w ith  a minor am ount o f  u n com p lexed  tram  
stilbene.

Figure 5 .2 .2 .1 . [H N M R  spectrum  o f  cz's-1,2 d iphenylethene in cy c lo h ex a n e-tfo .
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Figure 5 .2 .2 .2 . •H N M R  spectrum  o f  (r\6-cis-l,2  d iphenylethene)C r(C 0)3  in  

cyclohexane-c /12 at d ifferent tim e intervals o f  irradiation at X >  4 0 0  nm.
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A n argon degassed  cycloh exan e so lu tion  o f  (r |6-c w -l ,2  

diphenylethene)C r(C O )3 w as irradiated in the presence o f  ex c ess  pyridine. A s  

the p h oto lysis  proceeded  the infrared bands o f  the tricarbonyl at 1912 and 1978  

cm "1 decreased  in in tensity  together w ith the form ation o f  tw o  bands at 1902 and 

1853 c m '1. The infrared spectra in Figure 5 .2 .3 .1 w as recorded at intervals o f  10 
seconds. From the previous results o f  the N M R  experim en t (vide supra) it is 

probable that (r\6-tram -1,2 d iphenylethene)C r(C O )2(pyrid ine) is form ed, rather 

than the c /s-co m p lex  as at X >  4 0 0  nm  isom erisation  from  the cis to tram  
tricarbonyl occurs. There is o n ly  a d ifference o f  on e w ave  num ber in the 

frequ en cies o f  the product form ed fo llow in g  p h oto lysis  o f  the cis and tram  
com pound in the presence o f  pyridine.

5.2.3 Infrared monitored photolysis of (r|6-cw-l,2 diphenylethene)Cr(CO)3 .

I

Figure 5.2.3.1 Infrared spectral changes for the reaction of (q6-c/s-l,2
diphenylethene)Cr(CO)3 with excess pyridine in argon degassed cyclohexane.
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5.2.4 Luminescence studies of (rj6-cis- and trans-1,2 diphenylethene)Cr(CO ) 3  

in solution at room temperature.

E m ission  spectra w ere recorded from  (rj 6-cis- and trans-1,2  

diphenylethene)C r(C O )3 in  cy c lo h ex a n e  at room  tem perature. S olu tions w ere  

deaereated b y  flu sh ing  w ith  argon for 20  m inutes. A n  exc ita tion  w avelen g th  o f  

330  nm  w as used  as it corresponds to A,max. in  the czs-tricarbonyl com pound. 

T he em ission  spectrum  recorded for the cw -isom er is g iv en  in  Figure 5 .2 .4 .1 . 

T his spectrum  has an em issio n  m axim um  centred at 365  nm  w ith  a 'tailing' 

em ission  to approxim ately 4 2 0  nm . T he em issio n  spectrum  for the trans-isom er  

is g iven  in  Figure 5 .2 .4 .2 . T his com p ound  has a m u ch  broader em issio n  band  

than that o f  the c/5-isom er w ith  a m axim um  em issio n  at 3 5 0  nm  together w ith  a 

further shoulder at 365  nm.

M etal com p lexes w h ich  do n ot em it in  room  tem perature so lu tion  is

b ecau se  o f  rapid ligand  d issoc ia tion  and e ffic ien t non-radiative relaxation  to the

ground state. C om p lexes that p o sse ss  a M LC T state as the lo w e s t  energy exc ited

state undergo relatively  s lo w  radiative deactivation  w h ich  can  read ily  be detected

under flu id  conditions. O n ly  the M (C O )5L co m p lex es w h ere M = M o or W  and L

=  pyridine containing an e lectron  w ithdraw ing substituent have b een  estab lish ed

to lum inesce at room  tem perature. E m ission  under flu id  con d ition s has not b een

observed  from  M (C O )5L co m p lex es in  w h ich  the ligan d  f ie ld  ex c ited  state has

b een  established  as the lo w e st  ly in g  ex c ited  state. M ost o f  the em issiv e  properties

o f  m etal carbonyls have b een  recorded at lo w  tem perature in  a rigid  environm ent,
10

w here nonradiative p rocesses are consid erab ly  reduced.

A s both the cis and trans com pounds lu m in esce  at room  tem perature it 

w o u ld  indicate that the lo w e st  ly in g  state is probably m etal to  ligand  charge  

transfer w h ich  is in agreem ent w ith  p reviou s studies.
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Figure 5 .2 .4 .1  E m ission  spectrum  o f  (rj6-c /'j- l,2  d iphenylethene)C r(C O )3 at 

2 9 8 K  in  cyc loh exan e .

w avenu m ber (nm )

Figure 5 .2 .4 .2  E m ission  spectrum  o f  (r |6- /r a « s - l ,2  d iphenylethene)C r(C O )3 at 

2 9 8 K  in cyc loh exan e .
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5.3 (vf-Trans , trans-l,4-diphenyl-l,3-butadiene)Cr(CO)3.

5.3.1 Electronic absorption spectrum of (r\6-trans, /7-aws-l,4-diphenyl-l,3- 
butadiene)Cr(CO)3.

T he U V /v is . spectrum  o f  (r\6-trans, trans-1,4 -d ip h e n y l-1,3-

butadiene)C r(C O )3 in cyc loh exan e  is g iven  in Figure 5 .3 .1 .1 . The m axim um  

absorption occurs at 315 nm . T his transition is attributed to a m etal — >  arene 

CT w ith  som e chrom ium  — >  n* CO  CT character. A  further m axim a w as  

observed  at 435  nm  w h ich  is ten tatively  assigned  as a M LC T transition because  

on increasing the so lvent polarity a b lue shift is observed  as sh ow n  in Figure 

5 .3 .1 .2 .

Figure 5 .3 .1 .1  E lectronic absorption spectra (r\6-trans,trans-l A -diphenyl-l,3- 

butadiene)C r(C O )3 in cyc loh exan e  (1 .2 5  x  10-4 M ).
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Figure 5 .3 .1 .2  U V /v is . spectrum  o f  (r |6-/ram ,,/r a m -l,4 -d ip h e n y l- l ,3 -  

butadiene)C r(C O )3 in (1 ) cy c lo h ex a n e  and (2 ) aceton e

5.3.2 Steady state photolysis of (r\6-trans, fraws-l,4-diphenyl-l,3-
butadiene)Cr(CO)3 .

Prelim inary photo lysis experim ents w ere carried out on  this com pound. A  

sam ple w as m ade up in  cyc loh exan e  under 1 atm. o f  CO  and irradiated at >  345  

nm  and irradiated at various tim e intervals o f  5 m inutes. Throughout the 

absorption spectrum  w as recorded as p resen ted  in  Figure 5 .3 .2 .1 . The 

absorptions at 315  and 4 3 5  nm  d ecrease  in in ten sity  concurrent w ith  an increase  

in the absorption at 228  nm. A n  infrared spectrum  o f  this sam ple indicated  the 

form ation o f  Cr(CO )6.

H en ce the reaction for this sy stem  is as g iv en  in R eaction  5 .3 .2 .1

(t]6-trans, trans- 1 ,4 -d ip h en y l-l,3-b u tad iene)C r(C O )3 — — >
/. > 345 nm. CO

trans, trans-1,4 -d ip h en y l-1,3-butadiene  

+  C r(C O )6

(5.3.2.1)

207



A t present work is con tin u in g  on  this tncarbonyl com pound and as yet laser  

experim ents and N M R  p h o to ly sis  experim ents have to be carried out to further 

elu cidate the reaction p ath w ay for this system .

Figure 5 .3 .2 .1  C hanges ob served  in  electronic absorption spectra o f  (rj6- 

trans,trans-l,4-d ip h e n y l- l ,3-butad iene)C r(C O )3 in cycloh exan e (1 .8  x  10-4 M ) 

under 1 atm. CO  as the sam ple is irradiated at >  345 nm.
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5.4 Conclusion

From  the experim ental resu lts obtained  on p h oto ly sin g  sam p les o f  (r\6-cis- 
or trans-1,2 d iphenylethene) chrom ium  tricarbonyl it w o u ld  appear that a 

w avelength  dependent photochem istry  ex ists . The N M R  experim ents p o ssib ly  

provide the m ost inform ative results for th is system . F irstly on  p h oto ly sin g  the 

sam ple o f  (r\6-trans-1,2 d iphenylethene)C r(C O )3 under carbon m on ox id e  at A >  

4 0 0  nm  lo ss  o f  the stilbene ligand is observed  as indicated  b y  N M R  but from  the  

flash  p h oto lysis experim ents (A =  355  nm ) form ation o f  the dicarbonyl 

interm ediate is observed. S econd ly , from  the N M R  data on  p h oto ly sin g  a sam ple  

o f  (r|6-c7.s’- l ,2 d iphenylethene)C r(C O )3 under carbon m on ox id e  at A >  4 0 0  nm  

isom erisation  from  the cis to trans isom er is  observed  as is lo ss  o f  cis and trans 
stilbene ligands. H ow ever, from  a com p arison  o f  the relative in tensities o f  the 

uncom plexed  ligands it w ou ld  appear that the trans ligand  is form ed in  a low er  

y ie ld  than the cis ligand. Form ation o f  the dicarbonyl sp ec ies  resu lts from  h igh  

energy p h oto lysis  as confirm ed from  the infrared m easurem ents. It w o u ld  appear 

that in the case o f  the cis ligand it is the trans ligated  pyridine dicarbonyl product 

that is form ed fo llo w in g  irradiation in  the presen ce o f  pyridine in  v ie w  o f  the 

N M R  experim ents. P ossib le  reaction  m ech an ism s for the stilbene co m p lex es  are 

given  in  Schem es 5 .4 .1  and 5 .4 .2 .

A s regards (r|6- ira«s,¿ram -1 ,4 -d ip h en y l-l,3 -b u tad ien e)C r(C O )3 o n ly  very  

prelim inary studies w ere carried out on  this system  but lo ss  o f  ligand  and  

form ation o f  Cr(CO )6 w ere the end  resu lts fo llo w in g  lon g  w avelen g th  p h oto lysis .

A ll the data available on th ese  com pounds indicate the lo w e st  transition as 

being m etal to ligand charge transfer in  origin. S im ilarly  to  the polyarom atic  

tricarbonyls d iscu ssed  in  Chapter 4 , th ese  com p lexes  indicate that on  varying the  

ligand the system  m ay not be photoreversib le  as observed  here. A lso , a 

w avelength  dependent photochem istry  ex ists . On lon g  w avelen g th  p h oto ly sis  

cleavage o f  the arene ligand occurs w h ile  at a shorter w avelen gth  form ation o f  a 

dicarbonyl sp ec ies is observed. For the m -is o m e r  isom erisation  to the trans- 
isom er resu lts fo llo w in g  irradiation.
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C r(C O )6

S ch em e 5 .4 .1

C r (C O )3

Scheme 5.4.2
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5.5 The crystal and molecular structure of (r\6-trans-l,2 
diphenylethene)Cr(CO)3 .

5.5.1 Introduction.

Early this century the n e w ly  d iscovered  X -ray d iffraction  by  crystals m ade  

a com p lete  change in crystallography and in  the w h o le  sc ien ce  o f  the atom ic  

structure o f  m atter, thus g iv in g  a n e w  im petus to  the d evelop m en t o f  so lid  state 

p hysics. T he d iffraction  o f  X -rays b y  crystals w as d iscovered  b y  M ax von  Laue 

in 1912, w h o  later sh ow ed  that the ph en om en on  cou ld  be described  in term s o f  

diffraction from  a three d im ensional grating. C rystallographic m ethods, 

prim arily X -ray diffraction  analysis, penetrated into m aterial sc ien ces , m olecu lar  

p h ysics, and chem istry, and a lso  into m any other branches o f  sc ien ce . Other 

im portant factors prom oting the d evelop m ent o f  crystallography w ere the 

elaboration o f  the theory o f  crystal grow th (w h ich  brought crystallography c loser  

to therm odynam ics and p h ysica l chem istry) and the d evelop m en t o f  the various  

m ethods o f  grow in g  synthetic crystals dictated b y  practical needs. The  

theoretical basis o f  crystallography is the theory  o f  sym m etry, w h ich  has been  

in ten sive ly  d eve lop ed  in recent years. The study o f  the atom ic structure has been  

extended to  extrem ely  com p licated  crystals contain ing hundreds and thousands o f  

atom s in the unit cell.

5.5.2 Data collection for (r\6-trans-l,2 diphenylethene)Cr(CO)3 .

(r|6-Trans-1 ,2  d iphenylethene) C r(C O )3 w as syn th esised  by  the m ethod o f  

Hrnviar et a l 11 as described  in  Chapter 7, and su itable crystals w ere grow n  

from  benzene/p en tane solu tion . C o llec tio n  o f  the crystallographic data w as  

carried out at Trinity C o lleg e  D ublin .

A  red crystal o f  d im en sion s 0 .4  x  0 .4  x  0 .5  m m 3 w as se lec ted  for the 

m olecular structure determ ination. M o  K a  radiation (0 .7 1 0 6 9 Â ) w as used  in  the 

analysis o f  the com p lex  o f  w h ich  2 0 6 2  independent reflection s w ere  co llected . 

The in d ex  range w as h  - 0  to 12, k - 0  to 16 and 1 - 1 to 17. O f  the reflection s  

m easured 2 8 2  w ere rejected  leav in g  1780 unique reflection s. The unit ce ll w as  

found to be orthrom bic w ith  unit ce ll d im ensions :- a =  11 .48 9 (1 2 ), b =

15 .638 (11 ), c =  16 .239(2 ). T he d en sity  w as calcu lated  to be 1 .44g /cm 3. The  

space group Pbca w as estab lish ed  w ith  Z =  8 .
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The structure w as so lv ed  u sin g  the Patterson h ea v y  atom  m ethod  w ith
1 2

partial structure expansion  to  fin d  all n on-hyd rogens u sin g  S H E L X S -86 . The 

atom ic coordinates w ere refined  w ith  fu ll m atrix least squares refinem ent using  

SH E L X L -93 .13 H ydrogen  atom s w ere  located  in  their ca lcu lated  p osition s and  

refined  w ith  respect to the carbon atom s to w h ich  th ey  w ere  attached. The final 

calcu lated  R  values w ere R  =  0 .0 4 7 5  and w R  =  0 .1 1 0 7 . T he final atom ic  

coordinates for all the n on  hydrogen  atom s are g iv en  in  T able 5 .5 .3 .1  and th ose  

for the hydrogen  atom s in  T able 5 .5 .3 .2 . A  com p lete  list o f  b on d  angles and  

bond lengths are g iven  in  T ab les 5 .5 .3 .3  and 5 .5 .3 .4 .
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5.5.3 Molecular structure of (vf-trans-XJ. diphenylethene)Cr(CO)3 .

The com p lex  contains one m olecu le  per asym m etric unit as presented in 

Figure 5 .5 .3 .1. The s ix  carbon atom s o f  the com p lexed  ring are coplanar, and 

their p lane is e ssen tia lly  parallel to that o f  the three ox y g en  atom s - this is as w as  

reported for the structure o f  (r |6-benzene)C r(C O )3.14
The d istance b etw een  the carbon atom s in the co m p lex ed  ring varied from  

1 .3 4 6 -1 .3 9 9  A  w h ich  is sim ilar to that m easured in (r |6-ben zen e)C r(C O )314 
w h ere the C-C  d istances varied from  1 .371-1 .421  A. The chrom ium  to 

co m p lex ed  carbon ring carbon ring d istances range from  2 .1 8 2 -2 .2 4 0  A, w ith  an 

average distance o f  2.211 A. The perpendicular d istance o f  the chrom ium  atom  

from  the plane o f  the ring to the s ix  carbon atom s is m arginally  greater than that 

for (r |6-benzen e)C r(C O )3 (1 .7 2 A ), (ri6- l , 3,5-m esity len e)C r(C O )3 (1 .7 2 A )15 and 

(r|6-b en zen e)2Cr2 (1 .6 0 A ) .16  The C=C double bond w a s m easured to be 

1 .116A . O ne n oticeab le  feature o f  this com pound is that the u n com p lexed  ring is 

s lig h tly  “bent” out o f  the p lane o f  the com p lexed  ring.

d iphenylethene)C r(C O )3.
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Figure 5.5.3.2 A SCHAKAL representation of the unit cell of (r\6-trans-\,2
diphenylethene)Cr(CO)3 (Z=8).



Figure 5 .5 .3 .3  A  SC H A K A L  draw ing o f  the structure o f  (r\6-trans-l,2
diphenylethene)C r(C O )3.



x /a  y /b  z /c  U eq

C r (l) 9 7 4 (1 ) 1767(1 ) 7 8 9 (1 ) 4 0 (1 )

0 ( 1) 1 318(4 ) - 112(2) 5 3 6 (2 ) 7 5 (1 )

0 (2) 4 9 6 (4 ) 1913(3 ) -1 0 1 8 (2 ) 80 (1 )

0 ( 3 ) -1 5 5 7 (4 ) 1464(3 ) 1086 (3 ) 8 4 (1 )

C ( l ) 1178(4 ) 6 0 6 (3 ) 6 3 8 (3 ) 4 9 (1 )

C (2) 6 7 8 (4 ) 1 856(3 ) -3 1 9 (4 ) 53 (1 )

0 (3 ) -5 8 0 (5 ) 15 7 8 (3 ) 9 6 5 (3 ) 5 5 (1 )

0 ( 4 ) 2 7 3 7 (5 ) 1820 (3 ) 13 7 6 (4 ) 5 9 (2 )

0 (5 ) 1878(6) 1845(4 ) 1986 (4 ) 6 3 (2 )

0 (6) 1010(6) 2 4 5 4 (5 ) 1958 (4 ) 70 (2 )

0 (7 ) 1 005(7 ) 3 0 5 5 (4 ) 13 2 2 (5 ) 7 7 (2 )

0 (8) 1813(6 ) 3 0 2 5 (4 ) 7 2 3 (5 ) 6 9 (2 )

0 (9 ) 2 6 7 5 (5 ) 2 4 2 4 (4 ) 7 4 9 (4 ) 66(2)

0 ( 10) 3 7 5 0 (7 ) 12 1 1 (5 ) 13 1 8 (6 ) 107(3)

0 ( 11) 4 1 1 5 (8 ) 7 5 4 (4 ) 1778 (7 ) 112(3)

0 ( 12) 5 1 5 9 (5 ) 166(3) 1771 (4 ) 6 1 (2 )

0 (1 3 ) 5 9 1 9 (7 ) 5 1 (4 ) 11 2 6 (5 ) 80 (2 )

0 (1 4 ) 6 8 3 7 (6 ) -5 2 3 (5 ) 11 9 2 (5 ) 9 0 (2 )

0 (1 5 ) 6 9 8 7 (5 ) -9 7 4 (4 ) 1894 (4 ) 70 (2 )

0 (1 6 ) 6 2 5 5 (6 ) -8 6 1 (4 ) 2 5 3 7 (4 ) 70 (2 )

0 (1 7 ) 5 3 5 0 (5 ) -2 9 4 (4 ) 2 4 6 8 (5 ) 66(2)

Table 5 .5 .2 .1 A tom ic coordinates (x  104) for n on  hydrogen  atom s w ith  e.s.d .'s in  

parentheses for trans-(r\6- 1,2 d iphenylethene)C r(C O )3. U e q  x  103.

{U eq  =  (l/3 )Z iZ jU jja* i.a* j.a ia j} .
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H (5) 187 0 (4 5 ) 1499(31) 2 3 2 4 (3 1 ) 4 8 (1 8 )

H (6) 5 1 9 (4 5 ) 2 4 7 8 (3 4 ) 2 2 9 4 (3 3 ) 5 5 (1 9 )

H (7) 4 8 7 (3 9 ) 3 3 4 4 (2 8 ) 1312(26) 2 7 (1 4 )

H (8) 1 7 3 0 (5 5 ) 3 3 6 5 (3 9 ) 2 2 8 (3 9 ) 19(22)

H (9) 3 1 4 7 (4 6 ) 2 3 7 4 (3 4 ) 3 4 2 (3 2 ) 6 1 (1 8 )

H (10) 4 1 3 5 (7 ) 1217(5 ) 8 1 4 (6 ) 2 6 8 (5 1 )

H ( l l ) 3 6 9 0 (8 ) 7 3 0 (4 ) 2 2 6 5 (7 ) 2 6 8 (5 1 )

H (13) 5 8 6 0 (4 5 ) 3 0 4 (3 4 ) 6 5 2 (3 3 ) 5 9 (1 6 )

H (14) 7 2 7 1 (6 7 ) -5 2 4 (4 9 ) 79 8 (4 5 ) 119(30)

H (15 ) 7 6 6 5 (5 3 ) -1 3 8 4 (6 7 ) 1964(34) 84 (1 8 )

H (16) 6 3 2 5 (5 1 ) -1 1 8 2 (4 0 ) 3 0 5 5 (4 0 ) 9 1 (2 1 )

H (17) 4 8 4 4 (5 1 ) -2 6 2 (3 5 ) 2 9 1 5 (3 5 ) 7 5 (1 9 )

5 .5 .2 .2 C oordinates X 104 for hydrogen atom s tre

diphenylethene)C r(C 0 )3.
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C (3) - C r (l)  - C (2) 8 9 .1 (2 )
C (3) - C r ( l)  - C ( l ) 8 9 .2 (2 )
C (2) - C r (l)  - C ( l ) 88 .2 (2)
C (3) - C r (l)  - C (6) 8 7 .8 (3 )
C (2) - C r ( l)  - C (6 ) 144 .9 (3 )
C ( l)  - C r (l)  - C (6) 1 2 6 .7 (3 )
C (3) - C r (l)  - C (7) 9 5 .9 (3 )
C (2) - C r ( l)  - C (7) 108 .7 (3 )
C ( l)  - C r (l)  - C (7) 1 6 2 .4 (3 )
C (6) - C r (l)  - C (7) 3 7 .2 (3 )
C (3) - C r (l)  - C (8) 1 2 5 .5 (3 )
C (2) - C r (l)  - C (8) 8 8 .0 (3 )
C ( l)  - C r (l)  - C (8) 1 4 5 .0 (3 )
C (6) - C r ( l)  - C (8) 6 5 .9 (3 )
C (7) - C r (l)  - C (8) 3 5 .7 (3 )
C (3) - C r (l)  - C (5) 109 .3 (3 )
C (2) - C r ( l)  - C (5) 161 .1 (2 )
C ( l )  - C r (l)  - C (5) 9 6 .4 (2 )
C (6) - C r ( l)  - C (5) 3 6 .7 (2 )
C (7) - C r ( l)  - C (5) 6 6 .1 (3 )
C (8) - C r (l)  - C (5 ) 7 7 .7 (3 )
C (3) - C r ( l)  - C (9) 16 0 .4 (2 )
C (2) - C r (l)  - C (9) 9 5 .7 (2 )
C ( l )  - C r ( l)  - C (9) 109 .9 (2 )
C (6) - C r (l)  - C (9) 7 7 .3 (3 )
C (7) - C r (l)  - C (9) 6 4 .6 (3 )
C (8) - C r (l)  - C (9) 3 6 .2 (2 )
C (5) - C r (l)  - C (9) 6 5 .4 (3 )
C (3) - C r ( l)  - C (4) 145 .1 (2 )
C (2) - C r (l)  - C (4) 125 .6 (2 )
C ( l )  - C r (l)  - C (4) 8 8 .7 (2 )
C (6) - C r ( l)  - C (4) 66 . 1(2)
C (7) - C r (l)  - C (4) 7 7 .5 (4 )
C (8) - C r (l)  - C (4) 6 5 .8 (4 )
C (5) - C r (l)  - C (4) 3 6 .7 (4 )

Table 5.5.2.3 A complete list of bond angles (°) for trans-(r\6-l,2
diphenylethene)Cr(CO)3 .
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C (9) - C ( l )  - C (4) 3 6 .4 (2 )
0 ( 1 )  - C ( l )  - C r ( l) 1 7 9 .0 (5 )
0 ( 2 )  - C (2) - C r ( l) 1 79 .7 (5 )
0 ( 3 )  - C (3) - C r ( l) 1 7 9 .0 (5 )
C (9) - C (4) - C (5) 11 7 .6 9 (6 )
C (9) - C (4) - C (10 ) 1 1 5 .0 (7 )
C (5) - C (4  - C (10) 1 2 7 .4 (7 )
C (9) - C (4) - C r ( l) 7 0 .5 (3 )
C (5) - C (4) - C r ( l) 7 0 .4 (3 )
C (10) -C (4 ) -C r (l) 1 3 0 .4 (4 )
C (6) - C (5) - C (4) 1 2 0 .4 (6 )
C (6) - C (5) - C r ( l) 7 0 .7 (4 )
C (4) - C (5) - C r ( l) 7 3 .0 (3 )
C (5) - C (6) - C (7) 1 1 9 .5 (7 )
C (5) - C (6) - C r ( l) 7 2 .7 (4 )
C (7) - C (6) - C r ( l) 7 1 .8 (4 )
C (8) - C (7) - C (6 ) 1 20 .6 (7 )
C (8) - C (7) - C r ( l) 7 2 .2 (4 )
C (6) - C (7) - C r ( l) 7 1 .0 (4 )
C (7) - C (8) - C (9) 1 20 .1 (7 )
C (7) - C (8) - C r (l) 7 2 .1 (4 )
C (9) - C (8) - Cr( 1) 7 2 .5 (3 )
C (8) - C (9) - C (4) 121 .8 (7 )
C (8) - C (9) - C r ( l) 7 1 .3 9 (3 )
C (4) - C (9) - C r ( l) 7 3 .0 9 (3 )
C ( l l ) - C ( 1 0 )  -C (4 ) 1 3 0 .8 9 (1 3 )
C ( 1 0 ) - C ( l l ) -  C (12) 1 3 3 .1 (1 3 )
C ( 1 7 ) - C ( 1 2 ) - C (13) 1 17 .6 (6 )
C (17) - C (12) - C ( 11) 116 .4 (7 )
C (13) - C (12) - C ( 1 1) 1 2 6 .0 (7 )
C ( 1 2 ) - C ( 1 3 ) - C (14) 1 2 0 .4 (6 )
C ( 1 5 ) - C ( 1 4 ) - C (13) 120 .0 (7 )
C ( 1 4 ) - C ( 1 5 ) - C (1 6 ) 1 20 .2 (7 )
C (15) - C (1 6 ) - C (17) 119 .6 (7 )
C ( 1 2 ) - C ( 1 7 ) - C (16) 122.2(6)

Table 5.5.3.3 (continued): A complete list of bond angles (°) for trans-(r\6-l,2
diphenylethene)Cr(CO)3 .
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C r l—C3 1 .8 3 2 (6 )

C r l - C 2 1 .836 (6 )

C r l - C l 1 .8 4 7 (5 )

C r l—C 6 2 .1 8 2 (6 )

C r l - C 7 2 .1 9 2 (6 )

C r l - C 8 2 .1 9 3 (6 )

C r l - C 5 2 .2 0 7 (6 )

C r l--C 9 2 .2 0 9 (6 )

C r l—C 4 2 .2 4 0 (5 )

O l - C l 1 .1 4 6 (6 )

0 2 - C 2 1 .1 5 8 (6 )

0 3 - C 3 1 .1 5 3 (6 )

C 4 - C 9 1 .3 9 1 (8 )

C 4 - C 5 1 .3 9 9 (8 )

C 4--C 10 1 .5 0 6 (1 0 )

C 5 - C 6 1 .3 8 0 (9 )

C 6 - C 7 1 .3 9 6 (1 0 )

C 7 - C 8 1 .3 4 6 (1 0 )

C 8--C 9 1 .3 6 7 (9 )

C 10- C 11 1 .1 1 6 (1 0 )

C 1 1 -C 1 2 1 .512 (9 )

C 1 2 -C 1 7 1 .358 (9 )

C 1 2 -C 1 3 1 .3 7 6 (9 )

C 1 3 - C 1 4 1 .3 9 0 (1 0 )

C 1 4 -C 1 5 1 .3 5 1 (9 )

C 1 5 -C 1 6 1 .3 5 3 (9 )

C 1 6 - C 1 7 1 .3 7 0 (8 )

Table 5.5.2.4 Selected bond lengths (Á) for
diphenylethene)Cr(CO)3.

trans-(r|6- 1,2
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Photochemistry of bimetallic carbonyl compounds 
and acyclic pentadienyl manganese 

carbonyl compounds.

