MONTANA

STATE UNIVERSITY

The photochemical dimerization of norbornadiene using chromium carbonyls
by Brian Kellog Hill

A thesis submitted to the Graduate Faculty in partial fulfillment of the requirements for the degree of
DOCTOR OF PHILOSOPHY in Chemistry

Montana State University

© Copyright by Brian Kellog Hill (1969)

Abstract:

Norbornadiene has previously been shown to undergo dimerization photochemically with Group VI
and VIII and thermally with Group VIII unsubstituted metal carbonyls. Furthermore,
diene-iron-tricarbonyls cause the reaction to be more stereospecific and give only two products instead
of the usual eleven obtained using the unsubstituted metal carbonyls. To learn if this change in products
was generally characteristic of unsubstituted and substituted metal carbonyls a series of chromium
carbonyls were investigated. The products of the chromium metal carbonyls were three trans dimers, a
saturated cage dimer and one ketone insertion product. A possible mechanism for the photochemical
dimerization of norbornadiene using chromium hexacarbonyl and substituted chromium carbonyl as
sensitizers was determined. A common intermediate for the reactions has been proposed.



THE PHOTOCHEMTCAL DIMERIZATION OF NORBORNADIENE
USING CHROMIUM CARBONYLS

by
BRIAN KELLOGG HILL

A thesis submitted to the Graduate Faculty in partial
fulfillment of the requirements for the degree

of
DOCTOR OF PHILOSOPHY
in .

Chemistry

'Head MaJor DeDart Rt

Chafrman, gxamffnmg Commﬁ

Gracff][\ate Dean /

MONTANA STATE UNIVERSITY
Bozeman, Montana

- August, 1969




iii

ACKNOWLEDGEMENT

The a.uthor would like to ackﬁowledge Dr..P. W. Jennings for hié
encouragement and advice, without which this research would not have
been completed., |

Special recognition is due thé author's wife, Gayvle, for her confi-
dence and sacrifices. |

Appreciation is expressed to the National Defense Education Act

_for the financial assistance of a fellowship.




LIST OF TABLES

iv

TABLE OF CONTENTS

DISCUSSION . 4 vt vt ittt e oo et ae oasn s nan

Procedure for Determining Products and Product
REBIIOS v v vt v et e s e vt s v o e o e et

Isolation of Intermediates Using Chromlum

Hexacarbonvl .. ... @ e e b v e e e e e e e e et e e
Isolation of Intermediates for Benzene, Toluene or’
Mesitylene Chromium Tricarbonyl .« v v v v v v v v v o 0 o v o o o o o
Other Investigations .. . v v v v v v v v v o e e e e e e et e
CONCLUSION G e e e h et et e e o e e e et e e e e
" EXPERIMENTAL &+ v v v ¢ vt o 0 600 o« e e e e e e e e e e e e e e
Reagents ..... e ee e e e et s e e e e s e e e e e e
Instruments . .. ...... e e e e e s e e et e .
Light and Reaction SysStemS .« & v v v v v o ¢ 0 e 0 v 0 e o o o o o s v v
Photoreaction for Determining Products and Product
Ratios . ...... e e e e e e e e e e e e s e e e e e
Isolation of Photoreaction Intermediates et e e
Photochemical Time Study . + . « « + » e b e et e s e et e ae e
Beer's Law ... ..o Gt e et e e s e e e e s e e e e e e .
Infrared Study .« v o v v o . e e b e e e e e s e s e s e e e

Thermal Reaction of Chromium Hexacarbonyl and

Norbornadiene .. ..o v v v v v o oooo et e s e e e e e e e e e

-----------------------------------

LISTOFFIGURES ... v i v v in v oo et e et e e e et
ABSTRACT v v v e i e it e e e e e e e e e e e [P

----------------------------------

Page
vi

vii

25

27

34

73
81 -
85
86
86

86
. 87 -
87




Page
EXPERIMENTAL (continued) '
Thermal Reaction of Pyridine Chromium Pentacarbonyl
and Norbornadiene .......... et e ee e e e s e e e e 87
Thermal Reaction of Dipyridine Chromium .
Tetracarbonyl and Norbornadiene e e e e 88
Isolation of Carbonyl POlymMer v v v v v v v v v v e e o o o v oo o 89

LITERATURE CITED . ... ..o v e e e e e e e 90




II.
III.

IV.

VI.

vi

LIST OF TABLES

Pége
Transitioﬁ Complexes With Norbornadiene .. ........... 14
Dimers, Tfimers and Ketones of Norbornadiene ... ....... 15
Metal Carbonyl Reactant Templétes e e e e e e e 25
Experimental Procedure for Product Identification. .. .. ... . 28
Product Ratios.of Norbornadiene Dimers . . v« v v v v v v v v v 0 v ™ 32

Peak Assignments for the Mass Spectrum of the Red
Complex . ..o v v v v av o Gt e e e e e e R IR 50




10.

11.

12.

13.

14.

15.

vii

‘LIST OF FIGURES

Pictorial Representation of the Bond Between
Platinum and Ethylene . ... .. ... .'... e

Pictorial Representation of a Metal Carbonyl Bond

Structure of a Bridged and Triple Bridged Carbonyl . ..... . .

Non-concerted Mechanism for the Formation of

Norbornadiene Dimers ... .. e e e s e et e et e e e .

Nuclear Magnetic Resonance Spectra of

Norbornadiene DiMerS v v v v v v v o o o o s o o o s o o s s o o o oo

Nuclear Magnetic Resonance Spectrum of

Norbornadiene Cage Dimer . . v v v vt v v v o o v o o v v oo o v on

Infrared Spectrum of Chromium Hexacarbonyl

Solution at Zero Time of Irradiation . + + « ¢ v o v v o 4« 3 N

Infrared Spectrum of Chromium Hexacarbonyl

Solution after Two Hours of Irradiation . . .44 v v o v v W v e e

Infrared Spectrum of Chromium Hexacarbonyl

Solution after Six Hours of Trradiation + v v e o o ¢ o o o o o s o o »

Infrared Spectrum of Chromium Héxacarbonyl
Solution after Two Hours of Irradiation and Six

Hoursinthe Dark . . ¢« v v vt 0 v v v 0 v v v e o e e e PP

Infrared Spectrum of Mesitylene Chromium

Tricarbonyl Solution at Zero Time of Irradiation ... ...

Infrared Spectrum of Mesitylene Chromium
Tricarbonyl Solution after 30 Minutes of Irradiation

Infrared .Spectrum of Mesitylene Chromium
Tricarbonyl Solution after One Hour of Irradiation

Infrared Spectrum of Mesitylene Chromium

Tricarbonyl Solution after 312 Hours of Irradiation

Infrared Spectrum of Mesitylene Chromium
Tricarbonyl Solution after 30 Minutes of Irradiation
and Six Hours inthe Dark . . . . ¢« . v e v v 0o v v v v

oooooooo

23

29

30
36
36

37

-39

43

43




16.

17.
18.
19.

20.
21.
22.
23.
24,
25,
26,

27.

28.

29.

30.

viii

Mass Spectrum of Norbomadiene Chromium

Tetracarbonyl . ... ...... e e e e e e e e e
Infrared Spectrum of Red Complex . . . ... ... e e e e e
Mass Spectrum of Red Complex . v v v v v v v o0« .. ......

Infrared Spectrum of Benzene Chromium Tricarbonyl
at Zero Time of Iradiation . . v v v v o v v i b v o o o o v v . e ee

Infrared Spectrum of Benzene Chromium Tricarbonyl
after 30 Minutes of Irradiation. . ... .. .. et s e e e e e

Infrared Spectrum of Benzene Chromium Tricarbonyl
after One Hour of Irradiation . ... .. c h e e ee e et e e e

Infrared Spectrum of Benzene Chromium Tricarbonyl
after 312 Hours of Irradiation ...... e e e e e e e e

Infrared Spectrum of Toluene Chromium Tricarbonyl
at Zero Time of Irradiation ...... e e et e s e e e e

Infrared Spectrum of Toluene Chromium Tricarbonyl
after 30 Minutes of Irradiation . . . « « « « . . . e e s e e s e s

Infrared Spectrum of Toluene Chromium Tricarbonyl

“after One Hour of Irradiation .. ... et e e c e e e e

Infrared Spectrum of Toluene Chromium Tricabonyl
after 319 Hours of Irradiation . .« o v v v v v v v e e e e

Plot of Peak Height of Gas Chromatograph and
Intensity of Infrared Bands versus Time,
Chromium Hexacarbonyl . .« ¢ v v v v v v o 6 6 v ot 6 a0 v a0 s o .

Plot of Peak Height of Gas Chromatograph and =
Intensity of Infrared Bands versus Time,
Mesitylene Chromium Tricarbonyl. .. .. .. ... .. e e e e

. Possible Ways for Chromium to Bond to

Norbornadiene ... ...... S e e s e e e ae e s e e e

Formation of Norbornadiene Chromium Tetracarbonyl

from Chromium Hexacarbonyl . .« ¢ v v c ¢« 6 ¢ v o vt v s s s .

Page

54

55

55

- 58

58

60

63




31.

32.

33.

ix

" Page

Formation of Norbornadiene Chromium Tetracarbonyl

from Arene Chromium Tricarbonyl . . . v v v v v v o o v c o o s o ..

Formation of Dimers Using Dinorbornadiene
Chromium Tetracarbonyl ....... e e e s e s s e e e e e

Formation of Cage Dimer using Dinorbornadiene
Chromium Tricarbonyl .. ......... et e e e e e s e e e .




x
ABSTRACT

] Norbornadiene has previously been shown to undergo dimerization
photochemically with Group VI and VIII and thermally with Group VIII
unsubstituted metal carbonyls. Furthermore, diene-iron-tricarbonyls
cause the reaction to be more stereospecific and give only two products
instead of the usual eleven obtained using the unsubstituted metal
carbonyls., To learn if this change in products was generally character-
istic of unsubstituted and substituted metal carbonyls a series of
chromium carbonyls were investigated. The products of the chromium
metal carbonyls were three trans dimers, a saturated cage dimer and one
ketone insertion product. A possible mechanism for the photochemical
dimerization of norbornadiene using chromium hexacarbonyl and substi-
tuted chromium carbonyl as sensitizers was determined. A common inter-
mediate for the reactions has been proposed.




INTRODUCTION

~ An investigation of the periodic table will reveél that 86 of the 104
characterized elements have an electronegativity of iess than 2.2 (1) and
that these 86 elgments comprise either the metal or the metalloid ele-
ments. Since the electronegativity of carbon is 2.5 (1) and the electro-
negativity of either the metals or the metalloids is 2.2 (1) or less, it
should be ekpected that bonds will be formed between carbon and either
metal or metalloid elements. Because of the varying differences in
elec._tronegativities, it should be expected that there will be -a variation in
the bor}d characters from ionic (where the difference in electronegativity
is large) to covalent (where the difference in electronegativity is small).
In addition to ionic and cévalent bonds, a third type of bond, the synergic
bond, can be formed and will be discussed. The area of chemistry which
involves compounds with bonds between either metal or metalloids and
c‘arbon is called organometallics.

Since the alkali and alkaline earth metals ‘ha\‘re the largest differ-
ence in electronegativity with respect to carbon, they form mostly ionic A.
bonds with the bond's covalent character decreasing as the difference in
electronegativity increases.

As a result of the ionic charaqter of the bond, the organometallic
complexes of the alkali and alkaline metals show the replacement reaction
so commonly encountered in the inorganic chemistry of ionic compounds.

C,H. Na + C.H. = CI—I_Na++ C,H. (2)

2775 6776 675 2776 o

Another type of ionic reaction is the double decomposition reaction: -

-
C6H5 Na + CZHSBr - C4H10 + NaBr (3)
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— + ,
4CZH5 Na + SlCl4

- (CyHy),Si + 4NaCl (4)
The last reaction also provides a useful.syntheéi_s or an organometallic
compound of a metalloid,

Another manifestation of the ionic bond is tha;c the compounds are
electrical conductors and during electrolysis'yield-'hydrocarbons at the
anode and metals at the cathode (5).

Organometallic complexes of the alkaline earth metals, such as the
CGrignard reagent, are commonly used in the synthésis of organic com-
pounds to attach a hydrocérbon to another molecule; Using the Grignard

reagent this is accomplished by replacing a halogen with a hydrocarbon

molecule.

RCl + CH,MgBr - RCH, + MgClBr (6)

3 3

Another use of the Grignard reagent is the conversion of carbonyls to

hydroxyls:
i
RZC=O + RMgX - RZC—O-MgX
i | i
RZC—O—MgX + HCl1 - RZC~OI—I (7)

7/

These reactions may be thought of as the magnesium ion giving up the .
organic ligand for a mére electronegative elemeh’c. Thus ‘Whe"n~ ,
phenyllithium is used in place of phenyimagnesiﬁm bromide in a Grignard
reaction, the phenyllithium reacts 100 times faster because lithium has a

lower electronegativity than magnesium (8).
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When the electronegativity difference with respect to carbon is less
than 1.2 the covalent character of the organometallic bond is more import-
ant in determining the bond characteristics than is the ionic bond charac-
ter. Thus the organometallic covalent compounds are formed by
metalloids. The organometallic metalloid complexes are unassociated
stable compounds, unreactive to air and water, which resist change in
mild acid and base solutions. An example of this type of compound is
tetramethylsilane. However, there are some differences from strictly
organic reactions due to: a) the ability of the .organometallic metalloid
complex to use the unfilled d orbitals of the metalloid; and b) the varymg
electron donating ability of the metalloid with respect to carbon.

