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ABSTRACT
PARTI:

Styrene monomer ‘Coﬁtaining various concentrations of methyl-
ferrocene was allowed to polymerize at 70°C. The average molec-
ular weight of the resulting polystyrene was determined, and the
chain transfer constant of methylferrocene then calculated. The
constant was found to be 0.7 x 10_4, indicating some contribution to
the stability of the methyl free radical by the ferrocenyl group.

The reactivity of methylferrocene to free radical attack is
discussed, and the colz;olymcrization of methylferrocene with styrene

is consgidered.

PART II:

The n.m.r. spectra of ferrocene, ruthenocene, and osmocene
in boron trifluoride monohydrate have been studied. Accurate meas-
urcments of rclative peak arcas and positions are reported. The

species responsible for the n.m.r., spectra are discussed.

PART IIL

A detailed analysis of the n.m.r. spectra of a series of
alkylacetylferrocenes in a variety of solvents has been carried out.
This has allowed a determination of the coupling constants between
the various protons in these substances. For protons attached to the

same ring, the following values are generally observed:
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J_23 ~ 2.5 cps and J24 ~ 1.3 cps. The magnetic anisotropy of the

carbonyl group in 2Z-acetyl-1, 1'-trimethylene ferrocene is also dis-

cussed.

PART IV:

The existence of the stable ferrocenylcarbinyl carbonium ion
has been demonstrated by freezing point depression measurements
in concentrated sulfuric acid. The n.m.r. spectrum of the carbonium
ion has been observed and the chemical shifts of its protons relative
to those of methylferrocene have been measured. The factors
rinfluencing the proton chemical shifts are discussed.

Techniques of molecular vrbitul calculations applicable to
ferrocenyl systems are discussed and the results of a series of
molecular orbital calculations on the ferrocenylcarbinyl carbonium
ion are presented. The chemical shifts of the protons on the car-
honium ion are predicted from the molecnlar arbital calculations,
and the predictions are compared with the experimentally measured

chemical shifts. The agreefnent is not as good as could be desired.
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PART 1

PRELIMINARY STUDIES OF THE

CHAIN-TRANSFER CONSTANT OF METHYLFERROCENE



THEORY
The simple free radical polymerization of a monomer proceeds

by the following route:

4
nl ~—> 21- (1)
ki
I +M —> M- (2)
k
M-+ M £ M- (2"
¢
2M* —» P (3)

"I'' represents an initiator which generates a free radical pair
in solution by an nth order reaclion. ""M'" is a monomer molecule,
and "M-" is a growing polymer chain. In equation 3, "P' may repre-
sent a simple polymer formed by the coupling of two growing polymer
chains, or it may represent an assortment of products from dispro-
porticonation reactions. For the purpose of calculating the kinetics of
the reaction, the identity of "P" is not important; however, there is
evidence that radical coupling is the predominant termination mechan-
ism in styrene polymerizations (1-3).

The rates for the polymerization equations are given by the

expressions:
-4 _ n
q= i n kdEI] _ : (4)
~d{M |

Rp = 5T kiEI- 1M + kp (M- 1[M] : (5)
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R =2 kL[M- ] | (6)

d{M- ]

L =il dIM) - 2% [ 14 (7)

In the formaltion of a high polymer, reaction 2' must occur

many times faster than reaction 2 to account for the large number of
monomer units in the chain. Therefore, ki[I' IMx< kp[M' M7,
and ki[I' 1M1 may be neglected in equation 5. The rate of polymer-
igatlion ruay thus be written:

R =k [M-7{M] (51
P P

At low degrees of polymerizatioﬁ, the rate of polymerization
remains constant with time, implying that the concentration of M*
reaches a steady state. This substantiates the ""steady-state assump-
tion'' that the rate of chanée of concentration of an intermediate of
very low concentration is small compared to its rates ‘of formation

and disappearance (4)., Equation 7 may then be equated to zero, or:
12
ki[l-][M} = Zkt[M"]

Similarly, the concentration of I+ would reach a steady state

ands:

2k (11" = K [1- 1[M]

The most general form for the rate of polymerization would be:



k .
i [I-1[M)
= —_ = 8
R, =k [M] y z (8)
kd n
Rp = kP[M] — fl1l (8"
t

where "f" is the fraction of initiator fragments which successfully
initiate a polymerization chain (5, 6).

The assumption has been made that the rates of all of the above
reactions are independent of the molecular weight of the growing poly -
mer chains, and that the reactivities do not change as the polymer
grows in length.

For a typical peroxide initiated polymerization, n=1 and reac-
tion 8' reduces to the expected relationship. In thermally initiated
styrene polymerizations, the initiator, I, is itself styrene monomer
and I+ can be replaced in the equations by M+, a growing styrene
chain. The rate of polymerization may then be expressed by:

k.3 (1) (5+1)

d . — I
R, = kp(f I‘: ) [M] = k'[M] (9)

There are conflicting reports on the order of the thermal
initiation of styrene monomer and hence the mechanism of radical
- production. In 1943, Mayo {7) reported the thermal initiation of sty-
rene monomer to be second order in styrene. Ten years later, how-

ever, he closely studied the thermally initiated polymerization of



styrenc in bromobenzene and f'ound the reaction to most closely follow
5/2 order kinetics (8}, If we continue to assume a second order radical
coupling for the chain termination step, an overall 5/2 order for the
rea}ction implies a third order initiation step. On the other hand, a
second order overall reaction .would be observed if the initiation reac-
tion was second order with monomer.

On this basis, Mayo (8) suggests a termolecular initiation
process which he f{inds energetically feasible. Walling, however, is
reluctant to completely abandon a second order initiation process, and
suggests a possible reaction which would produce the required two
monoradicals (9). For our purposes, we obtain the same results
whichever initiation process is assumed.

The degree of polymerization, P, is determined by the relative

rates of polymerization and termination of the growing polymer

chain (7):
= R k [M-1M]
o B - b
+ R 2
2 RFRM 2k M1 4k M- 1[M]
t tr M
(10)
2 2
.12_) ) kP [M]
2 2
2k R +k k |M
t p tr M p[ )
where Rtr M and kLr M are the rate and raté constant for the ''chain

transfer' of the radical chain with monomer in solution. The phe~

nomenon of chain transfer will be discussed shortly.



If disproportionation were the predominant means of termin-
ation rather than radical coupling, equatioﬁ 10 would represent P
rather than & P.

If the monomer in a polymerizing system is diluted with a
solvent, the degrcc of polymcn.fization of the resulting polymer is often
lowered (1). The decrease of the average molecular weight is a func-
tion of the solvent. This phenomenon has been explained in terms of a
'"chain transfer'" mechanism (11). The growing polymer radical attacks
a solvent molecule, extracting an atom (usually hydrogen or halogen}.
This results in the termination of the polymer chain and the formation
of a new species of free radical in solution. Under the proper condi-
tions, this radical can then attack a monomer molecule, starting a new
polymer chain growing. The net result is that the total rate of polymer-
ization is not changed; however, the length of an average polymer

chain is decreased. The overall reaction may be represented as

follows:

k,

I" + M ——= M- (2)
k |

M+ M —2> M- (2"

kt
2M: —— P (3)
M- +S —% P +s. (11)

S+ + M—> M- (12)



The rate of chain transfer is:

Rtr = ktx-' [M ][S]

The expression for the degree of polymerization (equation 10)
must now also include the termination of the radical chain by a chain

transfer mechanism:

R k [M-1M]
P = = = —=
iR + + k . M- .
sR VR PR KIM DR MM 4R (M- 8]
(13)
1 1 5]
: Y i M | (14)
here P ~1-{3EM—] c—kt” and G Y
where o —k_LEM“] 3 kP 3 M "‘kp

PO is identical to P in equation 10--the degree of polymerization
without chain transfer.

The symbol "C'" represents the '""transfer constant'' of the
solvent. Eguation 14 has been observed to hold for polystyrene sys-
tems with less than 10 per cent polymerization (8,12). Table I lists

some typical transfer constants for polymerizing styrene systems at

60°C and 100°C.
"CM” is the self-transfer constant of the monomer, which has

. 4 , :
been found to be 0.60 x 10 = for styrene at 60°C (6). The sclf-transfer



TAp e I
Chain Transfer Constants for Typical Solvents

in Styrene Systems {13)

Solvent 660 = 104 Cloox
cyclohexane 0.024 0.16
benzene 0.018 0.184
toluene 0.125 0.65
ethylbenzene 0.67 1.62
cumene 0.82 2.0
_t-butylbenzene . 0.06 0.55
chlorobhenzene 0.5
n-butyl chloride 0.04

methylene chloride 0.15

chloroform 0.5

carbon tetrachloride 90 180
carbon tetrabromide 13600

n-butyl mercaptan 220000



constant, being an additive constant, will appear as a part of the
experimentally measured degree of polymei'ization ﬁ’o, and will not
affect the results.

The transfer constant for a solvent may be found by determin-
ing the degroc of polymerization for a system with a known solvent to
monomer ratio. In a polystyrene system, with a monomer unit molec-

ular weight of 104, the average molecular weight M is given by:

M = 104 P (15)

The molecular weight of a polymer may be determined by end
group analysis, osmotic pressure, light scattering, sedimentation and
diffusion rates, and intrinsic viscosity (14). All but the last method
yield absolute values of molecular weights, but are often difficult to
measure experimentaily. Viscosity measurements, on the other hand,
arc casily performed, but must be calibrated against one or another of
the other techniques.

The specific viscosity ﬂsp of a solution is found from the flow
‘time of the solvent, t and the flow time of the solution, t, in a
viscometer, and is given by the following relationship:

t -t
- —° (16)

il
sp to

The intrinsic viscosity [T] of a material is defined as (15):
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n, |
M1 = lim P (17)

C

c? o

where c is the concentratilon.of the material in a solution.