Chapter 6

223



6.1 Photochemistry of bimetallic carbonyl compounds and acyclic 
pentadienyl manganese carbonyl compounds.

The photochem istry  o f  the heteronuclear co m p lex  M n(C O )4(r]3-C 3H 4-r|6- 

C6H 5)C r(C O )3 w as in vestigated  b y  laser fla sh  p h o to ly sis  to determ ine at w h ich  

m etal centre the photochem istry  orignated. T o date, there are n o  reports in  the  

literature concern ing flash  p h o to ly sis  o f  heteronuclear com pounds w here the  

m etal centres are not d irectly  bonded . T his is  in  contrast to the area o f  binuclear  

com p lexes such  as M n2(C O )101 or heteronuclear M n R e(C O )10, 2 w h ere there is 

an am ple vo lu m e o f  literature, but in  both  th ese  system s the m etal centres are 

directly  bond ed  through M -M  bonds. P rev iou sly  the p hotochem istry  o f  (r[6- 

benzene)C r(C O )3 has b een  d iscu ssed  w h ere the p h otoch em ica l reaction  is  lo ss  o f  

a CO ligand, w h ich  resu lts in  a coord in atively  unsaturated 16 electron  

interm ediate, w h ich  in  the p resen ce  o f  CO  reacts to  reform  the tricarbonyl parent 

com p lex  (Chapter 2).

In itially  the p hotochem istry  o f  the p h en y l a lly l m anganese com pound (r |3- 

C 3H 4-C 6H 5)M n (C O )4 w as in vestiga ted  so  as to observe the photochem istry o f  

the m anganese centre. F lash  p h o to ly sis  w a s  then  carried out on  the  

heterodinuclear co m p lex  but as the resu lts obtained  w ere d ifficu lt to  interpret it 

w as decid ed  to  further the study o f  the m anganese fragm ent. (ri1- 

C 5H 7)M n(C O )g, (r |3-C 5H 7)M n (C O )4 and (r |5-C 5H 7)M n (C O )3 w ere  investigated  

in  the hope o f  elu cidatin g  the p h otoch em istry  o f  the heterodinuclear system .

6.2 Photochemistry of (r|3-C3H 4 -C6H5)Mn(CO)4 .

6.2.1 Electronic Absorption Spectrum of (ri3-C3H4-C6H5)Mn(CO)4 .

The U V /v is . spectrum  o f  (r |3-C 3H 4-C 6H 5)M n (C O )4 in  cyc loh exan e  is  

presented in  Figure 6 .2 .1 .1 . T he principal feature o f  this spectrum  is an 

absorptions centred at 2 4 0  nm  and a lo w er  energy absorptions centred at 300  

nm. Studies o f  the electron ic  structure o f  lo w  sym m etry M n derivatives are not 

w e ll d eve lop ed .3 B y  an a logy  w ith  the spectrum  o f  (r |1-C 3H 5)M n (C O )5, 4 

how ever, these absorption bands m a y  be assign ed  as M n — >  tc* CO charge 

transfer bands.
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Figure 6 .2 .1 .1  U V /v is . absorption  spectrum  o f  (Ti3-C 3H 4-C 6H 5)M n(C O )4 (7 .3  x  

lO-5 m o l dm*3) in cy c lo h ex a n e .

6.2.3 Laser flash photolysis of (ti3-C 3 H4 -C6H5)Mii(CO)4 .

U n d er 1 atm. o f  C O  n o  transient absorptions cou ld  be detected  upon  

p h o to ly sis  o f  (ri3-C 3H 4-C 6H 5)M n (C O )4. H ow ever, as the concentration o f  CO  

w as red u ced  to 0 .2  atm osphere a w ea k  transient signal w as detected. The d ecay  

curves w ere  d ifficu lt to an alyse. H en ce  no rate data could  be gathered from  th ese  

experim en ts. Problem s w ere a lso  encountered  because the transient sign als w ere  

prone to  interference from  sh o ck  w a v e s  w h ich  are thought to  resu lt from  lo ca l  

heatin g  e ffects . A  sim ilar exp erim en t under an argon atm osphere perm itted the  

ob servation  o f  a w ea k ly  absorb ing transient species (A ^ ^  4 1 0  nm ) fo llo w in g  

flash  p h o to ly sis  at 355  nm  as sh o w n  in  F igure 6 .2 .3 .1 . T h ese results indicate that 

the tran sient sp ec ies ob served  is  n o t a prim ary photoproduct as the p resen ce  o f  

CO q u en ch es its form ation  and in d eed  at h igh  concentrations o f  CO  (9 .0  x  10" 

3M ) its form ation  cannot be observed . T he U V /v is. d ifference spectrum  o f  this 

sp ec ies  is  show n in  F igure 6 .2 .3 .2 . T he form ation o f  tw o  sp ecies is  proposed, 

in itia lly  a very  reactive interm ediate (sp ec ie s  1) w h ich  subsequently  produces a 

secon d ary  product (sp ec ie s  2 ). T h e observed  rate constant o f  form ation o f  

sp ec ies  1 w as m easured to  b e  6 .9  x  106 s*1 under 1 atm osphere o f  argon and a 

grow -in  for  this signal is g iv en  in  F igure 6 .2 .3 .3 .
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Figure 6 .2 .3 .1  The transient sp ec ies observed  fo llo w in g  fla sh  p h oto lysis o f  (rj3- 

C 3H 4-C 6H 5)M n(C O )4 under 1 atm. o f  argon at 4 1 0  nm .

W avelength (nm)

Figure 6 .2 .3 .2  T he U V /v is . d ifferen ce spectrum  fo llo w in g  flash  p h oto lysis o f  (r]3- 

C 3H 4-C 6H 5)M n(C O )4 under 1 atm. o f  argon at 355  nm  at 298K .
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Figure 6 .2 .3 .3  The transient sign al indicating form ation o f  the prim ary  

photoproduct under 1 atm. o f  argon at 4 1 0  nm.

B elt et al.5 have p rev iou sly  reported a sim ilar behaviour fo llo w in g  

p h oto lysis  o f  C H 3M n (C O )5 stu d ied  by  tim e-reso lved  infrared spectroscopy. 

W hen C H 3M n(C O )5 w as irradiated in  cycloh exan e under CO  rather than argon  

the y ie ld  o f  c /j-C H 3M n (C O )4(s )  w as reduced  by a factor o f  5. T o account for  

these observations it w as con clu d ed  that p h oto lysis  o f  C H 3M n(C O )5 in C 6H 12 
results in  C O  lab ilisa tion  to g iv e  an interm ediate that can react com p etitively  

w ith  either C 6H 12 to  form  c /s -C H 3M n(C O )4(s) or w ith  CO  to regenerate  

C H 3M n(C O )5- Perhaps either steric or electronic constraints m ight g ive  such  

sp ec ies su ffic ien t life -tim e  to dem onstrate se lec tiv ity  in coordinating a sixth  

ligand. A  sim ilar se lec tiv ity  tow ard C O  over C6H 12 has been  observed  for the 16 

electron fragm ent (r |5-C 5H 5)R h (C 2H 4) .6 H ow ever, in a m ore recent report7 it 

has been  confirm ed  that the h igh ly  reactive sp ec ies  form ed fo llo w in g  flash  

p h oto lysis o f  C H 3M n (C O )5 in  cy c lo h ex a n e  is the h igh ly  reactive but still 

se lective  cyc loh exan e  tetra carbonyl com plex , rather than the unsaturated  

interm ediate C H 3M n (C O )4 as w a s  orig in a lly  proposed.
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The observed rate constant for the d ecay  o f  sp ec ies  2 at 410  nm sh ow s a 

linear dependence on the parent tetracarbonyl concentration under argon as 

sh ow n  in Figure 6 .2 .3 .4 . This dependence in d ica tes the possib le  form ation o f  a 

dinuclear sp ec ies w here the secon d  order rate constan t from  the slope o f  the line  

w as determ ined to be 1.36 x 107 dm 3m o l‘ 1s"1. T h is value is sim ilar to the rate o f  

form ation o f  the dinuclear sp ecies for (r|6-b en zen e)C r(C O )3 w here a rate constant 

o f  4 .8  x  107 dm 3m o l'1s*1 w as m easured .8
T he experim ental observations s ig n ify  that sp ec ies  1 is an extrem ely short 

liv ed  photoproduct that does not appear to b e  so lvated . This species has been  

assign ed  as the carbonyl lo ss  product (r|3-C 3H 4-C 6H 5)M n (C O )3. The e ffic ien cy  

o f  recom bination  o f  this sp ec ies under 1 atm. o f  C O  is  so great that no transient 

sp ec ies  are observed under these conditions. P resum ably, the bulky phenyl group  

hinders the so lvent m olecu le  from  coord in ating  to the vacant site on the  

m anganese atom. Sim ilar argum ents have p rev iou sly  been  reported for  

C H 3C p M n (C O )2PPh3,9 w here the first sp ec ie s  w a s  identified  from  reaction  

k inetics as the non  solvated  C H 3C p M n (C O )P P h3 com plex . The bulky  

triphenylphosphine ligand is proposed  to prevent the cycloh exan e m olecu le  from  

coord inating to the m etal centre. The se co n d  order rate constant for the 

reaction  o f  C H 3C pM n(C O )PPli3 w ith  CO in d ica tes that the CO m olecu le  is able  

to coord inate to the m anganese atom  w hereas the larger cycloh exan e is not. The  

coord in atively  unsaturated com p lex  w as thought to be stabilised  by  an 

intram olecular reaction, the exact nature o f  w h ic h  is uncertain but proposed to be  

an orthom etallated interm ediate.
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Figure 6 .2 .3 .4  versus concentration o f  (r |:'-C 3H4-C 6H 5)M n(C O )4 for decay

o f  the seco n d  sp e c ie s  at 4 1 0  run.



Species 2 is assigned  to the a cy c lic  pentadienvl com p lex  (rj5-C 3H4- 

C6H g)M n(C O )3 form ed by a conform ational change at the ally l ligand involv ing  

rotation about the C-C sin g le  bond, w h ich  resu lts in a rapid r|3 — > r)5 hapticity  

change to stabilise the coord in atively  unsaturated fragm ent. Y oung and 

W righton10 observed a sim ilar reaction in their stu d ies into the photochem istry  

o f  (ri^C gH jC H ^jM ^ C O )^ . T h ese w orkers ob served  rapid form ation o f  (r |3- 

C6H 5C H 2)M n(C O )4 fo llo w in g  irradiation o f  (r i1-C 6H 5C H 2)M n (C O )5. W hen  

experim ents were conducted  under 1 atm. o f  CO  no transient signals w ere  

observed  as in this study.

The third sp ec ies is postu lated  to be a d inuclear com p lex- the exact 

structure o f  w h ich  is unknow n. The o n ly  ev id en ce  for this sp ec ies is that decay  

o f  the second species appears to be d ependent on the parent com p lex  

concentration w hich  generally  s ign ifie s  reaction  o f  th is interm ediate (sp ec ies  2) 

w ith  unphotolysed  parent m aterial. W hatever the p recise  nature o f  this species, it 

appears to be long lived  and even tu a lly  reform s parent com p lex  as the U V /v is . 

spectrum  o f  the sam ple indicated  little, i f  any, variation throughout the 

experim ent. Presented in Schem e 6 .2 .3 .1  is an overv iew  o f  the proposed  

photochem ical pathw ay for th is system .
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6.3 Photochemistry of Mn(CO)4 (r|3-C3 H4-r|6-C6H5 )Cr(CO)3 .

6.3.1 Electronic absorption spectrum of Mn(CO)4(r|3-C3 H4-r|6- 
C6H5)Cr(CO)3.

The U V /v is . spectrum  o f  M n(C O )4(ri3-C 3H 4-r|6-C 6H 5)C r(C O )3 in 

cyc loh exan e  is g iven  in F igure 6 .3 .1 .1 . The assignm ents o f  bands in re la tively  

large organom etallic com p ou n d s is d ifficu lt and h ence are tentative. T he m ost  

in tense band 220  nm  is a ss ig n ed  to b ein g  Cr — > CO n* charge transfer by  

an alogy  w ith  the spectrum  o f  (r |6-C 6H6)C r(C O )3. 11  A  shoulder on the lo w  

energy side o f  this absorption  m axim um  at 252  nm  m ay be assigned  to b ein g  a 

blue sh ift o f  either the 2 6 2  nm  absorption o f  (r|6-benzene)C r(C O )3 or the 290  

absorption band o f  (r |3-C 3H 5)M n (C O )4 species. G ogan and Chu have reported  

that ti com p lex ing  o f  the C r(C O )3 group onto the arene ring causes a b lue sh ift in  

the M n-C  b an d .12 T he band  centred at 330  nm  is presum ably Cr — >  arene 

charge transfer w ith  som e Cr — >  ti* CO  charge transfer. The band present at 

4 0 6  nm  is not present in  the u n com p lexed  com pounds and is tentatively a ssign ed  

to  b ein g  a charged transfer band  from  Cr — > C, based  on assignm ents w ith  the  

reported U V /v is . spectrum  o f  C r(C O )3-(b en zo lcyclop en tad ien y l)M n (C O )3. 13

Figure 6 .3 .1 .1  U V /v is . spectrum  o f  M n(C O )4( |P -C 3H 4-C 6H 5)C r(C O )3 ( 4 .3  x  

10-4 m ol dm 3) in  cyc loh exan e .
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6.3.2 Laser flash photolysis of Mn(CO)4 (ti3-C3 H4-r|6-C6H5)Cr(CO)3 .

From  the experim ental results obtained  in  th is study it is proposed that the 

photochem istry o f  M n(C O )4(r |3-C 3H 4-ri6-C 6H 5)C r(C O )3 originates at the 

m anganese centre. The U V /v is . d ifference spectrum  obtained 500  ns after the 

flash  under either 1 atm osphere o f  CO or argon is g iv en  in Figure 6 .3 .2 .2 . T hese  

spectra are identical thus indicating that the transient signal presented in Figure

6 .3 .2 .1  is m ost probably associated  w ith a prim ary photoproduct. The difference  

spectra indicate negative bands at 340  and 4 2 5  nm  w h ich  occur at absorption  

m axim a in  the parent com pound. This transient sp e c ie s  exhib its an absorption in  

the U V  region  o f  the spectrum  at 300  nm  w h ich  o ccu rs at an absorption m inim um  

in the parent com pound.

A  typ ical transient signal at 3 0 0  nm  under 1 atm. o f  argon is g iven  in 

Figure 6 .3 .2 .1 . This signal indicates the p resen ce  o f  2  transient species - the first 

o f  w h ich  is form ed w ithin the laser flash . T he rate o f  decay  o f  the first species  

w as u naffected  by varying the concentration o f  parent. A lso , the rate o f  decay o f  

this transient species w as unaffected  b y  the con cen tration  o f  carbon m onoxide  

and the y ie ld  o f  the species w as unaltered on  addition  o f  CO.

1 us/Div

Figure 6 .3 .2 .1  The transient sp ec ies ob served  at 3 0 0  nm  fo llo w in g  flash  

p h oto ly sis  o fM n (C O )40 i 3-C 3H 4-ri6-C 6H 5)C r(C O )3 under argon.
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w avelen gth  (nm )

(b)

w avelen gth  (nm )

Figure 6 .3 .2 .2  T he U V /v is . d ifferen ce  obtained  at 500ns fo llo w in g  flash  

photolysis o f  M n (C O )4(ri3-C 3H 4-r |6-C 6H 5)C r(C O )3 under (a) argon and (b) CO.
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From  these observations it w as d ifficu lt to determ ine w hich o f  the m etal 

centres w ere g iv in g  rise to the transient sp ec ies  observed , thus experim ents w ere  

conducted  in  the presence o f  pyridine as a trapping ligand. A  U V /vis. d ifference  

spectrum  obtained fo llo w in g  fla sh  p h o to ly sis  o f  M n(C O )4(r|3-C 3H4-r|6- 

C6H 5)C r(C O )3 in the presence o f  e x c ess  pyrid ine under 1 atm osphere o f  argon 

sh ow s an absorption in  the v isib le  region  o f  the spectrum  at 480  nm  (Figure 

6 .3 .2 .3 ). The rate o f  form ation o f  th is transient sp e c ie s  at 4 8 0  nm w as m easured  

to be independent o f  pyridine concentration  w ith  an  observed  rate constant o f

1.2 x  107 s_l. A  typ ica l signal obtained  at 4 8 0  n m  is  g iven  in Figure 6 .3 .2 .4 . 

T hroughout the experim ent the U V /v is . spectrum  o f  the parent com pound w as  

recorded as show n in  Figure 6 .3 .2 .5  and an iso sb e stic  point occurs at 4 5 6  nm  

w h ich  reflects a clean  reaction w ith  no side products.

O n p h oto lysin g  ( i i6-C6H6)C r(C O )3 in the p resen ce  o f  excess pyridine an 

absorption is observed  at 500  nm  as g iven  in  F igure 6 .3 .2 .6 . On v iew in g  the  

d ifferen ces observed  in  the electron ic  absorption  spectra for both system s  

fo llo w in g  irradiation in the p resen ce  o f  pyrid in e it w ou ld  appear that the 

substituted m etal centre w as chrom ium . P rev iou sly , the second  order rate 

constant for  form ation o f  (r|6-C 6H 6)C r(C O )2(C 6H 5N )  has b een  determ ined to be  

3 .7  x  107 dm 3m o l‘1s‘1, 14 and the rate o f  form ation  o f  th is species is dependent 

on the concentration  o f  pyridine w h ich  is in contrast to  the results o f  this study.

w a v e len g th  (nm )

Figure 6 .3 .2 .3  T he U V /v is . d ifferen ce spectrum  after 5(j.s fo llo w in g  irradiation o f  

M n(C O )4(Ti3-C 3H 4-r |6-C 6H 5)C r(C O )3 in  cy c lo h ex a n e  w ith  ex cess  pyridine.

234



.1 us/Diu

Figure 6 .3 .2 .4  T ransient signal observed at 4 8 0  nm  fo llo w in g  irradiation o f  

M n(C O )4(n 3-C 3H 4-Ti6-C 6H 5)C r(C O )3 in the presence o f  e x c ess  pyridine.

Figure 6.3.2.5 The differences observed in the absorption spectrum of
Mn(CO)4(ri3-C3H4-r|6-C6H5)Cr(CO)3 as the sample is irradiated in the presence
of pyridine.



Figure 6 .3 .2 .6 The d ifferences ob served  in  the parent spectrum  o f  (ri6- 

C6H6)Cr(C O )3 as the sam ple is irradiated in  the p resen ce  o f  pyridine.

H ence from  these observations the first sp ec ies  form ed fo llow in g  flash  

photo lysis o f  M n(C O )4(ri3-C 3H 4-ri6-C 6H 5)C r(C O )3 is attributed to the carbonyl 

lo ss  product o f  the m anganese centre. A s the rate o f  decay  o f  the first species  

w as observed to be independent o f  concentration  o f  parent com p lex  or carbon  

m onoxid e it im plies that species 2 resu lts from  an intram olecular rearrangement 

by rotation o f  the C-C single bond. T h is rotation a llo w s the m anganese centre to 

interact w ith  chrom ium  and abstract a C O  ligand  to return to coordinative  

saturation, thus leaving the chrom ium  centre as a coord in atively  unsaturated 16 

electron  interm ediate.

The experim ents carried out in  the presen ce  o f  pyridine indicate  

form ation o f  a substituted chrom ium  centre based  on  the sim ilarity o f  the 

differen ces observed in the e lectron ic  absorption spectrum  w h en  photolysing  

sam ples in the presence o f  pyridine. H ow ever, kobs for form ation o f

M n(C O )4(r |3-C3H 4-r|6-C6H 5)C r(C O )2(C 6H 5N ) w as observed  to be independent 

o f  pyridine concentration. This ind icates that lo ss  o f  CO from  the chrom ium  

centre is not the primary photoprocess b ecau se  i f  it w ere an increase in kobs 

w ou ld  be observed as w as the case  in the form ation o f  (r|6- 
C 6H 6)C r(C O )2(C 6H 5N ) . l 4
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C on sequ en tly , the rate determ ining step is proposed  to be lo ss  o f  CO at the 

m anganese centre and not at chrom ium , but, b ecau se  the m anganese centre 

abstracts CO  from  the chrom ium  m etal coord inative unsaturation is transferred to 

the chrom ium  m etal.

U nder 1 atm osphere o f  argon a third transient sp ec ies  is seen  to form. 

The rate o f  form ation  o f  this sp ec ies w as im p ossib le  to m easure accurately as 

form ation o f  this interm ediate is superim posed  on  sp ec ies  1 and 2 as show n in 

Figure 63.2 .1 . H o w ever  this sp ec ies is to ta lly  suppressed  w h en  experim ents are 

perform ed under 1 atm osphere o f  CO , thereby su ggestin g  that w hatever the exact 

identity  o f  this com p lex , results w o u ld  su ggest to it b ein g  a secondary  

photoproduct w h o se  form ation is p o ss ib ly  dependent on  the secon d  species.

The proposed  overall pathw ay for the photochem istry  o f  this system  is as 

presented in S ch em e 6 .3 .2 .1 , h ow ever th is m echan ism  is subject to speculation.

Figure 63 .2 .1  T ransient trace o f  the third sp ec ies  recorded fo llo w in g  flash  

p h oto lysis  o fM n (C O )4(ri3-C 3H 4-r |6-C 6H 5)C r(C O )3 under 1 atm. o f  argon.
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Scheme 6.3.2.1
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6.4 Photochemistry of (r|1-C5H7)Mn(CO)5.

6.4.1. Electronic absorption spectrum of (r|I-C5H7 )Mn(CO)5.

The U V /v is . spectrum  o f  (r)1-C 5H 7)M n(C O )5 in cy c lo h e x a n e  is g iven  in 

Figure 6 .4 .1. 1. B y  analogy w ith (C H 3)M n (C O )5 the strong and m edium  

absorptions at 235  and 320  nm, resp ectively , m ay  be a ssign ed  as m etal to 

ligan d 15 charge transfer bands.

Figure 6 .4 .1.1 E lectron ic absorption spectrum  o f  (r| 1-C 5H 7)M n (C O )5 (2 .2  x  10" 

4M ) in cycloh exan e.

6.4.2 Laser flash photolysis of (Ti1-C5H7)Mn(CO)5 .

Laser fla sh  p h oto ly sis  (X =  355  nm ) o f  (r] 1-C 5H 7)M n (C O )5 under latm . o f  

CO  produced on e transient species. F o llo w in g  p h oto ly sis  a 'rapid' dep letion  was 

observed at 3 2 0  nm  as show n in Figure 6 .4 .2 .1 . H ow ever, on recording this 

transient sp ec ies  on  a m uch  shorter tim e-base o f  100 ns (se e  F igure 6 .4 .2 .2 )  the 

depleted  absorbance w as found to recover. kobs for th is g ro w -in  w as m easured to 

be 1.19 x  107 s -1 under 1 atm osphere o f  CO. W hen  a sim ilar experim ent was 

conducted under an atm osphere o f  argon the sam e resu lt w a s  obtained  and kobs 

was m easured to be 1.09 x  107 s ' 1 at 320  nm. T h ese  resu lts indicate that 

form ation o f  this sp ec ies  is independent o f  CO concentration . N o  recovery o f  

parent w as observed . Throughout the experim ent the U V /v is . spectrum  o f  the 

so lu tion  w as recorded and a reduction in  the in tensity  o f  the shoulder at 320  nm
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was observed as in Figure 6.4.2.3.