The covalently bonded organometallic metalloids are usually pre-
'péred by the reaction of the halide of the metalloid with the sodium salt of
the organic ligand, as shown previously, or with the Grignard reagent and.
a halide of the metalloid.

2PbB1r2 + 4CZH5MgBr - (CZH5)4Pb + 41\/IgB1r2 + Pb  (9)

In addition to the covalent complexes formed with the metalloids,
there are also covalent complexes formed using transition metals. These
covalently bonded transition metal organometallic Cbmplexes are charac-
terized by low thermal stability and reactivity to air and water.

To prepare a covalently bonded alkyl or aryl transition metal orgéno~
metallic complex, a ;eaction is usually run with the transition metal
halide, with methyllithium or with methylmagnes‘ium bromide.

TiI, + 4 Meli - Ti(CH3)4 + 4LiI  (10)

4
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HgCl2 + CHSMgBr - (CH3)2Hg + MgBr2 + I\/".gCl2 (9)

The third type of bond, the synergic bond, consists of two parts as

represented in Figure 1. First of all, there is a donation of pi electrons

Fig. 1. Pictorial representation of the bond between platinum and
ethylene. The dotted line on the C-D axis represents the symmetry axis
of the o-bond and the two hatched spaces above and below the o-bond
represent the m-orbital of ethylene. Both o- and m-bonds are occupied by
two electrons. Around the platinum, shown as a small circle in the lower
part of the diagram on the A-B axis, are shown a hybrid empty dspy-orbital
(upward ellipse) superimposed on the occupied m-orbital of ethylene,
forming a dative o-bond. The hatched area around the platinum atom rep-
resents the occupied dyz-orbital (on the plane of the diagram) which is
overlapping the m-antibonding orbital of ethylene giving m-back-donation.
The arrows indicate the direction of transfer of the electron charge due to
the bonding. (11)

from the ligand to the vacant orbital of the metal. The second part con-
sists of the back-bonding or flow of electrons from the filled d orbital of
the metal to the antibonding orbital of the double bond. Although this

antibonding orbital of the double bond is antibonding with respect to the

carbon-carbon bond, it is a bonding orbital with respect to the
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carbon-metal bo'nd and thus the back-—bondind adds to the stability of the
complex. The number of double bonds that can be bonded to a single
metal atom by a synergic bond is limited by the number of ligands that can
be arranged so the geometry of the ligand'orbital matches with a vacant
bonding orbital of the metal, by the amount of back~donation. that can
occur, and finally by the steric factors of the ligand.

One method of preparing compounds containing the synergic bond is

the double decomposition reaction outlined below:
— + » X ’ -
X(CSHG) Na + MCIX - 1\/[(051—16)X + xNaCl
The metal can be vanadium, chromium, manganese, iron, ruthenium,

cobalt or nickel '. ' .

Another double bond system that can be used is benzene. Thus

dibenzene chromium can be prepared as follows:

1) Al-AlClq

6 2) NazSzO4

CrCl3 + C6H

(C6H6)20r (12)

The organic ligand can also be a- chain system where the double
bonds are conjugated, as in butadiene, .or non-conjugated, as in
- ethylene, or any of the many derivatives of these systems.

Synergic bonds are not limited to bonds between pi electrons and
metals; but can also exist with other molecules Which_cah donate a lone
pair of electrons to a vacant metal orbital aﬁd accepf some back~donation
from the metal d orbital. One sﬁch molecule is.carbon monoxide. When

carbon monoxide is the only ligand the complex is called a metal

carbonyl. Metal carbonyls are known for transition elements from
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Group VB to VIII. When a metal carbonyl contains a metal with an even
atomic number it may contain one or more than one metal atom(s) per com-
plex, but a metal carbonyl complex containing a metal with an odd atomic
number forms complexes which contain more ;than one metal atom per com-
plex except for vanadium hexacarbonyl, which has an odd atomic number
but still has only one metal atom per complex. In all cases the most
stable state of the metal carbonyl of each transition metal has\the electron
configuration of the noble gas of whichever period it is a part.

The metal carbonyls of Groups VB to VIII are génerally prepared by
the action of carbon monoxide, in the presence of a reducing agent, on
the metal salt at high temperature and pressure. |
+ 2H

co)8 + 2CO O (13)

ZCOCO3 + ZH2 + 8CO -~ Coz( 9 5
Only two metal carbonyls can be formed directly from the pure metal and
carbon monoxide.

Ni + 4CO - Ni(CO), (13)
Fe + 5CO - Fe(CO)y (13)

| The carbonyl molecule is known to bond to metals in three different
ways; terminal, double bridging and (rarely) triple bridging. The molecu-
lar orbital pic’ﬁure of the bonding between ’;he terminal carbonyl‘and the
metal is again divided into two parts. The carbonyl donates two sigma
electrons to‘the'empty metal hybridized orbital and the metai donates
~electrons from its filled d orbitals to the carbonyl antibonding orbital.
This bond, as before, is synergic since the drift of electrons from the

carbonyl to the metal makes the carbonyl mofe positively charged, which
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in turn makes it a better acceptor of electrons from the metal d orbital,

thus cancelling the positive charge, as shown in Figure 2.

/‘4?\\ oy A Y '/Aw > ===
(a) @M@ + G/ C==0 h\\w/C—«O

[/

Fig. 2. (a) The formation of the metal-carbon o-~bond using an unshared
pair on C atom. (b) The formation of the metal-carbon m-bond. The other
orbitals on the CO are omitted for clarity. (14)

In the case of double bridging carbonyls, the carbonyl group con-
tributes one electron to each of the two metal atoms to form normal sigma
bonds with the metal also donating one electron. The carbonyl will also
accept some back-donation from the metal into its antibonding orbital. In
all the cases where there are bridging metal carbonyls, either double or
triple, there is also a metal-metal bond, as shown in Figure 3. This bond
is present because the carbonyl holds the two metals so close that there
is an overlap of orbitals and it also allows the metals to achieve a com-
plete shell of electrons, thus adding to the stability of the complex.

A very important aspect of metal carbonyls is that sigma substituted
transition metal carbonyls are much more stable than are the sigma sub-

stituted transition metals alone (16). The increase in stability may be due

to the removal of the excess electron density, which is caused by the
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Fig. 3. (a) The Dy structure proposed for Co4(CO)jg in solution on the
basis of its infrared spectrum. (b) The structure (symmetry Tg) of
Rh6(C30)16 determined entirely by X-ray crystallography. (15)

sigma bonded organic ligands, by back-donation of electrons from the
metal to the carbonyl antibonding orbitals.

The more stable sigma substituted transition metal carbonyls are
prepared by the use of the Grignard reagent with the halide of the metal
complex.

nC._H_-Fe(CO).Br + CH + MgBr (16)

s Hg 9 3Mg8r -» MCIH ~Fe(CO)2C}H

S 5 3
The sodium salt of the complex can also be made to react with an organic
halide.

Mn(CO)SNa FEL R = RMn(CO)5 + NaX (16)

An even larger group of organometallic metal carbonyls are the pi

substituted transition metal carbonyls. Here again the presence of the
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carbonylé adds stability to the compiex. -Por example, dibenzene
chromium is readily oxidized in air to the del;ivative of the dibenzene
chromium cation, while the corresponding complex, benzene chromium
tricarbonyl, is stable in air. |

This increase in stability of pi substituted transition métal car-
bonyls may again be due to the ability of the carbonyl to accept more
back-donation from the metal than the pi substituted ligand can accept.

The pi substituted transition metal carbonyls can usually be pre-

pared thermally from the metal carbonyl and the desired ligand:

C4H6 + Pe(CO)5 S G41-161?'e(CO)3 + 2C0O (6)
C7HB + Fe(CO)5 - C7I-18Pe(CO)3 + 2CO (17)
C8HB + ’Fe(CO)5 - (381-18}"6((30)3 + 2CO (18)

Although the reactions of iron pentacarbonyl parallel those of most of the
transition metal carbonyls, there is one more important t?pe which is not
possible with iron pentacarbonyl. This is the reaction of aromatic-com-
pounds such as benzene, toluene, aniline with a Group VI metal hexa-
carbonyl.

?

1\/I(CO)6 + Arene - Arene 1\/I(CO)3 + 3CO (19)

The fact that the arene is connected to the metal by its aromatic pi -.
system creates an electron deficiency in the arene and causes it to be
less prone to electrophilic attack than the free arene (20).

That complexing with a metal carbonyl does decrease the electron

availability is shown by a comparison of the acid s’t;encjth of benzoic acid
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with that of benzoic acid chromium tricarbonyl. The pKa of the benzoic -
acid chromium fricarbonyl is 4,77, compa}red to pKa 5.68 for benzoic acid.
Thus we see that benzoic acid chromium tricarbonyl will act much thé
same as nitrobenzoic acid, which has a pKa of 4.48 (20).

In addition to causing the arene ring to be less reactive toward
‘electrophile in general, arene metal carbonyls are also unstable to strong
acids and thus are not able to Withstand the reaction conditions for nitra-—
tion and sulfonation (2 O‘). .

It is still possible, though, to avdd many substituents_ such as
halide, nitrate, hydroxide and amine indirectly to an arene ring when it is
attached to a metal. One successful method is to treat the arene metal
with an alkali metal reagent such as n-amyl sodium. This metalated

species can then attack an electrophilic molecule to form a substituted

arene metal (21).

CO;CHn N cozcﬁ3

: O O QO CHg O
1) 2 equiv. :
n-amylsodium
Cr 2) GOy . Cr 4 Cr + Cr
: (O) N
2CH3 QO2CH3

By the same reasoning which was used to explain the decrease in:

reactivity of arene metal carbonyls, it is evident that the nucleophilic
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~attack on the arene will be enhanced. This idea is alsvo supported by the
nucleophilic displacement reaction of functional groups which have been
described to proceed in the pi complexed arene but do not proceed in an
uncomplexed arene (22).

C.H

6 5ClCr(CO)3 + NaOCH

- (CGHS"OCI-I3)~~-Cr(CO)3 + NaCl (22)

3

Another important reaction of metal carbonyls is the diéplacement of
the carbonyl group by another sigma donor. The sigma donor with the
ability to accept back-bonding such as CN_, AsPh,, SbPh,y, SR,, PXg4, or
P(OR)3 can displace one or more carbonyls (23).

Fe(CO)5'+ Ph,P - Pe(Ph3P)2(CO)3 + I—'ePhB(CO)4 (24)

3
In the presence of amine, nitrogen or oxygen ligands, iron

pentacarbonyl will undergo a dissociation reaction:

2

2 Fe(CO)5 + 6amine - [Pe(amine)6]2+[Pe(CO)4] T+ 6CO  (24)

while molybdenum hexacarbonyl will form a series of sigma complexes:
1\/Io(CO)6 + pyridine - 1\/Io(pyridine)(CO)5 + 1\/Io(pyrio_1ine)2(CO)4 +

Mo(pyridine)3(CO)3 (24)

A different type of reaction is the formation of polynuclear com-
plexes of the starting metal carbonyl. In the case of iron, there are two

polynuclear complexes known:

Fe(CO), B pe (CO),  (24)

9

Fe(CO) %‘%S‘Z'*PeS(CO)lZ (24).
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In many cases where iron pentacarbonyl is one of the reactants, the
actual reacting species may be one of the polynuclear complexes s'hoWn |
above. |

Another type of reaction is the transfer of a carbonyl group from the
transition metal to a ligand attached to the metal carbonyl. This reaction
is demonstrated by the oxo process reported first by Roelen in 1938 (25).
All Group VIII 'transition metals have been shown to undergo this type of
reaction (25). This reaction is used commercially with dicobalt
octacarbonyl to make aldehydes at pressures of 100 to 200 atmospheres
with a 1:1 mixture of hydrogen and carbon monoxide and at a temperature
between 100°C and 150°C. At lower pressure and temperatures the yieid
is correspondingly lower.