An empirical relationship has been found between the intrinsic
viscosity of a substance and its molecular weight (16). For polysty-
rene, this relationship is {6)

M = 178,000 [njl'37 (18)

The average molecular weight of a polystyrene sample may thus be

found by measuring its flow time at various concentrations in benzene.
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DISCUSSION

A chaiﬁ transfer constant is in reality a measure of the relative
susceptibility to two substrates to attack by a free radical. If both the
free radical and one of the substrates remain unchanged while a variety
of compounds are considered as the second substrate, one obtains the
relative reactivities of these compounds Lowards the free radical.

Much attention has been given to the free radical system of the
polymerization of styrene. In a chain transfer experiment, the styrene
monomer would represent the first substrate, while the growing sty-
rene chain would represent the attacking free radical. In each experi-
ment, the second substrate is competing with the styrene monomer for
the attacking radical. A comparison of the ability of these substrates
to compete with styrene provides an indirect measure of their ability
to compete with each other.

The first step of the chain transfer reaction is the abstraction

of an atom by the growing styrene chain:
H _ H

f
R-CHZ-C- + 58X ——— R-CHZ-C—X + 5

|
P ®

The rate of this reaction is affected by a variety of factors,
~ specifically steric effects, polar coffects, thc cncrgy of bond formation,

the ease of abstraction, and the stability of the remaining radical.
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A list of typical chain transfer constants is presented in Table I.
The chain transfer constant of methylferrocene has bgen found to be
0.7.x 10_4, or about the same as ethylbenzene. The factors which
coﬁtribute to this value will now be considered.

In a few of the systemé presented in Table I, steric effects
may be important. The proton under attack in cumene and chloro-
form may be sufficiently sterically blocked that a large attacking
radical may experience difficulty approaching closely enough to form
a bond. A second steric effect may be present in a system such as
cumene, where large groups in ortho ring positions would prevent
the radical intermediate from achieving planarity. This would result
in loss of resonance stability of the free radical intermediate. Neither
of these steric effects would be anticipated in rnethylfer'rocene or any
other system where the attack is directed to a methyl group.

Electron donor radicals, such as the styrene radical, have
shown a tendency to attack electron acceptors preferentially to other
electron donors (17). In another part of this thesis it has been shown
‘that the ferrocentylmethyl cdrbonium ion is stable, while no one has
reported observing the corresponding carbanion. The observation
has been made that ferrocene-carboxylic acid is less acidic lhan

| benzoic acid (the pK_ in 50% ethanol is 6.11, compared to 5.68 for
‘benzoic acid) (18, 19). Infrared and reactivity data {20)also supportthe

hypothesis that the ferrocenyl group is capable of releasing electrons



13

into a system. Methylferrocenc would thus be considered an electron
donor and, for this reason not as reactive as it might appear if tested
with an acceptor radical suph as the growing polyacrylonitrile radical,

In a comparison of the chain transfer abilities of methylferro-
cene and alkylbenzenes., and, f.or that matter. most of the other com-
pounds, one finds that the reaction is one of hydrogen abstraction. All
hydrogen abstractions form the same benzyl-hydrogen bond, so the
energy of bond formation is the same from one system to another.

The ease of abstraction of an atom by the attacking radical is
a function of the existing bond strength and the polarizability of the
abstracted atom. Once again, in most of the comparison systems the
atom is hydrogen, and will have a constant degree of polarizability.
Table II. presents a list of some typical bond strengths.

An immediate dependence is noticed for the chain transfer
constant on the bond dissociation energy of the bond which is ruptured
in the chain transfer rcaction. The easier the bond is to rupture, the
more important the chain transfer reaction becomes. The greater
reactivity of the halocarbons than that predicted from bond energy
considerations alone can be accredited to a favorable polar effect. The
trihalomethyl groups are electron ar:c:ep‘r.drs, while the styryl radical
is an electron donor. The reactivity of the halocarbons may also be
enhanced by a steric effect. Onmne ;.xzould expect considerable steric
"Back Strain'' in the halocarbon, which would be relieved in the planar

trihalomethyl radical product.



TABLE II

Typical Bond Digsociation Energies

C ompound Bond Chain
' dissociation transfer
energy constant

kcal/mole x 10%

. o )

@ : 95 0.02
H _

@ 102" 0.02

9 -CH,-H 77.5° 0.12
i c
@ CHCH, 75 0.7
i c
4 0.
9C(CH,), 7 8
. ,
CCl,-H 90 0.5
b
ccl1,-Cl 68 90
b _
CBr,-Br 49 13, 600

a. A. Streitwieser, Jr., '""Molecular Orbital Theory,' Wiley & Sons,
N. Y. (1961), p. 397. :
b. Reference 4, p. 50,

c. C. H. Leigh, M. Szwarc, J. Chem. Phys., 20, 844-7 (1952).
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Lhere is very little difference in most of the factors affecting
the chain transfer constants of methylferrocene and toluene. The only
factors which differ significantly from toluene to methylferrocene are
the polar effects and the strengths of the R-H bonds under attack. The
polar effect would lower the chain transfer constant of methylferrocene
relative to toluene for equal R-H bond strengths. On this basis one
may estimate the bond dissoclation energy of the methyl proton in
methylferrocene by comparison with known values for alkylbenzenes.
The bond dissociation energy of methylferrocene is probably hetween
70 and 80 kcal/mole. This would imply a considerable degree of sta-
bilization of the resulting radical by the ferrocenyl group.

Further evidence for the stability of the ferrocenylmethyl
radical is given by the observed depression in the rate of polymeriza~
tion of styrene by its presence. Methylferrocene is thus functioning
as an inhibitor or retarder in the polymerization. Inhibitors and
retarders which are not originally free radicals are known to form
radicals by a chain transfer mechanism. The new radical thus formed
is too unreactive to attack 2 monomer molecule, so the chain is
effectively terminated.

One would like to know if every radical chain thal was Ltrans-
ferred to a methylferrocene molecule was eventually transferred back
to the styrene system. This question may be answered, and at the

same time an independent check of the chain transfer constant may be
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obtained by measuring the concentration of ferrocene incorporated
into the polymer. To this end several experiments were undertaken.

Samples of polystyrene were dissolved in benzene and poured
onto a flat sheet of aluminum foil. The benzene was allowed to evap-
orate, producing thin, transparent films of polystyrene. Infrared
spectra were taken of samples prepared in this way, both with and
without methylferrocene present. Excellent spectra of polystyrene
were obtained, but the concentration of methylferrocene was not great
enough to be detected by this method.

Samples were dissolved in carbon tetrachloride, and their
ultraviolet spectra were taken. The spectra are presented in Figure
I, and the absorptivity of each sample at 3100 A and 3900 A is
presented in Table III. On the basis of the known absorptions of pure
solutions of polystyrene and of methylferrocene, the ratio of styrene
units to ferrocene units was calculated in the chain-transferred
copolymer. The calculation was repeated at both 3100 & and 3900 £,
using the known weight of polyvstyrene in solution to correct for the
styrene absorption. The enfry in Table IV labeled "Two point color-
imetry'' represents the calculation where both absorptivities were
used simultaneously to calculate the polystyrene concentration as
well as the methylferrocene concentration. ‘The calculations appear

in the Appendix.
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TABLE III.
Ultraviolet Absorptivity of Polystyrene Samples

in Carbon Tetrachloride

3900 A 3100 A
polystyrene 5.4 per g/ml 8.73 per g/ml
methylf.errocene 439  per g/ml 3910 per g/ml
copolymer 17.8 per g/ml 50 per g/ml
mixture* 0.09 per sample 0.755 per sample

* The mixture contains 1.8 x 10"4 g methylferrocene and

-3
2.0x 10 g polystyrene per ml of carbon tetrachloride.
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TABLE IV

Number of Styrene Units per Ferrocene Unit

[styrene]
Method [methylferrocene]
chain transfer measurement 22,000
colorimetry at 3900 A 67
colorimetry at 3100 A 180

"two polul' coluorimetry 780
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The very doubtful assumption has been made in these calcu-
lations that the methylferrocenyl group and. the polystyrene chain in
the copolymer each absorbl in the UV independently of one another,
and that each contributes to the absorbence just as it would as the pure
component in solution. Inspection of the range of concentration ratios
obtained in Table IV reveals that this assumption is not at all valid,
though one would expect the two pl electron systems to be isclated

from each other by a saturated three carbon chain.

Fc - CH, - CH, - CHR - ¢

The anomalous UV absorption of the polvmer may be duc to
the formation of a complex 1n solution between the pi systems of the
ferrocenyl groups and the styryl groups. To test this hypothesis,
the UV spectrum was observed for a mixture of polystyrene and methyl-
ferrocene in carbon tetrachloride. As can be seen from Figure I,
the spectrum is just what one would predict for the sum of the two pure
components, showing no unusual interactions.

It is of significance to note that all colorimetry measurements
put the concentration of methylferrocene in the polymer two orders of
magnitude higher than fhe concentration necessary .to account for the
observed chain tra,nsfef. Even though the colorimetric measurements

"have been found to be inaccurate, it is not likely that they are so far
wrong as to account for an error of this size. The unexpectedly high

UV absorption is not due to additional methylferrocene complexed with
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the polymer. The polystyrene s.amples were dissolved in benzene
and reprecipitated from methanol several fimes (see Experimental
sectior) and the UV absorption spectrum of the polymer remained in-
variant the entire time. An additional sample of pure polystyrene in
solution with methylferrocene was completely repurified by the same
procedure.

Dr. Hammond (22} has suggested the possible formation of a
copolymer of slyrene and methylferrocene to account for the anomalous
UV absorption spectra. Analogous radical reactions have been sug-
gested several times in the literature.