Figure 6 .4 .2 .1 Transient sign a l recorded  10jj.s after the fla sh  fo llo w in g  p h oto lysis  

o f  (r| 1-C 5H7)M n(C O )5 at 3 2 0  nm .

Figure 6.4.2.2 Transient signal recorded 100ns after the flash following
photolysis of (r| 1-C5H7)Mn(CO)5 at 320 nm.
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Figure 6 .4 .2 .3  U V /v is . spectrum  o f  (r| 1-C gH 7)M n (C O )5 and the differences  

observed  during an experim ent.

A s there appeared to be no d ifferen ce in observed  rate value, flash  

p h oto ly sis  o f  (r i1-C 5H 7)M n(C O )5 w as carried out in  to lu en e as in  general this 

so lven t coordinates m uch m ore strongly  to a 16-electron  interm ediate (assum ing  

this is produced) as it is a m uch stronger n u cleop h ile  than cyc loh exan e .16 
R esults this tim e again y ie ld ed  a sim ilar value for kgbs o f  1.13 x  107 s ' 1.

6.4.3 Infrared monitored steady state photolysis of (t] ̂ CsH^MniCO^.

(ri1-C 5H 7)M n(C O )5 w as d isso lv ed  in cy c lo h ex a n e  and degassed  w ith  

argon. The sam ple w as p h oto lysed  at various tim e intervals (in  the solution ce ll)  

at A, >  3 3 0  nm  and the resulting ch an ges in the v(C O ) stretching region recorded  

as sh ow n  in  Figure 6 .4 .3 .1 . A fter irradiating the so lu tion  for a num ber o f  m inutes  

the in tensity  o f  the parent bands at 2 1 0 5 , 2011  and 1991 cm "1 decreased and four  

bands at 2 0 6 8 , 1994, 1976 and 1965 c m '1, increased  in  intensity. The bands o f  

the product com pare w e ll w ith  th ose  o f  the p rev iou sly  isolated (r |3- 

C gH 7)M n (C O )4.17 A  FTIR d ifferen ce spectrum  o f  the p h oto lysed  sam ple is 

g iv en  in Figure 6 .4 .3 .2 . The 1994 cm ' 1 band o f  the product is clearer here as it is 

partially  m asked in the previous IR, b y  the parent absorption at 1991 cm -1 (see  

Figure 6 .4 .3 .1 ).
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Figure 6 .4 .3 .1 . R esultant ch an ges in  the IR spectrum  as (r i1-C 5H 7)M n (C O )5 is 

irradiated w ith X > 320  nm  in  cy c lo h ex a n e  at 298K .

Figure 6 .4 .3 .2 . FTIR d ifferen ce  spectrum  fo llo w in g  p h oto lysis o f  (r)1- 

C5H 7)M n(C O )5 in cy c lo h ex a n e  at 298K .
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On prolonged irradiation (approxim ately 35 m inutes) at X >  330  nm com plete  

conversion  from the r)1 — > r|3 coordinated sp ec ies  occurred.

These results indicate that upon flash p h oto ly sis  the starting com pound  

(rj1-C 5H 7)M n(C O )5 is converted  to (r |3-C 5H 7)M n (C O )4 fo llo w in g  CO loss. In 

addition ri1 — > r|3 rearrangem ent appears to occur sim ultan eou sly  to CO loss. 

The creation o f  a vacant site  c lo se  to the pentad ienyl ligand opens the w ay  for 

donation  o f  a extra electron  pair from  the doub le bond o f  the r| 1 ligand to satisfy  

the 18 electron rule requirem ent for m anganese. Surprisingly, no ev idence for a 

16 electron  interm ediate (r i1-C 5H 7)M n (C O )4 has b een  observed  in this study. 

Presum ably, the bu lky pentad ienyl ligand prevents a so lven t m olecu le  from  

coordinating to the m etal centre.

The observation o f  a rj1 — >  r|3 con version  has p rev iou sly  been  reported  

fo llo w in g  irradiation o f  ( r |1-C 3H 5)M n (C O )5 in m atrix iso la tion  experim ents.3 
N o  ev id en ce w as found for the ( r |1-C 5H 7)M n (C O )4 interm ediate. The rj1— >  r| 3 
rearrangem ent appeared to be irreversible for ( n 1-C 5H 7)M n (C O )5. H itm an and 

cow ork ers3 also reported this stab ility  on  form ation o f  their rj3-a lly l m anganese  

com p lex .

A  a  — >  n rearrangem ent is an intram olecular reaction  in w h ich  a organic 

group a-b on d ed  (r]1) to a m etal b ecom es n bonded  (r |n). In m ost cases the 

therm al and photochem ical a  — >  n rearrangem ent are irreversible e.g  Figure

6 .4 .3 .3  but in principle the process should  be reversib le.

F igure 6 .4 .3 .3  a  — >  n rearrangem ent observed  fo llo w in g  p h oto lysis o f  

M n (C O )5r| ^CgH-y in cy c lo h ex a n e  at 298K .
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6.5 Photochemistry of (r|3-C5H 7)Mn(CO)4.

6.5.1 Electronic absorption spectrum of (r|3-C5H 7)Mn(CO) 4.

T h e  U V / v i s .  s p e c t r u m  o f  ( r | 3- C 5 H 7 ) M n ( C O ) 4 i n  c y c l o h e x a n e  i s  g i v e n  i n  

F i g u r e  6 . 5 . 1 . 1 .  A g a i n  b y  a n a l o g y  w i t h  ( C H 3 ) M n ( C O )5  t h e  a b s o r p t i o n  m a x i m a  

a r e  a t t r i b u t e d  t o  m e t a l  t o  l i g a n d  c h a r g e  t r a n s f e r  b a n d s . 1 5

F i g u r e  6 . 5 . 1 . 1  U V / v i s .  s p e c t r u m  o f  ( r | 3 - C g H 7 ) M n ( C O )4  ( 9 . 4  x  1 0 - 4 M )  i n  

c y c l o h e x a n e  a t  2 9 8 K .

6.5.2 Laser flash photolysis study of (T|3-C 5H 7)Mn(CO) 4.

A s  l a s e r  f l a s h  p h o t o l y s i s  o f  ( r |  1- C 5 H 7 ) M n ( C O ) 5 r e s u l t e d  i n  a  h a p t i c i t y  

c h a n g e  c o n c o m i t a n t  w i t h  C O  l o s s  t o  y i e l d  t h e  t e t r a c a r b o n y l  p r o d u c t ,  i t  w a s  

d e c i d e d  t o  i n v e s t i g a t e  t h e  p h o t o c h e m i s t r y  o f  t h e  r\ 3 c o m p l e x  i n  o r d e r  t o  o b s e r v e  

i f  a  h a p t i c i t y  c h a n g e  t o  t h e  r | 5 c o m p l e x  o c c u r s  u p o n  p h o t o l y s i s .  A s  t h e  

a b s o r p t i o n  o f  t h i s  c o m p o u n d  i s  r e l a t i v e l y  w e a k  a t  3 5 5  n m ,  2 6 6  n m  e x c i t a t i o n  w a s  

u s e d  i n  t h e s e  e x p e r i m e n t s .  E x p e r i m e n t s  w e r e  c o n d u c t e d  u n d e r  C O  a n d  a r g o n  a n d  

i n  b o t h  c a s e s  n o  t r a n s i e n t  s i g n a l s  w e r e  o b s e r v e d .  T h e  U V / v i s .  o f  t h e  p a r e n t  

s p e c t r u m  w a s  r e c o r d e d  a s  t h e  s a m p l e  w a s  c o n t i n u o u s l y  p u l s e d ,  b u t  t h i s  s p e c t r u m  

i n d i c a t e d  o n l y  d e c o m p o s i t i o n  o f  c o m p o u n d .
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6.5.3 Infrared monitored steady state photolysis of (r|3-C5H7)Mn(CO)4.

A  s a m p l e  o f  ( r i 3 - C 5 H 7 ) M n ( C O ) 4 w a s  d i s s o l v e d  i n  c y c l o h e x a n e  w h i c h  h a d  

p r e v i o u s l y  b e e n  d e g a s s e d .  T h e  s o l u t i o n  I R  c e l l  w a s  i r r a d i a t e d  a t  X > 3 3 0  n m  -  n o  

n e w  b a n d s  w e r e  o b s e r v e d  h e n c e  t h e  s o l u t i o n  c e l l  w a s  t h e n  i r r a d i a t e d  w i t h  X > 

2 3 0  n m .  O n  p r o l o n g e d  p h o t o l y s i s  n e w  b a n d s  w e r e  s e e n  t o  a b s o r b  a t  2 0 2 7 ,  1 9 6 0  

a n d  1 9 4 1  c m -1  w h i c h  c o r r e s p o n d  t o  ( r ) 5 - C 5 H 7 ) M n ( C O ) 3 . A s  t h e  s o l u t i o n  c e l l  

h a d  b e e n  i r r a d i a t e d  f o r  a p p r o x i m a t e l y  1 2 0  m i n u t e s  i t  w a s  v e r y  l i k e l y  t h a t  

f o r m a t i o n  o f  t h e  r |5 s p e c i e s  a r o s e  f r o m  t h e r m a l  r e a c t i o n  r a t h e r  t h a n  a  

p h o t o c h e m i c a l  r e a c t i o n ,  h e n c e  a  t h e r m a l  i n v e s t i g a t i o n  i n t o  t h e  r e a c t i o n s  o f  t h i s  

c o m p o u n d  w a s  c a r r i e d  o u t .

6.5.4 Thermal chemistry of (r|3-C5H 7)Mn(CO)4 in hexane monitored by 

infrared spectroscopy.

( ^ 3 - C 5H 7 ) M n ( C O ) 4 w a s  d i s s o l v e d  i n  h e x a n e  a n d  t h e  s o l u t i o n  b r o u g h t  t o  

i t s  r e f l u x  t e m p e r a t u r e  f o r  a p p r o x i m a t e l y  2 0 m i n u t e s .  T h e  i n f r a r e d  s p e c t r u m  o f  t h e  

s a m p l e  p r i o r  t o  h e a t i n g  s h o w e d  f o u r  c a r b o n y l  b a n d s  a t  2 0 6 9 ,  1 9 9 6 ,  1 9 7 7  a n d  

1 9 6 6  c m - 1 . A n  i n f r a r e d  o f  t h e  h e a t e d  s a m p l e  e x h i b i t e d  t h r e e  n e w  b a n d s  a t  2 0 2 8 ,  

1 9 6 1  a n d  1 9 4 3  c m - 1 . T h e  n e w  b a n d s  a r e  a s s i g n e d  t o  ( r | 5- C 5H 7 ) M n ( C O ) 3 . T h e  

F T I R  d i f f e r e n c e  s p e c t r u m  i n  F i g u r e  6 . 5 . 4 . 1  s h o w s  t h e  o v e r  a l l  p r o c e s s  c l e a r l y  i.e. 
t h e  p o s i t i v e  p e a k s  d u e  t o  f o r m a t i o n  o f  p r o d u c t  ( n 5- C 5 H 7 ) M n ( C O ) 3 a n d  t h e  

n e g a t i v e  b a n d s  d u e  t o  d e p l e t i o n  o f  p a r e n t  ( r | 3 - C 5 H 7 ) M n ( C O ) 4 .
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F i g u r e  6 . 5 . 4 . 1  F T I R  d i f f e r e n c e  s p e c t r u m  f o l l o w i n g  t h e  h e a t i n g  o f  ( r | 3 -  

C 5 H 7 ) M n ( C O ) 4 i n  h e x a n e .
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6.6 Photochemistry of (t|5-C5H7)M n(CO)3.

6.6.1 Electronic absorption spectrum of (Ti5-C5H 7)Mn(CO)3.

T h e  U V / v i s .  s p e c t r u m  o f  ( r | 5 - C 5 H 7 ) M n ( C O )3  i11 c y c l o h e x a n e  i s  g i v e n  i n  

F i g u r e  6 . 6 . 1 . 1  B y  a n a l o g y  w i t h  C H 3 M n ( C O ) 5 t h e  s t r o n g  a b s o r p t i o n s  a t  2 3 8  a n d  

3 3 6  n m  r e s p e c t i v e l y  m a y  b e  a s s i g n e d  a s  m e t a l  t o  l i g a n d  c h a r g e  t r a n s f e r . 1 5

F i g u r e  6 . 6 . 1 . 1  E l e c t r o n i c  a b s o r p t i o n  s p e c t r u m  o f  ( r ) 5 - C 5 H 7 ) M n ( C O ) 3 i n  

c y c l o h e x a n e  (  2 . 3  x  1 0 _3M )  a t  2 9 8 K .

6.6.2. Laser flash photolysis of (ti5-C5H 7)Mn( CO ) 3.

F o l l o w i n g  l a s e r  f l a s h  p h o t o l y s i s  o f  ( r i 5 - C 5H 7 ) M n ( C O )3  i n  c y c l o h e x a n e  

u n d e r  1 a t m .  o f  a r g o n  a t  l e a s t  t w o  t r a n s i e n t  s p e c i e s  w e r e  s e e n  t o  a b s o r b  a t  2 8 0  n m  

a s  g i v e n  i n  F i g u r e  6 . 6 . 2 . 1 .  k o b s o f  f o r m a t i o n  o f  t h e  f i r s t  s p e c i e s  w a s  m e a s u r e d  t o  

b e  1 . 4  x  1 0 7 s ' 1 . T h e  d e c a y  o f  t h i s  s p e c i e s  w a s  d i f f i c u l t  t o  m e a s u r e  a n d  h e n c e  n o  

r e l i a b l e  r a t e  d a t a  c o u l d  b e  o b t a i n e d .  T h e  s e c o n d  s p e c i e s  a p p e a r e d  t o  b e  l o n g -  

l i v e d ,  t h e  U V / v i s .  o f  t h e  s o l u t i o n  d e n o t e d  s l i g h t  v a r i a t i o n  t h r o u g h o u t  t h e  

e x p e r i m e n t  w i t h  a  m a r g i n a l  i n c r e a s e  i n  t h e  r e g i o n  2 8 0 - 3 2 0  n m .  O n  a d m i t t i n g  0 . 5  

a t m  o f  C O  t o  t h e  s o l u t i o n  c e l l  o n l y  o n e  t r a n s i e n t  s p e c i e s  w a s  o b s e r v e d  a t  2 8 0  n m  

w i t h  a  d e c a y  o f  7 . 1  x  1 0 4  s ' 1 .
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A s  n o  t r a n s i e n t  s p e c i e s  w e r e  s e e n  u n d e r  1 a t m .  o f  C O  i t  w o u l d  s u g g e s t  t h a t  

t h e  p r i m a r y  p h o t o p r o d u c t  i s  l o s s  o f  C O ,  t o  y i e l d  t h e  d i c a r b o n y l  i n t e r m e d i a t e  

( F i g u r e  6 . 6 . 2 . 1  a n d  6 . 6 . 2 . 3 ,  s a m p l e s  w e r e  o f  a  s i m i l a r  c o n c e n t r a t i o n ) ,  a n d  i t  

a p p e a r s  t h a t  t h e  y i e l d  o f  t h e  f i r s t  s p e c i e s  d e c r e a s e s  i n  t h e  p r e s e n c e  o f  c a r b o n  

m o n o x i d e .  T h e  i d e n t i t y  o f  e i t h e r  o f  t h e s e  s p e c i e s  a r e  u n k n o w n  a s  t h e s e  a r e  o n l y  

p r e l i m i n a r y  s t u d i e s .  I t  i s  m o s t  p r o b a b l e  t h a t  o n e  o f  t h e s e  s p e c i e s  i s  t h e  C O  l o s s  

p r o d u c t  a s  o n  i n c r e a s i n g  t h e  c o n c e n t r a t i o n  o f  C O  t o  h a l f  a n  a t m o s p h e r e  r e t u r n  t o  

b a s e - l i n e  o f  t h i s  t r a n s i e n t  s p e c i e s  i s  o b s e r v e d ,  a n d  t h i s  i s  q u i t e  e v i d e n t  w i t h  t h e  

s e c o n d  s p e c i e s .  P e r u t z  et a l.18 h a v e  r e p o r t e d  t h a t  ( r | 5 - C 5 H 7 ) M n ( C O ) 3 o n  

i r r a d i a t i o n  f o r  t h r e e  h o u r s  i n  a  C O  m a t r i x  s h o w e d  c o m p l e t e  c o n s u m p t i o n  o f  

s t a r t i n g  m a t e r i a l  a n d  c o n v e r s i o n  t o  e s s e n t i a l l y  o n l y  o n e  p r o d u c t  w h i c h  w a s  

i d e n t i f i e d  a s  ( r | 3 - C 5 H 7 ) M n ( C O ) 4 . T h e y  t h e n  s o u g h t  t o  o b t a i n  e v i d e n c e  f o r  t h e  

f o r m a t i o n  o f  t h e  t e t r a c a r b o n y l  c o m p l e x  i n  s o l u t i o n .  H e n c e ,  p h o t o l y s i s  o f  ( r | 5 -  

C 5H 7 ) M n ( C O ) 3 i n  h e x a n e  u n d e r  1 a t m .  o f  C O  w a s  c a r r i e d  o u t  a n d  m o n i t o r e d  b y  

I R  s p e c t r o s c o p y  b u t  o v e r  3 1  h o u r s  p h o t o l y s i s  w a s  r e q u i r e d  b e f o r e  a n y  e v i d e n c e  

c o u l d  b e  o b t a i n e d  f o r  b a n d s  a t t r i b u t e d  t o  ( r | 3 - C 5 H 7 ) M n ( C O ) 4 . F r o m  t h i s  s t u d y  

n o  e v i d e n c e  w a s  f o u n d  f o r  t h e  f o r m a t i o n  o f  t h e  t e t r a  c a r b o n y l  s p e c i e s ,  a s  n o  

t r a n s i e n t s  w e r e  m o n i t o r e d  u n d e r  1 a t m .  o f  C O ,  a n d  f r o m  t h e  p r e v i o u s  s e c t i o n  i t  

w a s  c o n c l u d e d  t h a t  ( r | 3 - C 5 H 7 ) M n ( C O ) 4  i s  n o t  p h o t o l a b i l e ,  h e n c e  i f  t h i s  s p e c i e s  

w e r e  f o r m e d  c h a n g e s  i n  t h e  U V / v i s .  s p e c t r u m  s h o u l d  o c c u r .

T h e  p h o t o c h e m i s t r y  o f  ( r | 5 - C 5H 5 ) M n ( C O )3  i s  d o m i n a t e d  b y  l o s s  o f  C O  t o  

y i e l d  a  v a c a n t  c o o r d i n a t i o n  s i t e  w h i c h  ' b e c o m e s '  c o o r d i n a t e d  b y  a  s o l v e n t  

m o l e c u l e .  T h i s  s o l v a t e d  i n t e r m e d i a t e  w a s  m e a s u r e d  t o  r e c o m b i n e  w i t h  C O  w i t h  

a  s e c o n d  o r d e r  r a t e  c o n s t a n t  o f  3 . 4  x  1 0 5 d m 3m o l - 1 s _1 t o  r e f o r m  t h e  p a r e n t  

t r i c a r b o n y l . 1 9  E v i d e n c e  w a s  a l s o  r e p o r t e d  f o r  t h e  f o r m a t i o n  o f  a  d i n u c l e a r  

s p e c i e s ,  (T i5 - C 5 H 5) 2 M n 2 ( C O )5  w h i c h  f o r m e d  i n  t h e  a b s e n c e  o f  C O .  T r a n s i e n t  

s p e c t r a  f o r  t h i s  i n t e r m e d i a t e  s h o w e d  a n  a b s o r p t i o n  i n  t h e  v i s i b l e  r e g i o n  o f  t h e  

s p e c t r u m  w h i c h  i s  c o m m o n  f o r  m e t a l - m e t a l  b o n d i n g .

A s  r e g a r d s  ( r | 5 - C 5 H 7 ) M n ( C O ) 3 n o  t r a n s i e n t s  w e r e  o b s e r v e d  b e y o n d  3 8 0  

n m ,  w h i c h  w o u l d  q u e s t i o n  w h e t h e r  o r  n o t  a  d i n u c l e a r  s p e c i e s  w e r e  f o r m e d  f o r  

t h i s  c o m p o u n d .  T h e  o b s e r v e d  r a t e  c o n s t a n t  f o r  f o r m a t i o n  o f  t h e  f i r s t  s p e c i e s  

u n d e r  a r g o n  w a s  m e a s u r e d  t o  b e  1 . 4  x  1 0 7  s ' 1 w h i c h  i s  a  s i m i l a r  v a l u e  t o  t h a t  

m e a s u r e d  f o r  a  h a p t i c i t y  c h a n g e  f r o m  r \ 1 — >  r | 3 (vide supra). I f  i n  t h i s  c a s e  a  

h a p t i c i t y  w e r e  o c c u r r i n g  f o r m a t i o n  o f  t h e  t e t r a  c a r b o n y l  p r o d u c t  w o u l d  b e  

e x p e c t e d  b u t  t h i s  d o e s  n o t  a p p e a r  t p  b e  t h e  c a s e .

N o  c o n c l u s i v e  r e s u l t s  w e r e  o b t a i n e d  f o r  t h i s  p a r t i c u l a r  c o m p o u n d  a n d  

f u r t h e r  e x p e r i m e n t s  a r e  r e q u i r e d  t o  e l u c i d a t e  t h e  p h o t o r e a c t i v i t y  o f  ( r ) 5 -  

C 5 H 7 ) M n ( C O ) 3 , b u t  f r o m  t h e  r e s u l t s  o b t a i n e d  a n d  t h e  s t u d i e s  t h a t  a r e  c u r r e n t l y
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b e i n g  e a r n e d  o u t  i t  a p p e a r s  t h a t  t h e  p h o t o c h e m i s t r y  o f  t h i s  c o m p o u n d  i s  v e r y  

d i f f e r e n t  t o  t h a t  o f  t h e  c y c l i c  a n a l o g u e .  O u t l i n e d  i n  S c h e m e  6 . 6 . 2 , 1  i s  a n  

o v e r v i e w  o f  t h e  p h o t o c h e m i c a l  p a t h w a y  o f  t h e  r j 1, r |3 , a n d  r | 5 -  m a n g a n e s e  

c o m p l e x e s .

F i g u r e  6 . 6 . 2 . 1  T h e  t r a n s i e n t  s i g n a l  o b s e r v e d  f o l l o w i n g  f l a s h  p h o t o l y s i s  o f  ( r | 5 -  

C 5H 7 ) M n ( C O ) 3 u n d e r  1 a t m .  o f  a r g o n  a t  2 8 0  n m .

tinebase= .1 us/diu
F i g u r e  6 . 6 . 2 . 2  T h e  t r a n s i e n t  s i g n a l  i n d i c a t i n g  f o r m a t i o n  o f  t h e  p r i m a r y

photoproduct under 1 atm. o f argon at 280 nm.
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t i m e b a s e =  2 0  u s / d i u 

F i g u r e  6 . 6 . 2 . 3  T r a n s i e n t  s i g n a l  u n d e r  0 . 5  a t m .  o f  C O  a t  2 8 0  n m .

Scheme 6.6.2.1
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6.7 Conclusion.

O n  i r r a d i a t i o n  o f  ( r |  1- C 5 H 7 ) M n ( C O ) 5 c o m p l e t e  c o n v e r s i o n  t o  t h e  ( r i 3 -  

C 5 H 7 ) M n ( C O ) 4 c o m p o u n d  o c c u r s .  T h e  o b s e r v e d  r a t e  f o r  f o r m a t i o n  o f  t h e  

t e t r a c a r b o n y l  f o l l o w i n g  f l a s h  p h o t o l y s i s  a t  3 5 5  n m  w a s  u n a f f e c t e d  b y  e i t h e r  

s o l v e n t  ( c y c l o h e x a n e  o r  t o l u e n e )  o r  t h e  s u r r o u n d i n g  a t m o s p h e r e  ( C O  o r  a r g o n ) .  