A mechanism has been proposed for this reaction by Heck and

Breslow and is outlined below (26).
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Oxo Process

002(00)8 + Hz - ZI—ICO(CO)4
HCo(CO), = HCO(CO)3 co

RCH,=CH, + I—ICO(CO)3 2 R~CHTCH

2 2 2

I—ICO(CO)3

RCH=CI—I2 =2 RCH
HCO(CO)3

2CI—IZCO(CO)3

'RCHZCHZCO(CO)s + CO = RCH,CH,Co(CO)

2 4

RCI—IZCHZCO(CO)3 + CO = RCI—IZCHZCOCO(CO)3
i
RCHZCI—IZCOCO(CO)3 + H-2 2 RCI—IZCI—IZCIJ + HCO(CO)3

H
The most important step of the oxo reaction is the carbonyl insertion

between the metal and the hydrocarbonyl ligand. Similar reactions are ob-

served in the metal alkyl complexes such as those listed below:

(RgP),Pt(CHg), + 2CO = (R3P),Pt(COCH3), (27)

COMn(CO) Ph,P  (27)

CHBMH(;CO)5 + PhsP 2 CH3 3

Complexes of Norbornadiene and Transition Metals

The first reported complex between norbornadiene
(bicyclotz.z,l Jheptadiene-2,5) and a transition metal was reported by
Burton, Green, Abel and Wilkinson in 1958 (28)., They reported the
thermél reaction of norbornadiene with iron pentacarbonyl, forming

norbornadiene iron tricarbonyl. This reaction showed that norbornadiene




14
could be used és a ligand but was also the first.case of a "non"~
conjugated diené system forming such a metal pi complex.
Since this first report of a norbqrnadiene transition metal comple:f{,.
norbornadiene has been shown to- form complexes with eieven other tra,.ns-ﬂ
ition metals. -

A total of eighteen complexes have been identified and are listed

in Table I,
Table I

Transition Metal Gomplexes with Norbornadiene .
C7H8Pe(00)3 (28) - | C,HgPtCl,  (30)
Co,(CO),(C7Hg), (29) G, HgMo(CO), (31)
Co,(CO)C,Hyg (29) C,HgCr(CO), (32)
C,HgPdCl, (30) . C,HgW(CO), (32)
[C,HgRhCL], (30) | C,HgIrCl  (33)
G, Hy(AgNO3), (30) . C7H8Aﬁ2014 (34)
C,HgRuCl, (30) | (C7H'.8)2Au2Cl4 (34).
C,HgRuBr, (30) . (CyHg) 4Au,Cl,  (34)
C,Hg(CuBr), ~ (30) : C7H80ﬁ01' (35)

Dimer and Trimer of Norbornadiene

There are, if one considers stereochemistry, over a hundred differ-

ent ways to form dimers and trimers of norbornadiene and, if one includes
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the possible ketones, the number of compounds will be much larger. This
problem of so many possible isomers is not a serious one in the metal
carbonyl catalyzed dimerization of norbornadiene since steric factors
eliminate many of the possible structures and thus far eleven compounds

have been found.

The structures of the compounds that have been found are shown in

Table II with their stereochemistry indicated if it has been determined.

Table II

Dimers and Trimers of Ketones of Norbornadiene

I 1T

m.p. 85°C (31, 36) m.p. 196°C (36)
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Table II {(cont.)

111

m.p. 218°C (36)

exo trans exo pentacyclo-
4,7 2,9 3,8)

0
(38)

(8.2.1.1 0
tetradecadiene
m.p. 67°C

n.m.r. 1.23,1.32, 1.69, 2.62, 5.97

VII

endo trans endo pentacyclo-

(8.2.1.14:7.0%:9 03:8)
tetradecadiene (38)
m.p. 92°C

n.m.r. 1.02, 1.55, 1.85, 2.72, 6.25

I\ |
m.p. 176°C (37)

n.m.r. .87, 1.23, 1.67, 1.89, 2,08

VI

exo trans endo pentacyclo-
4,7 2,9 3,8)

(8.2.1.1 0 0
tetradecadiene (38)
m.p. oil

n.m.r. 1.13, 2.00, 2.54, 2.80,
5.82. 6.20 |

00

VIII
-endo cis endo heptacyclo-
(5.3,1.13:6,4%12,19,11 43,5 (8,10
| tetradecane (39)
‘m.p. 65°C
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Table II (cont.)

X ' X
heptacyclo- ' ~ heptacyclo- .
(5.5.1.1410,02:6 ¢3:11 5.9 ¢8.12y (7 4 102.8 (3.7 (4,12 (6,11 10,13,
tetradecane (39, 40) tetradecane (39, 40)
m.p. 165°C

n.m,r. 1,79, 2.45

: , X1 ‘ ?
' ' XII ' XIIT

n.m.r, .80, 1.28,1.88, 2,37, 2,55, n.m.r. .35, 1.15, 1.53, 1.78, 2.00,
6.05 (37) 2.58,5.30 (37)
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Metal Carbonyl Catalyzed Dimerization of Norbornadiene

Thermal Dimerization

The metal carbonyl catalyzed thermal dimerization of norEornadiene

was first reported by Petit in 1958 (31). Petit fou_nd when norbornadiene
~was refluxed with iron penta‘carbonyl for fifteen hours and then fraction-
ally distilled the products were norbornadiene iron tricarbonyl and a
ketone dimer. The ketone was obtained as white needles from alcohol,
melting point 82°C (1).

Bird, Cookson and Hudac (41) in the foliowing year showed that
norbornadiene and iron pentacarbonyl reacted to give, in addition to
norbornadiene iron tricarbonyl, three ketones (1,11, HI) . Bird, Cookson
and Hudac (41) also reported that nickel tetracarbonyl dimerized nor-
bornadiene to give two hydrocarbons, which were tentatively assiéned to
compounds VIT and XI. Tﬂe compound assigned to structure XI was later
changed to structure VI by Cannell (42), based on nuclear magnetic
resonance studies. |

Limal and Shim (40) in 1961 were able to show that a saturated
hydrocarbon dimer of norbornadiene was formed when a mixture of iror_l
pentacarbonyl and norbornadiene was irradi‘;lted with a sun lamp.
Cookson (41) had shown the same dimer was formed thermally from iron '
ennecarbonyl in norbornadiene. Since the photoreaction of iron penta-
carbon‘yl forming iron ennecarbonyl was known (43), Limalhand Shim
postulated that the light caused the formation of iron ennecarbonyl which

then catalyzed the thermal reaction of norbornadiene hydrocarbon to give
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the saturated dimer. There was some difficulty in deciding if the satur-
ated dimer was structure IX or X. It was finally concluded by Katz and
Acton (44),on the basis that an identical cage could be formed from XIII

and hydroiodic acid, that the correct cage structure was IX.

XTI1 X

Bird, Colinese, Cookson, Hudec and William (41), in their paper
describing the formation of a saturated carbonyl from iron ennecarbonyl,
also discuss the following thermal reactions of norbornadiene:

Pe(co)5 + C7H8 - T4 II+1III+V+IX+XII+ XIII

FeZ(CO)9 + C7H8 - I+ II+TII+V+IX+ XII+ XIII

Fe:‘}(CO)12 i C7H8 = T T84 BN 4 IX & W KT

Co,(CQO), + C7H - T4+ IT+1III+V+IX+ XII+ XIII

¢ 8 8

An insight into the mechanism of the thermal dj;merization reaction
of norbornadiene using metal carbonyl as a catalyst is provided by using
iron dicarbonyl dinitrosyl as the catalyst (45). From the large number of
iron dinitrosyl complexes -that can be prepared using iron dicarbonyl
dinitrosyl, it is evident that the carbonyl groups can be replaced more

easily than the nitrosyl group. In the reaction of iron dicarbonyl
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dinitrosyl and norbornadiene the appearance of an infrared peak at
1745 c:rnm1 indicates the formation 6f a complex between iron dinitrosyl
and norbornadiene., It hés been proposed (45) that the complex between
two norbornadienes and iron dinitrosyl may be formed by having oﬁe of
the double bonds on eaph norbornadiene replace one carbon monoxide.

If the Comple:xi is formed by sgccessive replacement of the carbon
monoxide ligand by the double bond of norbornadiene, the replacement of
thé carbon monoxidé by triphenylphosphine should stop the forrﬁation of
the complex since triphenylphosphine ligands are not replace by double
bonds (45). The reaction of iron dinitrosyl bistriphenylphosphine has
been tried and no dimer products are formed under similar reaction condi-
tions used for the iron dinitrosyl dicarbonyl reaction.

The dimerization can then be visualized as occurring intramolecu-
larly between two norbornadienes attached to an iron dinitrosyl in a
sterically critical tetrahedral complex structure. Although only one pi
bond from each norbornadiene molecule is formally involved, the lack of
a dimer when norbornene is used (45) suggests the second pi bond of
norbornadiene also contributes to the transition state. . .

In-the case of cobalt tricarbonyl nitrosyl (45) there is the possi-
bility of replacing three ligands instead of just two. If all three
carbonyls were replaéed, this would allow for one norbornadiene to be
doubly bonded to the transition me‘tal énd one singly bonded. From this
intermediate one would expect one of the major products to be a

nortricyclene type dimer (XII, XIII). The major products are a
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nortricyclene type dimer and the exo trans exo dimer (V) in addition there

is a trace of dimer VI found.

The formation of ah exo trans exo dimer and a nortricyclene type

dimer in the reaction of cobalt tricarbonyl nitrosyl (45) demonstrates an~
.other interesting fact. According to the Woodward-Hoffman rules (46, 47,

48), the formation of exd trans exo type dimers should be thermally for-

bidden where the formation of nortricyclene type dimers' should be
thermally allowed (46, 47, 48). The fact that both types of dimers are
formed thermally in the ﬁresence of a transition metal catalyst indicates
that the Woodward~Hoffman symmetry restrictions do not abply (46, 47,
48) . This change in restriction may be due to the mixing of the ethylene
carbdn’s 2Pm orbital with the metal d orbital. The atomic d orbitals of
the r.netal allow the electrons of the hydrocarbon ligand and the metal
electrons to mix and fill the reéuired region of spéce for dimerization of
the ligand to occur. That botﬁ types of dimer are.formed is further évi—
dence of a transition state involving two norbornadienes and a transition
metal. The role of the metal in this case is therefore the removal of .the |
symmetry festrictions and the lowering of the activation energy.

Another possible way to explain the formation of the thermally for-

bidden exo frans exo dimer in the thermal experiment is to invoke a non-

concerted mechanism. The non~concerted mechanism is proposed.for the
formation of dimer products using rhodium on.carbon as the catalyst. .

Katz and Mrowca (37)'5 investigated this reaction and found the thermal
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products to be XII, XIII, IV and a trace ofV._ The rhodium-carbon catalyst
is very effective, giving products quanti;catively and q‘uickl‘y at room
temperature.

-Katz and Acton (44) have investigated the reaction of rhodium on
carboﬁ furthe.r and have reported a. formal relatian'hip between two pairs
of the reported hydrocarbon dimers. They further suggest that in the
metal catalfzed cycloaddition reactions an intermediate is produced in
which only one carbon to carbon bond is f_ormed uniting the two norborna-
diehes . Rotation can occur about this single bond before the second bond
closes. This mechanism allows the Diels—Alder broduct and the other
hydrocarbon dimer to arise from the same intermediate. If the second
bond closes without rotation about the initial bond the products are V, VI
and VII. If rotatilon of 90° occurs about the initial bond the products are
XII and XIII (Figure 4).

A reaction of 30% palladium on carbon gives a .1% yield of dimer T
while both .5% platinum on charcoal and'the nickel catalyst f:atiled fo -gi\}e
any product when run under similar reaction conditions (44).

Two other metal carbonyls have been shown to catalyze a thermal
reaction of norbornadiene. Molybdenum hexacarbonyl (50) and tungsten
hexacarbonyl (50) have both been shoiwn to act as catalysts fqr the poly-
meriz'atioﬁ of norborna.diel;le. THe polymer that is formed is a Whité solid,
stable to greater than 350°C at atmospheric pressure and is formed when
norbornadiene is refluxed in toluene for 21 hours with eitk;er molybdenum -

or tungsten hexacarbonyl. The reaction mixture of metal hexacarbonyl
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X]":I XIII

Fig. 4. Non-concerted mechanism proposed for the formation of dimer
products using rhodium on carbon as the catalyst (44).

and norbornadiene should be anhydrous and free of oxygen for the highest

yield.

Photochemical Dimerization

The photochemical reactions of norbornadiene and metal carbonyls
have not been studied as extensively as the correspondingly thermal
reactions. The fact that light would cause dimerization was first reported
in 1958 by Petit (31). Petit showed that iron pentacarbonyl and norborna-

diene in sunlight for five hours gave norbornadiene iron tricarbonyl, a

ketone (I) and a solid hydrocarbon dimer with a melting point of 67-68%C

(V).
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It has now been shown (51) that if substituted or unsubstituted
butadiene iron tricarbonyls are used as a catalyst for the photochemical

dimerization of nérbornadiene, the products are exo trans exo (V) and

endo trans endo (VII)., This change of photochemical products from the

use of iron pentacarbonyl as the catalyst suggests that changes in the
number of carbonyls or stereochemistry or-both may be an important fac—
for in determining the final reaction products,

The following investigation was initiated to determine: a) the
photochemical mechanism of the dimerization of norbornadiene using
metal carbonyls; b) the effect of the steric Afactors of the ligand on the
product identities and the product ratios; c¢) the effect of the number of

carbonyls on the product identities and the product ratios.




DISCUSSION

To begin the investigation of the steric 'efi:;ecté and the effect of the
number of carbonyls on metal cerbonyl catalyzed dimerization of norborna-—_
diene and to determlne the photochemlcal mechamsm of this reaction, it
was necessary to choose a transition metal carbonyl to act as a reactant
template. The transition metal should be able t6 form stable complexes
not only with carbonyls but also with organic ligands which would allow
for a variation in steric factors. Chromium was the transition metal
chosen because it forms chromium hexacarbonyl, norbornadiene chromium
tetracarbonyl and also a series of benzene-<substituted chromium
fricarbonyls. In addition, the number of carbonyls could be varied even
further since there is the air-unstable dicumene chromium. The following

series of chromium complexes were chosen as the photochemical reactant

templates.
Table III
Metal Carbonyl Reactant Templates_
Cr(CO)6 Chromium hexacarbonyl
, ~1

Infrared spectrum 1988 cm (52)

Ultraviolet spectrum 230 (loge 4.78), 280
(loge 4.07), 318
(loge 3.49) (53)

Norbornadiene chromium tricarbonyl
Cr(CO),  Infrared spectrum 1913, 1944, 1958, 2033 cn "
Nuclear magnetic resonance 4.42,3.73, 1.30 (54)




Cr(CO)3

@ Cr(CO)3

Cr(CO)

Cr

The infrared bands between 1850-2050 cm_1 are characteristic of all metal

carbonyls and are assigned to the carbon-oxygen sfretching frequency L

(57).
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Table III (cont.)