An attack on an aromatic ring has been suggested to account

for the cross-linkages in vinyl bensoale and vinyl acetate copolymers

(23).
O O
I H [
R- + C-0-C=C - R C-0-C=C
BM- - M
or S~
polymer

Similarly, Stockmayer {24) has observed that benzene and other
aromatics retard the polymerization of vinyl acetate to a much higher
‘degree than can be accounted for by a chain transfer mechanism. He

has suggested a copolymerization between vinylacetateand benzene. By
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using C -labeled benzene in the polymerization, he has found the

anticipated degree of inclusion of benzene in the polymer.

I o

| | | H
R-CH_-CH* + @ - R-CH_-C .
QAc QAc

CH2=CHOAC
H H
R-CH -CH—-\@LCH -CH-
P I 2 |
QAc OAc

Stockmayer further predicts that the analogous reaction in a styrene

system will have a reaction constant not less than 10_5 at 60°C.

Nitrobenzenes had, in fact, been found to retard the polymerization of

styrene (25).

Little (26) has observed the coupling of the ferrocinium ion

with an aromatic free radical and suggcsts the following reaction path:

-~ - [ Ar *
.+.
<> Ky
: +
} Fe + Ar: = Fe B—’ Fe-Ar+4RH
) O
where Ar: is 'C}N: -—@—X, etc.

Beckwith {27) has found that ferrocene is, in general, unreactive

to free radical attack, while the ferrocinium ion is highly reactive. All
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of the reactions which he has described, however, are of a chain
transfer nature, and would not account for the copolymerization of
ferrocene with Sf:yrene.

One report does exist in the literature (28) of the formation of
a polymer from ferrocene heated with an equal amount of t-butyl
peroxide. The polymer is reported to have a molecular weight of
2500, and to be produced in a 16 per cent yield. This polymer has
been formed, however, in a solution containing an abnormally high
radical concentration, and is probably not a representative ferrocene
reaction.

200°C
a3 Fe

L.

The inclusion of ferrocene in the styrene polymer would result

FcH + (t - Bu.O—)2

in the occasional appearance of ferrocenyl radicals on the growing
polymer chains. If these groups immediately attack further styrene
monomers, the net result would be an incrcasc in the number of ferro-
cenyl units in the final polymer (such as has been observed), but no
change in the chain transfer constant or rate of polymerization com-
pared to a system without copolymerization. If the ferrocenyl radicals
on the polymer do not react with styrene monomer immediately, some

will eventually couple with other radicals, resulting in.the premature
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termination of two polymer chains. This behavior would result in an
overall depression of the rate of polymerization, an effect which has
also been observed. Further evidence should be sought to support
each of these effects.

The chain transfer constant for unsubstituted ferrocene should
be studied to find out of the styryl radical is capable of attacking the
ringlprotons as well as the methyl group. If the growing styrene chain
is capable of incorporating ferrocene into the polymer, then the pos-
sibility of the formation of a copolymer should be considered.

A polymerization in a suitably high concentration of ferrocene
may yield a polymer containing sufficient ferrocene for an n.m.r.
study. A resolved n.m.r. spectrum of the protons on thc ferrocenyl
rings would provide sufficient information to determine the number of
ring substituents and hence the location of the ferrocene on the poly-
mer (in the chain or as a terminal group).

The chain transfer constant of methylferrocene should be studied
as a function of the monomer to transfer agent ratio to insure that the
-reaction is first order with transfer agent, and to obtain a more pre-
cise value for the transfer constant.

A preliminary experiment was performed to trv to detect the
electron paramagnetic resonance spectrum of the ferrocenylmethyl

radical. Crystalline methylferrocene was irradiated with 45 Kv
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tungsten X -rays, both at room temperature and liquid nitrogen tem-
perature for 20 hours. Both samples were examined in an X -band
e.P.T. spectrometer. One_ hundred kilocycle rnodulati;)n was used,
and the magnetic field was swept from 1000 to 4000 gauss. No signal
was vbserved at either temperature. This observation docs not
exclude the existence of free radicals, as the spectral lines may be
exchange broadened to the point where they could not be observed over
the noise. Alternatively, the anisotropy of the crystal field may be
‘50 large that the lines may he broadened out by the random orientation

of the radicals in the powder sample.
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EXPERIMENTAL

Styrene monomer: Stabilized styrene monomer (200 m1) was

washed four times with 5% NaOH solutioﬁ. The monomer was then
washed four times with distilled water, the final wash solution having
a pH less than 8. The monomer was dried over anhydrous calcium
chloride and distilled in a Vigreux column. The fraction boiling at
40.0-40.5°C and 15 mm Hg was collected and stored at about 5°C
until used.

Polymerization: Weighed quantities of methylferrocene were

dissolved in styrene monomer. The styrene solutiqns were trans-
ferred to glass ampules and frozen with liguid nitrogen. They were
evacuated to less than 1 mm Hg on a vacuum line, and then isolated
from the line. The styrene was allowed to melt and de-gas, and

then was refrozen. This procedure was repeated twice more to remove
as much gas as possible from the solutions. The ampules were then
sealed and put in an oil bath at 70.05+0.02°C. At the appropriate
time, eaci1 ampule was taken oul of the bath and a known weight of its
contents poured into 200 ml methanol. The resulting precipitate of
polystyrene was allowed to digest for at least a day, and then was col-
lected by vacuum filtration. The polystyrene was dissolved in 25 ml

" benzene and re-precipitated in 200 ml more methanol. The process
was repeated once more, and the final polystyrene samples were care-

fully dried under vacuum and weighed.
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Viascosimetry: Viscosity measnrements were made with a

#100 Ostwald Viscometer. A weighed quantity of the polystyrene was
dissolved in 25.0 ml benzene. A 10.0 ml sample was put aside for
dilution and 10 ml were transferred to the viscometer. Fall times
were measured until a consistent set of data was obtained, and an
average value was used in the calculations. The reserve sample was
diluted with 10.0 ml benzene and a 1J.0 ml sample was again put in
reserve. Fall times were measured for the remaining sample and
the cycle was repeated. Dilutions were continued in this way until the

fall time of the solution approached that of pure benzene.
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FIG. IL.
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Rate of polymerization of styrene at 70.0°C,
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TABLE V

Degree of Polymerization of Styrene Samples

¥ -CH
(5] - [ c 3:l %
Sample (] [CPHCH:CHZj Polymerization [T] M P
1 0 7.05 2.62
6. 64x10 6,380
2 v 4,53 2.62
3 0.611 1.52 2.18 5. 16x10 4,960
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APPENDIX A: Chain Transfer Constant for Methylferrocene

Eq. 14- _ é = -%:— + C [_"I:.s_l,
BB O M
- (5]
P =6,380 =—= =0.61
o} M] 6
P - 1,960
I 1 3
796 - ¢.38 + 0.61x 10" xC
C=0.74% 107"
Ferrocene Incorporated in Polymer by Chain
Transfer Reaction
C (s - Rtransfer - [Fc] - 45 % 10-4
(] Rpolymerization sty final
polyvmer
Tsty] 4
=2.2x%x 10
F_] *

C in polymer
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APPENDIX B: Ratio of Ferrocene to Styrene by Ultraviolet

Absorption Spectroscopy

Wévelength of measurement 3.900 A 3100 A
copolymer absorption = 17.8 per g/ml 50 per g/ml
pure polystyrene absorption = 5.4 " 8.7

& = 12. 4 41.3
methylferrocene absorption = 439 H 3910 "

methylferrocene per gram
polystyrene .0283 ¢ .0105 ¢

mole ratio is 0.52 x weight ratio

[Fc-Mel
w = .,014:7 .0055

or

I ferrocene per-(styrene units) 68 180
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Calculation of Concentrations in a Sample of Known

Composition by Ultraviolet Spectroscopy

Sample: . 0.00018 g Fe-Mec =x

0.0020 g polystyrene=1y
"A'" is the absorption per gram per milliliter of solution
A

Absorption of

¢ 3100 £ = 0.755
known solution:

£3900 £ = 0.09

23900 A =439 x + 5.4y = 0.09

; o = 10x+ 8.73 = 0.

Alloo £ = 3910 73 v 755
or: _ x = 0.00019 g Fc-Me

y = 0.0012 g polystyrene

Calculation of Concentrations in the Copolymer from the

Ultraviolet Absorptions at Two Points

=0.28 =4,
A3900 0 A3100 0.79
-4
Calculated x = 1.06 x 10 g Fc~-Me
concentrations: .2
y =4.3 = 10 “g styrene
. b4 -3
wt ratio — = 2.44 x 10

or: 1 FC~CH3 per 780 styrene monomers
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PART II

PROTONATION OF METALLOCENES
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INTRODUC TION

The solvolytic beha-\.rior of diastereomeric ferrocenylcarbinyl
acetates has been examined(1l,2) and interpreted as indicating a direct
bonding of the metal atom to the cationic carbon of o-metallocenyl-
carbbnium ions. This direct participation of the metal electrons in
chemical bonds other than those to the cyclopentadienyl rings should
also be present in other suitably chosen systems.

Green (3) has studied biscyclopentadienylrhenium hydride and
its protonated cation and found the hydride prolons bhouded directly to
the rhenium atom. This observation suggests that a similar bond
may also be found in ferrocene in a strongly acid medium.

The present work was undertaken as a further probe of the
ability of the central metal atom in a metallocene molccule to par -

ticipate in chemical reactions of the metallocene.
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RESULTS

The chemical shifts obtained in these studies are reported in
Table I. This work was a cooperative effort with a similar study
undertaken at Brandeis University by Rosenblum and co-workers (3),
and their results are also presented in Table I.

The first apparent discrepancy in the two scts of results is that
the proton resonances were found by Rosenblum to be at consistently
higher magnetic fields than those indicated by the present study. This
difference is probably the result of selective solvation effects on
reference standards. Rosenblum used trimethylacetic acid as an
internal reference, and assigned to it a tau value of 8.77. This is
the value suggested by Tiers {4) for the neutral molecule in carbon
tetrachloride solutions, and should not be applied to a system where
the molecule may exist as Me3CCOZH2+° Tetramethylammonium
bromide was used as a reference in our studies. This would exist
as the tetramethylammonium ion both in the boron-trifluoride hydrate
. solutions and in ethanol and carbon tetrachloride, which were used
as the solvents to determine the tau value of 1:1'163_1\/l¢341\T-l_° The tau
value determined in these solvents agrees with the value observed by
Tiers (4) in triﬂuoroacétic: acid to within 0.03 ppm.