T h e  f a c t  t h a t  n o  1 6  e l e c t r o n  C O  l o s s  s p e c i e s  w a s  o b s e r v e d  p r i o r  t o  h a p t i c i t y  

c h a n g e  i n d i c a t e s  t h a t  s u c h  a  ‘c h a n g e '  o c c u r s  e x t r e m e l y  r e a d i l y  o r  o c c u r s  a s  a  

c o n c e r t e d  p r o c e s s  a l o n g  w i t h  C O  l o s s .  F r o m  t h e  r e s u l t s  o b t a i n e d  i n  t h i s  s t u d y ,  

( r | 3 - C 5 H 7 ) M n ( C O ) 4 d i d  n o t  a p p e a r  t o  b e  p h o t o l a b i l e  t h o u g h  i t  c a n  b e  t h e r m a l l y  

c o n v e r t e d  t o  t h e  t r i c a r b o n y l  a n a l o g u e  r e s u l t i n g  i n  a  h a p t i c i t y  c h a n g e  f r o m  r |3 —  

>  r | 5 . A s  o n l y  p r e l i m i n a r y  s t u d i e s  w e r e  c a r r i e d  o u t  o n  ( r | 5- C 5 H 7) M n ( C O ) 3 n o  

c o n c l u s i v e  r e s u l t s  w e r e  o b t a i n e d .  H o w e v e r ,  P e r u t z  a n d  c o l l e a g u e s  h a v e  c a r r i e d  

o u t  m a t r i x  i s o l a t i o n  s t u d i e s  a n d  i n d i c a t e d  C O  l o s s  t o  b e  t h e  p h o t o c h e m i c a l  

r e a c t i o n  i n  a  C O  m a t r i x ,  b u t  p h o t o l y s i s  i n  t h e  p r e s e n c e  o f  v a r i o u s  p h o s p h i n e  

l i g a n d s  r e s u l t e d  i n  t h e  f o r m a t i o n  o f  a  s u b s t i t u t e d  d i c a r b o n y l  c o m p o u n d . 1 8

T h e  i n i t i a l  a i m  o f  t h i s  s t u d y  w a s  t o  i d e n t i f y ,  w h i c h  o f  t h e  m e t a l  c e n t r e s  o f  

M n ( C O ) 4 ( t i 3 - C 3 H 4 - r i 6 - C 6 H 5 ) C r ( C O )3  i s  t h e  m o s t  p h o t o r e a c t i v e .  F r o m  t h e  

r e s u l t s  o b t a i n e d  i t  i s  p r o p o s e d  t h a t  t h e  t h e r m a l  c h e m i s t r y  a t  t h e  c h r o m i u m  c e n t r e  

o c c u r s  s u b s e q u e n t  t o  p h o t o c h e m i s t r y  a t  t h e  m a n g a n e s e  c e n t r e .  T h e r e  a p p e a r s  t o  

b e  n o  l i t e r a t u r e  a v a i l a b l e  t o  c o r r e l a t e  t h e s e  r e s u l t s  w i t h  a t  p r e s e n t .

251



1 M e y e r , T . L . ; C a s p a r , J . V . ;  Chem. Rev.; 1 9 8 5 , 8 5 , 1 8 7 .

2  ( a ) O y e r , T . J . ; W r i g h t o n , M . S . ^ î o r g .  Chem.; 1 9 8 8 , 2 7 , 3 6 9 0 .  

( b ) F i r t h , S . ; H o d g e s , P . M . ; P o l i a k o f f , M . ; T u m e r , J . J . ^ n o r g .  Chem.; 
1 9 8 6 , 2 5 , 4 6 8 0

3  H i t m a n , R . B . ; M a h m o u n d , K . A . ; R e s t , A . J . ;  J. Organomet. Chem.; 
1 9 8 5 , 2 9 1 , 3 2 1

4  G e o f f r o y , G . L . ; W r i g h t o n , M . S . ;  O rganom etallic Photochemistry; 
A c a m e d i c  P r e s s ,  N e w  Y o r k ,  1 9 7 9 .

5  B e l t , S . T . ; R y b a , D . W . ; F o r d , P . C . ;  Inorg. Chem.; 1 9 9 0 , 2 9 , 3 6 3 3 .

6  D a n i e l , C . ;  Coord. Chem. Rev.;  1 9 9 0 , 9 7 , 1 4 1 .

7  B o e s e , W . T . ; F o r d , P . C . ;  Organometallics;  1 9 9 4 , 1 3 , 3 5 2 5 .

8  M c G r a t h , I . M . ;  Ph.D. Thesis; D u b l i n  C i t y  U n i v e r s i t y ;  1 9 9 3 .

9  C r o c o c k , B . ;  Ph.D. Thesis; D u b l i n  C i t y  U n i v e r s i t y ;  1 9 9 2 .

1 0  Y o u n g , K . M . ; W r i g h t o n , M . S . ;  J. Am. Chem. Soc.; 1 9 9 0 , 1 1 2 , 1 5 7 .

1 1  C a r r o l l , D . G . ; M c G l y n n ,  S . P . ; Inorg. Chem.; 1 9 6 8 , 7 , 1 2 8 5 .

1 2  ( a ) G o g a n . J . ; C h u . C . K . ;  J . O r g a n o m e t .  C h e m . ;  1 9 7 5 , 9 3 , 3 6 3 .  

( b ) G o g a n . J . ; C h u . C . K . ;  O r g a n o m e t a l l i c s . ;  1 9 9 0 , 9 , 1 9 7 0 .

1 3  G o g a n . J . ; C h u . C . K . ;  J. Organomet. Chem.; 1 9 7 7 , 1 3 2 , 1 0 3 .

1 4  W a l s h , M . M . ;  Ph.D. Thesis; D u b l i n  C i t y  U n i v e r s i t y ;  1 9 9 3 .

1 5  B l a k n e y , G . B . ; A l l e n , W . F . ;  Inorg. Chem.; 1 9 7 1 , 1 0 , 2 7 6 3 .

1 6  ( a ) A s a l i , K . J . ; v a n  Z y l , G . J . ; D o b s o n , G . R . ;  Inorg. Chem.;  1 9 8 8 , 2 7 , 3 3 1 4 .  

( b ) Z h a n g , S . ; B a j a j , H . C . ; D o b s o n , G . R . ; v a n  E l d i k , R . ;  Organometallics; 
1 9 9 2 , 1 1 , 3 9 0 1 .

6.8 References

252



1 7  K r e i t e r , C . G . ; L e y e n d e c k e r , M . ;  J. Organomet. C h e m 1 9 8 5 , 2 8 0 , 2 2 5 .

1 8  P a z - S a n d o v a l , M .  ; P o w e l l , P .  ; D r e w , M . G . B . ; P e r u t z , R . N .  ; 

Organometallics.;  1 9 8 4 , 3 , 1 0 2 6 .

1 9  C r e a v e n ,  B . S . ; D i x o n ,  A .  J . ; K e l l y ,  J . M .  ; L o n g ,  C . ; P o l i a k o f f ,  M .  ; 

Organom etallics ; 1 9 8 7 , 6 , 2 6 0 0 .

2 0  L e e , F . W , ; L i u , R - S . ;  J. Organomet. Chem.; 1 9 8 7 , 3 2 0 , 2 1 1 .

253



C h a p t e r  7  

E x p e r i m e n t a l  s e c t i o n .
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7. Experimental Section.

7.1 Materials.

T h e  f o l l o w i n g  s o l v e n t s  w e r e  o f  s p e c t r o s c o p i c  g r a d e  a n d  u s e d  w i t h o u t  

f u r t h e r  p u r i f i c a t i o n :  c y c l o h e x a n e ,  c y c l o o c t a n e ,  p e n t a n e ,  h e p t a n e ,  d e c a n e ,  

d o d e c a n e ,  1 , 1 , 2 - t r i c h l o r o t r i f l u o r o e t h a n e ,  t o l u e n e ,  m e s i t y l e n e  ( A l d r i c h  C h e m i c a l s  

C o . ) ,  a n d  p e r f l u o r o m e t h y l c y c l o h e x a n e  9 8 %  ( A l d r i c h ) .  A r g o n  a n d  c a r b o n  

m o n o x i d e  w e r e  s u p p l i e d  b y  a i r  p r o d u c t s  a n d  I I G  r e s p e c t i v e l y .  ( r | 6 -  

b e n z e n e ) C r ( C O ) 3 , ( r i 6 - t e t r a h y d r o n a p h t h a l e n e ) C r ( C O ) 3 , C r ( C O ) 6 , B r M n ( C O ) 5 , 

M n 2 ( C O ) 10 ( S t r e m  c h e m i c a l s ) ,  M o ( C O ) 6 , a l l y l b e n z e n e  ( R i e d e l  d e  H a e n ) ,  o- 
x y l e n e ,  e t h y l b e n z e n e ,  c h l o r o b e n z e n e ,  1 , 2 - d i c h l o r o b e n z e n e ,  / - b u t y l b e n z e n e ,  

n a p h t h a l e n e ,  p h e n a n t h r e n e  ( B D H ) ,  p y r e n e ,  trans-1 , 2  d i p h e n y l e t h e n e ,  c / 5 - 1 , 2  

d i p h e n y l e t h e n e ,  tra m ,tra m -1 , 4 - d i p h e n y l - 1 , 3 - b u t a d i e n e ,  h e x a m e t h y l b e n z e n e ,  1 , 4 -  

p e n t a d i e n e - 3 - o l ,  ( A l d r i c h  C h e m i c a l s  C o . ) ,  w e r e  u s e d  w i t h o u t  f u r t h e r  p u r i f i c a t i o n .  

T H F  w a s  d i s t i l l e d  f r o m  L i A l H 4  a n d  s t o r e d  o v e r  C a H 2 u n d e r  a r g o n .  

( r | 6 - H e x a e t h y l b e n z e n e ) C r ( C O ) 3 w a s  a  g i f t  f r o m  A . G  G i n g b u r g  a s  w e r e  t h e  

s a m p l e s  o f  ( r | 6 - p - c h l o r o t o l u e n e ) C r ( C O ) 3 a n d  ( r i 6 - p - f l u o r o t o l u e n e ) C r ( C O ) 3 f r o m  

D r .  G r a h a m  R u s s e l l .  T h e  m a n g a n e s e  c o m p o u n d s : -  r i 3 - C 3 H 4 - C 6 H 5 M n ( C O ) 4  a n d  

r i 3 - C 3 H 4 - C 6 H 5C r ( C O ) 3M n ( C O ) 4  w e r e  g i f t s  f r o m  D r .  A .  W r i g h t .

7.2 Equipment.

I n f r a r e d  s p e c t r a  w e r e  r e c o r d e d  o n  a  P e r k i n  E l m e r  9 8 3 - G  o r  a  N i c l o e t  2 0 5  

F T I R  s p e c t r o m e t e r  u s i n g  0 . 1 m m  s o d i u m  c h l o r i d e  s o l u t i o n  c e l l s .  U V / v i s  s p e c t r a  

w e r e  r e c o r d e d  o n  a  H e w l e t t  P a c k a r d  8 4 5 2 A  P h o t o d i o d e  a r r a y  s p e c t r o p h o t o m e t e r  

u s i n g  a  q u a r t z  c e l l  o f  1 c m  p a t h l e n g t h .  N M R  m e a s u r e m e n t s  w e r e  p e r f o r m e d  o n  a  

B r u k e r  m o d e l  A C  4 0 0  M H z  S p e c t r o m e t e r .  L u m i n e s c e n c e  s p e c t r a  w e r e  r e c o r d e d  

o n  a  P e r k i n  E l m e r  L S  5 0 .

7.3 Photolysis apparatus.

P r e p a r a t i v e  p h o t o l y s i s  e x p e r i m e n t s  w e r e  p e r f o r m e d  u s i n g  a n  A p p l i e d  

P h o t o p h y s i c s  4 0 0  w a t t  m e d i u m  p r e s s u r e  m e r c u r y  v a p o u r  l a m p  a s  g i v e n  i n  F i g u r e  

7 . 3 . 1 .  T h e  d o u b l e  w a l l e d  p y r e x  g l a s s  v e s s e l s  h o u s e s  t h e  l a m p  w h i c h  i s  w a t e r  

c o o l e d  o r  i n  t h e  c a s e  o f  l o w  t e m p e r a t u r e  p h o t o l y s i s ,  m e t h a n o l  a t  t h e  d e s i r e d  

t e m p e r a t u r e  c i r c u l a t e s  a r o u n d  t h e  l a m p .  T h e  e x t e r n a l  v e s s e l  c o n t a i n s  t h e  s a m p l e
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s o l u t i o n  t o  b e  i r r a d i a t e d .  T h e  p h o t o l y s i s  s o l u t i o n  w a s  p u r g e d  w i t h  a r g o n  f o r  1 5  

m i n u t e s  p r i o r  t o  i r r a d i a t i o n .  .A r g o n  i s  c o n s t a n t l y  b u b b l e d  t h r o u g h  t h e  s o l u t i o n  i n  

o r d e r  t o  e x p e l  c a r b o n  m o n o x i d e  l i b e r a t e d  d u r i n g  t h e  c o u r s e  o f  t h e  r e a c t i o n .  T h e  

p r o d u c t s  w e r e  i s o l a t e d  b y  r e m o v i n g  t h e  s o l v e n t  u n d e r  r e d u c e d  p r e s s u r e  

( s o m e t i m e s  a t  a  l o w  t e m p e r a t u r e  o f  - 3 0 ° C )  a n d  p u r i f i e d  b y  r e c r y s t a l l i s a t i o n  

a n d / o r  c l a s s i c a l  c h r o m a t o g r a p h y  d e p e n d i n g  o n  t h e  a i r  s e n s i t i v i t y  o f  t h e  

c o m p o u n d .

F i g u r e  7 . 3 . 1  P h o t o l y s i s  a p p a r a t u s  u s e d  f o r  t h e  s y n t h e s i s  o f  m e t a l  c a r b o n y l s .

7.4 Synthesis of chromium compounds.

7.4.1 (r|6-mono-arene) chromium tricarbonyls.

T h e  t r i c a r b o n y l s  w e r e  s y n t h e s i s e d  i n  a  s i m i l a r  w a y  t o  t h a t  u s e d  b y  

M a h a f f y  et al. w i t h  m i n o r  a l t e r a t i o n s . 1  T h e  c h l o r i n a t e d  a r e n e  t r i c a r b o n y s  w e r e  

s y n t h e s i s e d  i n  t h e  f o l l o w i n g  m a n n e r :  C r ( C O ) 6  ( 1  g , 4 . 5  m m o l ) ,  T H F  ( 5  m L ) ,  

a r e n e  ( - 4 0  m L )  w e r e  a d d e d  t o  a  r o u n d  b o t t o m e d  f l a s k ,  a n d  h e a t e d  t o  r e f l u x  f o r
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2 4  h o u r s  u n d e r  a n  a t m o s p h e r e  o f  a r g o n .  T h e  y e l l o w  s o l u t i o n  w a s  t h e n  f i l t e r e d  

t h r o u g h  s i l i c a  u s i n g  a  g l a s s  c e n t r e d  c r u c i b l e  a n d  t h e  s o l v e n t  r e m o v e d  f r o m  t h e  

f i l t r a t e  u n d e r  v a c u u m .  T h e  p r o d u c t s  w e r e  r e c r y s t a l l i s e d  f r o m  d i e t h y l  e t h e r .  T h e  

o t h e r  m o n o a r o m a t i c  c h r o m i u m  t r i c a r b o n y l s  w e r e  s y n t h e s i s e d  b y  r e f l u x i n g  

C r ( C O ) 6 i n  t h e  d e s i r e d  a r e n e  ( q u a n t i t i e s  s i m i l a r  t o  a b o v e )  f o r  2 4  h o u r s ,  s o l v e n t  

w a s  r e m o v e d  u n d e r  r e d u c e d  p r e s s u r e  a n d  t h e  p r o d u c t  p u r i f i e d  b y  c o l u m n  

c h r o m a t o g r a p h y  u s i n g  p e t  e t h e r / e t h y l  a c e t a t e  a n d  f i n a l l y  r e c r y s t a l l i s e d  f r o m  

d i e t h y l  e t h e r .  ( r | 6 - A l l y l b e n z e n e ) C r ( C O ) 3 w a s  s y n t h e s i s e d  b y  r e f l u x i n g  C r ( C O ) 6  

( 4  g ,  1 8  m m o l ) ,  a l l y l b e n z e n e  ( 1 0  m L , 7 5  m m o l ) ,  b u t y l  e t h e r  ( 1 2 5  m L )  a n d  T H F  

( 1 0  m L )  i n  a  r o u n d  b o t t o m e d  f l a s k  f o r  7 2  h o u r s .  S o l v e n t  w a s  r e m o v e d  u n d e r  

r e d u c e d  p r e s s u r e ,  t h e  r e m a i n i n g  o i l - l i k e  r e s i d u e  w a s  t a k e n  u p  i n t o  h e x a n e  w h i c h  

i n  t u r n  w a s  v a c u u m e d  o f f  t o  l e a v e  a  y e l l o w  o i l .  I n  a l l  o f  t h e  a b o v e  s y n t h e s e s  t h e  

s o l u t i o n s  w e r e  p u r g e d  w i t h  a r g o n  f o r  3 0  m i n u t e s  p r i o r  t o  r e f l u x .

7.4.2 (r]6-PoIy-arene) chromium tricarbonyls.

( r | 6 - N a p h t h a l e n e ) C r ( C O ) 3 w a s  s y n t h e s i s e d  b y  u s i n g  t h e  m e t h o d  o f  H u d e c k  

et al 2 : C r ( C O ) 6  ( 1 . 1  g , 5  m m o l ) ,  n a p h t h a l e n e  ( 1 . 2 8  g , 1 0  m m o l )  i n  d e c a l i n  w a s  

b r o u g h t  t o  r e f l u x  t e m p e r a t u r e  f o r  3  h o u r s ,  t h e  s o l u t i o n  w a s  t h e n  a l l o w e d  t o  c o o l  

t o  r o o m  t e m p e r a t u r e  a n d  p l a c e d  a t  - 2 0  ° C  o v e r n i g h t .  A  r e d  p r o d u c t  p r e c i p i t a t e d  

o u t  w h i c h  w a s  r e c r y s t a l l i s e d  f r o m  b e n z e n e / p e t  e t h e r .  ( r i 6 - P h e n a n t h r e n e ) C r ( C O ) 3 

w a s  m a d e  a n d  p u r i f i e d  b y  a  s i m i l a r  m a n n e r .  ( r | 6 - P y r e n e ) C r ( C O ) 3 w a s  m a d e  i n  

t h e  s a m e  w a y  h o w e v e r  c o l u m n  c h r o m a t o g r a p h y  u s i n g  p e t  e t h e r  /  c h l o r o f o r m  i n  

t h e  r a t i o  o f  4 : 1  w a s  r e q u i r e d  f o r  s e p a r a t i o n  o f  t h e  s t a r t i n g  m a t e r i a l s  f r o m  p r o d u c t .  

A l l  s o l u t i o n s  w e r e  p u r g e d  w i t h  a r g o n  f o r  3 0  m i n u t e s  p r i o r  t o  r e f l u x .

7.4.3 (r|6- 1,2 Diphenylethene)chromium tricarbonyls.

T h e s e  c o m p o u n d s  w e r e  m a d e  i n  t h e  s a m e  m a n n e r  a s  w a s  ( r | 6 -  

n a p h t h a l e n e ) C r ( C O ) 3 a n d  r e c r y s t a l l i s e d  f r o m  b e n z e n e / p e n t a n e .  H o w e v e r  i n  t h e  

c a s e  o f  t h e  cis  i s o m e r  t e m p e r a t u r e s  a s  l o w  a s  - 7 0 ° C  w e r e  r e q u i r e d  i n  o r d e r  t o  

p r e c i p i t a t e  t h e  p r o d u c t f r o m  t h e  s o l u t i o n .  A g a i n  a l l  s o l u t i o n s  w e r e  p u r g e d  f o r  3 0  

m i n u t e s  w i t h  a r g o n  p r i o r  t o  r e f l u x .
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7.5 Synthesis of molybdenum compounds.

7.5.1 (ti6-mono-arene) molybdenum tricarbonyls.

B o t h  t h e  b e n z e n e  a n d  m e s i t y l e n e  c o m p l e x e s  w e r e  s y n t h e s e d  b y  h e a t i n g  

M o ( C O ) 6  ( 1  g ,  3 . 7  m m o l )  a n d  a r e n e  ( 4 0  m L )  t o  r e f l u x  t e m p e r a t u r e  f o r  3  h o u r s .  

I n  t h e  c a s e  o f  (r\ 6 - b e n z e n e ) M o ( C O ) 3 t h e  s o l v e n t  w a s  r e m o v e d  u n d e r  r e d u c e d  

p r e s s u r e  a n d  p r o l o n g e d  v a c u u m  r e m o v e d  a n y  r e m a i n i n g  M o ( C O ) 6 . O n  a l l o w i n g  

t h e  m e s i t y l e n e  s o l u t i o n  t o  c o o l  t o  r o o m  t e m p e r a t u r e  a f t e r  r e f l u x  f o r  t h r e e  h o u r s  

t h e  p r o d u c t  p r e c i p i t a t e d  f r o m  t h e  s o l u t i o n ,  I t  w a s  t h e n  f i l t e r e d  o f f  a n d  

r e c r y s t a l l i s e d  f r o m  c h l o r o f o r m / h e x a n e .  T h e  h e x a m e t h y l b e n z e n e  d e r i v a t i v e  w a s  

s y n t h e s i s e d  b y  t h e  m e t h o d  o f  P i d c o c k  a n d  S m i t h 3  w h i c h  i n v o l v e s  h e a t i n g  o f  

M o ( C O ) 6 ( 1 . 5  g ,  5  m m o l ) ,  w i t h  h e x a m e t h y l b e n z e n e  ( 3  g ,  2 2 . 5  m m o l )  u n d e r  

r e f l u x  i n  ~  8 0 m L .  o f  h e p t a n e  f o r  1 0  h o u r s .  T h e  m i x t u r e  w a s  c o o l e d ,  f i l t e r e d  a n d  

t h e  s o l v e n t  e v a p o r a t e d  u n d e r  r e d u c e d  p r e s s u r e  a t  r o o m  t e m p e r a t u r e .  T h e  e x c e s s  

M o ( C O ) 6 w a s  s u b l i m e d  u n d e r  v a c u u m  a n d  t h e  p r o d u c t  r e c r y s t a l l i s e d  f r o m  i s o ­

p r o p y l  e t h e r .

7.5.2 Attempted synthesis of (Ti6-hexamethylbenzene)2M o 2(CO)5.

B e c a u s e  o f  t h e  a p p a r e n t  l i f e - t i m e  o f  t h e  d i n u c l e a r  p r o d u c t  f o r m e d  u p o n  

p h o t o l y s i s ,  a t t e m p t s  w e r e  m a d e  t o  i s o l a t e  t h i s  c o m p o u n d .  I n i t i a l l y  l o w  

t e m p e r a t u r e  p h o t o l y s i s  w a s  c a r r i e d  o u t  i n  p e n t a n e ,  u n f o r t u n a t e l y  m o l y b d e n u m  

t r i c a r b o n y l  c o m p o u n d s  a r e  n o t  r e a d i l y  s o l u b l e  i n  h y d r o c a r b o n  s o l v e n t s ,  h e n c e  

s o l u t i o n s  w e r e  a l w a y s  i n  v e r y  l o w  c o n c e n t r a t i o n s .  T h i s  r o u t e  w a s  n o t  s u c c e s s f u l .  

A s  t h e  p h o t o l y s i s  p r o c e e d e d ,  a  b r o w n  p r o d u c t  w a s  o b s e r v e d ,  w h i c h  c o u l d  b e  a  

p h o t o l y s i s  p r o d u c t  o f  t h e  d i n u c l e a r  c o m p o u n d ,  a s s u m i n g  i t  i s  p h o t o l a b i l e ,  o r  a  

p h o t o d e c o m p o s i t i o n  p r o d u c t ,  y i e l d i n g  o x i d e s  o f  m o l y b d e n u m .  T h e  p h o t o l y s i s  

w a s  m o n i t o r e d  b y  U V / v i s .  S p e c t r o s c o p y  a n d  t h e  c h a n g e s  o b s e r v e d ,  w e r e  

c o n s i s t e n t  w i t h  t h o s e  p r e v i o u s l y  d e s c r i b e d  f o l l o w i n g  l a s e r  f l a s h  p h o t o l y s i s .  A  

p h o t o l y s i s  e x p e r i m e n t  w a s  a l s o  c a r r i e d  o u t  i n  t o l u e n e  a s  ( r | 6 -  

h e x a m e t h y l b e n z e n e ) M o ( C O ) 3 i s  r e a d i l y  s o l u b l e  i n  a r o m a t i c  s o l v e n t s .  H o w e v e r ,  

a g a i n  t h i s  d i d  n o t  p r o v e  t o  b e  s u c c e s s f u l  a n d  s i m i l a r  o b s e r v a t i o n s  w e r e  m a d e  a s  

b e f o r e .

A t t e m p t s  w e r e  m a d e  t o  s y n t h e s i s e  t h e  d i n u c l e a r  s p e c i e s  via  ( r j 6 -  

h e x a m e t h y l b e n z e n e ) M o ( C O ) 2 ( c w - c y c l o o c t e n e ) .  S y n t h e s i s  o f  t h i s  d i c a r b o n y l  

i n t e r m e d i a t e  w a s  c a r r i e d  o u t  b y  i r r a d i a t i n g  ( r ] 6 - h e x a m e t h y l b e n z e n e ) M o ( C O ) 3
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w i t h  e x c e s s  m - c y c l o o c t e n e  i n  p e n t a n e  a t  r o o m  t e m p e r a t u r e ,  t h e  r e a c t i o n  w a s  

f o l l o w e d  b y  i n f r a r e d  a s  p r e s e n t e d  i n  F i g u r e  7 . 5 . 2 . 1 .  V a r i o u s  l i g a n d s  ( C O  a n d  

P P h 3 )  w e r e  a d d e d  t o  d i s p l a c e  t h e  c / j - c y c l o o c t e n e  l i g a n d  a s  t h i s  i s  a  k n o w n  

m e t h o d  o f  s y n t h e s i s i n g  m a n y  c o m p o u n d s  o f  c h r o m i u m  p e n t a c a r b o n y l . 4  

H o w e v e r  i n  n o  c a s e  w a s  t h e  l i g a n d  d i s p l a c e d  a n d  a  b r o w n  i n s o l u b l e  p r o d u c t  w a s  

f o r m e d .  O n  a l l o w i n g  ( r | 6 - h e x a m e t h y l b e n z e n e ) M o ( C O ) 2 ( c / 5 - c y c l o o c t e n e )  t o  

s t a n d  o v e r n i g h t  i n  t h e  p r e s e n c e  o f  C O ,  t h e  m a j o r  p r o d u c t  w a s  f o u n d  t o  b e  

M o ( C O ) 6 . A n  a l t e r n a t i v e  r o u t e  w a s  a t t e m p t e d  via  ( r | 6 -

h e x a m e t h y l b e n z e n e ) M o ( C O ) 2 ( e t h e n e )  b u t  a s  b e f o r e  e t h e n e  w a s  n o t  d i s p l a c e d  

e i t h e r  b y  o t h e r  l i g a n d s  o r  t h e  p a r e n t  t r i c a r b o n y l  c o m p l e x .