Benzene chromium tricarbonyl
Infrared spectrum 1910, 1983 cm

Ultraviolet spectrum 218 (loge 4.43),
264 (loge 3.92,
316 (loge 4.05 (53)

1

Toluene chromium tricarbonyl
Infrared spectrum 1900, 1971 cm_l

Ultraviolet spéectrum 218 (loge 4,05),
' 261 (loge 3.97),
318 (loge4,12) (53)

Mesitylene chromium tricarbonyl
Infrared spectrum 1889, 1963 om !
Ultraviolet spectrum 215 (loge 4.48),
. 253 (loge 4.02),
312 (loge 4.08) (56)

Dicumene chromium
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The ultraviolet spectra are also very éharacteristic 6f the metal
carbonyls. The 230 mu and 280 mu bands are attributed to the metal to
ligand charge transfer (lAlg - lTlg) (58). The band in the 320 mu region
is due to the d=d transition and is very difficult to locate since the
ligand to metal charge transfers are intense in this region of the ultra-
violet., The reason the d -d transitions are in this region and not at
longer wavelengths is that the carbonyls cause. a large crystal. field
splitting (59). |

The initial experiments were to determ‘ine if the chromium com-
plexes could act as photochemical reactant templates and to determine

the photochemical products, if any.

Procedure for Determining Products and Product Ratios

The general procedure (Table IV) was to make a solution of the
metal carbonyl in 70 ml of freshly distilled norbornadiene. This solution
was put into the large reaction vessel and pu.rified nitroéen ‘was bubbled
through the solution for 12 hours. The irradiation was started énd the
sample irradiated using a corex filter for approximately 24 hours., Infra-
red and gas chromatographs were run on the total reaction product. The
reaction mixture was then filtered through activated alumina and washed
with hexane. This'sQlution was cohcentrated to remove the hexane and
then ruﬁ through the Aerograph Autoprep and separated. Integration-of the
peaks using a Saréent Model SR recorder gave the product ratios. Five

- separate fractions were collected and identified. Praction‘five contained

three components.
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Table IV

'~ Experimental Procedure for Product Identification
M(CQ_)6 in norbornadiene

N2 bubbled through
12 hours
Irradiation (Corex filter)

irradiated

Infrared and gas
chromatograph

Solution filtered
and then concentrated

Injection into

Autoprep
Fraction I _ Fraction III Pracltion A
Liquid , 0il
Solvent Nuclear Magnetic Resonance
Fraction II Fraction IV
Whitel solid 0il
Melting point Nuclear magnetic
' resonance
Nuclear magnetic resonance '
Gas chromatograph

Gas chromatograph

|
Component II
White} solid
Melting point >300°C

Mass s‘pe ctrum

Component I Infrared = Component III
White solid No investigation
‘Nuclear magnetic resonance ' '
- Mass spectrum
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Fraction one represented all the material that came off the 30%
SE-30 column before the first dimer, which was detected 88 minutes after
the initial injection. Fraction one was shown by gas chromatography to
contain only the remaining solvent. Fraction two was collected as a
white solid with a melting point of 67-68°C. A comparison of the nuclear
magnetic resonance spectrum (Figure 5), melting point, and a gas chro-

matogram Wwith an authentic sample of exo trans exo proved this fraction

=
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| 31y BT H1 magnetic resonance spectra (60 Mc.) of norbornadiene dimers:
top, exo trans exo; center, exo trans endo; bottom, endo trans endo. (38)
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was the exo trans exo dimer (V). The third fraction was an oil. The

nuclear magentic resonance spectrum of this sample (Figure 5) compared
with the nuclear magnetic resonance spectrum of a known sample of

hydrocarbon dimer exo trans endo showed this fraction was the exo trans

endo dimer (VI). The fourth fraction was also collected as an oil. A com-

parison of the nuclear magnetic resonance spectrum (Figure 5) and the

gas chromatogram showed this fraction was the endo trans endo dimer

(VII) with a very small amount of exo trans endo dimer. The fifth fraction

was found to contain three components. Rechromatography of this frac-
tion on the Autoprep under the same conditions as before permitted the
separation of the three components. The first and major component of the
fifth fraction was collected as a white solid. The nuclear magnetic
resonance spectrum (Figure 6) was compared to the nuclear magnetic
resonance spectrum of the cage compound (IX) proposed by Katz and
Acton (44) and found to be identical. Although the nuclear magnetic res-
onance spectra are identical, it is necessary to point out that the other

cage compound (X) would also have only two peaks in a ratio of 3:1 in

-4
e
=
"
=
-
-

& (ppm)

135 e A H1 magnetic resonance spectrum (100 Mc.) of norbornadiene
cage dimer.




31

the same region of the nuclear magnetic resonance spectrum (40, 41).
Since this is so, it fnay not be possible to distinguish between the two
cage compounds by the nuclear magnetic resonance spectrum. alone.
Thus the assignment of the cage compound in component one of fraction
five to structure IX is only tentative.

The second component of the fifth fraction was a ‘polymer (50).
This compound, isolated in large yield in a later reaction described in
the experimental section, was shown to be stable to greater than 300°C.
It was assigned to be a cérbonyl—containing polymer because the infrared
spectrum contained a 1715 cm-l peak not observed in the hydrocarbon
dimer. The mas's spectrum showed peaks to a molecular weight of over
1000. The third component of the fifth fraction was such a minor product
it was not investigated further,. T

Integration of the peaks of the' gas chromatograms’led to the pro-
duct percentages listed in Table V. It is assumed for these calculations
that the three dimers and the single cage compdund repfese‘nted the total
reaction product., This aésumption was necessary since it was evident
from the comparison of the gas chromatégram:of the total reaction pro-
ducts and of the filtered sample that most of the carbonyl-containing
polymer was removed from the sample during the filtration through acti-
vated alumina. The filtration which was. uséd to rém@nve the sélid par-
ticles and the carbonyl compounds was accomplished by filtering the

total reaction sample through a Buchner funnel filled with ‘éc,tivaté‘d
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Table V

Product Ratios of Norbornadiene Dimers

Exo trans 'Exo trans Endo trans
exo endo endo
Cr(CO)¢g 36 ' 21 - 29
_‘g Cr(CO)4 52 20 23
. cr(CO); 36 24 33
@ Cr(CO)3 49 22 22
. , Cr(cq)3 39 : 26 26

ch 0 - 0 0

alumina. The hydrocarbon dimers were eluted off the alumina with

.hexane; s-ome polymer was alsd eluted by the hexane.

Cagé‘

14
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These percentages are based on one series of reactions Which were
run and treated as identically as possible. The relative \(alues based on -
the integration are consistent with the relative values based on the peak
height of the gas chromatogram taken of the total reaction producf.

The variatioﬁs in percentages are larger than expected from subse-
quent experimental résuité discussed later in this thesis. Some of the
variations may be due to the chromatographic separation. In the case of‘
norbornadiene chromium tetracarbonyl, with two identical samples thgre
is a maximum variation in thé percentage values of five percent in the

value for exo trans exo.

Another error is poésible. Since the cage compound is formed in
such small amounts, its peak on the gas dhromatogram is only slightly
above the base line and therefore the s’;arting and final points of the in-
tegration must be estimated. In addition, a correction for the amouﬁt of
carbonyl polymer must bev estimated, |

The first observation based on these experimental results is thét
the carbonyl group may have to be present since dicumene chromium does
not act as a photo‘chemical to give any dimer hydfocérbon products.

In all cases (except dicumene chrémiu'm) identical products are
formed and similar percentages are obtained. The fact that the produéts
are identical is interpreted t.cilmean‘ that all the hydrocarbon dimers are
coming from an intermediate which contains the same number of carbonyl
groups. It has beenﬁshov(m (45, 51) that the hydrocarbon dimer products of

norbornadiene vary with the number of r_eplaceablé_ carbonyl groups.
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Another conclusion drawn from Table V is that the steric factors of
the organic liéands benzene, toluene-and mesitylene do not affect the
number of final pfoducts or affect greatly the product percentages. In
addition, comparing chromium hexacarbonyl with benzene or mesitylene
chromium tricarbonyl indicates that the steric effects of the organic
ligand compared to a carbonyl does not affect the final products or affect
greatly the prqduct percentages. Since the steric difference between
carbonyl, benzene, toluene and mesitylene are large, one migﬁt expeét
there to be a large variation in the nature of the products if the organic
ligand was present when the actual dimerization occurred on the metal,
as is believed to occur. Since there is no variation in the type of pro-
ducts, the indication is that benzene, itoluene and mesitylene are lost
prior to the actuai formation of all the hydrocarbon dimers. It will be
proposed that the cage dimer is ﬁot formed from the dimerization of
norbornadiene attached directly to the chromiL_tm, but rather that an
intermediate similar to dimer XI is formed which then reacts to form the
cage compound. This same dimer is proposed by Katz and Acton (44) to

give the cage conipound by the reaction With hydroiodic acid,

Isolation of Intermediates Using Chromium Hexacarbonyl

A 0.0143 M chromium h.exacarbonyl solution in norbornadiene Wés
put into the photo reactor and purified nitrogen was bubbled through the
solution for 12 hours. An infrared spectrum of fhe solution was taken and
the irradiation, using a pyrex filter, was sfarted. Infrared specira were

taken at half-hour intervals for seven hours. After a total irradiation
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time of ten hou_rs another infrared spectrum was taken and compared to
‘the one taken at seven hours. The comparison showed no furfher change
had occurred so the irradiation was stopped. -

Infrared spectra and gas chromatograms taken dﬁring the course of
the reactions indicated that the chromium hexacarbonyl was changed
rapidly to a second metal carbonyl. Secondly, the hydrocarbon dimer
products did not appear in the gas chromatograrﬁs until aftelf the appear-
ance of the second metal cafbonyl and stopped increasing in amount when
theﬂ second metal carboﬁyl peak was no longer present in the infrared
spectra (Figure. 27). The infrared spectra and gas chromatograms indi—-
cated fu_rther that the second rﬁetél carbonyl was identical to
norbornadiene chromium tetracarbonyl. .

Anotﬁer solution, §imilar in composition, was prepared and
irradiated as described above. After two hours of irradiation, the
carbonyl band of chromi.um hexacarbonyl had disappearéd completely from
the infrared spectrum, and the infrared bands of the second metal car-
bonyl were still evident (Figures 7, 8). The irrédiation was continued and
the infrared spectrum showed that all the'metal carbonﬂfl was absept after
six hours (Figure 9). |

Another solution was irradiated for two hours. ‘i‘he irradiation was
stopped and the rea‘ction mixture was allowed to stand ﬁn'der nitrogen for
19 hours with infrared spectra taken at 2~hour intervals. A peak at
1988 cm_l in the infrared spectrum appeared (chromium hexacarbonyl,

- 1988 cm~l) after irradiation was stopped for six hour_s and grew to a
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maximuﬁ height éf one-half its original intensity and the infrared peaks
due to tl_'le second metal carbonyl remained unchanged (Figure 10).

The re_appeérance of the chromium hexacarbonyl infrared band may
be due to the reformation of chromium hexacarbonyl from chromium
pentacarbonyl and from norbornadiene chromium pentacarbonyl which
could lose the norbornadiene to form chromium pentacarbonyl. It has
been reported (60) that chromium hexacarbonyl when irradiated with ultra-
violet light forms chromium pentacafbonyl which is also proposed to be
an intermediate in the formation of chromium hexaca}bonyl derivatives
formed through the replacement of one or more carbonyl groups by ligands
such as nitrides and olefins. In the same paper (60) it was also rep.orted
that when the irradiation was stopped the chroﬁium penta_carbonyl re-
verted substantially back to chromium hexacarbonyl. Interfering peaks
from the norbornadiene and second metal carbonyl did not allow the
chromium pénfacarbonyl peak to be identified,

To check the stability of the second intermediate metal carbonyl
further, a solution bf chromium hexacarbonyl and norbornadiene was
heated to 70°C for five hours withoqt any changes observed in the infra-
red spectrum of either chromium hexacarbonyl or the second metal car-
bonyl. This solution was cooled to room temperature andu the solution
irradiated for an addition‘al 30 minutes. The peék at 1988 cm“l in the
infrared sp;ectrumy again disappeared. The reaction mixture was removed
from the reaction vessel and the solvent quickly evaporatéd in a roto

evaporator to a volume of 5ml. This concentrated solution was
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chromatographed on an activated silica gel column. Hexane was added to
remove any hydrocarbon dimers and until a bright yellow band started to
be eluted from the column. The hexane fraction was evaporéted and
shown by infrared spectrum not to contain any metal carbonyls. Benzene
was added to the column and the bright yellow band colIeC‘ted. The
benzene was removed and the reﬁaining yvellow solid sublimed. Infrared
and‘nuclear magnetic resonance spectra were taken of this yellow metal
carbonyl {(m.p. 92—9300) and compared to the iﬁfrared and nuclear mag-
netic resonaﬁce spectra of an authentic sample of norbornadiene.
chromium tetracarbonyl, The spectra were identical and the melting point
of the yvellow solid was identical to that reported for norbornadiene
chromium tetracarbonyl.