The second and more significant disparity between this waork

and the results observed by Rosenblum occurs in the spectrum of
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osmocene in boron trifluoride hydrate. Rosenblum reports only a
solvent peak and a sharp singlet attributed to the cyclopentadienyl
ring protons. We also observeda 1:2:1 t‘riﬁlet at T = 9.35, which is
not observed if the osmocene is dissolved in trifluoroacétic acid
instead of boron trifluoride monohydrate.

The triplet was found to coalesce to a single sharp peak when
fluorine was decoupled from the proton resonances of the sample by
irradiation at 56.4297 mc. The fluorine nuclear magnetic resonance
spectrum was examined in detail, and a weak multiplet was observed
900 cps downfield from the main fluorine resonance. The multiplet has
a 7 cps coupling constant, and the center five peaks of what is probably
an eleven peak multiplet arc clearly resolved above the noise (see
Figure IV}. These observations prove that the triplet was generated
by the osmocene ring protons being split by two fluorine atoms on the

molecule.
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DISCUSSION
Structures 1 and Il have been considered to account for the

n.m.r. spectrum of the metallocenes in boron trifluoride hydrate

solutions (3).

II

As the ring protons of ferrocene are split into a doublet (Fig. T),
either structure could account for the spectrum. In I the doublet
would be caused by the spin-spin interaction of the ring protons with
the metal-bonded proton, while in i1 the doublet would be caused by
a slight chemical shift of the protons on the top ring relative to the
bottom ring protons. However, the doublet separation remains con-
stant when the spectrum is observed at 40 mc or at 60 mc, so it
cannot be causcd by a chemical shift phenomenon, but must originale

" in a spin-spin coupling interaction. Structure II must therefore be

eliminated.



42

A further piece of evidence in support of structure I is the
observation that biscyclopentadienylrhenium hydride has an analogous
structure (2). Table II presents the 7 values Wilkinson found for
biscyclopentadienylrhenium hydrides.

Wilkinson also substituted deuterium for the protons on the
metal atom. He observed the anticipated loss of spin-spin coupling to
the ring protons and loss of the T = 23 resonance, which was further
proof for his interpretation of the spectra. When a similar experiment
was attempted with ferrocene, the boron trifluoride deuterate solution
caused rapid and complete equilibration of the ring protons with the
“solvent.

The n. m. r. spectra of the protonated metallocenes provide a
means of estimating the rate of exchange of the metal-bonded proton
with solvent. The spin-spin doublet of the ring proton peak of ferro-
cene in Figure I appears to be just starting to coalesce, so the life-
time of a proton on the iron may be estimated to be slightly more than
1/(2m-1.4) = 0.1 sec. If the boron trifluoride solution is not com~
- pletely saturated with boroﬁ trifluoride such that there is a trace of
hydronium ion, the rate of exchange of the iron bonded proton increases
sufficiently so that the doublet peak coalesces into a broad singlet.
The ring protpns on ruthenocene in boron trifluoride hydrate, on the
o.ther hand, appear as a sharp singlet (Fig. II), so the lifetime of a

proton on the ruthenium atom is much less than 0.1 sec. Since there
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TABLE II

Tau Values for Biscyclopentadienylrhenium Hydrides

©

Re ~ H in benzene

H-Re -H

@

2.

O ¢

in dilute HCI1

Ring

Protons

5.

4.

95

0

Metal
Protons

23.1

23.2

Measured relative to an external water standard and

converted to the Tiers scale.
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is no indication of the metal proton peak starting to coalesece with
the solvent peak, one also has a lower limit to the lifetime of this

metal-bound proton. Its lifetime, T, may then be estimated as:
-4
T>> 1/(2r-935) or T >> 10 ~ sec

The triplet which is observed in the specirum of the boron
trifluoride hydrate solution of osmocene is believed to be generated
by a phenomenon not previously observed in these systems. Its exact
nature will be discussed shortly. The osmocenermust exist as some
form of complex or charged spccics to account for its solubility in boron
trifluoride hydrate and in trifluoroacetic acid; yet only the triplet is
unaccounted for in the one case and nothing at all appears in the cor-
responding proton resonance region of the other. If the metallocene
is still protonated, which seems likely in the trifluoroacetic acid solu-
tion, the proton probably exchanges so rapidly with the solvent that the
two peaks have coalesced. This‘would imply a rate of exchange of the
proton with solvent much greater than 104 per second. Table III pre-~
sents the limits of rates of exchange of the metal-bound proton with

solvent for each of the metallocenes.

TABLE III
Rate of Exchange of Metal-bound Proton with Solvent
ferrocene ruthenocene ' osmocene

< ; < << << :
R 10/sec RR 10 /sec R S
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The 7 cps triplet appeariﬁg in the proton resonance spectrum
of osmocene in boron trifluoride hydrate at v = 9.85 (Fig. IIi) has
been shown to be caused by a fluorine spin-spin coupling. though the
exact nature of the species responsible for the spectrum is lstill
undefined. A clue to its identity may be present in Table IV, which
lists the properties which set osmocene apart from the other metal-
locenes studiéd. All of the data in part ""A'"' of the table indicate that
osmocene is the weakest L.ewis base. ;_[‘he data in part "B'" of Table
IV, to the contrary, suggest the opposite trend in the metallocenes.
As usmium is the largest of the three metals, the effects observed
in Table IVB may be accounted for by the greater accessibility of the
non-bonding metal orbitals of the osmium atom to the reaction center.
An explanation for the n.m.r. triplet can be considered which re-
guires a central metal atom that is less Basic than iron, bﬁt steric-
ally more accessible,

The triplet in the proton resonance spectrum has about one
tenth the é.rea of the main ring peak, so the complex which generates
it would account for about 10 per ccnt of the osmocene in solution.
This osmocene complex is probably in a slow equilibrium with the
rest of the osmocene. The remaining 90 per cent probably exists in

a protonated form similar to the other metallocenes, but witﬁ the
proton exchanging with solvent rapidly enocugh to prevent the appear-

ance of another resonance peak.



Electroncgativity 1.8
of metal(5)
Oxidation potential
E, vs. SCE (6)
4
Relative reactivity toward Fc
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TABLE IV

Properties of Metallocenes

ferrocene

+0. 5307v

electrophilic attack (7)

Strength of Lewis base (3)6L Fc

Distance between cpd rings

SNl

solvolysis rates (11) Fc

Strength of hydrogen bonds {12) Fc

ruthenocene osmocene

2.2 2.2

+0.693v +0.633v

3.68A(9) 3.71A(10)

The relative rates of exéhange of the proton on the metallocene
metal presented in this paper indicate that the order of increasing

basicity of the mctalloccnes is: Os<Ru<TFc
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Structures III, IV, and V are suggested to account ifor the

triplet.

—

with protonated osmocene:

-

-

Os - BF

<

I

>

<

Os - BF_OH

<

HF - 0Os - FH

O

2

Complex III may be formed by the reaction of boron trifluoride

<.
O

+

+ BF

——

-

-

Os -~ BF

L

or by protonation and dehydration of an intermediate similar to IV:
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~ T
.
Os - BF20H + H -~ Os - BF2 +H_ O

OO &

All of the rest of the required boron fluorides have been
observed in boron trifluoride-hydrate solutions (13), including hydrogen

fluoride (14) from the reaction:

. -~ 2BF, + 3 +
3 BF,*H,0 F, HF + H_BO,

Boron exists in nature as two stable isotopes: B10 with a
nuclear spin of 3 and a 19% natural abundance, and B 1 with a spin
of 3/2 accounting for the remaining 81% of the boron. One would
expect to find boron-fluorine spin«spin interaction in structures III
and 1V unliess the nuclear electric quadrupole of the boron is causing
the nuclei to relax too rapidly. If the boron is relaxing at an inter-
mediate rate relative to the boron-fluorine coupling constant, the
fluorine resonance would be broad. If, on the other hand, the relax-
alion frequency of the boron is cunsiderably greater than the coupling
constant, the fluorine resonance would be sharp and no evidence of
coupling to the boron would be observed.

The fluorine magnetic resonance spectra of boron trifluoride
complexes with amines and ethers have been-studied (15). Only ina
complex with triethylamine is the electric quadrupole relaxation slow

enough to allow the observation of a boron-fluorine coupling (J = 18
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cps). The quadrupole relaxa.ti.'on in a horon trifluoride-pyridine
comple;ic is fast enough to remove any spin-spin splitting in its
spectrum. Spin-spin interactions were not observed in the boron tri-
fluoride complexes with anisole and tetrahydrofuran, but the analysis
is complicated by a rapid exchange of ligands in the complex.

One may generalize that a less symmetric electric field
around the boron will allow a greater interaction of the boron nuclear
quadrupole with the field and a faster rate of relaxation. The line
width of the fluorine resonance of boron trifluoride hydrate is £ 7 ¢ps
at half height, with no indication of splitting by the boron nucleus.
The electric field around boron in the osmocene complex III or IV is
certainly no more symmetric than around boron in thc solvent, so tho
rate of relaxation of boron in. IIT or IV may easily be sufficient to
remove any boron-fluorine coupling.

The magnetic anisotropy of the ligand would be responsible
for the large chemical shift of the ring protons in the proton resonance
spectrum. In structure IV, the hydroxyl proton, and in structure V,
the fluorine-bonded proton would be exchanging with solvent so rapidly
that it would not be observed as a separate resonance line.