I r r a d i a t i o n  o f  ( r | 6 - h e x a m e t h y l b e n z e n e ) M o ( C O ) 3 i n  d i c h l o r o m e t h a n e  a t  - 7 0  

° C  r e s u l t e d  i n  n o  d e t e c t a b l e  c h a n g e s  i n  i t s  i n f r a r e d  s p e c t r u m .

F i g u r e  7 . 5 . 2 . 1  C h a n g e s  i n  t h e  i n f r a r e d  s p e c t r u m  u p o n  i r r a d i a t i o n  o f  ( r | 6 -  

h e x a m e t h y l b e n z e n e ) M o ( C O ) 3 i n  t h e  p r e s e n c e  o f  e x c e s s  cis - c y c l o o c t e n e  i n  

p e n t a n e .
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7.6 Synthesis of manganese compounds.

7.6.1 (i] 1-C5H 7)Mn(CO)5.

T o  a  1 %  N a - H g  a m a l g a m  w a s  a d d e d  1 0 0  m L  o f  d r i e d  T H F  f o l l o w e d  b y  

0 . 6 2  g  M n 2 ( C O ) 1 0 . T h e  s o l u t i o n  w a s  c o n s t a n t l y  s t i r r e d  a n d  k e p t  u n d e r  a r g o n .  

T h i s  m i x t u r e  w a s  a l l o w e d  t o  s t i r  o v e r n i g h t  a t  r o o m  t e m p e r a t u r e .  T h e  m e r c u r y  

w a s  t h e n  d r a i n e d  o f f  l e a v i n g  a  s o l u t i o n  c o n t a i n i n g  N a M n ( C O ) 5 . 5  T o  t h i s  

s o l u t i o n  w a s  t h e n  a d d e d  0 . 5  g  / r a m -  l - b r o m o - 2 , 4 - p e n t a d i e n e 6  a t  - 7 8 ° C  a n d  

a l l o w e d  t o  w a r m  t o  0 ° C .  T h e  s o l v e n t  w a s  r e m o v e d  a t  0 ° C  u n d e r  r e d u c e d  

p r e s s u r e  l e a v i n g  a  y e l l o w i s h - b r o w n  r e s i d u e .  T h i s  r e s i d u e  w a s  t h e n  r e c o n s t i t u t e d  

i n  T H F ,  p a s s e d  t h r o u g h  a l u m i n a  l e a v i n g  a  y e l l o w  s o l u t i o n ,  s o l v e n t  w a s  r e m o v e d  

u n d e r  r e d u c e d  p r e s s u r e  l e a v i n g  a  y e l l o w  r e s i d u e . 7

7.6.2 (Ti3-C5H 7)Mn(CO)4.

( r | 3 - C 5 H 7 ) M n ( C O ) 4  w a s  s y n t h e s i s e d  b y  i r r a d i a t i n g  a  s o l u t i o n  o f  t h e  

p r e v i o u s l y  p r e p a r e d  (r\ 1- C 5 H 7 ) M n ( C O ) 5 i n  p e n t a n e .  T h e  s o l u t i o n  w a s  p u r g e d  

w i t h  a r g o n  f o r  a b o u t  3 0  m i n u t e s  p r i o r  t o  p h o t o l y s i s ,  a n d  d u r i n g  t h e  i r r a d i a t i o n  

t i m e  a  c o n s t a n t  s t r e a m  o f  a r g o n  f l o w e d  t h r o u g h  t h e  s o l u t i o n .  A  m e d i u m  p r e s s u r e  

m e r c u r y  l a m p  w a s  u s e d  t o  p h o t o l y s e  t h e  s o l u t i o n .  T h e  c o n v e r s i o n  f r o m  r | 1 t o  r | 3 

w a s  m o n i t o r e d  b y  I R  s p e c t r o s c o p y .  W h e n  c o m p l e t e  c o n v e r s i o n  o f  t h e  

p e n t a c a r b o n y l  w a s  o b s e r v e d  t h e  p h o t o l y s i s  w a s  s t o p p e d  w h i c h  w a s  a b o u t  3 0  

m i n u t e s  a n d  e x c e s s  s o l v e n t  w a s  r e m o v e d  a t  - 3 0 ° C . 7

7.6.3 (ri5-C5H 7)M n( CO )3.

T h e  m e t h o d  o f  M c D a n i e l  a n d  c o w o r k e r s 8  w a s  u s e d  f o r  t h e  s y n t h e s i s  o f  

t h e  t r i c a r b o n y l  d e r i v a t i v e .  T o  a  2 5 0  m L  t h r e e  n e c k e d  r o u n d  b o t t o m e d  f l a s k  f i l l e d  

w i t h  a r g o n  w a s  a d d e d  0 . 3  g ,  1 . 0 4  m m o l  B r M n ( C O ) 5 , 5 0  m L  o f  d i c h l o r o m e t h a n e ,  

0 . 9  g ,  2 . 8  m m o l  B u 4 N B r  i n  5 0  m L  5 N  a q u e o u s  N a O H  a n d  0 . 2 8  g ,  2 . 0  m m o l  

/ r a m -  l - b r o m o - 2 , 4 - p e n t a d i e n e .  T h i s  s o l u t i o n  w a s  p u r g e d  w i t h  a r g o n  f o r  

a p p r o x i m a t e l y  3 0  m i n u t e s  a n d  t h e n  r e f l u x e d  u n d e r  a r g o n  f o r  2 4  h o u r s .  T h e  

s o l u t i o n  w a s  a l l o w e d  t o  c o o l  t o  r o o m  t e m p e r a t u r e  a n d  t h e  o r g a n i c  l a y e r  r e m o v e d .  

T h e  a q u e o u s  l a y e r  w a s  w a s h e d  w i t h  2 5  m L  o f  d i c h l o r o m e t h a n e .  T h e  o r g a n i c  

l a y e r s  w e r e  c o m b i n e d ,  w a s h e d  w i t h  2 5  m L  w a t e r ,  f i l t e r e d  a n d  d r i e d  o v e r  M g S 0 4 . 

A f t e r  f i l t r a t i o n  t h e  s o l v e n t  w a s  r e m o v e d  u n d e r  v a c u u m  w h e r e  u p o n  a  d e e p
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o r a n g e  c o l o u r e d  o i l  r e m a i n e d .  T h i s  r e s i d u e  w a s  d i s s o l v e d  i n  p e n t a n e  a n d  p a s s e d  

t h r o u g h  a l u m i n a .  M o s t  o f  t h e  p e n t a n e  w a s  r e m o v e d  a n d  t h e  p r o d u c t  w a s  

r e c r y s t a l l i s e d  a t  - 7 8 ° C  y i e l d i n g  a  y e l l o w  p o w d e r .

7.7 Laser flash photolysis.

7.7.1 Sample preparation for flash photolysis experiments.

W i t h  t h e  e x c e p t i o n  o f  s e v e r a l  e x p e r i m e n t s  i n  C h a p t e r  6  a l l  f l a s h  p h o t o l y s i s  

s t u d i e s  w e r e  c a r r i e d  o u t  i n  h y d r o c a r b o n  s o l v e n t s  S  ( w h e r e  S  =  c y c l o h e x a n e ,  

c y c l o o c t a n e ,  p e n t a n e ,  h e p t a n e ,  d e c a n e ,  d o d e c a n e ,  p e r f l u o r o m e t h y l - c y c l o h e x a n e  

a n d  1 , 1 , 2 - t r i c h l o r o t r i f l u o r o e t h a n e ) .  A l l  s a m p l e s  w e r e  a d j u s t e d  s u c h  t h a t  t h e  

a b s o r b a n c e  v a l u e s  w e r e  i d e a l l y  b e t w e e n  0 . 5  a n d  2 . 0  a t  t h e  w a v e l e n g t h  o f  

e x c i t a t i o n  ( 2 6 6  o r  3 5 5  n m ) .  A l l  a b s o r b a n c e  r e a d i n g s  w e r e  r e c o r d e d  o n  a  

H e w l e t t - P a c k a r d  8 4 5 2 a  U V / v i s  s p e c t r o p h o t o m e t e r .  T h e  c o n c e n t r a t i o n  o f  t h e  

s o l u t i o n  c o u l d  t h e n  b e  d e t e r m i n e d  f r o m  t h e  p r e v i o u s l y  c a l c u l a t e d  e x t i n c t i o n  

c o e f f i c i e n t .  S a m p l e s  w e r e  d e g a s s e d  b y  t h r e e  c y c l e s  o f  a  f r e e z e - p u m p - t h a w  

p r o c e d u r e ,  f o l l o w e d  b y  l i q u i d - p u m p i n g  ( t o  r e m o v e  u n w a n t e d  i m p u r i t i e s  s u c h  a s  

w a t e r )  i n  a  s p e c i a l l y  d e s i g n e d  d e g a s s i n g  b u l b  a t t a c h e d  t o  a  f l u o r e s c e n c e  c e l l .  

A r g o n  o r  t h e  r e q u i r e d  c a r b o n  m o n o x i d e  p r e s s u r e  w a s  t h e n  a d d e d  t o  t h e  c e l l  t o  

p r e v e n t  b o i l i n g  o f  t h e  s o l u t i o n s  a n d  t o  c h e c k  t h e  r e v e r s i b i l i t y  o f  t h e  

p h o t o c h e m i c a l  r e a c t i o n s  i n v e s t i g a t e d .  T h e  c o n c e n t r a t i o n  o f  c a r b o n  m o n o x i d e  

w a s  c a l c u l a t e d  t o  b e  1 . 6  x  1 0 - 2 , 1 . 2  x  1 0 ' 2 , 8 . 5  x  1 0 - 3 , 6 . 8  x  1 0 * 3 , 9 . 0  x  1 0 -3 a n d

6 . 3  x  1 0 ' 2 M  i n  n - p e n t a n e ,  « - h e p t a n e ,  « - d e c a n e ,  « - d o d e c a n e ,  c y c l o h e x a n e  a n d  

c y c l o o c t a n e ,  r e s p e c t i v e l y ,  a t  o n e  a t m o s p h e r e  o f  C O  i n  t h e  t e m p e r a t u r e  r a n g e  t h e  

e x p e r i m e n t s  w e r e  c o n d u c t e d . 9

7.7.2 Laser flash photolysis with UV/vis monitoring.

A  s c h e m a t i c  d i a g r a m  o f  t h e  f l a s h  p h o t o l y s i s  i n s t r u m e n t a t i o n  i s  g i v e n  i n  

F i g u r e  7 . 7 . 2 . 1 .  T h e  e x c i t a t i o n  s o u r c e  i s  a  Q - s w i t c h e d  N d - Y a g  ( n e o d y n i u m  

y i t t r i u m  a l u m i n i u m  g a r n e t )  l a s e r  w h i c h  o p e r a t e s  a t  1 0 6 4  n m ,  b u t  c a n  b e  

f r e q u e n c y  d o u b l e d ,  t r i p l e d  o r  q u a d r u p l e d  t o  g e n e r a t e  a  s e c o n d ,  t h i r d  o r  f o u r t h  

h a r m o n i c  f r e q u e n c y  a t  5 3 2 ,  3 5 5  a n d  2 6 6  n m  r e s p e c t i v e l y .  T h e  p o w e r  o f  t h e  l a s e r  

c a n  b e  v a r i e d  b y  a p p l y i n g  d i f f e r e n t  v o l t a g e s  a c r o s s  t h e  a m p l i f i e r  f l a s h  t u b e .  T h e  

p u l s e  t i m e  i s  a p p r o x i m a t e l y  1 0  n s .  A t  t h e  f r e q u e n c i e s  e m p l o y e d  t h e  e n e r g y  i s
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4 5  m J  a n d  6 0  m J  p e r  p u l s e  a t  3 5 5  a n d  2 6 6  n m  r e s p e c t i v e l y .  T h e  c i r c u l a r  l a s e r  

p u l s e  i s  d i r e c t e d  via  t w o  P e l l i n - B r o c a  p r i s m s  o n t o  t h e  s a m p l e  c u v e t t e .  W h e n  t h e  

p u l s e  p a s s e s  t h r o u g h  t h e  p o w e r  m e t e r  s i t u a t e d  a f t e r  t h e  f i r s t  p r i s m  b u t  b e f o r e  t h e  

s a m p l e  c u v e t t e  t h e  o s c i l l o s c o p e  i s  t r i g g e r e d .  T h e  m o n i t o r i n g  l i g h t  s o u r c e  i s  a  a i r  

c o o l e d  2 7 5  W a t t  X e n o n  a r c  l a m p  a r r a n g e d  a t  r i g h t  a n g l e s  t o  t h e  l a s e r  b e a m .  T h e  

m o n i t o r i n g  b e a m  p a s s e s  t h r o u g h  t h e  s a m p l e  a n d  i s  d i r e c t e d  t o  t h e  e n t r a n c e  s l i t  o f  

a n  A p p l i e d  P h o t o p h y s i c s  f 7 3 .  m o n o c h r o m a t o r  via  a  c i r c u l a r  l e n s .  U V / v i s  f i l t e r  

w e r e  u s e d  (A. >  4 0 0  n m  o r  A  >  3 4 5  n m )  b e t w e e n  t h e  m o n i t o r i n g  s o u r c e  a n d  t h e  

s a m p l e  t o  p r e v e n t  e x c e s s i v e  p h o t o l y s i s  o f  t h e  s a m p l e  s o l u t i o n .  A t  t h e  e x i t  s l i t  o f  

t h e  m o n o c h r o m a t o r  a  H a m a t s u  f i v e  s t a g e  p h o t o m u l t i p l i e r  o p e r a t i n g  a t  8 5 0 V ,  

d e t e c t e d  a b s o r b a n c e  c h a n g e s  a n d  r e l a y e d  t h e  o u t p u t  t o  a  t r a n s i e n t  d i g i t i s e r  

( o s c i l l o s c o p e )  via  a  v a r i a b l e  l o a d  r e s i s t o r .  T h e  d i g i t i s e r ,  a  H e w l e t t  P a c k a r d  H P  

5 4 5 1 0 A  o s c i l l o s c o p e  i s  i n t e r f a c e d  t o  a n  O l i v e t t i  P c S 2 8 6  m i c r o c o m p u t e r  via  a n  

I E E E  b u s .  A l l  s i g n a l s  w e r e  s t o r e d  o n  f l o p p y  d i s k s .  T h e  r e s u l t a n t  t r a n s i e n t  

s i g n a l s  w e r e  a n a l y s e d  u s i n g  f i r s t  o r d e r  k i n e t i c s .  T y p i c a l  t r a c e s  f o r  t r a n s i e n t  

a b s o r p t i o n  a n d  d e c a y  a r e  g i v e n  i n  F i g u r e  7 . 7 . 2 . 2 .  A  t r a n s i e n t  s i g n a l  w a s  r e c o r d e d  

i n  t h e  f o l l o w i n g  m a n n e r .

I n i t i a l l y ,  I 0  w a s  r e c o r d e d ,  w h i c h  c o r r e s p o n d s  t o  t h e  a m o u n t  o f  l i g h t  

p a s s i n g  t h r o u g h  t h e  s o l u t i o n  b e f o r e  t h e  f l a s h .  I t  i s  m e a s u r e d  b y  o b t a i n i n g  t h e  

d i f f e r e n c e  i n  m V  o f  t h e  a m o u n t  o f  l i g h t  t r a n s m i t t e d  b y  t h e  s o l u t i o n  a n d  d e t e c t e d  

b y  t h e  p h o t o m u l t i p l e r  w h e n  t h e  s h u t t e r  i s  o p e n  a n d  c l o s e d  o n  t h e  m o n i t o r i n g  

b e a m .  A  t y p i c a l  t r a c e  a s  g i v e n  i n  F i g u r e  7 . 7 . 2 . 2 .  s h o w s  t h e  c h a n g e  i n  v o l t a g e  

w i t h  t i m e  w h i c h  c o r r e s p o n d s  t o  t h e  c h a n g e  i n  o p t i c a l  d e n s i t y .  A l l  t r a c e s  a r e  

s t o r e d  t o g e t h e r  w i t h  t h e  t i m e  b a s e s  a n d  v o l t a g e  s e t t i n g s .  T h e  s t o r e d  d a t a  c a n  t h e n  

b e  u s e d  t o  c a l c u l a t e  I t , t h e  a m o u n t  o f  l i g h t  b e i n g  t r a n s m i t t e d  a t  a n y  t i m e  t .  A  2 - D  

s p e c t r u m  i s  r e c o r d e d  i n  a  ' p o i n t  b y  p o i n t '  m a n n e r ,  w h e r e b y  a  s e r i e s  o f  t r a n s i e n t s  

a r e  a c c u m u l a t e d  a t  f i x e d  t i m e  i n t e r v a l s  a f t e r  t h e  f l a s h .
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F i g u r e  7 . 7 . 2 . 1  A  s c h e m a t i c  d i a g r a m  o f  t h e  i n s t r u m e n t a t i o n  u s e d  i n  t h e  l a s e r  f l a s h  

p h o t o l y s i s  e x p e r i m e n t s .
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Figure 1 .1 .22  Typical signals obtained from an oscilloscope for (a) decay of
transient species and (b) recovery o f parent compound.
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7.7.3 Laser Flash Photolysis with TRIR detection.

T h e  i n s t r u m e n t a t i o n  u s e d  f o r  t h e  f l a s h  p h o t o l y s i s  s t u d i e s  u s i n g  t i m e -  

r e s o l v e d - i n f r a r e d  d e t e c t i o n  h a s  b e e n  d e s c r i b e d  e l s e w h e r e . 1 0  T h e  a c t u a l  s e t - u p  

u s e d  i n  t h e s e  s t u d i e s  i n v o l v e s  a  L a m b d a  P h y s i k  E M G  2 0 0  e x c i m e r  l a s e r  (X = 3 0 8  

n m  w i t h  X e C l ;  o u t p u t  a t t e n u a t e d  t o  8 0 - 9 0  m J / p u l s e )  a s  t h e  e x c i t a t i o n  s o u r c e .  

T h e  s y s t e m  h a s  a  r e s p o n s e  t i m e  o f  1 - 2  ( i s  a n d  a  s p e c t r a l  r e s o l u t i o n  o f  3 - 4  c m - 1 . 

A l l  f l a s h  p h o t o l y s i s  e x p e r i m e n t s  w e r e  p e r f o r m e d  a t  r o o m  t e m p e r a t u r e .  S t o c k  

s o l u t i o n  w a s  p r e p a r e d  b y  t h r e e  f r e e z e - p u m p - t h a w  c y c l e s ,  t h e n  a  l i q u i d  p u m p i n g  

s t a g e  -  f o l l o w e d  b y  s a t u r a t i o n  w i t h  t h e  d e s i r e d  g a s  a t m o s p h e r e  i n  t h e  r e s e r v o i r  ( 1  

a t m . )  I n  t h e  i n t e r v a l s  b e t w e e n  t h e  l a s e r  s h o t ,  t h e  c e l l  w a s  e m p t i e d  a n d  r e f i l l e d  

w i t h  f r e s h  s o l u t i o n  f r o m  t h e  r e s e r v o i r  t h r o u g h  a  m a g n e t i c  v a l v e  s y s t e m .  T R I R  

d i f f e r e n c e  s p e c t r a  w e r e  b u i l t  u p  b y  a  ' p o i n t  b y  p o i n t '  m e t h o d .

7.7.4 Matrix isolation.

T h e  l o w  t e m p e r a t u r e  m a t r i x  i s o l a t i o n  a p p a r a t u s  h a s  p r e v i o u s l y  b e e n  

d e s c r i b e d . 1 1  T h e  s y s t e m  c o n s i s t s  o f  a n  A i r  P r o d u c t s  m o d e l  C S 2 0 2  D i s p l e x  

c l o s e d - c y c l e  h e l i u m  r e f r i g e r a t o r ,  w h i c h  c o o l s  a  N a C l  s p e c t r o s c o p i c  w i n d o w  t o  

1 0 - 1 2  K .  T h e  t e m p e r a t u r e  o f  t h e  w i n d o w  i s  m o n i t o r e d  s e p a r a t e l y  b y  a  

t h e r m o c o u p l e  e m b e d d e d  i n  a  c a v i t y  c l o s e  t o  t h e  w i n d o w  c e n t r e .  T h e  f l o w  o f  

g a s e s  i s  c o n t r o l l e d  b y  a  c a l i b r a t e d  m i c r o m e t e r  n e e d l e  v a l v e  a n d  a  v a c u u m  

a s s e m b l y .  A  t h e r m o t r o n  g a u g e  c o n t i n u o u s l y  c h e c k s  t h e  p r e s s u r e  i n  t h e  g a s  i n l e t  

l i n e .  E v a p o r a t i o n  r a t e s  f o r  d e p o s i t i o n  o f  e a c h  s a m p l e  i s  c o n t r o l l e d  i n  e a c h  

e x p e r i m e n t  b y  f i r s t  d e p o s i t i n g  o n t o  a  q u a r t z  c r y s t a l  m i c r o b a l a n c e  m o u n t e d  i n  

g o o d  t h e r m a l  c o n t a c t  t o  t h e  s i d e  o f  t h e  t a r g e t  w i n d o w  h o l d e r .  I n f r a r e d  s p e c t r a  

w e r e  r e c o r d e d  o n  a  P e r k i n - E l m e r  m o d e l  1 7 2 0  f o u r i e r  t r a n s f o r m  s p e c t r o m e t e r .
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7.8 Determination of Activation Parameters.

T h e  a c t i v a t i o n  p a r a m e t e r s  w e r e  c a l c u l a t e d  f r o m  A r r h e n i u s  a n d  E y r i n g  

p l o t s .  T h e  A r r h e n i u s  e q u a t i o n  i s :

I n  k  =  I n  A  -  E a / R T

w h e r e  k  =  r a t e  c o n s t a n t

E a =  a c t i v a t i o n  e n e r g y  ( k J i n o W )

R  =  u n i v e r s a l  g a s  c o n s t a n t  ( 8 . 3 1 4  J K ' i m o l " 1)

T  =  a b s o l u t e  t e m p e r a t u r e  ( ° K )

A  =  f r e q u e n c y  f a c t o r  ( t h e  n u m b e r  o f  c o l l i s i o n s  b e t w e e n  t h e  r e a c t a n t  

m o l e c u l e s )

A  p l o t  o f  I n  k  versus  1 / T  g i v e s  a  s t r a i g h t  l i n e  w i t h  t h e  s l o p e  =  - E a / R  a n d  t h e  

i n t e r c e p t  I n  A .  ( k  =  k o b s /  [ C O ] ) .

T h e  E y r i n g  e q u a t i o n  i s :

I n ( k / T )  =  - ( A T F 7 R T )  +  ( A S * / R )  +  I n ( k / h )

w h e r e  k  =  r a t e  c o n s t a n t

A H ’6 =  e n t h a l p y  c h a n g e  o f  a c t i v a t i o n  ( k J m o H )

A S 56 =  e n t r o p y  c h a n g e  o f  a c t i v a t i o n  ( J m o W K - 1 )  

k  =  B o l t z m a n s  c o n s t a n t  ( 1 . 3 8 0 6 6  x  l O ' ^ J K - 1 )  

h  =  P l a n k s  c o n s t a n t  ( 6 . 6 2 6 1 8  x  1 0 _34J s )

T  =  a b s o l u t e  t e m p e r a t u r e  ( ° K )

R  =  u n i v e r s a l  g a s  c o n s t a n t  ( 8 . 3 1 4  J K S m o H )

A  p l o t  o f  I n  k / T  versus  1 / T  g i v e s  a  s t r a i g h t  l i n e  w i t h  s l o p e  - A H ^ / R T  a n d  t h e  

i n t e r c e p t  A S ^ / R  +  I n  k / h .  (  k  =  k o b s /  [ C O ] ) .