In conclusion, this experiment showed that chromium hexacarbonyl
changed rapidly to a second metal carbonyl,.which was isolated and
shown to be norbornadiene chromium tetracarbonyl. It was indicated by
‘the reappearance of the chromium hexacarbonyl infrared band at 1988 cm_l
that an intermediate metal carbonyl, chromium pentacarbonyl, ‘was.
formed dﬁring the reaction sequence of chromium hexacarbonyl going to
norbornadiene chromium tetracarbonyl. It was also found that the hydro-
carbon dimers were not found untii norbornadiene chromium fetracarbonyl
was present and the dimér étopped being fofmed when norbornadiene
chromium tetracarbonyl was absent.

Because norbornadiene chromium tetracarbonyl, whien used as the

reactant template, gives the same products as the other reactant
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templates used, and because formation of dimers in :ché chromium hexa-
. carbonyl appears to depend upon the presence of norbornadiene chromium
tetracarbonyl it was decided to check if norbornadiene chromium tetra-
carbonyl was the common intermediate of all the reactions indicated by

the products and percentage products experiments.

v

Isolation of Intermediates for Benzene, Toluene or Mé'sitylene

Chromium Tricarbonyl

Solutions of benzene, toluene and mesitylene chromium tricarbonyl
in norbornadiene, 0.0143 M, were prepared and put into the photo
reactor. Nitrogen was 'bubbled'through the solutions for 12 hours. An
infrared spectrum was then taken just before the irradiation, witﬁ a pyrex
filter, was' stafted and at half-hour intervals for three hours. A finai
infrared spectrum was taken after five aﬁd one-half hours of total irradi-
ation time. The initial yvellow solution turned red immediately after thé
‘irradiation Was staried. A

From a comparison of the infrared spectra in the metal carbonyl
region for the benzene, toluene and mesitylene chr'om'iﬁm tricarbonyl
reactions it was concluded that there Wefe three different metal carbonyls
pi*esent duririg.the course of thé_reactions (Figure 28) ,A and also that the
three reactions Were undergoing- similar changes. The first metal cérbonyl.
was the starti’ng material, the second metal carbonyl was a red complex
and was founé_i in small amounts immediafely a_fter.th'e irradiation was
started. The third complex was not seen in the infrared spectrum until

the solution had been irradiated for approximately 30 minutes.
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The mesitylene chl;omium tricarbonyl reaction \\;as fepeated to de.—-
termine what metal carbonyls formed after the irradiation was starfed.
The solution was irradiated for 30 minutes, at which time the peak in the
infrared spectrum due to mesitylene chromium tricarbonyl had vanished
but the second metal carbonyl complex, the red complex, infrared bands
were present (Figures 11, 12). fhe irradiation was continued and the
peaks of a third metal carbonyl appeared (Figure 13). The ifl;adiation was
continued and after a toltal'of three and one-half hours c-'>f irradiation the
metal carbonyl bands were absent (Figure 14).

Another similar solution was irradiated as before for 30 fninui:es .
The irradiation was stopped and half the solution was allowed to stand in
the dark for 24 hours. An infrared spectrum was taken after six hours- and
the spectrum showeci that the peaks due to mesitylene chromium tricar-
bonyl had reéppeared and ‘the infrared bands due to the red éomplex- had
decreased in intensity (Figure 15) . An infrared spectrum was also takén
after 24 hours, and comparison with the one taken at six hours (Figure 15)
showed no further change had occurred. The second half of the reaction
mixture was removed from the reaction vessel and taken rapidly to dry-
ness in a roto evaporator. The water bath for the roto evaporator was
kept at room témperature. The residue after the solvent was removed was
a red-yellow solid.- The red-yellow solid was put into a sublimator im-
mediately and heated to 35°C. A yellow solid was collected on the ‘
sublimator éold‘ fingﬁer and the red"solid‘ matefial ren:lained behind. The

red solid was heated to 7OOC in the sublimator but it remained in the




WAVENUMBER cM™

4000 -3000 2000 1200

1100

1000 900 8C0

7C0

650

] T T T

S
| [y .
| ‘U’\

—— 100
|90
80
70

A
Pig. s

0 time of irradiation for mesitylene chromium tricarbonyl.

WAVENUMBER cw™

4000 3000 2000 {500 1300

HOO 1000 900
|

800 700

650

EEia B e R

—
WM"{Fq m\/\ M ;L/\v

RN

S,

i ] i 1

‘f\pf\f

Figs 14

30 minutes of irradiation for mesitylene chromium tricarbonyl.

(4%




WAVENUMBER Ccm™!

4000 3000 2000 1500 1300 110C 1000 900 800 700 650
o ] I T iz} I I [ [ i | ; I
L1, N
M\.-‘(’ L !J \,\/\;"‘{ m

\1 | 3 I | p/\

T el

1 M e

| Wy i ey

| IREInE |

L) T Vo

I | - | \\/ y

Fig. 13. 1 hour of irradiation for mesitylene chromium tricarbonyl.

WAVENUMBER CM™

7474

4000 3000 2000 1500 1300 100 1000 S00 800 700 650
o L] 1 i : ( | i l l
9
W\‘m Mﬂf’m\q,\w
| Wi 0
| | ,’“r; | I | f,\ﬂ |
| H\{ ], /nu | \! & 1
| . | \/\ 0 e
. f "’ H 3 | lj . \ |
X IR | I
i i} i ¥

Fig.14. 315 hours of irradiation for mesitylene chromium tricarbonyl.




WAVENUMBER CMm™

650

700

800

1000 900

100

300

l

1500

2000

4000 3000

45

i —— = :.)M.HWIU

30 minutes of irradiation and then 6 hours in the dark for mesitylene chromium

Fig. 15,

tricarbonyl.




46
bottom unchanged., An infi*ared spectrum, a mass spectrum (Figure 16)
and a nuclear magnetic resonance sbectrum were taken of the sublimed
yellow solid material and all were identical to the corresponding: spectra
of an authentic sample of norbornadiene chromium tetracarbonyl. The
infrared spectrum also was identical to the infrared spectrufn of the third
metal complex found in the reaction mixtulje.

The red complex (the residue from the sublimator) was very un-
stable and decomposed in the air and in sélvents (such as hexane,
petrolegm ether, carbon tetrachloride, chloroform, |
N ,N-dimethylformamide, dimethyl sulfoxide, bénzene, ethanol and
me’_chanol} even when the air was replaced by deoxygenated nitrocjeri. An
infrared specti‘um of the red solid was taken using potassium bromide
(Figure 17) and this showed the red material was a metal carbonyl com-
plex and identical to the second metal carbonyl complex, the red com-
plex, in the réaction of mesitylene chromium tricarbonyl. Beciause of its
instability in solvents, a nuclear magnetic resonancé specti*um was not
possible so a mass spectrum was taken (Figure 18). The mass spectrum .
had a parent peak of 348 atomic-mass imits, whivc-h is correct for a com-
plex Coiltaining inesitylene, norbornadiene ;and three Carbonyls .

The next major peak below 348 is 256, which can be assigned to
either norbornadiene chi*omium tetracarbonyl or mesitylene chromium
tricarbonyl. The mass spectrum of the red complex does not have a sig-
nificant peak at 228, in contrast to 'th.e mass spectfum of norbornadiene

“chromium ietracarbonyl. The -mas's spectrum of the red cbmplex has large
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peaks at 105, 119, 171, 172 (Table VI) which are not present as large
peaks in the mass spectrum of norbornadiene. Thus the 256 peak is
assigned to mesitylene chromium tricarbonyl. .A final point about the
mass spectrum of the red complex is demonstrated in the peaks which

contain a mesitylene group. From the peak height it is evident .that the

Table VI

Peak Assu_:jnments for the Mass Spectrum of the Red Complex

; oo .+
-0 | [
52 66
+' _+‘ *
Cr CI" @ Cr Cx
105 - 119 172
+ +
CrCO Cr(C0)5 Cr(C0),
CHo CHo
199 - 255 256
- 7 ]
CH3 CH \
N/ ) |
C
Ccr(C0)g ‘C[—c:r/( C0)4 Cr(C0)3
"~ 2%0 } ~ 280 348 -
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larger pe.aks contain a mesitylene which has lost oné hydrogen and
formed possibly a dimethyl tropylium ion. This would corréspond to the
benzyl ion losing a hydrogen to form the tropylium ion, which it does be-
cause of increased resonance stability of the topylium ion as compared
to the benzyl ion., To check the thermal stability of the red complex a
reaction was run and the red complex isolated, keeping the temperature
below 35°C. Mass.‘ spectra were then taken of the sample at ZOOC,'ZSOC,
SOOC, 7OOC, 9OOC, llSoC, and the red complex showed no thermal de-
composition.

Both benzene and toluene chromium tricarbonyl also formed a red
complex and had infrared spectra changes similar to the mesitylene
chromium tricarbonyl reaction (Figures 19-26).

The infrared spectra of the benzene, toluene and mesitylene
chromium tricarbonyl reactions demonstrates' the presence of norborna-
diene chromium tetracarbonyl in.all cases., In addition, the.fact that the
mesitylene chromium tricarbonyl infrared bands are completely gone in
30 minutes but reappear upon standing in the dark indicates there must be
an intermediate found on the path of the reaction of the mesitylene
chromium tricairbonyl going to norbornadiene chromium tetracarbonyl.
This is so since norbornadiene chromium tetracarbonyl will not revert
back to mesitylene chromium tricarbonyl in the presence of the
mesitylene, as is indicated by the cbnstaht inte.ri\si'ty of the infrared bénd
due to no.rbornadiene chromium tetracarbonyi when mes_itYiéne is ﬁresent.

The intermediate that reverts back to the starting material is proposed to
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be the red complex. The intermediate contains either benzene, toluene

or mesitylene and norbornadiene chromium tricarbonyl.

Other Investigations

In the case of the chromium reaction with norbornadiene, the last
traces of norbornadiene chromium tetracarbonyl are not gone from the
infrared spectrum until a total reaction time of six hours. In the case of
benzene, toluene or mesitylene, the last indications of .norbornadi'ene
chromium tetracarbonyl are gone in three and one-half hours. Taken by
itself this would indicate that chromium hexacarbonyl reacts slower than
benzene, {oluene or mesijcylene chromium tricarbonyl. However, each
chromium hexacarbonyl can form one norbornadiene chromium tetracar-
bonyl, .but this one-to-one ratio is not possible for the benzene, toluene
and rﬁesitylene chromium tricarbonyl sincé théy must gain a carbonyl
which must come from the decomposition of the starting material. Thus
there is less chromium tetracarbonyl formed in the arene chromium
tricarbonyls if equal molar solutions are used in each case as they were
in these experiments. To check the times of the reactions more carefully
a time study was carried out.

For the time study the procedure was to make a 70-ml solution of
the metal carbonyl in norbornadiene. Nitrogen was bubbled through the
solution for 12 hours and the sample irradiated using a corex filter. A

sample was removed just before the irradiation was started and at one-

hour intervals thereafter until no change appeared to be occurring by the
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gas chromatographic analysis, after which time samples were removed at
longer intervals,

A plot-shov(zing the time vérsus hydroéérbon dimer products found
as determined solely by peak height indicates the mes-itylene chrom'iu.m
tricarbonyl does react faster than chromium hexacarbonyl (Figures 27, 28).
Eqﬁally as important, the data indicate an induction period, and thus
suggest that the actual l-“eactant template for {he dimerization is formed
after the sample has i)een irradiated. The idea of an induction period is
supported by the Beer's Law and infrared spéctra studies described
below.

In the Beer's Law experiment the ultraviolet spectrum of chromium
hexacarbonyl in a 1:100 sc:>lution of norbormadiene and cyclohexane x)vas
compared Wifh the ultraviolet spectrum of a saturated solution of
‘ ch‘romium hexacarbonyl in hexane. The object was to seé if there were
any changeéﬂ i'n the absorption spectrum ofA chromium héxacarbéﬁyl that
would indicate there was a bond between the chromium hexacarbonyl a:qd
the norbornadiene prior to. irradiation. From compvar‘is’on of the ultraviolet
spectra, it was concluded that norbornadiene and éhromium hexacarbonyl
either did not form a ground state &:omplex or formed a complex in very
low concentration.

Another experiment used to show there was no groﬁ’nd state com-
.plex was an infrared spectrum study. In this study two solutions-qf
norbornadiene and chromium hexacarbonyl we‘re compafed :Eo the infrared

spectrum of chromium hexacarbonyl in carbon tetrachloride and an
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infrared spectrum of pure norbornadiene. The reason for the compérison
was to see if there was any shift of the chromium. hexacarbonylA bond due
to bonding with norborlnadien.e. A comparison showed no shift and it was
concluded that there was no bonding between norborﬁadiene and
chromium hexacarbonyl in the ground state or if there was any it was in
very low concentrations.