There is not enough information at this time to indicate which,
if any, of the structures is correct. Structure III, however, is pre-
ferred, since its positive charge would account for the solubility of

the complex in the very polar solvent.
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The n.m.r. spectrum of osmocene in (a) fluarohoric acid,
or (b) an ctherate solution of boron trifluoride might provide additional
information on the nature of the species due to the formation of a

somewhat similar complex.



Figure I. ferrocene

i T

Figure II. ruthenocene

M}*‘M _MM]/ z‘jg‘?" /\ M"Jih

.33ppm

Figure III. osmocene
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The proton magnetic resonance spectra of metallocenes in boron
trifluoride hydrate.
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The fluorine resonance spectrum of osmocene in
boron trifluoride hydrate. This multiplet is 900
cps downfield from the main solvent resonance

and the peaks are 7 cps apart.
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EXPERIMENTAL

The ruthénocene_ was donated by Dr. Hans Essler, and the
osmocene was prepared by Dr. E. A. Hill. All metallocenes were
purified by recrystallization from n-hexane.

Commercially available boron trifluoride was purified by
passing it through a solution of boric acid in concentrated sulfuric
acid. The boron trifluoride was then passed into water at 0°C until
the water would absorb no more gas. Additional boron trifluoride
was slowly bubbled into the resulting solution for six more hours to
insure saturation. Unless the saturation of the solution with boron
trifluoride was insured in this way, the n.m.r. spectrum of the final
metallocene solution did not exhibit the splitting of the ring proton
resonance into the doublet with 1.4 cps splitting.

A length of standard 5 mm pyrex tubing was fused to an A -60
n.m.r. tube and a standard taper joint fused onto this. Samples
could then be evacuated and sealed in the n.m.r. tube with no dif~
Vf.iculty.

About 0.2 g of crystalline metallocene was introduced into the
n.m.r. tube. One milliliter of freshly prepared boron trifluoride

~hydrate was carefully added to the sample, and the tube fapped just

long enough to drive most of the bubbles to the surface. The partially
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dissolved metallocéne_solﬁtion was immediately frozen with liquid
nitrogen, and then evacualed Lo 20 microns.. With the tube isolated
frém the vacuum system bylr means of a stop-cock, the sample was
allowed to thaw, and the remaining crystalline metallocene was dis-
solved in the boron trifluoride hydrate solution. The sample was
refrozen and re-evacuated. The tube was carefully sealed with a
torch and the sample allowed to thaw.

Samples of ferrocene, ruthenocene, and osmocene were
treated in this way, and the n.m.r. spectrum of each was observed
on a Varian A-60 n.m.r. spectrometer.

The chemical shifts of the samples were measured relative
to an external tetramethylsilane standard in carbon tetrachloride.

A correction of 0,07 ppm downfield was introduced to account for the
different bulk magnetic susceptibilities of horon trifluoride hydrate
and carbon tetrachloride. The correction factor was obtained by
comparing the chemical shifts of tetramethylammonium bromide in
the two solvents using tetramethylsilane in carbon tetrachloride
again as an external standard.

The double resonance experiment was performed with the aid
of an ""NMR Specialties, Inc.' model SD-60 spin decoupler. The
'proton resonance spectrum was observed on 1;he Varian HR -60 spec~

trometer while the sample was irradiated at 56.4297 mc to decouple
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fluorine spin-spin splittings. When the irradiating energy was turned
on, the triplet that normally appears at T = 9.35 in the spectrum of

the boron trifluoride hydrate solution of osmocene coalesced into one

sharp peak.,
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PART III

AN ANALYSIS OF THE N.M.R. SPECTRA OF

SUBSTITUTED FERROCENES
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INTROD UC_TION

Though significant work has appeared on the high resolution
n.m.r. spectra of various metallocenes (1,2), no detailed analysis of
these systems with three or four dissimilar proton interactions on the
same ring has been reported. Detailed analyses have, however, been
1~époi'ted for many other aromatic systems. Representative results
appear in Table I. In these analyses, the matrix elements have been
calculated and the energy levels and intensities of transitions have
been tabulated for the general cases of the AB (3), AB2 (3), ABX (3,4),

(6) systems ( 7).

5
A,B, (5), and AB X,

The purpose of the present work was to examine homoannularly
disubstituted and monosubstituted ferrocene derivatives, treating them
as representative ABX and ABCD systems, respectively. To this end,
the n.m.r. spectra of a series of acetyl-alkylferrocencs have been
studied in a variety of solvents and the chemical shifts and coupling

constants are reported.
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TABLE I

Typical N. m.». Parameters for Five- and Six-Membercd Rings

Cdmpound‘ Ref. Coupling Gonstants Chemical Shifts
OH =
JAX 9.6
C1 Fy _ T - 2.1
4 BX = °
H H JAB = 2.3
Bea &
=1.3
H HA CH JA'X
Bﬁ 3 3 JBX=5.O UA~1JB=11.?
H N CH .]'AB=7.35 DAB—-'DX:43.4
X 3
o JAA =0
A J =8.3 Av =10.1
Cl HB 5 BB 1
T, = 1.7
Cl H. , AB
‘ B J _ =8.3
H,, AB
H Top =16 T, =5 v, - vg=15.0
H A H =0 =0
Bh B 6 Jyggi=0-4 Jpy=0-
. =7. - = 45,
HOONTH JAB 7.5 DA UX 6
X X T =1.9
AX )
=1.3
Hy,  Hy TaB
_ ’ I 8 JABI=1.3_ Ap = 42
H,Y H, Jpp =2
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TADLE I (continued)

Compound Ref. Coupling Constants Chemical Shifts
Hpy HJ::'» JAB = 2.1
Av = 8
|| II 8 JAB' =2.1
. = 2,
H, N7, Tpg 8
H
=5.0
H H | "aB
1
B B 9 J =1.1
| I AB' v =5.0
= 2.7
H H JAAI
A S A J =3.3

BR'
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RESULTS

The n.m.r. spectrum of 1, 1'-diacetyl-3, 3'-dimethylferrocene
(IIi) in benzene is presenteld in Figurc l. The cluster of peaks at
lower magnetic field has twice the area of the higher field multiplet.
The substance was therefore treated as an ABX system with the protons
defiﬁed as in VI, an assignment which is also consistent with the
expected effect of the acetyl substituent on the chemical shifts of the

various protons.

A COCH,

VI

The carbonyl group in acetyl ferrocene is normally coplanar
with the cyclopentadienyl ring (1, 10). Because of the magnetic an-
‘isotropy of the carbonyl grodps (11), one will expect the protons
adjacent (alpha) to the acetyl group to be more strongly deshielded than
the beta proton. That the methyl group does not substantially pertiurb

the ring proton resonance is indicated by the.fact that the ring protons
in methylferrocene all appear at 238 cps relative to TMS with no sig-

nificant difference in chemical shift between the alpha and beta protons.
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TABLE II

Compounds Studied

Ac -@—Me Ac Me Ac@' Me

Fe Fe Fe
@- Me Ac-@' Me
1 11 111
Ac
Me
Fe
o
Ac
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Figure 1. The n.m.r. spectrum of I, 1'-diacetyl-3, 3'-dimethyl-
ferrocene in benzene.
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This would lead one to expect the two alpha protons to appear at
lower field than the single beta proton, which is borne out by the
relative areas of the two absorptions. The analysis of this spectrum

by the procedure of Pople et al. {12) leads to the following parameters:*

JAB=1.2cps ‘DA-UB=5=4CPS
= 2, - =

JAX 5 cps v, g Py 29 cps

JBX = l.5_cps

Though the experimental spectrum does not contain enough
information to determine the absolute sign of any coupling constant.
JA.X and.JBX must have the same sign. This consideration applies to
all the ABX systems reported :'Ln. this paper and all coupling constants
have been arbitrarily assigned positive valucs.

In a similar fashion, the parameters were obtained for the other
systems and are reported in Table IV. The parameters so obtained
were used Lo calculale theoretical spectra using the Wiberg computer
program {13) on an IBM 7090. The spectrum calculated for III is
shown in Figure 1. In all cases, the calculated and experimeﬁtal
spectra were in good agreerment.

A different approach was used to analyze the spectrum of the
mono-substituted ring of V. Reasonable values were assigned to the
coupling constants between each set of protons in what is essentially
an ABCD system. Likely scts of chemical shifts were chosen, and
theoretical spectra were calculated using the Wiberg program. Several

sets of parameters predicted spectraremarkably similar to the observed

* A description of this analysis is given in Appendix I.
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one. This ambiguity is coincidental and due to the unusual circum-
stances that coupling constants J23 BT . 345 ~ 2324 ~ 2.3'25 = 2335.
The problem was complicated by the fact that the multiplet

from one of the protons is hidden under the AB multiplet of the other

ring. The difficulty was resolved by observing thé n.m.r. spcctrum

e
4

of V at 100 mec. where the multiplets_ were shifted enough to allow
a unique assignment of parameters. The correct combination was
chosen on the basis of relative peak intensities. The approximate
parameters were entered into a computer program of Swalen (14)
which, by application of a reiterative technique, determined that set
of parameters most closely fitting the experimental spectrum. The
resulting parameters are included in Table IV, and the experimental
and theoretical spectra of V are shown in Figure 2.

These calculations do not specify whether the acetyl group_ is
over ther?.’ proton or the 5' proton. Consideration of the magnetic
anisotropy of the carbonyl suggesls (hat the acetyl is over the 2' proton,
as indicated in Table IV, This point '\#ill be discussed in greater

detail shortly.

# For this we thank the Varian Associates.



Figure 2;

10 ¢cps

The n.m.r. spectrum of
the unacetylated ring of
2eacetyl~l, l'trimethylene -
ferrocene in benzene.