A c t i v a t i o n  p a r a m e t e r s  w e r e  c a l c u l a t e d  b y  r e c o r d i n g  t h e  i n c r e a s e  i n  o b s e r v e d  r a t e  

c o n s t a n t  w i t h  i n c r e a s i n g  t e m p e r a t u r e .  T e m p e r a t u r e s  c h a n g e s  w e r e  a c h i e v e d  b y  

i m m e r s i n g  t h e  c e l l  i n  a  t e m p e r a t u r e  c o n t r o l l e d  w a t e r  b a t h  f o r  a  p e r i o d  o f  1 5  

m i n u t e s  a t  t h e  r e q u i r e d  t e m p e r a t u r e .  T h e  t e m p e r a t u r e  o f  t h e  b a t h  w a s  i n c r e a s e d  

i n  a p p r o x i m a t e l y  i n c r e m e n t s  o f  5  K  i n  t h e  t e m p e r a t u r e  r a n g e  2 8 0 - 3 1 8  K .
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7.9 Determination of extinction coefficients

E x t i n c t i o n  c o e f f i c i e n t s  w e r e  d e t e r m i n e d  a t  t h e  w a v e l e n g t h  o f  e x c i t a t i o n  

f o r  a l l  c o m p o u n d s  i n  o r d e r  t o  c a l c u l a t e  t h e  c o n c e n t r a t i o n  o f  t h e  s a m p l e .  B y  

k n o w i n g  t h e  a b s o r b a n c e  a n d  u t i l i s i n g  t h e  B e e r - L a m b e r t  l a w  t h e  c o n c e n t r a t i o n  o f  

t h e  s a m p l e  w a s  c a l c u l a t e d .  T h e  B e e r - L a m b e r t  l a w  i s  g i v e n  b y :

A  =  s c l

w h e r e  A  =  a b s o r b a n c e  a t  e x c i t a t i o n  w a v e l e n g t h  ( A . U )

8  =  m o l a r  e x t i n c t i o n  c o e f f i c i e n t  ( d m 3m o l ' 1c m - 1)  

c  =  c o n c e n t r a t i o n  ( m o l  d m -3 )

1 =  p a t h l e n g t h  o f  c e l l  ( c m )

7.10 Solubility of C O  in alkane solvent.

T h e  s o l u b i l i t y  o f  C O  i n  h y d r o c a r b o n  s o l v e n t s  w a s  c a l c u l a t e d  u s i n g  t h e  

m o l e  f r a c t i o n  d a t a ,  r e p o r t e d  b y  M a k r a n c z y  et al. 9 T h e  c a l c u l a t i o n  f o r  

c y c l o h e x a n e  i s  g i v e n  a s  a  r e p r e s e n t a t i v e  e x a m p l e .

S o l u b i l i t y  o f  C O  a t  2 9 8 K  e x p r e s s e d  i n  m o l e  f r a c t i o n  =  9 . 9 4  x  1 0 -4  

1 l i t r e  o f  c y c l o h e x a n e  =  7 7 9 g  

1 m o l e  o f  c y c l o h e x a n e  =  8 4 g

= >  [ C O ]  =  9 . 9 4  x  l O - 4  x  7 7 9

8 4

=  9 . 1  x  1 0 * 3 m o l  L ' 1 a t  1 b a r  C O .

7.11 Determination of the quantum yield for the photosubstitution of C O  by 

pyridine in (r|6-benzene)Mo(CO)3 in cyclohexane.

P r e v i o u s l y  t h e  q u a n t u m  y i e l d  f o r  t h e  p h o t o s u b s t i t u t i o n  o f  C O  b y  13 C O  o r  

p y r i d i n e  o f  ( r ) 6 - b e n z e n e ) C r ( C O ) 3 h a d  b e e n  d e t e r m i n e d  a n d  t h e  v a l u e  O  =  0 . 7 2  

w a s  u s e d  a s  a  r e f e r e n c e  f o r  t h e  d e t e r m i n a t i o n  o f  t h e  q u a n t u m  y i e l d .  S a m p l e s  

w e r e  p r e p a r e d  s u c h  t h a t  t h e  c o n c e n t r a t i o n  o f  (r\ 6 - b e n z e n e ) M o ( C O ) 3 a n d  ( t i 6 -  

b e n z e n e ) C r ( C O ) 3 w a s  t h e  s a m e  i n  b o t h  c u v e t t e s ,  a n d  t h e n  a  l a r g e  e x c e s s  o f
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p y r i d i n e  w a s  a d d e d  t o  e a c h  s a m p l e .  S o l u t i o n s  w e r e  t h e n  p u r g e d  f o r  

a p p r o x i m a t e l y  1 5  m i n u t e s  a n d  s e a l e d .  T h e  i r r a d i a t i o n  w a v e l e n g t h  u s e d  w a s  3 1 3  

n m  w h i c h  w a s  o b t a i n e d  b y  u s i n g  a  2 0 0  W a t t  m e r c u r y  l a m p  ( A p p l i e d  

P h o t o p h y s i c s )  i n  c o m b i n a t i o n  w i t h  a  C o r n i n g  7 - 5 4  f i l t e r  a n d  a  s o l u t i o n  f i l t e r  o f  

a n  a q u e o u s  s o l u t i o n  o f  p o t a s s i u m  c h r o m a t e  ( 0 . 2  g / L )  c o n t a i n i n g  1 %  N a O H .  T h e  

s a m p l e s  w e r e  t h e n  i r r a d i a t e d  f o r  f i x e d  p e r i o d s  o f  t i m e  o n  a  m e r r y - g o  r o u n d  

a p p a r a t u s  ( A p p l i e d  P h o t o p h y s i c s  L t d . ) .  U V / v i s  a b s o r p t i o n  s p e c t r a  w e r e  r e c o r d e d  

a t  f i x e d  t i m e  i n t e r v a l s  f o r  b o t h  s a m p l e s .  T h e  f o r m a t i o n  o f  ( r | 6 -  

b e n z e n e ) M o ( C O ) 2 ( p y r i d i n e )  w a s  c o m p a r e d  t o  t h a t  o f  ( r | 6 -  

b e n z e n e ) C r ( C O ) 2 ( p y r i d i n e )  w h i c h  h a d  p r e v i o u s l y  b e e n  d e t e r m i n e d . 1 2

268



1 M a h a f f y , C . A . L . ; P a u s o n , P . L . ;  Inorg. Synth., 1 9 7 9 , 1 9 , 1 5 4 .

2  H m v i a r , P ; H u d e c k , M . ; M a g o m e d o v , G . K . I . ; T o m a , S . ;  Collect. Czech. 
Comm.; 1 9 9 1 , 5 6 , 1 4 7 7 .

3  P i d c o c k , A . ; S m i t h , S . D . ;  J. Chem. Soc. (A) ; 1 9 6 7 , 8 7 2 .

4  G r e v e l s , F - W . ; S k i b b e , V . ;  J. Chem. Soc.; 1 9 8 4 , 6 8 1 .

5  K a e s z , H . D . ; K i n g , R . B . ; S t o n e , F . G . A . ;  Z  N aturforsch. 1 9 6 0 , 1 5 8 , 6 8 2 .

6  P r e v o s t , C . ; M i g i n i a c , P . ; M i g i n i a c - G r o i z e l e a u , L . ;  Bull. Soc. Chim. Fr.; 
1 9 6 4 , 2 4 8 5 .

7  L e e , T - W . ; L i u , R - S . ;  J. Organomet. Chem.;  1 9 8 7 , 3 2 0 , 2 1 1 .

8  M c D a n i e l , K . F . ;A f i f  A b u - B a k e r , A . B . A . ;  J. Organomet. Chem.; 
1 9 9 3 , 4 4 3 , 1 0 7 .

9  M a k r a n c z y ,  J . ; M e g y e r y - B a l o g , k . ; R o s z , L .  ; P a t y t , D . ; H ungarian J. Indust. 
C hem .,; 1 9 7 6 , 4 , 2 6 9 .

1 0  S c h a f f n e r , K . ; G r e v e l s , F . - W . . ;  J. M ol. Struct.;  1 9 8 8 , 1 7 3 , 5 1 .

1 1  ( a ) G r e v e l s , F . - W . ; K l o t z b u c h e r , W . E . ;  Inorg. Chem.; 1 9 8 1 , 2 0 , 3 0 0 2 .

( b )  K l o t z b u c h e r , W . E . ;  Cryogenics;  1 9 8 3 , 2 3 , 5 5 4 .

1 2  W r i g h t o n , M . S . ; H a v e r t y , J . L . ;  Z . Naturforsch.;  1 9 7 5 , 3 0 8 , 2 5 4 .

7.11 References

269



Data for the determination 

of the second order rate constants 

at 298K-

Appendix A

(A l)



[ C O I  x  1 0 3 m o l  d m -3 k nhc ( s - 1 )  x  1 0 " 3

2 . 2 5 1 7 . 8 3

4 . 5 0 3 3 . 1 6

6 . 7 5 4 8 . 9 7

9 . 0 0 6 2 . 5 9

s l o p e  =  6 . 6 7  x  1 0 6  +  1 . 4 6  x  1 0 5 

i n t e r c e p t  =  3 1 . 1 7  x  1 0 - 2  +  7 . 3 6  x  1 0 -2  

c o r r e l a t i o n  c o e f f i c i e n t  =  0 . 9 9

T a b l e  A 1  T h e  o b s e r v e d  r a t e  c o n s t a n t  ( k o b s)  a t  v a r i o u s  c o n c e n t r a t i o n s  o f  C O ,  f o r  

t h e  r e a c t i o n  o f  C O  w i t h  ( r | 6 - e t h y l b e n z e n e ) C r ( C O ) 2 ( c y c l o h e x a n e )  a t  2 9 8 K .

f C O ]  x  1 0 3 m o l  d m -3 k n h , ( s _1 )  x  1 0 " 3

2 . 2 5 1 7 . 5 6

4 . 5 0 3 3 . 7 0

6 . 7 5 5 1 . 0 3

9 . 0 0 6 5 . 4 9

s l o p e  =  7 . 1 5  x  1 0 6 +  1 . 7 4  x  1 0 5 

i n t e r c e p t  =  1 6 . 8 5  x  1 0 - 2  +  8 . 7 4  x  1 0 “2  

c o r r e l a t i o n  c o e f f i c i e n t  =  0 . 9 9

T a b l e  A 2  T h e  o b s e r v e d  r a t e  c o n s t a n t  ( k o b s)  a t  v a r i o u s  c o n c e n t r a t i o n s  o f  C O ,  f o r  

t h e  r e a c t i o n  o f  C O  w i t h  ( r | 6 - o - x y l e n e ) C r ( C O ) 2 ( c y c l o h e x a n e ) a t  2 9 8 K .

(A2)



[ C O ]  x  1 0 3 m o l  d m " 3 knhc ( S ' 1)  X  1 0 ' 3

2 . 2 5 1 4 . 3 0

4 . 5 0 3 1 . 9 4

6 . 7 5 4 6 . 8 1

9 . 0 0 6 8 . 1 2

s l o p e  =  7 . 8 3  x  1 0 6  +  3 . 8 8  x  1 0 5 

i n t e r c e p t  =  3 7 . 8 8  x  1 0 2 +  1 9 . 5 1  x  1 0 2  

c o r r e l a t i o n  c o e f f i c i e n t  =  0 . 9 9

T a b l e  A 3  T h e  o b s e r v e d  r a t e  c o n s t a n t  ( k o b s)  a t  v a r i o u s  c o n c e n t r a t i o n s  o f  C O ,  f o r  

t h e  r e a c t i o n  o f  C O  w i t h  ( r | 6 - i - b u t y l b e n z e n e ) C r ( C O ) 2 ( c y c l o h e x a n e )  a t  2 9 8 K .

[ C O ]  x  1 0 3 m o l  d m -3 k o h s  ( s _ 1 )  x  10-4
2 . 2 5 1 3 . 0 1

4 . 5 0 2 2 . 1 0

6 . 7 5 3 9 . 1 2

9 . 0 0 5 2 . 7 0

s l o p e  =  6 . 0 4  x  1 0 7 +  4 . 7 6  x  1 0 ^  

i n t e r c e p t  =  -  2 2 . 9  x  1 0 -3  +  2 3 . 9  x  1 0 " 3 

c o r r e l a t i o n  c o e f f i c i e n t  =  0 . 9 9

T a b l e  A 4  T h e  o b s e r v e d  r a t e  c o n s t a n t  ( k o b s)  a t  v a r i o u s  c o n c e n t r a t i o n s  o f  C O ,  f o r  

t h e  r e a c t i o n  o f  C O  w i t h  ( r | 6 - h e x a m e t h y l b e n z e n e ) C r ( C O ) 2 ( c y c l o h e x a n e )  a t  2 9 8 K .

(A3)



[ C O ]  x  1 0 3 m o l  d m -3 k oh<; ( s ' 1)  x  1 0 ' 3

2 . 2 5 1 2 . 6 4

4 . 5 0 2 2 . 4 1

6 . 7 5 3 4 . 9 9

9 . 0 0 4 4 . 6 1

s l o p e  =  4 . 8 4  x  1 0 6 ±  1 . 7 8  x  1 0 5 

i n t e r c e p t  =  1 3 . 9 3  x  1 0 2 +  8 . 9 2  x  1 0 2  

c o r r e l a t i o n  c o e f f i c i e n t  =  0 . 9 9

T a b l e  A 5  T h e  o b s e r v e d  r a t e  c o n s t a n t  ( k o b s )  a t  v a r i o u s  c o n c e n t r a t i o n s  o f  C O ,  f o r  

t h e  r e a c t i o n  o f  C O  w i t h  ( r | 6 - c h l o r o b e n z e n e ) C r ( C O ) 2 ( c y c l o h e x a n e )  a t  2 9 8 K .

[ C O ]  x  1 0 3 m o l  d m ' 3 k n h s  ( s ' 1)  x  1 0 ' 3

2 . 2 5 8 . 5 3

4 . 5 0 1 8 . 1 4

6 . 7 5 2 8 . 3 1

9 . 0 0 3 4 . 6 5

s l o p e  =  3 . 9 3  x  1 0 6 +  2 . 2 8  x  1 0 5 

i n t e r c e p t  =  2 7 . 7  x  1 0 2 ±  1 3 . 4 8  x  1 0 2 

c o r r e l a t i o n  c o e f f i c i e n t  =  0 . 9 9

T a b l e  A 6  T h e  o b s e r v e d  r a t e  c o n s t a n t  ( k o b s)  a t  v a r i o u s  c o n c e n t r a t i o n s  o f  C O ,  f o r  

t h e  r e a c t i o n  o f  C O  w i t h  ( r | 6 - l , 2 - d i c h l o r o b e n z e n e ) C r ( C O ) 2 ( c y c l o h e x a n e )  a t  2 9 8 K .

(A 4)



[ C O I  x  1 0 3 m o l  d m ' 3 k nhc ( S _ 1 )  X  1 0 ' 3

2 . 2 5 9 . 1 2

4 . 5 0 1 6 . 9 2

6 . 7 5 2 7 . 3 8

9 . 0 0 3 9 . 6 4

s l o p e  =  4 . 1 9  x  1 0 6  +  1 . 7 3  x  1 0 5 

i n t e r c e p t  =  - 9 . 7 9  x  1 0 2  +  8 . 7  x  1 0 2  

c o r r e l a t i o n  c o e f f i c i e n t  =  0 . 9 9

T a b l e  A 7  T h e  o b s e r v e d  r a t e  c o n s t a n t  ( k o b s)  a t  v a r i o u s  c o n c e n t r a t i o n s  o f  C O ,  f o r  

t h e  r e a c t i o n  o f  C O  w i t h  ( r i 6 - p - c h l o r o t o l u e n e ) C r ( C O ) 2 ( c y c l o h e x a n e )  a t  2 9 8 K .

[ C O I  x  103 m o l  d m -3 knhc (S-1) X  10'3
2.25 6.48

4.50 16.49

6.75 21.40

9.00 32.60

s l o p e  =  3 . 6 9  x  1 0 6  +  3 . 6 7  x  1 0 5 

i n t e r c e p t  =  - 1 5 . 6 6  x  1 0 -2  +  1 8 . 4 8  x  1 0 -2 

c o r r e l a t i o n  c o e f f i c i e n t  = 0 . 9 9

T a b l e  A 8  T h e  o b s e r v e d  r a t e  c o n s t a n t  ( k o b s)  a t  v a r i o u s  c o n c e n t r a t i o n s  o f  C O ,  f o r  

t h e  r e a c t i o n  o f  C O  w i t h  ( r | 6 - p - f l u o r o t o l u e n e ) C r ( C O ) 2 ( c y c l o h e x a n e )  a t  2 9 8 K .

(A 5)



C O ]  x  1 0 3 m o l  d m -3 k n h s ( S ' 1)  X  1 0 - 3

4 . 5 0 4 . 4 7

5 . 8 5 6 . 4 1

7 . 6 5 8 . 9 3

9 . 0 0 1 1 . 5 8

s l o p e  =  1 . 5 5  x  1 0 6  +  8 . 0 9  x  1 0 4  

i n t e r c e p t  =  - 2 6 . 1 4  x  1 0 2 +  2 . 7 7  x  1 0 2  

c o r r e l a t i o n  c o e f f i c i e n t  = 0 . 9 9

T a b l e  A 9  T h e  o b s e r v e d  r a t e  c o n s t a n t  ( k o b s)  a t  v a r i o u s  c o n c e n t r a t i o n s  o f  C O ,  f o r  

t h e  r e a c t i o n  o f  C O  w i t h  ( r i 6 - b e n z e n e ) M o ( C O ) 2 ( c y c l o h e x a n e )  a t  2 9 8 K .

[ C O ]  x  1 0 3 m o l  d m -3 k n h c ( S ' 1)  X  1 0 - 3

4 . 5 4 . 8 1

5 . 8 5 7 . 1 4

7 . 6 5 9 . 2 0

9 . 0 0 1 2 . 5 1

s l o p e  =  1 . 6 3  x  1 0 6  +  1 . 7 1  x  1 0 4  

i n t e r c e p t  =  -  2 6 . 0 9  x  1 0 2 +  5 . 8 7  x  1 0 2 

c o r r e l a t i o n  c o e f f i c i e n t  =  0 . 9 9

T a b l e  A 1 0  T h e  o b s e r v e d  r a t e  c o n s t a n t  ( k o b s)  a t  v a r i o u s  c o n c e n t r a t i o n s  o f  C O ,  f o r  

t h e  r e a c t i o n  o f  C O  w i t h  ( r | 6 - p - x y l e n e ) M o ( C O ) 2 ( c y c l o h e x a n e )  a t  2 9 8 K .

(A 6)



[ C O ]  x  1 0 3 m o l  d m -3 k nhs ( S ' 1)  X  1 0 “3

4 . 5 4 . 5 0

5 . 8 5 6 . 4 7

7 . 6 5 9 . 2 5

9 . 0 0 1 2 . 8 7

s l o p e  =  1 . 8 1  x  1 0 6  +  1 . 8 6  x  1 0 5 

i n t e r c e p t  =  - 3 9 . 9 0  x  1 0 2  +  6 . 3 7  x  1 0 2  

c o r r e l a t i o n  c o e f f i c i e n t  =  0 . 9 9

T a b l e  A l l  T h e  o b s e r v e d  r a t e  c o n s t a n t  ( k o b s)  a t  v a r i o u s  c o n c e n t r a t i o n s  o f  C O ,  f o r  

t h e  r e a c t i o n  o f  C O  w i t h  ( r i 6 - l , 3 , 5 - m e s i t y l e n e ) M o ( C O ) 2 ( c y c l o h e x a n e )  a t  2 9 8 K .

[ C O ]  x  1 0 3 m o l  d m -3 knhs (S '1) X 1 0 - 3

4 . 5 0 6 . 8 7

5 . 8 5 1 0 . 3 6

7 . 6 5 1 3 . 2 0

9 . 0 0 1 6 . 9 1

s l o p e  =  2 . 1 3  x  1 0 6  +  1 . 5 9  x  1 0 5 

i n t e r c e p t  =  - 2 6 . 0 4  x  1 0 ' 2  +  3 . 4 8  x  1 0 -2  

c o r r e l a t i o n  c o e f f i c i e n t  = 0 . 9 9

Table A12 The observed rate constant (kobs) at various concentrations o f CO, for
the reaction of CO with (r|6-hexainethylbenzene)Mo(CO)2 (cyclohexane) at
298K.



[ C O ]  x l 0 2 m o l d n r 3 k o h c  ( S ' 1)  X  lO - 4

0 . 4 6 . 1

0 . 8 9 . 5

1 .2 1 5 . 6

1 . 6 2 1 . 5

s l o p e  =  1 3 . 0 5 6  x  1 0 6 +  1 1 . 2  x  1 0 5 

i n t e r c e p t  =  1 5 . 2 3  x  1 0 2 +  1 0 . 0 4  x  1 0 2  

c o r r e l a t i o n  c o e f f i c i e n t  =  0 . 9 9

T a b l e  A 1 3  T h e  o b s e r v e d  r a t e  c o n s t a n t  ( k o 5 s )  a t  v a r i o u s  c o n c e n t r a t i o n s  o f  C O ,  f o r  

t h e  r e a c t i o n  o f  C O  w i t h  ( r | 6 - b e n z e n e ) C r ( C O ) 2 ( p e n t a n e )  a t  2 9 8 K .

[ C O ]  x  1 0 2 m o l  d m “3 k fih s  ( s - 1)  X  1 0 - 4

0 . 3 6 . 3

0 . 6 1 3 . 8

0 . 9 2 0 . 8

1 . 2 2 6 . 2

s l o p e  =  2 2 . 2 3  x  1 0 6  +  1 1 . 3 6  x  1 0 5 

i n t e r c e p t  =  1 . 0  x  1 0 2 +  6 . 2 5  x  1 0 2 

c o r r e l a t i o n  c o e f f i c i e n t  = 0 . 9 9

Table A 14 The observed rate constant (kobs) at various concentrations o f CO, for
the reaction of CO with (r|6-benzene)Cr(CO)2(heptane) at 298K.

(A 8)



[ C O ]  x  1 0 3 m o l  d m -3 knhc ( S ’ 1)  X  l O ' 4

2 . 1 5 5 . 9 4

4 . 2 5 1 1 . 1 0

6 . 3 7 1 7 . 6 2

8 . 5 2 3 . 5 1

s l o p e  =  2 7 . 9 8  x  1 0 6  +  8 . 1 4  x  1 0 5 

i n t e r c e p t  =  - 3 3 . 6 3  x  1 0 2  +  3 8 . 5 2  x  1 0 2 

c o r r e l a t i o n  c o e f f i c i e n t  =  0 . 9 9

T a b l e  A 1 5  T h e  o b s e r v e d  r a t e  c o n s t a n t  ( k o b s)  a t  v a r i o u s  c o n c e n t r a t i o n s  o f  C O ,  f o r  

t h e  r e a c t i o n  o f  C O  w i t h  ( r i 6 - b e n z e n e ) C r ( C O ) 2 ( d e c a n e )  a t  2 9 8 K .

[ C O I  x  1 0 3 m o l  d m - 3 k n h s  ( S ' 1)  X  l O ' 4

1 .7 7 . 5

3 . 4 1 3 . 4 8

5 . 1 2 0 . 0 4

6 . 8 2 4 . 9 1

s l o p e  =  3 3 . 9 6  x  1 0 6  +  1 8 . 3 1  x  1 0 5 

i n t e r c e p t  =  2 2 . 6 8  x  1 0 3 +  7 0 . 7 7  x  1 0 2  

c o r r e l a t i o n  c o e f f i c i e n t  =  0 . 9 9

T a b l e  A 1 6  T h e  o b s e r v e d  r a t e  c o n s t a n t  ( k o b s)  a t  v a r i o u s  c o n c e n t r a t i o n s  o f  C O ,  f o r  

t h e  r e a c t i o n  o f  C O  w i t h  ( r i 6 - b e n z e n e ) C r ( C O ) 2 ( d o d e c a n e )  a t  2 9 8 K .

(A9)



[ C O ]  x  1 0 3 m o l  d m -3 kpihs ( S ' 1)  X  1 0 - 4

1 . 5 7 1 2 . 4 5

3 . 1 2 3 . 5 8

4 . 7 1 3 2 . 1 2

6 . 2 9 4 3 . 4 7

s l o p e  =  6 4 . 3  x  1 0 6 +  2 7 . 0  x  1 0 5 

i n t e r c e p t  =  2 6 . 7 7 1  x  1 0 3 +  9 6 . 6 6 5  x  1 0 2  

c o r r e l a t i o n  c o e f f i c i e n t  =  0 . 9 9

T a b l e  A 1 7  T h e  o b s e r v e d  r a t e  c o n s t a n t  ( k o b s)  a t  v a r i o u s  c o n c e n t r a t i o n s  o f  C O ,  f o r  

t h e  r e a c t i o n  o f  C O  w i t h  ( r ] 6 - b e n z e n e ) C r ( C O ) 2 ( c y c l o o c t a n e )  a t  2 9 8 K .

[ C O ]  x  1 0 2 m o l  d m - 3 k obs ( s - 1)  x  1 0 - 5

3 . 0 3 . 7 0

6 . 0 7 . 9 0

9 . 0 1 1 . 9

1 . 2 1 3 . 4

s l o p e  =  1 1 0 . 3  x  1 0 6 +  1 5 2 . 2 8  x  1 0 5 

i n t e r c e p t  =  9 5 . 0  x  1 0 3 +  1 . 0 2  x  1 0 2  

c o r r e l a t i o n  c o e f f i c i e n t  =  0 . 9 8

Table A18 The observed rate constant (kobs) at various concentrations o f CO, for
the reaction of CO with (ri6-hexaethylbenzene)Cr(CO)2 (heptane) at 298K.

(A 10)



[ C O ]  x  1 0 2 m o l  d m - 3 k „ hs ( s * 1)  x  1 0 - 4

0 . 6 9 . 1 5

0 . 7 8 1 1 . 7 6

1 . 0 2 1 6 . 2 6

1 . 2 0 2 1 . 0 5

s l o p e  =  1 . 9 7  x  1 0 6 +  1 . 7  x  1 0 5 

i n t e r c e p t  =  - 3 1 . 6 8  x  1 0 2 +  7 . 7 8  x  1 0 2  

c o r r e l a t i o n  c o e f f i c i e n t  =  0 . 9 9

T a b l e  A 1 9  T h e  o b s e r v e d  r a t e  c o n s t a n t  ( k o b s)  a t  v a r i o u s  c o n c e n t r a t i o n s  o f  C O ,  f o r  

t h e  r e a c t i o n  o f  C O  w i t h  ( r i 6 - l , 3 , 5 - m e s i t y l e n e ) M o ( C O ) 2 ( h e p t a n e )  a t  2 9 8 K .