Furthermore, to examine the thermal reaction a solution of norborn-
adiene and chromium hexacarbonyl was heated to various temperatures
(57OC, 8300, 89OC) for. 24 hours at.each temperature. The solutions were
analyzed by.gas chromatography at 24-hour intervals to see if there was
a thermal reaction frc')’m a ground state complex. Thle gas chromat_ogram
did not show any dimers over the 3-day period and the inffared peak of
chromium hexacarbon?l ét 1988 cm_1 indicates all the starting material
was recovered,

Another point demonstrated by the time study was the necessity of

. the presence of a metal carbonyl. This is shown by the curve becoming a

horizontal line, indicating no increase in dimer products at a time cor-

responding to the disappearance of the metal carbonyl bonds in the infra-

red spectrum (Figures 27, 28).

To substantiate the idea of the. necessity of the preéence-of a
metal carbonyl, norbornadiene was irradiated_ with >280 mu light apd also
with light of <280 myu and no h?drocarbon dimer products were 'detecfed

by the gas chromatograph.




CONCLUSION

Thus far the interpretation of the data has indicated the presence
of a common intermediate which is formed after the solution has been
irradiated. This common intermediate i; proposed to be norbornadiene
chromium tetracarbonyl since this is the only metal carbonyl isolated
from all the reactions where products are formed. In addition, the ap-
pearance of the dimer corresponds to the appearance of norbornadiene
chromium tetracarbonyl and when norbornadiene chromium tetracarbonyl
is absent no dimer products are formed.

It is necessary at this point to digress for a r;loment to discuss
how the norbo;nadiene could be attached to the chromium in the dimeri-
zation reactiop.. There are several possibilities., It can either be bonded

exo or endo when it is a single bond and must be endo when both bonds

are bonded to the same metal (Figure 29).

’ Cr ‘
Cr ' Cr
endo exo . endo endo

Fig. 29. Possible Ways for chromium to bond to norbornadiene.

Electrophilic attack on the norbornadiene is usually exo (60} and in
the silver complex, C7I—18(AgNO3)2 (30), the silver has been shown by
X-ray crystal structure to exist on the exo side. Thus it would seem

that the exo side is the preferred side.
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If the norbornadiene should bond only exo to chromium it is diffi-
cult to rationalize how norbornadiene chromium tetracarbonyl could exist
since all the norbornadierie chromium bonds are endo to norbornadiene.

On the other hand, if norbornadiene would bond only endo to chromium it

would be difficult to rationalize how the exo trans endo dimer is formed,

especially since the exo tréns endo dimer is found in large amounts in
all the chromium cases. Anéther possibility is that neither of the
norbornadienes is bonded to the metal when the dimerization occurs, but
this is tentatively excluded because the products vary with different
metals. Thus if the only Ipurpose of the metal was to excite a non--
attached norbornadiene, all the cases where norbornadiene was excited,
the norbornadiene would be similar and one could expect identical pr;J—
ducts but, as already stated, the products do vary With dif_ferent metals.
. Another possibility is that ohly one norbornadiene is bdnded to the
metal with only one double bond and the dimerizafion may then occur be-
tween the double bond not attached to the metal and a norbornadiene from
the solution. This idea has been proposed (51) and is currently under in-
. ' 3. .
vestigation, In the case of chromium carbonyls, it is diffidult to see
how this single bonded norbornadiene mechanism is occurrinér 'since 'it ’
would be necessary to form norBornadiene chromium t_etra'carbonyl (iso-.
lated) and then have this norbornadiene chromium tetracarbon‘yl revert '

back to norbomadiene chromium pentacarbonyl before the reaction would.

go to products.
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One remaining possibility is that both norbornadienes are attachea
to the metal and they can be attached either exo or endo and can change
from exo to endo or from endo to exo. -The valid:_'tty of this statement is
shown by the folloWing case.l A reaétion of n_eéf norbornadiene with
norbornadiene chromium tetracarbonyl and the reaction. with the various
metal carbonyls yield identical products and in similar ratios. Thus,
unless it is proposed that the norbé)rnadieneh came off completely and two
other norborﬁadiénes replace it and went on only exo, at least one of the
norborhadie_nes attached to the chromium will be k;onded endo since this
norbornadiene came from the endo bonded norbornadiene chromium |
tetracarbonyl.

But the reaction yvielded the exo trans exo dimer in the largest

yield, which indicates that both the norbornadienes were exo bonded to

the chromium. Thus we must conclude either the exo trans exo can be

formed from ‘two norborﬁadienes, one 6f which must be bonded.endo, or
that there is some type-of mechanism'that allows the norbornadiene
which.is bonded to the chromium to cﬂange from endo to exo. Another
point favoring the mechanism of haviﬁg botlh the norbornadienes bonded
to the chromium-is that the metal orbital can be _'ﬁsed to lower the sym-
metry restrictions and the activation energf (46, 47,' 48).

The author has chosen to interpret the data using the last possi-

bility and the mechanistic consequences are discussed below.
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In the case of chromium hexacarbonyl, the formation of norborna-
diene chromium tetracarbonyl is proposed to be formed by the reaction

sequence shown in Figure 31.

Cric0)y =L~ CriCOly === CricOls + CO

[ ———

CHCO), . # m —— ~Cr(COl5

Cr(CO)s A ‘gﬁ r(Col; + CO

Fig. 30. Formation of norbornadiene chromium tetracarbonyl from

chromium hexacarbonyl.

The photochemical reaction of chromium hexacarbonyl going to chromium
pentacarbonyl is well known and the reverse process has been shown to
occur when the irradiation is stopped. In the experiment demonstrating
this, the only carbon monoxide present was what was given up by the
chromium hexacarbonyl (61, 62). Chromium pentacarbonyl is reported to
have the characteristics of an electron deficient molecule and will thus
bond to many molecules which will donate electrons to this electron de-
ficient system (61, 62). Since all the reactions are run in neat norborna-
diene, which is known to be able to donate its pi electrons to metal
species (Table I), it is reasonable that norbornadiene will act as an

electron donor and norbornadiene chromium pentacarbonyl will be formed.
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The second pi bond of the attached nofbornadiene will then displace
another carbonyl (45) and the stable norbornadiene chromium tetracar-
bonyl will be formed. This displacement of a carbonyl by a double bond
is shown to occur generally in metal carbonyls (45). The fact that
norbornadiene chromium tetracarbonyl can bé formed thermally from
chromium pentacarbonyl as in the last reaction step is demonstrated by
the reaction of N-pyridine chromium pentacarbonyl. When N;pyridine
chromium pentacarbonyl is heated to feflux with norbornadiene and
methyl iodide in tetrahydrofuran the prodUcté are norbornadiene chromium
tetracarbonyl and N—meth{zl pyridinium iodide salt. E\'fen in the case of
di—N-—dipyridine chromium tetracarbonyl, run un‘der similar conditions,
the only products of this reaction are norbornadieng chromium tetracar-
bonyl and N-methyl pyridinium iodide.

In the benzene, toluene and mesitylene chromium tricarbonyl
reactions the infrared spectra and mass Ispectra indicate what the inter-
mediate is prior to the formation of norbornadiene chromium tetracarbonyl
and the proposed mechanism is shown in Figure 31. Light is absorbed
‘ and a benzene ring to chromium métal bond is broken. Again we hav.e an
electron—-deficient metal carbonyl in neat norbornadiene. . The norborna-
diene donates its pi electron from one doublé bond, forming norbornadiene
benzene chromium tricarbonyl, which is then isolated as the red complex.
The red complex is tentatively as signed this structure instead of the
structﬁre where the norbornadiene is doubly bonded:and the benzene ring

singly bonded because the mass spectrum indicates that most of the
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@Et‘(60)3 + [b —;:.QL: @3/“60)3
/@;Cr(CO)g, o OO L L @ + Cr(CO)4

Fig. 31. Formation of norbornadiene chromium tetracarbonyl from arene

chromium tricarbonyl.

larger peaks contain the benzene ring, indicating it is held better than
the norbornadiene. This molecule would then, when irradiated, change
to having the norbornadiene doubly bonded and the benzene ring singly
bonded. The benzene ring could then come off and the norbornadiene
chromium tricarbonyl remaining will form norbornadiene chromium
tetracarbonyl by picking up a carbonyl from the solution. Carbon
monoxide is soluble in water to 2.3 volumes per 100 ml of water (63),
which is approximately 0.001 M. It is appreciably more soluble in or-
ganic solvents (63). This carbonyl, which is picked from the solution,
can come from the decomposition of starting material and also from the
metal carbonyl left after dimers are formed. The norbornadiene chromium

tricarbonyl could also form dinorbornadiene chromium tricarbonyl if the
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norbornadiene chromium tricarbonyl picked another norbornadiene mole-
cule from the solution instead of a carbonyl.

Because ‘the norbo‘rnadiene is present in such large amoun;cs it
would seem reasonable that thé norbornadiene chromium tricar'bonyi
would bond with norbornadi'eﬂé instead of the carbon fnonoxidé, but the
results indicate norbornadiene chromium tetracarbonyl is formed. One
possible explanation is that since carbonyi is much smaller sterically it
is favored. In addition,‘ if norbornadiene doeé attach itself to the
norbornadiene chromium tricarbonyl the result is a stable molecule,
norbornadiene chromium tetracarbonyl, whereas if a norbornadiene
attaches itself to norbornadiene chromium tricarbonyl the product,
dinorbornadiene chromium tricarbonyl, has not been isolated and is on'ly
postulated as a transient intermediate. |

Once the stable norbornadiene chromium tetx;acarbonyl is formed,
light must be absorbed to cause the reaction to continue. That irradia-
tion is necessary is shown by the thermal reaction of norbornadiene
chromium tetracarbonyl in neat norbornadiene at 65°C for 12 hours, which
does not give any dimernprqduct, and the s'tarting material can be re-
covered from the so'lution. Thu_s it is proposed thaf ébsorption of light
causes the chromium fo lose a.nother carbonyl and form a transient
dinorbornadiene chromium tricarbonyl, or the absofption of light will
break a norbornadiene chromium bond, resulting in the formation of a
dinorbornadiene chro¥nium tetracarbg)nyl which will act as a transient

intermediate.
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In the latter case (Figure 32), using dinorbornadiene chromium
tetracarbonyl, the two norbornadienes would be situated so as to give as
products V, VI and VII similar to the products from the thermal reaction of
iron dicarbonyl, dinitrosyl and norbornadiene (45). These products are
visualized as being formed when the 2pr orbitals of norbornadiene are
mixed with the chromium d orbitals. Once this mixing has occurred the
thermal restriction rules proposed by Woodward and Hoffman no longer
apply (46, 47, 48), and the dimerization will proceed to product thermally.
The metal thus has a dual role of removing the symmetry restriction and
lowering the activation energy (46, 47, 48). It should be pointed out here
that in the thermal dimerization of norbornadiene using metal carbonyls
it is postulated (45) that one pi bond from each norbornadiene is formally
involved, but it has also been suggested that the second pi bond of the
norbornadiene also contributes to the transition state (45). A photo-

chemical reaction using chromium hexacarbonyl and norbornene dissolved

\
~Cr(COlg + 0 D ~(;,-/((;;)4 |

/
(V) (V1) (VIT)
exo trans exo exo trans endo endo trans endo

Fig. 32. Formation of dimers using dinorbornadiene chromium

tetracarbonyl.
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in hexane was run and no dimer products were detected in the gas chro-
matogram, indicating the second bond is necessary either to form the
norbornadiene chromium tetracarbonyl or in formation of the first bond of
norbornadiene to the metal carbonyl.

In the former case, where a carbonyl is lost and replaced by a
norbornadiene forming dinorbornadiene chromium tricarbonyl, the product
resulting from this intermediate is thought to be a Diels-Alder type dimer
XIII similar to cobalt tricarbonyl nitrosyl and norbornadiene. The Diels-
Alder type dimer should then close photochemically to form the cage com-

pound found in small yield in all the reactions (Figure 33).

Crico); + hv cFict)s

o

Crinty e {

cage
Fig. 33. Formation of dimer using dinorbornadiene chromium tricarbonyl.

It should be pointed out that, although it is possible to form the
two dinorbornadiene species without having to form norbornadiene

chromium tetracarbonyl, the experimental results show norbornadiene

chromium tetracarbonyl is formed. In addition, when norbornadiene
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chromium tetracarbonyl is used as the starting reactant template it gives
the expected products in a similar ratio to the other reactant templates.
Furthermore, dimers are not seen in the gas chromatogram until norborna-

diene chromium tetracarbonyl is present in infrared spectra and they stop

when it is absent.




EXPERIMENTAL

Reagents N

Chromium hexac'arbonyl, benzene chromium tricarbonyl, toluene
chromium tricarbonyl, mesitylene chromium tricarbonyl ar}d dicumene
chromiumhwere obtained from Alfa Inorganics, Inc., and except for
dicumene chromium, were used without further purificatién.' Dicumene
chromium, a black viscous ‘l'iquid, was distilled under Vacuurﬁ- (130-
1330/0.1—0.2 mm) and used immeaiately.

Norbornadiene chrorﬁﬂtm tetracarbonyl was prepared as described
by Bennett, Pratt and Wilkinson (64) by treatment of chromium .
hexacarbonyl with norbornadiene at elevated temperatufes. It-was found
to be formed in higher vield (50%) when 'norborna.diene. and chromium
hexacarbonyl were irradiated for 24 hours. (>280my) in a sealed tube from
which the air was removed. In both methods the product was purified by
sublimation. |

The nitrogen used in all reactions in the deoxygenating procedure
was purified by passing it through BSTS catalyst (BASF Colors & Chemi-
cals, Inc.), which removed the oxygen a_nd water. ‘

Norbornadiene was obtained from Frinton Laboratories. ‘quificati'on
was accomplished by sitrring it'ove.r activated neutral alumina for sev-
eral hours énd then distillihg i't just prior to using it..