The first multiplet of the
experimental speclrum
also includes the AB por-
tion of the other ferro-
cene ring.
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TABLE III

Chemical Shift of Ferrocene Relative to Tetramethylsilanea

Solvent CCl4 _ CHC l3 C H

Chemical Shiftb 246 - 252 243

a. Measurements made with ~ 10 mg of ferrocene and 0.04 ml

TMS together in 1 wml of solvent.

b. Reported in cycles per second downfield from TMS.
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DISCUSSION

An interesting feature of these results is the close similarity
between the coupling constants observed between the protons on the
aromatic cyclopentadienyl ring of ferrocene and between the protons
attached to various aromatic five-membered heterocycles, e.g.,
furan (8), pyrrole (8), and thiophene (9 ). In thése cases,the following

range of coupling constants has been reported:

4 3 J23 1.3-5.0 cps
l I J24 0.9-1.5 cps

5 . 2 J25 2.7 cps
J34 2.8-3.5 cps

X =0, 3, NH

These arc to be comparcd with the analogous coupling constants of

ferrocene derivatives.

2.3-3.1
4 3 J23 cps
3'24 1.0-1.6 cps
5 2 3'25 1.1-1.5 cps
J 2.5 cps
X 34

The coupling constants of protons attached to some six-
membered benzenoids systems have also been measured (3,4,5,6).,
and typical values for coupling between orthe. meta, and para protons

are:
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J0 =5.0-8.6 cps
Jm =1.3-2.7 cps
J = 0.0-0.9 cps
Y

From these comparisons, it is clear that the coupling between protons
adjacent to each other on a five-membered aromatic system are
consistently and significantly lower than analogous couplings between
protons bonded to benzenoid rings. A similar ring-size effect has
_been observed on cis-cycloolefins (15-17 ).

Another interesting result is the effect of solvent on the observed
coupling constants. If there is an acetyl residue attached to the ring
in question, the solvent can have a significant effect on the coupling
constants as well as on the relative chemical shifts. In those rings
which do not have acetyl substituents, however, this effect is sharply
diminished. The explanation clearly lies in the non-uniform solvation
caused by the acetyl group, which results in non-uniform magnetic
shieldings at the various ring positions and variations in local electron
‘distributions. Goupling constants in some other systems have pre-
viously been observed to depend on the electronegativity of adjacent
groups (18).

A correlation was sought between the observe.d chemical shifts
of the ring protons in 1-acetyl-2, 1'-trimethylenaeferrocene and the

shifts anticipated on the basis of the magnetic anisotropy of the carbonyl
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group.  The distance and angle from the carbonyl group to each proton
for all possible orientations of the acetyl group was calculated on the
basis of an X-—ra;} structure for w-ketotrimethylene ferrocene (19).
The magnetic anisotropy of the carbhonyl group was approximated by

a dipole-dipole interaction, f, of the form:

between the center of the carbon oxygen bond and the proton in ques-
tion (11,20). For each proton, f will be a function of the angle
between the plane of the acetyl group and the plane of the cyclopenta~
dienyl ring. This function is shown in Figure 3.

Spectroscopic evidence (2, 10) has shown the acetyl group in
l-acetyl-2-alkylferrocenes to be nearly planar with the cyclopenta-
dienyl ring. Moreover, solvolysis experiments on methyl-2-(1,1'-
trimethyleneferrocenyl)-carbinyl acetates a.,nd related compounds (21)

indicate a high degree of steric interference to an orientation where
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Figure 3: Dipole-Dipale Interaction, f, of Carbonyl on Ring Protons in Acetylferracenes
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the acetyl methyl group is near the bridge, as in VIla.

X X
/CI—I 3 /O
‘X N
O CH
3
Fe Fe
Vila VIib

N.m.r. evidence indicates a i'apid conversion between struc-
tures VIla and VIIb for acetylferrocene (X=H}; however, steric factors
favor structurc VIIb for compound V. This would correspond to an
angle near 0° in Figure 3.

If one assumes that the carbonyl magnetic anisotropy of the
acetyl. group is the dominant factor selectively affecting the protons on
the unacetylated ring of compound V, several conclusions may be drawn
about the proton assignment and the orientation of the acetyl group.

An examination of Figure 3 shows that between -40° and +70°, the 2'
proton will be more shielded than proton 3'. Moreover, between +30°

and +60°, the chemical shifts of all of the protons on the hottom ring
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are in one of the sequences anticipated from the theoretical analysis
of the spectrum. (At= 50° the agreement is quantitative.) Moreover,
at any orientation of the aqetyl group from -50° to +50°, the calculated
chemical shifts of the protons on the acetylated ring of V are in the
sequence experimentally observed. (Ats 0° the agreement is quan-
titative.)

Thus, a range of angles will give the correct relative order
of the various protons, but no single angle of the carbonyl group pre-
dicts the quantitative aspects of the spectrum in detail. Surely, other
factors, e.g., non-uniform resonance or inductive effects, will perturb
significantly any model based solely on considerations of magnetic
anisotropy. However, the fact that one can obtain such good quali-
tative agreement suggests strongly that the magnetic anisotropy of
the carbonyl group plays a dominant role in determining the relative
chemical shifts of the various hydrogens.

These results confirm and amplify Rinehart's qualitative
argument {(2). However, an additional important point is that the
‘chemical shift assignments which the author found for compound V
do not agree with the assignments suggested by Rinehart (2) for the
the same compound (his compound II). My analysis of the
spin-spin coupling constants demonstrates that the multiplet Rinehart
lists at T = 5.76 is due to protons at ring positions 3, 4, and 3' rather

than protons 4, 2", and 3", as he indicates.
P
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The data presented in this paper on the theoretical contribution
to chemical shifts due to the carbonyl magnetic anisotropy should be
directly applicable to any ferrocene system having the same relative

positions of the two cyclopentadienyl rings and the carbonyl group.
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EXPERIMENTAL

N.m.r. Spectra. --The spectra of 1-5% solutions in spectral

grade benzene, chloroform, énd carbon fetrachloride were observed
dn a Varian Associates A-60 n.m.r. spectrometer.

The spectra were calibrated against ferrocene as an internal
standard, and the chemical shifts in Table IV are reported on this basis.
The chemical shifts of ferrocene from tetramethylsilane in the various
solvents used are reported in Table III to allow facile comparison of
the chemical shifts observed here with those reported by other authors.

Chemicals. -- 1-Acetyl-3-methylferrocene(l), 3-acetyl-1,1'-
diﬁlethylferrocene(ll), and 2-acetyl-1, I'-trimethyleneferrocene(V)
were previously prepared by E. A, Hill (21).

1,1'-Diacetyl-3, 3'-dimethylferrocene(Ill) and 1, I'-diacetyl-
2,2'-dimethylferrocene(TV) were prepared by the acetylation of di-
methylferrocene using standard Friedel-Crafts techniques (10, 22-24)
The products were separated by a series of chromatographs and
identitied by IR and n.m.r. spectra and by melting points.

Compound III exists in what is called the trans isomer by

Rinehart (24), and IV is an almost equal mixture of cis and trans

isomers. The IR spectra of the cis isomers of both III and IV have

been reported (24) to be identical to the IR spectra of their trans
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isomers, and one would.expect very little difference in their n. m.r.
spectra. I'have observed a slight splitting of the methyl and of the
acetyl prc;ton peaks in the n. m.r. spectrum of IV in benzene. They
are each split by about one cps into two peaks of about equal mag-
nitude.

Compound IV was chromatographed on deactivated alumina,
and the leading and trailing portions of the band were isclated. These
showed a change of about 20 per cent in the relative intensities of the
‘two acetyl peaks in the n.m.r. spectrum of one fraction as compared
to the other, indicating a slight enrichment of one of the isomers over

’_the other.
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APPENDIX I

Derivation of the N. m.r. Parameters of an ABX System from

the Experimental Spectirum

Pope et al. (12) defines a set of parameters for a three spin

ABX system by the following equations:

=1 - + < -
Dycos 28, =3 (v, -vg) +3 (T -Tpy) ()
. Y
D, sin 28 =% JAB (2}
D_cos 20 =} (v, =v,) -% (J, -T, ) (3)
D sin 28 =% Jn (4)

where Jij represents the coupling constant between the i = and the jth

: ; .th ;
nuclel, and v, is the resonance fredquency of the i nucleus in the
i

magnetic field. The equations may be rewritten:

J 2

B (v, -vp) +3 (3, -T5) =/D+2-(4§—?) (5)
J 2

(o, o) -2 (3, -Tn ) = /I;_Z- =3 (6)

The AB portion of the n.m.r. spectrum coneists of two pos-
~ sibly overlapping quartets, and the X portien of the spectrum is in
first order a sextet with a plane of reflection through the center.

The indicated relationships exist between the peaks:
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2 ' n
D 1T ax* Ty

A
L}

Y

JAB
5 2lp_-D_|
e -
2D
3 ' ..].
- Z(D+ D)
1 ]
11
- T, t7J
< 2
. TAX T BX
AD quartets X sextet

The interval lJABI appears four times in the AB portion of
the spectrum, and D+ and D each appear twice. From these and

equations 5 and 6, both (UA-UB) and (J ) may be calculated.