[ C O I  x  1 0 3 m o l  d m - 3 k n h s ( S ’ 1)  X  1 0 - 4

4 . 5 1 1 . 2 0

5 . 5 2 1 5 . 7 6

7 . 2 2 1 9 . 0 6

8 . 5 2 2 . 2 1

s l o p e  =  2 . 5  x  1 0 6  +  2 . 2  x  1 0 5 

i n t e r c e p t =  1 1 . 1 4  x  1 0 2 +  7 1 . 4  x  1 0 2  

c o r r e l a t i o n  c o e f f i c i e n t  =  0 . 9 9

Table A20 The observed rate constant (kobs) at various concentrations of CO, for
the reaction of CO with (ri6-l,3,5-mesitylene)Mo(CO)2(decane) at 298K.

(All)



Appendix B

Data for the determination
of activation parameters.

( B l )



T e m p .  ( K ) 1 / T  x  1 0 3  

( K " 1)

^obs

( s - 1 )  X  1 0 ' 4

L n ( k o b s/ [ C O ] ) L n ( k o b s/ [ C O ]  . T )

2 8 3 3 . 5 3 3 . 7 5 1 5 . 2 4 9 . 6

2 8 8 3 . 4 7 4 . 8 5 1 5 . 5 0 9 . 8 3

2 9 3 3 . 4 1 5 . 9 8 1 5 . 7 1 1 0 . 0 1

2 9 8 3 . 3 5 7 . 2 0 1 5 . 8 9 1 0 . 2 0

3 0 3 3 . 3 0 8 . 4 9 1 6 . 0 6 1 0 . 3 5

3 0 8 3 . 2 5 9 . 9 7 1 6 . 2 0 1 0 . 4 7

3 1 3 3 . 1 9 1 2 . 0 1 1 6 . 4 1 1 0 . 0 6

A r r h e n i u s  P l o t  

S l o p e  

I n t e r c e p t

C o r r e l a t i o n  c o e f f i c i e n t

E y r i n g  P l o t  

S l o p e  

I n t e r c e p t

C o r r e l a t i o n  c o e f f i c i e n t

E a *  =  2 8  +  2  k j m o l " 1 

A H *  =  2 5  +  2  k j m o l - 1 

A S *  =  - 2 8  +  5  j m o H K ' 1 

A G *  =  3 3  +  2  k j m o l " 1

T a b l e  B 1  E x p e r i m e n t a l  d a t a  f o r  t h e  d e t e r m i n a t i o n  o f  t h e  a c t i v a t i o n  p a r a m e t e r s  f o r  

t h e  f o r m a t i o n  o f  ( r |  6 - e t h y l b e n z e n e ) C r ( C O ) 3 f o l l o w i n g  f l a s h  p h o t o l y s i s  a t  3 5 5 n m  

i n  c y c l o h e x a n e  u n d e r  1 a t m .  o f  C O .

=  - 3 3 6 1  +  7 9  

=  2 7 . 1 4  +  0 . 0 2  

=  0 . 9 9

=  - 3 0 6 2 .  +  7 2 .  

=  2 0 . 4 4  +  0 . 0 2  

=  0 . 9 9

(B2)



T e m p .  ( K ) 1 / T  x  1 0 3  

( K " 1)

^obs 

( s - 1 )  X  1 0 ' 4

L n ( k o b s/ [ C O ] ) L n ( k o b s/ [ C O ]  . T )

2 8 9 3 . 4 6 5 . 0 4 1 5 . 5 4 9 . 8 7

2 9 4 3 . 4 0 6 . 1 2 1 5 . 7 3 1 0 . 0 4

2 9 9 3 . 3 4 7 . 1 0 1 5 . 8 8 1 0 . 1 8

3 0 3 3 . 3 0 8 . 5 4 1 6 . 0 6 1 0 . 3 5

3 0 8 3 . 2 5 1 0 . 7 6 1 6 . 2 9 1 0 . 5 6

3 1 3 3 . 1 9 1 2 . 2 3 1 6 . 4 2 1 0 . 6 9

3 1 8 3 . 1 4 1 4 . 3 8 1 6 . 5 8 1 0 . 8 2

A r r h e n i u s  P l o t

S l o p e  =  - 3 3 2 9  ±  1 0 3

I n t e r c e p t  =  2 7 . 0 4  +  0 . 0 3

C o r r e l a t i o n  c o e f f i c i e n t  =  0 . 9 9

E y r i n g  P l o t

S l o p e  =  - 3 0 4 3  +  1 2 6

I n t e r c e p t  = 2 0 . 3 9  +  0 . 0 3

C o r r e l a t i o n  c o e f f i c i e n t  = 0 . 9 9

E a *  =  2 8  +  2  k j m o l -1  

A H *  =  2 5  +  2  k j m o l - 1 

A S *  =  - 2 8  +  5 j m o l " 1K " 1 

A G *  =  3 3 + 2  k j m o l " 1

Table B2 Experimental data for the determination o f the activation parameters
for the formation o f (r)6-o-xylene)Cr(CO)3 following flash photolysis at 355nm
in cyclohexane under 1 atm. o f CO.

(B3)



T e m p .  ( K ) 1 / T  x  1 0 3  

( K - 1 )

^obs 

( s - 1 )  X  1 0 ' 5

L n ( k o b s/ [ C O ] ) L n ( k o b s/ [ C O ]  . T )

2 8 8 3 . 4 7 4 . 2 0 1 7 . 6 6 1 2 . 0 3

2 9 4 3 . 4 0 5 . 3 7 1 7 . 9 0 1 2 . 2 2

2 9 9 3 . 3 4 6 . 0 4 1 8 . 0 2 1 2 . 3 2

3 0 3 3 . 3 0 6 . 6 0 1 8 . 1 1 1 2 . 3 9

3 0 8 3 . 2 5 8 . 0 4 1 8 . 3 1 1 2 . 5 8

3 1 3 3 . 1 9 9 . 7 1 8 . 4 9 1 2 . 7 5

3 1 8 3 . 1 4 1 1 . 1 0 1 8 . 6 3 1 2 . 8 6

A r r h e n i u s  P l o t  

S l o p e  

I n t e r c e p t

C o r r e l a t i o n  c o e f f i c i e n t

E y r i n g  P l o t  

S l o p e  

I n t e r c e p t

C o r r e l a t i o n  c o e f f i c i e n t

E a *  =  2 4  +  2  k j m o l ' 1 

A H *  =  2 2  +  2  k j m o l " 1 

A S *  =  - 2 3  +  5  j m o H K -  

A G *  =  2 4  +  2  k j m o l -1

Table B3 Experimental data for the determination of the activation parameters for
the formation of (ri6-hexaethylbenzene)Cr(CO) 3  following flash photolysis at
355nm in cyclohexane under 1 atm. o f CO.

= - 2 9 2 0  + 1 0 0  

=  2 7 . 2 7  +  0 . 0 2  

=  0 . 9 9

=  - 2 6 0 0 +  1 1 1  

=  2 1 . 0 5  +  0 . 0 3  

=  0 . 9 9

(B4)



T e m p .  ( K ) 1 / T  x  1 0 3 

( K - 1 )

k-obs 

(s -1) X 1 0 ' 4

L n ( k ob s/ [ C O ] ) L n ( k o b s/ [ C O ]  . T )

2 8 9 3 . 4 6 3 . 2 1 1 5 . 0 8 9 . 4 2

2 9 3 3 . 4 1 3 . 7 0 1 5 . 2 3 9 . 5 5

2 9 9 3 . 3 4 4 . 7 0 1 5 . 4 7 9 . 7 7

3 0 3 3 . 2 9 5 . 9 1 1 5 . 6 9 9 . 9 8

3 0 8 3 . 2 4 6 . 8 4 1 5 . 8 4 1 0 . 1 1

3 1 1 3 . 1 9 7 . 3 1 1 5 . 9 1 1 0 . 1 6

A r r h e n i u s  P l o t

S l o p e  =  - 3 2 5 6  +  1 8 8

I n t e r c e p t  =  2 6 . 3 5  +  0 . 4 3

C o r r e l a t i o n  c o e f f i c i e n t  =  0 . 9 9

E y r i n g  P l o t

S l o p e  =  - 2 9 6 3  +  1 8 8

I n t e r c e p t  =  1 9 . 6 7  +  0 . 4 3

C o r r e l a t i o n  c o e f f i c i e n t  = 0 . 9 9

E a *  =  2 7  +  2  k j m o l -1  

A H *  =  2 5  +  2  k j m o l -1  

A S *  =  - 3 4  +  5  j m o l - 1 K -1  

A G *  =  3 5  +  2  k j m o l -1

Table B4 Experimental data for the determination o f the activation parameters for
the formation o f (r| 6-p-chlorotoluene)Cr(CO) 3  following flash photolysis at
355nm in cyclohexane under 1 atm. o f CO.

(B5)



T e m p .  ( K ) 1 / T  x  1 0 3 

( 'K - 1 ')

^ o b s  

( s - 1)  x  1 0 - 4

L n ( k ob s/ [ C O ] ) L n ( k ob s/ [ C O ]  . T )

2 8 5 3 . 5 0 1 .5 1 4 . 3 3 8 . 6 8

2 8 9 3 . 4 6 1 . 6 6 1 4 . 4 3 8 . 7 6

2 9 4 3 . 4 0 2 . 0 7 1 4 . 6 5 8 . 9 7

2 9 8 3 . 3 5 2 . 2 5 1 4 . 7 3 9 . 0 3

3 0 3 3 . 3 0 2 . 6 8 1 4 . 9 1 9 . 2 0

3 0 9 3 . 2 3 3 . 6 3 1 5 . 2 1 9 . 4 8

3 1 3 3 . 1 9 4 . 1 7 1 5 . 3 5 9 . 6 2

A r r h e n i u s  P l o t

S l o p e  = - 3 2 8 6 +  1 5 1

I n t e r c e p t  =  2 5 . 8  +  0 . 0 4

C o r r e l a t i o n  c o e f f i c i e n t  = 0 . 9 9

E y r i n g  P l o t

S l o p e  =  - 3 0 2 5  +  1 6 4

I n t e r c e p t  =  1 9 . 2 3  +  0 . 4 6

C o r r e l a t i o n  c o e f f i c i e n t  =  0 . 9 9

E a *  =  2 7  +  2  k j m o l -1  

A H *  =  2 5  +  2  k j m o l * 1 

A S *  =  - 3 8  +  5  j m o l - 1 K -1  

A G *  =  3 6  +  2  k j m o l -1

Table B5 Experimental data for the determination o f the activation parameters for
the formation o f ( r \ 6-/>fluorotoluene)Cr(CO)3 following flash photolysis at
355nm in cyclohexane under 1 atm. o f CO.

(B6)



T e m p .  ( K ) 1 / T  x  1 0 3 

( K - 1 )

^obs 

( s - 1 )  X  1 0 - 4

L n ( k o b s/ [ C O ] ) L n ( k ob s/ [ C O ]  . T )

2 8 8 3 . 4 7 4 . 8 0 1 5 . 4 9 9 . 8 2

2 9 3 3 . 4 0 5 . 0 9 1 5 . 6 6 9 . 9 8

2 9 8 3 . 3 5 6 . 7 5 1 5 . 8 3 1 0 . 1 3

3 0 3 3 . 3 0 7 . 6 1 5 . 9 5 1 0 . 2 5

3 0 8 3 . 2 5 9 . 1 3 1 6 . 1 3 1 0 . 4 0

3 1 3 3 . 1 9 1 0 . 7 6 1 6 . 3 0 1 0 . 5 5

A r r h e n i u s  P l o t  

S l o p e  

I n t e r c e p t

C o r r e l a t i o n  c o e f f i c i e n t

E y r i n g  P l o t  

S l o p e  

I n t e r c e p t

C o r r e l a t i o n  c o e f f i c i e n t

E a *  =  2 4  +  2  k j m o l -1  

A H *  =  2 2  +  2  k j m o l -1  

A S *  =  - 3 8  +  5  j m o H K " 1 

A G *  =  3 3 + 2  k j m o l -1

T a b l e  B 6  E x p e r i m e n t a l  d a t a  f o r  t h e  d e t e r m i n a t i o n  o f  t h e  a c t i v a t i o n  p a r a m e t e r s  f o r  

t h e  f o r m a t i o n  o f  (r\6 - c h l o r o b e n z e n e ) C r ( C O ) 3 f o l l o w i n g  f l a s h  p h o t o l y s i s  a t  3 5 5 n m  

i n  c y c l o h e x a n e  u n d e r  1 a t m .  o f  C O .

=  - 2 6 9 8  +  3 4  

=  1 9 . 1 6  +  0 . 0 8  

=  0 . 9 9

=  - 2 9 3 1  +  7 8  

=  2 5 . 6 4  +  0 . 0 2  

=  0 . 9 9

(B 7)



T e m p .  ( K ) 1 / T  x  1 0 3 

( K - 1)

^ o b s  

( s - 1 )  x  1 0 -4

L n ( k obs/ [ C O ] ) L n ( k obs/ [ C O ]  . T )

2 8 8 3 . 4 7 2 . 6 2 1 4 . 8 7 9 . 2 1

2 9 3 3 . 4 1 2 . 9 6 1 4 . 9 8 9 . 3 0

2 9 8 3 . 3 5 3 . 6 0 1 5 . 2 0 9 . 5 1

3 0 3 3 . 3 0 5 . 0 0 1 5 . 4 2 9 . 7 0

3 0 8 3 . 2 5 5 . 6 0 1 5 . 8 5 9 . 8 2

3 1 3 3 . 1 9 6 . 3 2 1 5 . 6 6 9 . 9 1

A r r h e n i u s  P l o t  

S l o p e  

I n t e r c e p t

C o r r e l a t i o n  c o e f f i c i e n t

E y r i n g  P l o t  

S l o p e  

I n t e r c e p t

C o r r e l a t i o n  c o e f f i c i e n t

E a *  =  2 5 + 2  k j m o l -1  

A H *  =  2 2  +  2  k j m o l -1  

A S *  =  - 4 3  +  5  j m o l - 1 K -1  

A G *  =  3 5  +  2  k j m o l - 1

T a b l e  B 7  E x p e r i m e n t a l  d a t a  f o r  t h e  d e t e r m i n a t i o n  o f  t h e  a c t i v a t i o n  p a r a m e t e r s  f o r  

t h e  f o r m a t i o n  o f  ( r | 6 - l , 2  d i c h l o r o b e n z e n e ) C r ( C O ) 3 f o l l o w i n g  f l a s h  p h o t o l y s i s  a t  

3 5 5 n m  i n  c y c l o h e x a n e  u n d e r  1 a t m .  o f  C O .

= - 3 0 0 0  +  1 7 0  

=  2 5 . 2 7  +  0 . 0 4  

=  0 . 9 9

= - 2 7 1 8  +  1 9 9  

=  1 8 . 6 2  +  0 . 0 5  

=  0 . 9 9

(B8)



T e m p .  ( K ) 1 /T  x  1 0 3  

( K - 1 )

L n ( k 2 ) L n ( k 2 / T )

2 8 8 3 . 4 6 1 3 . 8 1 8 . 1 5

2 9 3 3 . 4 0 1 4 . 0 3 8 . 3 5

2 9 8 3 . 3 4 1 4 . 2 5 8 . 5 5

3 0 3 3 . 3 0 1 4 . 3 0 8 . 5 9

3 0 8 3 . 2 5 1 4 . 5 6 8 . 8 3

3 1 3 3 . 1 9 1 4 . 6 5 8 . 9 1

A r r h e n i u s  P l o t  

S l o p e  

I n t e r c e p t

C o r r e l a t i o n  c o e f f i c i e n t

E y r i n g  P l o t  

S l o p e  

I n t e r c e p t

C o r r e l a t i o n  c o e f f i c i e n t

E a *  =  2 7  +  2  k j m o l ' 1 

A H *  =  2 4  +  2  k j m o l -1  

A S *  =  - 4 6  +  5  j m o l - 1 K -  

A G *  =  3 8  +  2  k j m o l -1

T a b l e  B 8  E x p e r i m e n t a l  d a t a  f o r  t h e  d e t e r m i n a t i o n  o f  t h e  a c t i v a t i o n  p a r a m e t e r s  f o r  

t h e  f o r m a t i o n  o f  ( r | 6 - b e n z e n e ) M o ( C O )3  f o l l o w i n g  f l a s h  p h o t o l y s i s  a t  2 6 6 n m  i n  

c y c l o h e x a n e  u n d e r  C O .

=  - 3 2 0 6  +  2 1 8  

=  2 4 . 9 2  +  0 . 0 4  

=  0 . 9 9

=  - 2 8 8 5  +  1 8 8  

=  1 8  +  0 . 0 4  

=  0 . 9 9

(B9)



T e m p .  ( K ) 1 / T  x  1 0 3  

( K - l )

L n ( k 2 ) L n ( k 2 / T )

2 8 8 3 . 4 6 1 3 . 8 9 8 . 2 3

2 9 3 3 . 4 0 1 1 2 . 9 8 8 . 3 0

2 9 8 3 . 3 4 1 4 . 3 0 8 . 6 0

3 0 3 3 . 3 0 1 4 . 3 9 8 . 6 8

3 0 8 3 . 2 5 1 4 . 6 3 8 . 9 0

3 1 3 3 . 1 9 1 4 . 7 1 8 . 9 6

A r r h e n i u s  P l o t  

S l o p e  

I n t e r c e p t

C o r r e l a t i o n  c o e f f i c i e n t

E y r i n g  P l o t  

S l o p e  

I n t e r c e p t

C o r r e l a t i o n  c o e f f i c i e n t

E a *  =  2 6  +  2  k j m o l -1  

A H *  =  2 3  +  2  k j m o l - 1 

A S *  =  - 4 7  +  5  j m o H K -1  

A G *  =  2 3 + 2  k j m o l " 1

T a b l e  B 9  E x p e r i m e n t a l  d a t a  f o r  t h e  d e t e r m i n a t i o n  o f  t h e  a c t i v a t i o n  p a r a m e t e r s  f o r  

t h e  f o r m a t i o n  o f  ( r | 6 - / ? - x y l e n e ) M o ( C O ) 3 f o l l o w i n g  f l a s h  p h o t o l y s i s  a t  2 6 6 n m  i n  

c y c l o h e x a n e  u n d e r  C O .

=  - 3 1 4 0  +  2 3 0  

=  2 4 . 7 7  +  0 . 0 5  

=  0 . 9 9

=  - 2 8 2 9  +  2 3 2  

=  1 8 . 0 3  +  0 . 0 5  

=  0 . 9 9

(B 10)



T e m p .  ( K ) 1 / T  x  1 0 3 

( K - 1 )

L n ( k 2 ) L n ( k 2 / T )

2 8 8 3 . 4 7 1 4 . 1 0 8 . 4 4

2 9 3 3 . 4 1 1 4 . 3 5 8 . 6 7

2 9 8 3 . 3 5 1 4 . 4 1 8 . 7 1

3 0 3 3 . 3 0 1 4 . 6 5 8 . 9 3

3 0 8 3 . 2 5 1 4 . 8 2 9 . 0 9

3 1 3 3 . 1 9 1 4 . 9 1 9 . 1 9

A r r h e n i u s  P l o t  

S l o p e  

I n t e r c e p t

C o r r e l a t i o n  c o e f f i c i e n t

E y r i n g  P l o t  

S l o p e  

I n t e r c e p t

C o r r e l a t i o n  c o e f f i c i e n t

E a *  =  2 5  +  2  k j m o l -1  

A H *  =  2 3 + 2  k j m o l -1  

A S *  =  - 4 6  +  5  j m o H K -1  

A G *  =  2 3 + 2  k j m o l -1

T a b l e  B I O  E x p e r i m e n t a l  d a t a  f o r  t h e  d e t e r m i n a t i o n  o f  t h e  a c t i v a t i o n  p a r a m e t e r s  

f o r  t h e  f o r m a t i o n  o f  ( r i 6 - l , 3 , 5 - m e s i t y l e n e ) M o ( C O ) 3 f o l l o w i n g  f l a s h  p h o t o l y s i s  a t  

2 6 6 n m  i n  c y c l o h e x a n e  u n d e r  C O .

=  - 3 0 7 6  +  2 3 3  

=  2 4 . 7 7  +  0 . 0 5  

=  0 . 9 9

=  - 2 8 1 9  +  2 5 1  

=  1 8 . 2 1  +  0 . 0 5  

=  0 . 9 8

(Bll)



T e m p .  ( K ) 1 / T  x  1 0 3 

( K - 1)

L n ( k 2 ) L n ( k 2 / T )

2 8 8 3 . 4 7 1 4 . 1 1 8 . 4 5

2 9 3 3 . 4 1 1 4 . 3 3 8 . 6 5

2 9 8 3 . 3 5 1 4 . 5 7 8 . 8 8

3 0 3 3 . 3 0 1 4 . 6 5 9 . 9 3

3 0 8 3 . 2 5 1 4 . 7 9 9 . 0 7

3 1 3 3 . 1 9 1 4 . 9 9 9 . 2 4

A r r h e n i u s  P l o t  

S l o p e  

I n t e r c e p t

C o r r e l a t i o n  c o e f f i c i e n t

E y r i n g  P l o t  

S l o p e  

I n t e r c e p t

C o r r e l a t i o n  c o e f f i c i e n t

E a *  =  2 5  +  2  k j m o l -1  

A H *  =  2 3  +  2  k j m o l -1  

A S *  =  - 4 8  +  5  j m o l - 1 K _1 

A G *  =  2 3 + 2  k j m o l -1

T a b l e  B l l  E x p e r i m e n t a l  d a t a  f o r  t h e  d e t e r m i n a t i o n  o f  t h e  a c t i v a t i o n  p a r a m e t e r s  

f o r  t h e  f o r m a t i o n  o f  ( r i 6 - h e x a m e t h y l b e n z e n e ) M o ( C O ) 3  f o l l o w i n g  f l a s h  p h o t o l y s i s  

a t  2 6 6 n m  i n  c y c l o h e x a n e  u n d e r  C O .

=  - 3 0 4 7  +  1 6 2  

=  2 4 . 7 2  +  0 . 0 4  

=  0 . 9 9

=  - 2 7 3 9  +  1 7 2  

=  1 7 . 9 9  +  0 . 0 4  

=  0 . 9 9

(B12)



T e m p .  ( K ) 1 / T  x  1 0 3 

( K - 1)

k o b s  

( s - 1 )  X  1 0 ' 4

L n ( k obs/ [ C O ] ) L n ( k o b s/ [ C O ]  . T )

2 7 3 3 . 6 6 9 . 7 2 1 5 . 6 2 1 0 . 0 1

2 7 8 3 . 5 8 1 2 . 4 8 1 5 . 8 7 1 0 . 2 5

2 8 3 3 . 5 3 1 5 . 2 5 1 6 . 0 7 1 0 . 4 3

2 8 8 3 . 4 7 1 7 . 1 9 1 6 . 1 9 1 0 . 5 3

2 9 3 3 . 4 1 2 1 . 8 6 1 6 . 4 3 1 0 . 7 5

2 9 8 3 . 3 5 2 8 . 3 2 1 6 . 6 9 1 1 . 0 0

3 0 3 3 . 3 3 5 . 6 7 1 6 . 9 2 1 1 . 2 1

A r r h e n i u s  P l o t  

S l o p e  

I n t e r c e p t

C o r r e l a t i o n  c o e f f i c i e n t

E y r i n g  P l o t  

S l o p e  

I n t e r c e p t

C o r r e l a t i o n  c o e f f i c i e n t

E a *  =  2 8  +  2  k j m o l ' 1 

A H *  =  2 5 + 2  k j m o l - 1 

A S *  =  - 2 0  +  5  j m o l - 1 K "

A G *  =  3 1  +  2  k j m o l " 1

T a b l e  B 1 2  E x p e r i m e n t a l  d a t a  f o r  t h e  d e t e r m i n a t i o n  o f  t h e  a c t i v a t i o n  p a r a m e t e r s  

f o r  t h e  f o r m a t i o n  o f  ( r | 6 - b e n z e n e ) C r ( C O ) 3 f o l l o w i n g  f l a s h  p h o t o l y s i s  i n  p e n t a n e  

a t  3 5 5 n m  u n d e r  1 a t m .  o f  C O .

=  - 3 5 4 5  +  1 5 3  

=  2 8 . 6  +  0 . 0 4  

=  0 . 9 9

=  - 3 0 8 6  +  1 3 5  

=  2 1 . 3 + 0 . 0 3  

=  0 . 9 9

(B 13)



T e m p .  ( K ) 1 / T  x  1 0 3 

( K - 1 )

^ o b s  

( s - 1 )  X  1 0 - 4

L n ( k obs/ [ C O ] ) L n ( k o b s/ [ C O ]  . T )

2 8 4 3 . 5 2 1 3 . 2 0 1 6 . 3 0 1 0 . 6 5

2 8 9 3 . 4 6 1 7 . 5 1 6 . 5 8 1 0 . 9 1

2 9 4 3 . 4 0 1 9 . 7 7 1 6 . 7 0 1 1 . 0 2

2 9 8 3 . 3 5 2 3 . 0 8 1 6 . 8 6 1 1 . 1 6

3 0 3 3 . 3 0 3 1 . 0 4 1 7 . 1 5 1 1 . 4 4

3 0 8 3 . 2 5 3 5 . 3 1 7 . 2 8 1 1 . 5 5

3 1 3 3 . 1 9 4 2 . 9 6 1 7 . 4 8 1 1 . 7 3

A r r h e n i u s  P l o t  

S l o p e  

I n t e r c e p t

C o r r e l a t i o n  c o e f f i c i e n t

E y r i n g  P l o t  

S l o p e  

I n t e r c e p t

C o r r e l a t i o n  c o e f f i c i e n t

E a *  =  2 8  +  2  k j m o l ' 1 

A H *  =  2 6  +  2  k j m o l -1  

A S *  =  - 1 6  +  5  j m o l - 1 K -1  

A G *  =  3 1  +  2  k j m o l -1

T a b l e  B 1 3  E x p e r i m e n t a l  d a t a  f o r  t h e  d e t e r m i n a t i o n  o f  t h e  a c t i v a t i o n  p a r a m e t e r s  

f o r  t h e  f o r m a t i o n  o f  ( r | 6 - b e n z e n e ) C r ( C O ) 3 f o l l o w i n g  f l a s h  p h o t o l y s i s  i n  h e p t a n e  

a t  3 5 5 n m  u n d e r  1 a t m .  o f  C O .