Norbornene was obtained from Aldri'ch.Chemical Company, Inc.,

and was used as received.
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Instruments

Infrared spectra Were obtained using either a Beckman IR~4 or a
Beckman IR-5-A infrared spectrophotometer, Spectré were run in solution
using matched liquid infrared cells with sodium chloride windows. Each
spectrum was standardized with the ﬁolystyrene absorption peak at
1601.8 cm .

Nuclear magnetic resonance spectra were obtained in solution
using a Varian model A-60, except for the cage compound which was run
using a Varian model AH-100.

Ultraviolet specira were obtained in éolution using métched quartz
cells on a Cary Model 14,

The gas chromatograph used for product identification was a'ﬁ F&M
Model 400 gas chromatog'raph. The column was a glass, 4', 5% SE-30 on
Gas Chrom-Z (100~120 mesh). The temperature program of 7506‘.1:0 200°C
(7. SO/min) with a flow rate of 40 ml helium per minute was used for best
separation. The three dimer compounds and single cage compound were
detected between 120-135°C and the carbonyl product was detected be-
tween 158-160°C. |

For product isolation an Aerograph model A-700 Autoprep was used.
A Vj-inch outer diameter 20-foot aluminum column packed wifb 30%SE-30
on Gas Chrom-Z (100~120 mesh) was used. The‘chromatdgraphic condi-
tions were: column, lBOOC; collector, 22500; detector, 26~OOC; injector,
25000; flow rate, 300 ml helium per minute. Under theseq.conditions the

first dimer appeared in 88 minutes.
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The samples to be chromatographed on the Aerograph Autoprep were
filtered through a Blchner funnel filled with activated neutral aiumiha to
remove solid particles and carbonyl polymers. The alumina was washed
with hexane to elute all the dimer.and cage compounds, leaving behind
the chromium oxide and most of the carbonyl insertion product. The
solutions were concentrated and injected into the Aerograph. Products
were easily sebarated and integration of peak areas usiﬁg a Sargent
model SR recorder afford‘ed a method to determine dimer product percent~-
ages.

Mass spectra were obtained for the cage compound from Purdue
University on a Hilachi RMU-6A, All other mass specira data were ob-

tained on the Varian Mat CH5.

Light and Reaction Systems

In all cases the light source for the photochemical reaction was é
Hanovia Type A 450-watt high pressure mercury arc, -

Samples were irradiated in a reaction vessel constructed of a Pyrex
glass vessel that Would accommodate a guartz or Pyrex water-cooled im-
mersion well suitable for holding the lamp and a circular filter. The
bottom of the reaction vessel had a.filtered disk to allow nitrogen to
bubble through the reaction mixture out a condensor connected to a side
arm and through a nitrogen bubbler. Nitrogen was bubbled through the
reaction mixture 12 hours before the irradiation was starteéd to remove

_dissolved oxygen.
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\edj. !

Immersion Well Reaction Vessel Lamp

Photoreaction for Determining Products and Product Ratios

Chromium Hexacarbonyl

To 70 ml of purified norbornadiene 0.7483 g (0.0035 mole) of
chromium hexacarbonyl was added. This solution was placed in the
photo reactor and purified nitrogen was bubbled through the solution for
12 hours. The light, with a corex filter, was then turned on and the
irradiation was run for 33 hours. The nitrogen was bubbled through the
solution during the complete reaction. A gas chromatogram was taken of
the total reaction product, which was then filtered through a Blichner
funnell filled with activated neutral alumina to remove the solid material
(decomposition product) and most of the carbonyl polymer. The alumina
was washed with hexane until no dimers were in the filtrate. The hexane
solution was then concentrated to a viscous liquid. The viscous liquid

was injected into the Aerograph Autoprep and five fractions were
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collected. The fifth fraction contained three components. The integra-
tion of the peaks of the gas chromatogram were recorded using a Sargent

model SR recorder.

Fraction 1 — Identified as the unremoved solvent,
Fraction 2 — Nuclear magnefic resonance 1.23,1.32,1.69, 2.62,

5.97.
'Gas chromatogram peak percentage 36%
Melting point 67-68°C.
Fraction 3 — Nuci‘ear magnetic resonance 1;13 , 2.00, 2.54, 2.80,
5.82, 6.20.
Gas chromatogram peak percentége 21%
Fraction 4 — Nuclear magnetic resonance 1.02: 1.55,1.85,2,72,
6.35.
Gas chromatogram peak percentage 29%
Fraction 5 — Component 1
Nuclear magnetic resonance 1.79, 2.45.
Gas chromatogram peak percentage 14%
Component 2 |
Melting poinf >300°C.
Component 3

Not investigated.

Norbornadiene Chromium Tetracarbonyl
To 70 ml of purified norbornadiene 0.2446g (0.0009 mole) of

norbornadiene chromium tetracarbonyl was added. This solution was.
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placed in the photo reactor and purified nitrogen was bubbled through the
soluti'on for 12 hours." The light,. with a co'l_“ex filter, was t'hen turned on
and the irradiation was run for 24 hours . The ni;crogen was bubbled
through the solution during the complete reaction. A gas chromatogram
was taken of the total reaction product, which was then filte.redlthrough
a Blichner funnel filled with activated neutral alumina to remove the solid
~material (decomposition product) and most of the carbonyl polymer. The
alumina was washed Wi’Fh hexane until no dimers were in the filtrate.

The hexane solution was then concéntrated to a viscous liquid. The
viscous liquid Wés_ injected into the Aerograph Autoprep and five frac—
tions were collected. The fifth fraction contained-three componen-ts. The
integration of the peaks of the gas chromatogram were recorded using a

Sargent model_ SR recorder.

Fraction 1 — Identified as the unremoved solvent.
Fraction 2 — Nuclear magnetic resonance 1.23, 1.32, 1.69, 2.62,
5.97.

Gas chromatogram .peak percentage 52%
Melting point- 67-68°C.
Fraction 3 — Nuclear magnetic resonance 1.13, 2,00, 2.54, 2.80,
5.82, 6.20.
Gas chrorﬁatogram peak percen_tage 20%
Fraction 4 — Nuclear magnetic resonance 1.02, 1.55, 1. 85,2.72,
6.35. |

Gas chro'matogram peak percentage 20%
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Fraction 5 — Component 1
Nuclear magnetic resonance 1.79, 2.45,
Gas chromatogram peak peréentage 5%.
Component. 2 | | |
Melting point > SOQOC.
Component 3

Not investigated.

Benzene Chromium Tricarbonyl

To 70 ml of purified norbornadiene 0.5842 g (0.0027 mole) of
benzene chromium tricarbonyl-Was added. This solution was placed in
. the photo reactor and purified nitrogen was bubbled through the solution
for 12 hours.‘ The light, with a corex filter, Was then turned on and the
irradiation was run for 24 hours. The nitrogen was bubbled through the
solution duﬁng the complete reaction. A gas chromatogram was taken of
the total reaction product, which was then filtered through. a Buchner
funnel filled with activated neutral alumina to remove the solid material
(decomposition product) and most of the carbonyl polyrﬁer. The alumina
was combined with hexane until no dimers were in the filtrate. The
hexane solution was then conceﬂtrated to a viscous liquid. The viscous;
liquid was injected into the Aerograph Autoprep and five fractions were
collected. The fifth fraction contained three components. The integra-
tion of ‘the beaks of the gaé chrématogram were recorded using a Sargent

model SR recorder,
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Fraction 1 — Identified as the unremoved solvent.
Fraction 2 -~ Nuclear magnetic resonance 1.23, 1.32, 1.69', 2.62,
| 5.97.
. Gas chromatogram peak percentage 36%.
Melting point 67-68°C.
Praétion 3 — Nuclear magnetic resonance 1.13, 2.00, 2.54, 2.80,
5.82,6.20,. | |
" Gas chromatogram peak percentage 24%.
Fraction 4 — Nuclear magnetic resonance 1.02, 1.55, 1.85, 2.72,
6.35.
Gas chromatogram peak percentage 33%.
Fraction 5 — Component 1 i
Nuclear magnetic resonance 1.79, 2.45.
Gas c;hromatogram péak percentage 7%..
Component 2 |
Melting boint > 300°C.
Component 3

Not investigated.

Toluene Chromium Tricarbonyl |
To 70 ml of purified norbornadiene 0.1123 g (0.0004 mole). o'f toluene

chromium tricarbonyl was added. This solution was placed in the photo

reactor and purified nitrogen was bubbled through the solu:cio‘n for 12

hours. The light, with a corex filter, . was then turned on and the irradi-

tion was run for 24 hours. The nitrogen was bubbled through the solution
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during the complete reaction. A gas chromatoéfam was taken of the total
reaction product, which was then filtered through a Buchner funnel filled
with activated neutral alumina to remove the solid material (decomposi-
tion broduct) and most of the carbonylipolymer. The alumina was washed
with hexane until no dimers were in the filtrate. The hexane solution was
-then concentrated to a viscous liquid. The viscous liquid was iﬁject‘ed
into the Aerograph Autoprep and five fractions were collected. The fifth
fracti'on contained three components. The integration of "che peaks of the

gas chromatogram were recorded using a Sargent model SR recorder.

Fraction 1 — Identified as the unremoved solvent.
Fraction 2 — Nuclear magnetic resonance 1.23, 1.32, 1.69,2.62,
5.97.

Gas chromatogram peak percentage -49%.
Melting point 67—.6.800.
Fraction 3 — Nuclear magnetic resonance 1.13, 2.00, 2.54, 2.80,
5.82, 6.20.
Gas chromatogram peak percentage 229%.
Fraction 4 -— Nuclear magnetic resonance 102, i.55, 1.85, 2.72,
6.35.

Gas chromatogram peak percentage .22%.
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Fraction 5 — Component 1
Nuclear magnetic resonance 1.79, 2.45.
Gas chfomatogram peak percentage 7%.
Component 2
Melting point > 300°C.
Component_ 3

Not investigated.

Mesitylene Chromium Tricarbonyl

" To 70 ml of purified norbornadiene 0.1045 g.(0.0004 mole) of
mesitylene chrom-ium tricarbonyi was added. The solution was placed in
the photo reactor and purified nitrogen was bubbled through the solution
for 12 hours. The light, with a .co,rex filter, was then turnéd on and the
irradiation was run fof 24 hours. The nitrogen was bubbled'through the
solution during the Complefe reaction. A gas chromatogram was taken of
the total reaction product, which was then filtered through a Blchner
funnel filled with activated neutral alumina to remove the solid. material
(decomposition product) and most of the carbpnyl polymer. The alumina
was washed with hexane until no dimers were in the filtrate. The hexane
solution was then concentrated to a viscous lic.Iuid.' The liquid oil was
injected into the Aerograph Autoprep and five fractions were collected.
The fifth fraction contained three components. The integration of the
peaks of the gas chromatografn were recorded using a Sargent modei SR

recorder.
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Fraction 1 — Identifiéd as the unremoved solvent.
Fraction 2 — Nuclear magnetic resonance 1.23, 1.32, 1.69, 2.62,
5.97.

Gas chromatogram peak pércentage 39%
Melting point 67—6800.
Fraction 3 — Nuclear magnetic resonance 1.13, 2.00, 2.54, 2.80,
5.82, 6.20.
Gas_chromatogram peak percentage 26%.
Fraction 4 — Nuclear magnetic resAonance 1.02,1.55,1.85, 2.72,
6.35.
Gas chromatogram peak percentage 26%.
Fraction 5 — Comp_orient 1
Nuclear magnetic resonance 1.79, 2.45.
Gaé'chromatogram peak percentage 9%.
Component 2
Melting point > 300°C.
Component 3

Not investigated,

Dicumene' Chromium.

To 70ml of purified norbornadiene 0.4 ml (= 0.0012 mole) of
dicumene chromium was addeld. This solution was placed in the ‘photo
reactor and pufified nitrogen was bubbléd through the solution 'for 12
hdurs . The light, with a corex filter, was then turned on and the irradi-

ation was run Afor 24 hours. The nitrogen was bubbled through the-
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solution during the complete reaction. A gas chromatogram was taken of

the reaction mixture after 24 hours, and showed no hydrocarbon dimers.

Isolation of Photoreaction Intermediates

Chromium Hexacarbonyl

To 70 ml of purified norbornadiene 0.1920g (0.0009 mole) of
chromium hexacérbonyl was added and the solution was put into the
photo_ reactor. . Purified nitrogen was bubbled through the solution for 12
hours. An infrared specirum was then taken (infrared spectrum 1988 cm—l,
Figure 7) and the light, with a pyrex filter, was turnéd on. Infrared |
spectra were taken at one-half hour intervals for seven hours (infrared :
spectra after two hours 2033, 1959, 1944, 1913 cm_l, Figure 8). After a
total irradiation time of ten hours anbther infrared spectrurri was taken
and compared to the one taken at six hours. The comparison showed no

change so the irradiation was stopped (infrared spectrum after six hours,

no metal carbcinyl bands, Figure 9).