AxX IBX

+ .
JAX JBX‘ may be obtained from the spectrum and a set of values

for JAX and J may be determined. As discussed in the text of the

BX

~ thesis, the sign of is unknown, and only the relative signs of

J
AB
JAX and JBX arc spccificd by this analysis. Any combination of

signs of the coupling constants meeting this requirement will determine

a spectrum identical to the spectrum determined by any other combin-

ation of signs.
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Since only the absolute value of (J ) is experimentally

+3
AX BX
measured by the spectrum, the correct relative assignment of the
two coupling constants is also unspecified, and must be determined by
other means. For example, a typical set of coupling constants may

be either = 2.5 cps and JBX = 1.2 eps, or JAX = -1.2 cps and

JAX
JBX-: -2.5 cps. 1In each case, the author has arbitrarily assigned
the larger value to the coupling constant between adjacent protons.
This assignment not only appeals to one's intuitive expectations, but
also consistently results in similar constants for adjacent AX pairs

of protons and adjacent AB pairs of protons. This correspondence

would not occur if the other assignment were made.
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APPENDIX II

Nuclear Magnetic Resonance Spectra of the Compounds under Study

Only the part of ecach spectrum is shown which has been analyzed.
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Figure 4 The n.m.r. spectrum of l-acetyl-3-methylferrocene

in carbon tetrachloride.
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Figure 5. l-Acetyl-3-methylferrocene in chloroform.
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Figure 6: l-Acetyl-3-methylferrocene in benzene.
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Figure 7: 3-Acetyl-1, 1'~dimethylferrocene in carbon

tetrachloride.
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Figure 8 3-Acetyl-1, 1'-dimethylferrocene in chloroform.
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Figure 9: 3-Acetyl-1, 1'-dimethylferrocene in benzene.
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Figure 10: 1, 1'-Diacetyl-3,3'-dimethylferrocene in carbon

tetrachloride.
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Figure 11: 1, 1'-Diacetyl-3, 3'-dimethylfer7roccnc in chloroform.
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1

Figure 12: 1, 1'-Diacetyl-2, 2'-dimethylferrocene in carbon

tetrachloride.
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Figure 13: 1, 1-Diacetyl-2, 2'-dimethylferrocene in chloroform.
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Figure 14: 1, 1'-Diacetyl-2, 2'-dimethylferrocene in benzene.
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Figure 15: 2-Acetyl-1,1'-trimethyleneferrocene in carbon  tetra-:
chloride.
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PART IV

EXPERIMENTAL AND THEORETICAL STUDIES

OF THE CHARGE DISTRIBUTION ON THE

FERROCENYLCARBINYL: CARBONIUM JON
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A INTRODUC TION

Investigators have long been aware that the nuclear magnetic
resonance chemical shifts of protons on conjugated and aromatic
molecules are dependent on the pi-electron density of the carbon
atoms to which the protons are bonded {(1-8). Several workers
(3-5) bave assumed that the chemical shift of a proton is linearly
related to the Qharge on the adjacent carbon atom. They have pos-

tulated an empirical formula of the form of Equation 1,
5 =kq (1)

where a pi-electron charge, q, on a carbon atom results in a
chemical shift, 6 , on the proton bonded to the carbon atom.
Equation ! has been found to fit the data for a variety of systems
when k is assigned a value of 10. Schaefer and Schneider (7) made
a more careful examination of the experimental data available and
have suggested that the proportionality constant, k, is 10.7
p-p-m. /electron.

Only the cyclopentadienyl negat;lve ion, benzene, and the
tropylium cation (5) have sufficiently high symmetry to allow the
direct caleculation of the pi-slectron denaity at each carbon atom.
The pi-electron density of most compounds must be estimated with

the aid of one or another form of molecular orbital (MO) calculation.
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The azulene molecp.le is a typical example of a sysfem which
requires more extensive calculations to obtain an index of the
charge on each of its atoms. For example, some of the MO treat-
ments which have been applied to azulene are: 1) The simple Hlckel
(HMO) or linear -combination-of~atomic-orbital (LCAQ) moleéula_r
orbital calculation (9), 2) The self-consistent field calculation (10),
3) HMO with configurational interaction (11), 4) The variable elec~
tronegativity method (12), and 5) The omega-~technique (13).

Though each molecular orbital technique has its advantages
and individual characteristics, no one method stands apart as being
decisively better than the rest in the case of azulene. The charge
densities on the carbon atoms of azulene can be calculated by
applying Equation 1 to the nuclear magnetic resonance chemical
shifts of the protons and correcting for the ring currents in the two
rings (7). The pi-electron densities calculated in this manner do
not agree precisely with the densities derived from any of the
molecular orbital calculations, though there is a general agreement
in the electron densities from each calculation. It is impossible to
determine at this time which of the calculations gives the closest
representation of the actual charge densities.

Many molecular orbital calculationé have been attempted on

ferrocene (14-27), all taking advantage of the high symmetry of the
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.molecﬁle. In the present work the ferrocenylcarbinyl carbonium ion
has been studied. This ion no longer has the symmetry that ferro-
cene itself has, so less elegant techniques have becn uscd to cal-
culate its molecular orbitals, and the pi-electron charge densities
so obtained have been compared with the charge densities predicted

from the proton resonance chemical shifts.
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B. RESULTS

i. STABILITY OF CARBONIUM ION

Evidence existed before the present work was undertaken
that ferrocene and other metallocenes are effective in stabilizing
a carbonium ion adjacent to one of the rings (28-30). Empirical
observations in this laboratory indicated that ferrocenylmethanol
is quite soluble in a varliety of sirong aqueous acids. As the alcohol
is insoluble in neutral polar and agqueous media, one must conclude
that it reacts with the acid and exists as a complex or an ionic
species in solution.

The ultravioiet and visible spectra (Table I) of ferrocenyl-
methanol in acid solution are independent of the identity of the acid,
and in all cases the original alcohol may be recovered on neutral-
ization of the solution with sodium bicarbonate. The ultraviolet
spectrum of the alcohol in acid resembles neither that of the alcohol
in organic solvents nor the spectrum of the ferrocinium ion. The
most likely identity of the acidified alcohol is either the protonated

alcohol (I) or the carbonium ion (II).
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TABLE I

Ultraviolet and Visible Absorption Spectral Peaks

C ompound

ferrocenylmethanol

ferrocenylmethanol

ferrocenylmethanaol

ferrocinium
perchlorate

ferrocene

Solvent

ethanol

conc.

hydrochloric acid

cOonc.

sulfuric acid

water

conc.
sulfuric
acid

Peoak
(A)

3240
4370

4580
4580

2510
2800
6170

3540
6170

Absorhance

(mole ™ cm

53.4
100

i90

190

11,100
6,400
296

-1

)
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+

Fe Fe

¢ @

The number of ions in a solution of ferrocenylmethanol in
acid is dependent on whether I or II is formed. For example,

either reaction 2 or reaction 3 may occur in sulfuric acid.

+ -
Fe - CH, - OH+ H,50, » Fc - CH, - OH,” +HSO,” (2)

+ + -
Fc - GH, - OH + 2H,50 ,~ Fc - CH, + H,O' + 2ZHSO, " (3)

The Van't Hoff 1 factor of a solutc providcs an index of the
effective number of moles of solute which exist in solution (31). The
i factor may be calculated from the freezing point depression of a
solution of known concentration of a solute (31-34). This factor has
heen measnred fm' FervncehyT‘methanni in 100% aulfuric acid, and
has been found .to be 3.95 i 0.1, which is excellent evidence that
Equation 3 is correct and that the alcohol actually exists as the

ferrocenylcarbinyl carbonium ion in acid solution.
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The carbonium ion is apparently quite stable in concentrated
sulfuric acid, as the freezing point of the solution changed by only
0.013° in 24 hours, and -th;is change would be cxpocted merely from
the uptake of water by the system. On the other hand, a typical

addition of sample might drop the freezing point by 0.2°.

2. NUCLEAR MAGNETIC RESONANCE SPECTRA

The nuclear magnetic resonance spectra of the compounds
under consideration are presented in Figures 1-4. The pertinent
data are summarized in Table II.

A methyl group does not significantly perturb the n.m.r.
spectrum of the ferrocenyl system; however, the spectrum of the
corresponding carbonium ion exhibits gross chemical shifts. All
of the proton peaks are shifted down-field, as would be expected if
the electron density were decreased at each position. The column
labeled "experimental'' in Table IIIlists the shifts in parts pcr mil-
lion for the proton peaks ir; ferrocenylcarbinyl carbonium ion from
the corresponding peaks in methylferrocene.

All of the resonance peaks were measured against reference
peaks of internal standards which had been calibrated against each
other. The bulk magnetic susceptibility of the solvent would affect
reference and ferrocenyl peaks equally, so the solvent susceptibility

cancels out of the measured relative chemical shifts.
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Figure 1: The n.m.r., spectrum
of methylferrocene in
carbon tetrachloride.

1 | . R J 1 | 1 — I — 1 . |
4.0 5.0 40 30 20

PPM from TMS

Figure 2: The n.m.r. spectrum of the ferrocenylcarbinyl
carbonium ion in trifluoroacetic acid.
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Figure 3: The n.m.r.
spectrum of the
methyl-ferrocenyl-
carbinyl carbonium
ion in trifluoro-
acelic acid.

Figure 4@ Then.m.r.
spectrum of the
methyl-(3 -methyl-
ferrocenyl)~carbinyl
carbonium ion in
trifluoroacetic acid.

I .
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TABLE II

Solvent

CC14
(}(3_14
BFS'HZO
CF3C02H
CFSCOZH
CFSCOZH

tetrahydro-
furan

0014

Unsub- Car-
_stituted binyl
ring pro-
tons
5.93
5.93 7.95
4.h5 3.87"
4. 67 3.97
4,85 2.73°

4.91 2.81

4. 46

2.73

a. Chemical shifts expressed in tau values.

pro-
tons

5.98

5.10
.25

4.85,
5.43

b. Froton on ring carbon édjacent to substituted carbon.

¢. Proton on ring carbon beta to substituted carbon,

3
pro-c
tons

5.98

3.49

.52,
.68

w W

W

. 58,
.73

[F8)
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TABLE III

Theoretical Change in the Chemical Shifl of Methylferrocene

Protons Upon the Formation of the Alpha Carbonium Ton®”

Type of Calculation Unsub-

2=
Proton
onring

.73
3.42
1.63

2.04

3.
Proton
on ring

2.39
.68
1.33

1.38
1.31

3.67

3.16

3.08

i.69

3.46

Car-
stituted binyl
ring proton

1. Experimental 1.26 3.98
2. Fulvene ' 0 6.90
3. Typical single MO calculation - .59 6.86
4. Typical iterated MO - .64 5.10
calculation
5. Ring Shifted 1 A iterated - .64 5.10
calculation
6. Ring shifted iterated calcu- - .64 2.79
lation with 0.8 A current
loop around iron
7. Ring shifted iterated calcu- - ,64 3.27
lation with 1.2 A current
loop around iron
8. Ring shifted iterated calcu- - .64 3.44
lation with octupole
approximation for iron
9. Electric field method applied - .64 6.18
to cale. 5
10. Electric field method applied -~ .64 4.52
to calc. 8
a. Chemical sﬁifts expressed in parts per maillion with a down-

field shift positive.
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Nuclear magnetic resonance spectra were observed for both
ferrocenylmethyl carbinol and (S-methylferrocenyl) ~-methyl carbinol
in trifluorocacetic acid. f’ositive assignments were made of the
chemical shifts of thé @ and B ring protons from comparisons of
the integrated peak areas of these two compounds. The unexpected
result was obtained that the P protons are more strongly deshiclded
than the protons « to the carbonium ion center. The implications
of this phenomenon will be considered in the Discussion section.