= - 3 4 9 5  +  1 6 6  

=  2 8 . 5 5  +  0 . 0 5  

=  0 . 9 9

=  - 3 1 9 1  +  1 6 8  

=  2 1 . 8 3  +  0 . 0 5  

=  0 . 9 9

(B14)



T e m p .  ( K ) 1 / T  x  1 0 3 

( K - i )

k o b s  

( s _ 1 )  x  1 0 ‘4

L n ( k o b s/ [ C O ] ) L n ( k obs/ [ C O ]  . T )

2 8 8 3 . 4 7 1 4 . 9 5 1 6 . 6 8 1 1 . 0 2

2 9 3 3 . 4 2 1 9 . 7 0 1 6 . 9 6 1 1 . 2 8

2 9 8 3 . 3 5 2 3 . 0 1 1 7 . 1 1 1 1 . 4 1

3 0 3 3 . 3 0 2 8 . 2 0 1 7 . 3 1 1 1 . 6 0

3 0 8 3 . 2 4 3 5 . 2 0 1 7 . 5 3 1 1 . 8 0

A r r h e n i u s  P l o t  

S l o p e  

I n t e r c e p t

C o r r e l a t i o n  c o e f f i c i e n t

E y r i n g  P l o t  

S l o p e  

I n t e r c e p t

C o r r e l a t i o n  c o e f f i c i e n t

E a *  =  2 9  +  2  k j m o l " 1 

A H *  =  2 6  +  2  k j m o l -1  

A S *  =  - 1 2  +  5  j m o l - 1 K "

A G *  =  2 9  +  2  k j m o l " 1

T a b l e  B 1 4  E x p e r i m e n t a l  d a t a  f o r  t h e  d e t e r m i n a t i o n  o f  t h e  a c t i v a t i o n  p a r a m e t e r s  

f o r  t h e  f o r m a t i o n  o f  ( r i 6 - b e n z e n e ) C r ( C O )3  f o l l o w i n g  f l a s h  p h o t o l y s i s  i n  d e c a n e  a t  

3 5 5 n m  u n d e r  1 a t m .  o f  C O .

=  - 3 5 1 5  +  2 5 8  

=  2 8 . 9 2  +  0 . 0 5  

=  0 . 9 9

=  - 3 2 2 2  +  2 5 0  

=  2 2 . 2 3  +  0 . 0 5  

=  0 . 9 9

(B15)



T e m p .  ( K ) 1 / T  x  1 0 3 

( K - 1)

k o b s  

( s “ 1)  X  1 0 - 4

L n ( k o b s/ [ C O ] ) L n ( k obs/ [ C O ]  . T )

2 8 7 3 . 4 8 1 4 . 1 1 6 . 8 4 1 1 . 1 9

2 9 3 3 . 4 1 1 7 . 9 0 1 7 . 0 8 1 1 . 4 1

2 9 6 3 . 3 5 2 3 . 4 1 1 7 . 3 0 1 1 . 6 6

3 0 3 3 . 3 0 2 7 . 8 2 1 7 . 5 3 1 1 . 8 1

3 0 8 3 . 2 5 3 2 . 0 0 1 7 . 6 7 1 1 . 9 3

3 1 8 3 . 1 4 3 9 . 0 1 1 7 . 8 6 1 2 . 1 2

A r r h e n i u s  P l o t  

S l o p e  

I n t e r c e p t

C o r r e l a t i o n  c o e f f i c i e n t

E y r i n g  P l o t  

S l o p e  

I n t e r c e p t

C o r r e l a t i o n  c o e f f i c i e n t

E a *  =  2 9  +  2  k j m o l " 1 

A H *  =  2 6  +  2  k j m o l -1  

A S *  =  - 1 0  +  5  j m o H K "

A G *  =  2 9  +  2  k j m o l ' 1

T a b l e  B 1 5  E x p e r i m e n t a l  d a t a  f o r  t h e  d e t e r m i n a t i o n  o f  t h e  a c t i v a t i o n  p a r a m e t e r s  

f o r  t h e  f o r m a t i o n  o f  ( r | 6 - b e n z e n e ) C r ( C O ) 3 f o l l o w i n g  f l a s h  p h o t o l y s i s  i n  d o d e c a n e  

a t  3 5 5 n m  u n d e r  1 a t m .  o f  C O .

=  - 3 5 6 7  +  1 2 9  

=  2 9 . 2 7  +  0 . 0 3  

=  0 . 9 9

=  - 3 2 3 4  ±  1 2 7  

=  2 2 . 4 6  +  0 . 0 3  

=  0 . 9 9

(B16)



T e m p .  ( K ) 1 / T  x  1 0 3  

( K - 1)

k-obs 

( s - 1)  X  1 0 - 4

L n ( k o b s/ [ C O ] ) L n ( k o b s/ [ C O ]  . T )

2 9 0 3 . 4 4 3 1 . 0 0 1 7 . 7 1 1 2 . 0 4

2 9 8 3 . 3 5 4 0 . 9 9 1 7 . 9 9 1 2 . 2 9

3 0 3 3 . 3 0 5 1 . 0 1 1 8 . 2 0 1 2 . 4 9

3 0 7 3 . 2 5 5 4 . 9 2 1 8 . 2 8 1 2 . 5 6

3 1 3 3 . 1 9 7 0 . 8 9 1 8 . 5 3 1 2 . 7 9

A r r h e n i u s  P l o t  

S l o p e  

I n t e r c e p t

C o r r e l a t i o n  c o e f f i c i e n t

E y r i n g  P l o t  

S l o p e  

I n t e r c e p t

C o r r e l a t i o n  c o e f f i c i e n t

E a *  =  2 7  +  2  k j m o l -1  

A H *  =  2 4  +  2  k j m o l -1  

A S *  =  - 1 3  +  5  j m o l - 1 K -1  

A G *  =  2 8  +  2  k j m o l ' 1

T a b l e  B 1 6  E x p e r i m e n t a l  d a t a  f o r  t h e  d e t e r m i n a t i o n  o f  t h e  a c t i v a t i o n  p a r a m e t e r s  

f o r  t h e  f o r m a t i o n  o f  ( r j 6 - b e n z e n e ) C r ( C O )3  f o l l o w i n g  f l a s h  p h o t o l y s i s  i n  

c y c l o o c t a n e  a t  3 5 5 n m  u n d e r  1 a t m .  o f  C O .

=  - 3 2 2 1  +  1 8 1  

=  2 8 . 7 9  +  0 . 0 3  

=  0 . 9 9

= - 2 9 5 2 +  1 7 6  

=  2 2 . 1 9 4  +  0 . 0 3  

=  0 . 9 9

(B 17)



T e m p .  ( K ) 1 / T  x  1 0 3 

( K " 1)

L n ( k 2 ) L n ( k 2 / T )

2 8 8 3 . 4 7 1 4 . 1 4 8 . 4 8

2 9 3 3 . 4 1 1 4 . 3 9 8 . 7 1

2 9 8 3 . 3 5 1 4 . 4 9 8 . 7 9

3 0 3 3 . 3 0 1 4 . 6 2 8 . 9 1

3 0 8 3 . 2 5 1 4 . 8 9 9 . 1 7

3 1 3 3 . 1 9 1 4 . 9 5 9 . 2 1

A r r h e n i u s  P l o t  

S l o p e  

I n t e r c e p t

C o r r e l a t i o n  c o e f f i c i e n t

E y r i n g  P l o t  

S l o p e  

I n t e r c e p t

C o r r e l a t i o n  c o e f f i c i e n t

E a *  =  2 5  +  2  k j m o l " 1 

A H *  =  2 3 + 2  k j m o l " 1 

A S *  =  - 4 6  +  5 j m o l " 1K "

A G *  =  2 5  +  2  k j m o l " 1

T a b l e  B 1 7  E x p e r i m e n t a l  d a t a  f o r  t h e  d e t e r m i n a t i o n  o f  t h e  a c t i v a t i o n  p a r a m e t e r s  

f o r  t h e  f o r m a t i o n  o f  ( r i 6 - l , 3 , 5 - m e s i t y l e n e ) M o ( C O ) 3 f o l l o w i n g  f l a s h  p h o t o l y s i s  i n  

h e p t a n e  a t  2 6 6 n m  u n d e r  C O .

=  - 3 0 6 6  +  2 4 8  

=  2 4 . 7 8  +  0 . 0 5  

=  0 . 9 9

=  - 2 7 7 7  +  2 5 4  

=  1 8 . 1 1  +  0 . 0 6  

=  0 . 9 8

(B 18)



Temp (K) 1/Tx 103 

(K-i)

Ln(k2) Ln(k2/T)

288 3.47 14.32 8.65

293 3.41 14.54 8.85

298 3.35 14.75 9.08

303 3.30 14.93 9.22

308 3.25 15.07 9.34

313 3.19 15.23 9.48

Arrhenius Plot 

Slope 

Intercept

Correlation coefficient

Eyring Plot 

Slope 

Intercept

Correlation coefficient

E a*  =  27 + 2 kjmol'1 

A H *  =  25 ± 2 kjmol'1 

A S *  =  -39 ±  5 j m o H K -1 

A G *  =  25 ± 2  k j m o H

Table B18 Experimental data for the determination of the activation parameters 

for the formation of (r|6-l53,5-mesitylene)Mo(CO)3 following flash photolysis in 

decane at 266nm under CO.

=-3277 ±  110 

= 25.71 ±0.02 

=  0.99

=  -2990 ± 154 

=  19.06 ±0.03 

=  0.99

(B19)



Temp. (K) 1/Tx 103 

(K-1)
ôbs 

(s'1) x 10'3

Lnikgjjj/

[sample])

Lnik^j/isample]/

T)

286 3.49 4.92 16.04 10.38

289 3.46 5.07 16.07 10.40

304 3.29 6.68 16.34 10.63

309 3.24 7.65 16.48 10.73

313 3.19 7.91 16.52 10.77

Arrhenius Plot 

Slope 

Intercept

Correlation coefficient

Eyring Plot 

Slope 

Intercept

Correlation coefficient

E,a* =1 4 + 2 kjmol"1 

A H *  = II ± 2  kjmol-1 

AS* = -71 + 5 j m o H K " 1 

A G *  =1 4 + 2 kjmol*1

Table B19 Experimental data for the determination of the activation parameters 

for the formation of (r|6-benzene)2M o 2( C O ) 5 following flash photolysis in 

cyclohexane at 266nm under 1 atm. of argon.

= -1671+95 

= 21.86 +  0.02 

= 0.99

= -1386 + 62 

= 15.2 + 0.02 

= 0.99

(B 20)



T e m p .  ( K ) 1 / T  x  1 0 3 

( K - 1)

^obs 

( s _ 1 )  X  1 0 - 3

L n ( k 0b s/

[ s a m p l e ] )

L n ( k obs/ [ s a m p l e ] /

T )

2 8 8 3 . 4 7 1 . 8 8 1 5 . 8 8 1 0 . 2 2

2 9 3 3 . 4 1 2 . 0 6 1 5 . 9 7 1 0 . 2 9

2 9 8 3 . 3 5 2 . 3 0 1 6 . 0 8 1 0 . 3 8

3 0 3 3 . 3 2 . 5 3 1 6 . 1 8 1 0 . 4 7

3 0 8 3 . 2 5 2 . 8 0 1 6 . 2 8 1 0 . 5 5

3 1 3 3 . 1 9 3 . 1 7 1 6 . 4 0 1 0 . 6 6

A r r h e n i u s  P l o t  

S l o p e  

I n t e r c e p t

C o r r e l a t i o n  c o e f f i c i e n t

E y r i n g  P l o t  

S l o p e  

I n t e r c e p t

C o r r e l a t i o n  c o e f f i c i e n t

E a *  = 1 5  +  2  k j m o l -1  

A H *  = 1 3 + 2  k j m o l -1  

A S *  =  - 6 7  +  5  j m o l - 1 K -1  

A G *  = 1 5  +  2  k j m o l -1

T a b l e  B 2 0  E x p e r i m e n t a l  d a t a  f o r  t h e  d e t e r m i n a t i o n  o f  t h e  a c t i v a t i o n  p a r a m e t e r s  

f o r  t h e  f o r m a t i o n  o f  ( r i 6 - l , 3 , 5 - m e s i t y l e n e ) 2 M o 2 ( C O ) 5  f o l l o w i n g  f l a s h  p h o t o l y s i s  

i n  c y c l o h e x a n e  a t  2 6 6 n m  u n d e r  1 a t m .  o f  a r g o n .

=  - 1 8 7 8  +  4 8  

=  2 2 . 3 8 3  + 0 . 0 1  

=  0 . 9 9

=  - 1 5 8 8  +  5 7 . 6  

=  1 5 . 7 1  +  0 . 0 2  

=  0 . 9 9

(B21)



Data for determination of 

extinction coefficients.

Appendix C

(Cl)



(C l) (r|6-ethylbenzene)Cr(CO) 3  in cyclohexane.

m o l  d m -3

X  1 0 - 4

O . D  a t  

3 5 5 n m  ( A U )

0 0

0 . 5 6 0 . 1 9

1 . 1 2 0 . 3 7

1 . 6 8 0 . 5 6

2 . 2 5 0 . 7 3

2 . 8 0 0 . 9 2

( C 2 )  ( r | 6 - o - x y l e n e ) C r ( C O ) 3 i n  c y c l o h e x a n e .

m o l  d m -3

X  1 0 - 4

O . D  a t  

3 5 5 n m  ( A U )

0 0

0 . 5 0 . 2 1

1 . 0 0 . 4 0

1 .5 0 . 6 2

2 . 0 0 . 8 2

2 . 5 1 . 0 4

( C 3 )  ( r i 6 - h e x a e t h y l b e n z e n e ) C r ( C O ) 3 i n  c y c l o h e x a n e .

m o l  d m -3

X  1 0 -4

O . D  a t  

3 5 5 n m  ( A U )

0 0

1 . 0 5 0 . 3 3

2 . 1 1 0 . 7 1

3 . 1 7 1 . 0 6

4 . 2 3 1 . 4 1

5 . 2 9 1 . 7 7

(C2)



(C4) (ri6-i-butylbenzene)Cr(CO)3 in cyclohexane.

m o l  d m -3 

X  I O '4

O . D  a t  

3 5 5 n m  ( A U )

0 0

0 . 5 0 . 1 7

1 . 0 0 . 3 3

1 .5 0 . 4 9

2 . 0 0 . 6 5

2 . 5 0 . 8 1

( C 5 )  ( r j 6 - p - c h l o r o t o l u e n e ) C r ( C O ) 3 i n  c y c l o h e x a n e .

m o l  d m -3 

X  I O ’4

O . D  a t  

3 5 5 n m  ( A U )

0 0

0 . 5 1 0 . 2 0

1 . 0 2 0 . 3 9

1 . 5 3 0 . 6 2

2 . 0 4 0 . 7 9

2 . 5 5 1 . 0 2

( C 6 )  ( r | 6 - p - f l u o r o t o l u e n e ) C r ( C O ) 3 i n  c y c l o h e x a n e .

m o l  d m -3  

X  I O '4

O . D  a t  

3 5 5 n m  ( A U )

0 0

0 . 5 8 0 . 2 8

1 . 1 6 0 . 4 5

1 . 7 3 0 . 6 5

2 . 3 1 0 . 8 5

2 . 8 9 1 . 0 1 4

(C3)



(C7) (r|6-chlorobenzene)Cr(CO)3 in cyclohexane.

m o l dm -3 

X  IO'4

O .D  at 

35 5 n m  (A U )

0 0

0.5 0 .1 7

1.0 0 .3 6

1.5 0 .5 7

2 .0 0 .7 6

2 .5 0 .95

(C 8) (ri6-l,2 -d ich lo ro b en zen e)C r(C O )3 in  cyc loh exan e .

m o l dm -3 

X  10’4

O .D  at 

3 5 5n m  (A U )

0 0

0 .1 8 0 .1 7

0 .35 0 .31

0 .71 0 .5 4

1.42 0 .9 7

2 .83 1.8

(C 9) (ri6-benzen e)C r(C O )3 in  pentane.

m o l dm -3 

X  IO'4

O .D  at 

3 5 5n m  (A U )

0 0

0 .5 8 0 .18

1.10 0 .3 7

1.70 0 .56

2 .3 0 0 .7 6

2 .8 9 0.93

(C4)



(CIO) (r|6-benzene)Cr(CO)3 in heptane.

m ol dm -3 

x  10-4

O .D  at 

355n m  (A U )

0 0

0 .4 8 0 .12

9 .7 0.25

14.6 0 .36

19.4 0 .49

24 .3 0 .59

( C l l )  (r]6-b enzen e)C r(C O )3 in  decane.

m ol dm"3 

x  10-4

O .D  at 

355n m  (A U )

0 0

0 .5 6 0 .1 9

1.12 0 .4 4

1.68 0.65

2 .6 8 1.01

3 .3 6 1.39

(C 12) (r|6-ben zen e)C r(C O )3 in  dodecane.

m o l dm -3 

x  10-4

O .D  at 

355n m  (A U )

0 0

0 .2 6 0.13

1.03 0 .42

1.71 0.61

2 .0 5 0 .72

2 .8 7 0.91

(C5)



(C13) (r|6-benzene)Cr(CO)3 in cyclooctane.

m ol dm -3 

X  10-4

O .D  at 

355n m  (A U )

0 0

0 .42 0.23

0 .8 4 0 .4 6

1.26 0 .68

1.68 0 .88

2 .1 0 1.09

(C 14) (ri6-benzen e)C r(C O )3 in  1 ,1 ,2-trich lorotrifluorobenzene.

m o l dm -3 

X  10-4

O .D  at 

355n m  (A U )

0 0

0.5 0 .21

1.0 0 .3 9

2 .0 0 .6 4

4.1 1.08

6.1 1.52

(C 15) (r]6-benzen e)C r(C O )3 in  perflu orom eth ylcycloh exan e.

m o l dm -3 

X  IO'4

O .D  at 

3 55n m  (A U )

0 0

1.0 0 .1 9

2 .0 0 .28

3 .0 0 .4 0

(C6)



(C16) (T|6-hexaethylbenzene)Cr(CO)3 in heptane.

m ol dm -3 

x  10-4

O .D  at 

3 55n m  (A U )

0 0

1.0 03 .4

1.5 0 .6 0

2 .0 0 .7 4

2 .5 1.02

(C 17) (ri6-b en zen e)M o(C O )3 in  cyc loh exan e .

m ol dm -3 

x  10-4

O .D  at 

2 6 6n m  (A U )

O .D  at 

35 5n m  (A U )

0 0 0

0.5 0 .1 6 0 .13

1.0 0 .2 9 0 .2 0

1.5 0 .3 9 0 .2 8

2 .0 0 .4 7 0 .3 7

2 .5 0 .5 6 0 .4 6

( C l 8) (r|6-/> x y len e)M o (C O )3 in  cy c lo h ex a n e .

m ol dm -3 

x  IO-4
O .D  at 

2 6 6 n m  (A U )

O .D  at 

355n m  (A U )

0 0 0

1.0 0 .1 5 0 .1 4

1.5 0 .2 2 0 .2 0

2 .0 0 .31 0 .2 6

2 .5 0 .3 9 0 .33

(C7)



(Cl9) (r|6-mesitylene)Mo(CO)3 in cyclohexane.

m ol dm -3

X 10-4

O .D  at 

266n m  (A U )

O .D  at 

3 5 5 n m  (A U )

0 0 0

0.5 0 .12 0 .0 8

1.0 0 .2 7 0 .21

1.5 0 .4 0 0 .3 2

2 .0 0 .56 0 .43

2 .5 0.73 0 .5 2

(C 20) (r |6-h exam eth y lb en zen e)M o(C O )3 in  cyc loh exan e .

m o l dm -3 

X IO*4

O .D  at 

266n m  (A U )

O .D  at 

3 5 5 n m  (A U )

0 0 0

0 .55 0.23 0 .31

1.09 0 .6 9 0 .5 2

1.65 0 .5 7 0 .7 8

2 .1 9 0 .7 4 1.05

2 .7 5 0 .98 1.30

(C 21) (r|6-m esity len e)M o (C O )3 in  heptane.

m o l dm -3 

X  10-4

O .D  at 

3 5 5n m  (A U )

O .D  at 

2 66n m  (A U )

0 0 0

0 .15 0 .11 0 .15

0 .3 0 0 .22 0 .3 0

0 .45 0 .32 0 .45

0 .65 0 .49 0 .65

0 .7 6 0.55 0 .7 6

(C8)



(C22) (r|6-mesitylene)Mo(CO)3 in decane.

m ol dm -3 

X  IO'4

O .D  at 

355n m  (A U )

O .D  at 

3 5 5 n m  (A U )

0 0 0

0.5 0 .25 0 .3 4

1.333 0 .62 0 .8 9

2 .6 6 1.24 1.67

3.33 1.65 2 .1 6

(C 2 3 ) (ri6-a lly lb en zen e)C r(C O )3 in  cycloh exan e.

m ol dm -3

X  10-4

O .D  at 

355n m  (A U )

0 0

0.5 0 .1 4

1.1 0 .28

1.65 0 .4 2

2 .2 0 .55

2 .7 5 0 .7 2

(C 24) (ri6-tetrahydronaphthalene)C r(C O )3 in  cyc loh exan e .

m o l dm -3

X  10-4

O .D  at 

3 55n m  (A U )

0 0

0.5 0 .21

1.0 0 .4 2

1.5 0 .6 4

2 .0 0 .8 4

2 .5 1.1

(C9)



(C25) (îi6-naphthalene)Cr(CO)3 in cyclohexane.

m ol dm -3 

X  IO'4

O .D  at 

266n m  (A U )

O .D  at 

355n m  (A U )

0 0 0

0.5 0 .42 0 .4 9

1.0 0 .83 0 .9 7

1.5 1.25 1.48

2 .0 1.67 1.96

2 .5 2 .0 6 2 .41

(C 24) (r |6-phenanthrene)C r(C O )3 in  cycloh exan e.

m o l dm -3 

X  IO'4

O .D  at 

266n m  (A U )

O .D  at 

355n m  (A U )

0 0 0

0 .5 0 .61 0 .3 8

1.0 1.21 0 .7 6

1.5 1.81 1.15

2 .0 2 .38 1.56

2 .5 2 .83 1.92

(C 26) (r|6-pyrene)C r(C O )3 in  cyc loh exan e .

m o l dm -3 

X  IO’4

O .D  at 

2 6 6n m  (A U )

O .D  at 

355nm  (A U )

0 0 0

0 .5 0 .6 4 0 .2 7

1.0 1.2 0 .5 0

1.5 1.64 0 .7 7

2 .0 2 .1 0 .95

2 .5 2 .9 2 1.2

(CIO)



(C27) (r\6-trans-1,2 diphenylethene)Cr(CO)3 in cyclohexane.

m ol dm -3 

X  10-4

O .D  at 

355n m  (A U )

0 0

0 .5 2 0 .3 7

1.04 0 .73

1.56 1.08

2 .0 8 1.42

2 .6 0 1.75

(C 2 8 ) (r\6-cis-\,2  d iphenylethene)C r(C O )3 in  cyc loh exan e .

m ol dm '3 

X  10-4

O .D  at 

3 55n m  (A U )

0 0

0 .5 2 0 .3 7

1.04 0 .5 6

1.56 1.04

2 .0 8 1.35

2 .6 0 1.64

(C 2 9 ) (r\6-trans, trans-1,4 -d ip h en y l-l,3 -b u ta d ien e)C r(C O )3 in  cyc loh exan e .

m ol dm -3 

X  IO'4

O .D  at 

3 5 5 n m  (A U )

0 0

0 .61 0 .25

1.22 0 .4 6

2.5 0 .9 6

5 .0 1.58

(Cll)



(C30) (r|1-C5H7)Mn(CO)5 in cyclohexane.

m o l dm -3

X 10-4
O .D  at 

3 5 5n m  (A U )

0 0
0 .38 0.10
0.76 0.22
1.14 0 .33

1.50 0 .43

(C 31) (r|3-C 5H 7)M n (C O )4 in  cyc loh exan e .

m o l dm -3 

X 10-4

O .D  at 

2 6 6n m  (A U )

0 0

1.0 0 .23

1.5 0 .3 6

2 .0 0 .51

(C 32) (Ti5-C 5H 7)M n (C O )3 in  cycloh exan e.

m o l dm -3 

X  IO*4

O .D  at 

355n m  (A U )

0 0

4 .6 0 .11

9.13 0 .2 2

13.7 0 .32

18.3 0 .3 9

(C12)



(C33) Mn(CO)4(|i3-C3H4-C6H5)Cr(CO)3 in cyclohexane.

m ol dm -3

X IO '4

O .D  at 

355nm  (A U )

0 0

0 .26 0.21

0 .53 0 .43

0 .8 0 0 .6 4

1.06 0 .8 7

1.33 1.072

(C13)