Another reaétion solution, in which 0.2007 g (0.0009 mole) of
chromium hexacarbonyl waé added to 70 mi of puriiied norbornadiexie, had .
purified nitl‘"ogen' bubbled through as before. An infrared spectrum was
taken (infrared spectrurri at zero time 1988 cmfl) a.nd the light, with a
pyréx filter, was tui*ned on. The reaction was run for two hours, then the
irradiation was stopped and an infrared spectrum takén (inf_rared spectrum
after two hours 2033, 1959, 1944, 1913 cm—l). The reaction solution was
allowed to stand under nitrogen for 19 hours. InfralredAspectira weré taken

at two-hour intervals and reached a maximum change in six hours after
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irradiatiqn was stopped (infrared spectrum after six hours 2033, 1988,
1959, 1944, 1913 cm—l,. Figure 10). After the solution sat for 19 hours it
was heated to 70°C for five hours with no apparent change occurring in
the infrared spectrum. The solution was then cooled to room temperature
and the light, with a pyrex filter, turned on for 30 minutes before an
infrared spectrum was taken (infrared spectrum after 30 minutes 2033,
1959, 1944, 1913 cm_l) . The reaction mixture was removed from the photo
reactor and roto evaporated to a volume of 5ml. The 5~-ml conéentrate
was chromatographed on an activated silica gel column. ‘Hexane was
added to remove 'any hydrocarbon dimers and until a bright yellow.-band
started to be eluted. An infrared spectrum was taken of all thé hexane
fractions after they were combined and concentrated, but the iﬁfrared |
specirum showed no metal carbonyl bands. Benzene was added to the
silica gel column and the bright yellow band collected. The benzene was
removed and roto evaporated. The residue was sublimed and an infrared
spectrum (infrared spectrum 2033, 1959, 1944, 1913 cm_l) and nuclear
magnetic resonance spectrum (nuclear magnetic -resonance spectrum

4,42 [4H], 3.63 [2H], 1.30 [2H]) were taken.

Benzene Chromium Tricarbonyl

To 70 ml of purified norbornadiene 0.2135g (0.0010 mole) of
benzene chrqmium -tric,zarbonyl .Was added and the solution was put into.
the photo reactor. Purified nitrogen was bubbled t’hrough the solution for
12 hours. An infrared spectrum taken (infrared spectrum 1976, 1905 cm_l,

Figure 19), and the light, with a pyrex filter, was turned on, Infrared
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spectra of the reaction solution were taken at half-hour intervals for 3142
hours (infrared spectru;m after 30 minutes 2030, 19 60, 1944, 1905,
1861 c_m—l, Figure 20; infrared spectrum after one hqur 2030, 1960, 1944,
1907, 1961 cm~l, Figure 21). After a total reaction time of 514 hours an
infrared spectrum was taken and compared to the infrared spectrum taken
at 312 hours. No change was observed. The irradiation was étopped '

(infrared spectrum after 3 12 hours, no metal carbonyl bands, Figure 22).

Toluen\e Chromium Tricarbonyl

To 70ml of purified norbornadiene 0.2273 g (0.0-O ld mble) of .tolﬁene
chromium tricarbonyl was added and the solution was put into the photo
reactor. Purified nitrogen was bubbled through the solution for 12 hours. -
An infrared spectrum was taken (infrared spectrum 1971, 1900 crﬁ—l, Figure
23), and the light, with a pyrex filter, was turned on. Infrared spectra
of the reaction solution were taken at half-hour intervals for 3 1/ hours
(infra‘red spectrum after 30 minutes 2030, 1971, 1960, 1944, 1907, |
1860 cm—l, Figure 24; infrared spectrum after one hour 2030, 1960, 1942,
1910, 1860 cm_l, Figure 25). After a total reaction time of 5)2 hours an |
infrared .spectrum was taken and compared to the infrared spectrum taken
at 31% hours. No change was observed and the irradiation was stopped

(infrared spectrum after 312 hours, no metal carbonyl bands, Figure 26).’

Mesitylene Chromium Tricarbonyl
To 70 ml of purified norbornadiene 0.2588 g (0.0010 mole) of .
mesitylene chromium tricarbonyl was added and this .solution was put

into the photo reactor. Purified nitrogen was bubbled through the
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solution for 12 hours. An. infrared spectrum was then- taken (infrared,sp‘ec—
trum 1963, 1889 cm—l, Figure 11) and the liéht, with a. pyrex filter, was
turned on, Infrared spectra were taken of the reaction solution at one-
half intervals (infrared spectrum after 30 minutes 1908, 1860 cm-l, Figure
12; infrared spectrum after two hours 2030, 1960, 1940, 1909, 1860 cm*l,-
Figure 13). After a total irradiation time of 51% hours an infrared spectrum
was taken and compared to the infrared spectrum taken after 315 hours.
The comparison showed no change in the metal carbonyl region of the
infrared spectra so the irradiation Was; stopped..(infrared spectrum after
3 J/z hours, no metal carbényl bands, Figure 14). |

Another reaction solution of 0.2247 g (0.0009 mole) of mesitylene
chromium tricarbonyl was run as before. After a total irradiation tifne of
30 minutes the irradiation was stopped and the solution was divided into '
two parts. One part was allowed to stand in the dark. An infrared spec-
trum was taken after six hours (infrared spectrum 1963, 1910, 1889,
1960 cm_l, Figure 15). The other half of the reaction mixture was taken to
dryness in a roto evaporator using water at room témperature for the
water bath. The residue after the solvent was removed was a red—Ayell‘ow
solid. The red—yellow' solid was put into a sublimato.r and heated to
35°C. A yvellow solid was collected‘and the red solid remained at the
bottom o'f the sublimaltor. The red solid was heated to 70°C in the sub-
limator but remained unchanged in the bottom of the sublimator.

" . The reaction was rerun and more of the yellow solid collected. A

‘nuclear magnetic resondnce specirum (nuclear magnetic resonance '
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spectrum 4.42 [4H], 3.73 [2H], 1.30 [2H]), an infrared spectrum (infra-
red spectrum 2033, 1959, 1944, 1913 cm_l), and a méss.'spectrum (méss
-spectrum, Figure 16) were taken of the yellow solid. |

The red coﬁplex was also collected and an 'infrare_d spectrum
(infrared spectrum 1870, 1820 cm—l, Figure 17) was taken of the red com-
plex using a potassium bromide pellet. The red Complex' decomposed in
many solvé-n;cs eve}l when the oxygen Waé réf.fl;)-\;'.eci by ”bﬁgbling. nitrogen
through the solvent. The solvents were hexane, pe’;roleum ether, carbon

tetrachloride, chloroform, dimethyl formamide, dimethyl sulfoxide,

benzene, ethanoi and methanol. -

| Anbther similar reaction was ruﬁ andthe re:a solid '.céllrecte';l and
purified without heating above 35°C. It was purified by suBliming the
yellow solid away at 35°C. To check the red complex for thermal sta-
bility, a mass spectrum was run at ZOOC, Z‘SOC, SOOC, 7OOC, 90°C and

115°C.

Photochemical Time Study _

For the time studies solutions of norbornadiene and either
‘chromium hexacarbonyl 0.2707 g (0.0012 mole) or mesitylene c‘hromiu‘m
tricarbonyl 0.2776 g (0.0011 mole) were used. In each of these studies
purified nitrogen was bubbled through tine solution for 12 hours and then
the light, using a corex filter, was turned oﬁ. )

In the case of _c;hromium hexacarbonyl, gas chromatograms of
. samples of the reaction solution were taken at one—hou!r intervgls for 1‘4

hours and then at longer intervals for a total time éf three days. A plot
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showing peak heights of the hydrocarbon dimer versus time is shown in
Figure 27. |
In the case of mesitylene chromium tricarbonyl,' gas chrométograms
were taken every half-hour for 2 1) hours and then at lénger intervals for
a total of three days. A plot showing peak heights versus time is shown

¥

in Figure 28,

Beer's Law

For _;che study a solution of 1 ml of norbornadiene in 99 ml of
cyclohexane was prepared. To this chromium hexacarbonyl was added
until a saturated.solution was made. Another saturated'solution‘of
chromium hexacarbonyl was also prepared in cyclohexape but no norborn-j
adiene was added. The ultraviolet spectra were run on these two solu- '

tions and compared.

Infrared Study

Two solutions of chromium hexacarbonyl in norbornadiene were

. prepared. One solution contained 0.0378 g (0.0017 mole) chromium
hexacarbonyl in 10 ml of norbornadiene and one contained 0.0537 g (0;0.024 ‘
mole) chromium hexacarbonyl in 10 ml of norbornadiene. The infrared
spectra of thesé solutions were compared in the metal carbonyl region to

the infrared spectrum of chromium hexacarbonyl in carbon tetrachloride. -

Thermal Reaction of Chromium Hexacarbonyl and Norbornadiene

For this study 0.02625g (0.0012 mole) of chromium hexacarbonyl

was placed in the large photoreactor with 70 ml of norbornadiene,
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Purified ﬁitrogen was bubbled through the solution. 'The solution was
then heated, by meané of a heating tape Wrapped around the reaction
vessel, to 57°C for 24 hours. The same solution was then heated to
83°C for 24 hours and finally it was heated to 89°C for 24 hours. Infrared
spectra were taken every 24 hours (infrared spectrum at zefo time
1988 cm-l; infrared spectrum of the final solution 1988 cm—l). A gas

chromatogram was taken every 24 hours.

Irradiation of Norbornadiene Without Metal Carbonyl

For this study 70ml of purified norbornadiene which had nitrogen
bubbled through it was irradiated with light, using a quartz filter, for six
hours. A gas chromatogram was taken after this six hours and showed no
Ahydgrocarbon dimers present. The same sample was then irrédiated with
light, using a corex filter, fér 12 more hours. A gas chromatogram was ‘

then taken and showed no hydrocarbon dimers.

Photoreaction of Norbornene

In this study 6.9-84 g (0.0743 mole) of norbornehe was dissolved in
70ml of c.yclohexane and 0.2723 g (0.0012 mole) of chromium hexacarbonyl
was added. Nitrogen was bubbled through the solﬁtion for seven hours.
Then the solution was irradiated, using a corex filter, fof"24 hours. A
gas chromatogram was .taken and showed no hydrocarbon d_imefs had been

formed.

Thermal Reaction of Pyridine Chromium Pentacarbonyl and Norbornadiene

For this reaction, 0.2303 g (0.0008 mole) of pyridine -chromium

pentacarbonyl (65) was added to a solution made of 5ml norbornadiene,
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5 ml methyl iodide and 15 ml tetrahydrofuran. Nitrogen was bl'lb‘ble.d
through the solution fér several hours, then the solution was héated to
reflux for 12 hours., An infrar_ed spectrum (infrared spectrurh 2030, 1960,
1940, 1910 cm—l) was then ta_ken of tﬁe solution. The total reaction mix—
ture was then filtered. The residue Was a tan solid (N-methyl pyridiniﬁm
iodide salt). The yellow filtrate was concentrated and a gas chromato-
gram taken, which showed no hydroca‘rb'on, dimers. The filtrate was’ then
taken to dryness and the residue of the filtrate sublimed. An infrared
spectrum (ihfrared spectrum 2030,.1"9 60, 1940, 1910 cm—l) , nuclear mag-
netic resonance spectrum (nuclear magnetic resonance specjcrum 4,42
[41], 3.73 [2H], 1.30 [2H]), and a mass spectrum (mass spectrum,

Figure 16) were taken of the yellow sublimed residue.

Thermal Reaction of. Dipyridine Chromium Tetracarbony!l and

Norbornadiene

To 10 ml of norbornadiene, 5ml of methyl iodide and 15ml of
tetrahydrofur;‘:m, 0.1039 g (0.0003 mole) of dipyridine chromium
tetracarbonyl (65) were added. Nitrogen was bubbled through the solution
for several hours and then the solution was heated to reflux for 12 hours.
The .reaction solution was then filtered. The residue was a tan solid
(N-methyl pyridinium_iodide salt). ‘The filtrate was taken to dryness and
the yellow solid remaining was sublimed. An infrared spectrum was taken
(infrared spectrum 2030, 1960, 1940, 1908 cm—l) of the yellow sublimed

solid.
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Isolation of Carbonyl Polymer

Reactions olf. beﬁzene, meéitylene chromium tricarbonyl and
chromium hexacarbonyl were run as described in the isolation of reaction
intermediates., The total reaction products were combined and concen—:
trated to less than 5ml. This concentrated solution was chromatographed
on activated neutral alumina. Hexane was added until no more hydro—
carbon dimers were left on the column. The column was then washed
with 50% hexane-50% benzene until a dull yellow band started to be
eluted. Theﬁ 50% benzene and 50% ether solutions were added to the
column and the dull yellovvvbahd collected, The 50% benze‘ne.and 50%
ether fraction was concentrated to a yellow viscous liquid. The yellow
oil was redissolved in 100% ether and then methanol was added until a
white precipitate appeared. |

An infrared spectrum was takep_of the dried white sqlid. The dis-
tinguishing feature of this infrared spectrum-was a strong peak at
1715 cm_l. A gas chromatogram was tak_en on the F&M‘ar_ld the only peak
came at 158-160°C. Then a mass spectrum was taken and it showed the
Whité solid haci a mass peak of at least 1000, Finally a melting point

was taken and it showed the compound was stable to at least 300°C.
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