The multiple peaks which were observed for the ring pro-
tons of these two compounds are almost certainly duc to the two

possible orientations of the methyl group adjacent to the carbonium

center.

H-..__C/CH CH3-..__C/
Hia IITk

Hill and Richards (35) have demonstrated in their work on
the solvolysis of the sterecoisomers of methyl-{2-methylferrocenyl)-
carbinyl acetate that these two isomeric carbonium ions do exist as

separate entities. They have shown that the § -exo and § ~endo
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isomers {their nomenclature) solvolyze with complete stereospeci-

ficity, requiring a complete lack of rotation around the carbinyl to

ring bond in the carbonium ion intermediates.

I
CH CH OH
CH3 QAcC 3 . 3 -
B | Ot o
"‘CH3 ~cH \CH_,)
Fe . Fe 3 . Fe
IVa Va Via
§ - Exo - Exo
CH
CH, Qhc CH, cH 3 O CH,
.- CH 3 c
oL < O <,
Fe H Fe Fe
IVh Vb Vib
{ - Endo ¢ - Endo
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The steric hindrance between the two methyl groups of the
-méthyl-(Z—methylferrocenyl)-carb.inyl carbonium ion formed from
the { -~endo acefate would make that carbonium ion less stable than
the isomer formed from the | ~exo acetate. This energy difference
of the two carbonium ions manifests itself as a difference in the
rates of solvolysis of the acetates, the more stable § ~exo form
solvolyzing 12.7 times faster than the § -endo isomer. In the
present system, the ring methyl group is at the 3-position--far
enough away from the carbinyl methyl group so that there is neg-
ligible steric interaction and the two isomers have essentially
equal energies. In this case an equal population of the two isomers
is expected, a prediction which is borne out by the relative inten-

sities of the n.m.r. peaks..



112

C. DISCUSSION

1. CHEMICAL SHIFTS

The chemical shifts of the ferrocenyl protons are affected
by a variety of factors, each of which will be discussed individually.
We will be concerned with the changes which occur when a hydride

ion is removed from the methylferrocene molecule.

I'e —r——— Fe - Fe (4)
VII I VIII
2 Ring Current Effect

A ring current has been observed to exist in cyclic con-
jugated pi-electron systems in strong magnetic fields {36). The
contribution of this ring current to the chemical shift of neighboring
protons has been determined both theoretiéally and empirically
(6,7). The relationship expressed by Equation 5 has been used in

the present work to represent this contribution.
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2
6:12_.0(%)1 (5)
R
8 = chemical shift
a = radius of ring containing current
R = dlstance of proton frorn center of ring
I = ratio of number of pi-electrons on ring carbons to

pi-electrons in benzene

Equation 5, applied to the ring protons in ferrocene, reduces

tos

8 =0.243n (6)

where n is the number of electrons in the pi-system of one cyclo-
pentadienyl ring. The number of electrons is estimated by summing
the charge densities on all of the carbon atoms in the ring, using
charge density data obtained from a molecular orbital calculation of
ferrocene,

On the assumption that the carbinyl protons are planar with
the cyclopentadienyl ring, Equation 5 for the chemical shift of the

carbinyl protons bhecomes:
§ _=0.083n (7)

In each case, the change in chemical shift with a change in

ring current may be found by using the differential form of
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Equations 6 and 7.
A6 =0.243 An and A8 _=0.083 &n (8)

Equations 8 will be used to calculate the contribution of the

ring current to the chemical shift.

b. Carbinyl Bond Anisotropy

The ferrocenylcarbinyl carbonium ion (II) is probably stabil-
ized by resonance structures such as VIII, where a pair of electrons
are donated to the carbonium center by the adjacent ring. The
resulting unsatu.rated bond would be expected to be anisotropic in a
magnctic ficld {37). The dipolc-dipole interaction (Equation 9)
derived by McConnell (38) has been used as an approximate repre-
sentation of the long-range shielding effects of the carbon-carbon

double bond.

2
5 =K(?;cos?)e--l) (9

r

Ml ig the vector between the center of the bond and the proton of
interest and 8" is the angle this vector makes with lthe normal to

the plane of the bond.



The constant "K!" was evaluated empirically from the chem-
ical shifts measured for protons of known orientations in 4-carbon
to 7-carbon cyclo-olefins (39-41}. On the basis of this evaluation,
K has been assigned the value 14.1,

The mobile bond order, p, of the carbinyl-to-ring carbon
bond has been used as a measure of the pi-electron density between
the carbon atoms (42,43). The assumption has been made that the
anisotiropic chemical shift will be directly proportional to this pi-
electron density. If one takes into a,cAc.ount the stereochemistry of
the molecule, the chemical shilfts in p.p.m. of the carbinyl, alpha,

beta, and opposing ring protons become:

= -3.80p; & =-0.915p; 6 = ~0.22p; = +0.8
5 p; 8, 915p 5 P8 P (9a)

The effect of the double bond on the unsubstituted ring was
calculated by integrating Eguation 9 around a complete rotation of

the bottom cyclopentadienyl ring.
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c. Change in Bond Hybridization

Olah (44) has observed that the C13 chemical shift of the
tritvl carbonium ion is dependent on the bond hybridization as wcll
aé the charge density on the.carbon. There is probably some
change in the hybridization of all the bonds in methylferrocene on
the formation ofrthe carbonium ion, though the extent of change
cannot be predici‘:ed at this time. Certainly the carbinyl carbon in
Il has a different.hybridization (spz) than the corresponding carbon
in methylferrocene (spg),

Even if the precise hybridization of each bond were known,
the effect of the hybridization on the chemical shift of bonded protons
is not known, and no reasonable estimate can be made at this time.
For this reason, the bond _hybridization has been ignored in this
work, and one can only hope that this omission does not seriously

harm the rest of the calculations.

d. Pi-Electron Charge Density on Carbon

As has been indicated in the Introduction, the chemical shift
of a proton in a hydrocarbon has been found empirically (7) to be
related to the pi-electron density of the adjacént carbon by kduation
1,

§ =10.7q . (1)
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At the present time, charge densities for complex systems
cannot be calculated with sufficient accuracy to obtain a good
estimate of the validity of this equation. The equation has, however,
sufficient experimental support to justify its use in this admittedly
approximate calculation.

Another, somewhat similar approach has also been used to
predict the effect of the pi-~electron charge densities on the proton
chemical shifts. This approach considers the electric field at.the
proton due to the combined charge densities of the nearby pi—electfon
centers (45-49). The effect of an electric field on the proton
resonance has been treated theoretically (45-49), and there are
indications that a strong electric field reduces the screening at a
proton (46,47). The electric field method has been used success-
fully by Scl;lweizer et al. (47) to predict the relative positions of
the proton resonances in purine, a case where Equation 1 vields
incorrect predictions.

The electric field technique predicts that the chemical shift
is dependent on the component of the electric field along the C-H
bond axis, and also dependent on the square of the total electric

field at the proton.

§ = -aE_ - bE ‘ (10)
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The electric fields due to the excess electron densities on
the i pi-bonded atoms are added vectorially to obtain the electric
field at the proton. Using the valucs Schweizer has assigned for

the constants a and b, Equation 10 becomes:

(11)

],

Aq, Aq.

21 cos®, - 17.0 (T --;3-
iR ' i R”,
1 1

e

In this equation, f{i is the vector from the i-th atom to the proton
under study and € is the angle between this vector and the C-H
bond.

Both Equations 1 and 11 will be used to calculate the con-
tribution to the proton chemical shift from the charge densities

predicted from molecular orbital calculations.

&, Inductive Effect

A strong positive charge on the 2p-pi orbital of a carbon
atom induces a polarization into the C-H sigma bond, resulting in
a chemical shift effect on the proton resonance frequency. A
polarization of a similar nature might be expected in the C-C sigma
bond betlween adjacent carbon atoms. This bond polarization will
in effect p:rov:ide. a method for delocalizing a positive charge over
- the molecule which is Independent of the pi-electron system.

Experimentally, this effect manifests itself as a more uniform set
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of charge densities calculated from chemical shift data than when
the_charge densities are calculated from a simple LCAO-MO
treatment of the molecule (4,7).

The ”omeg’a technique, ' which is discussed in detail in the
section on the molecular orbital calculations, tends to sﬁxear the
charge distribution predicted from the MO calculations. In the
application of this technique, one in effect assigns a higher electro-
negativity to the atoms with higher positive charges, causing them
to attract some of the electron cloud from adjacent atoms. This
has the same effect on the total charge distribution as a polarization
of the sigma syrstem pulling electrons from the leses to the more
positive atoms. In fact, MacLean (4) has obtained rather close
agreement between charge distributions in benzenium ions cal-
‘culated using the omega fechnique and distributions obtained from
n.m.r. chemical shifts.

The omega technique has been used in the present work to
obtain more realistic moleéular orbital calculations, and to com-
pensate for a lack of a specific inductive effect correction in the

calculations.

f. Selective Solvation

Charged ions in a polar solvent will be solvated with a

counterion layer in solution; the more localized the charge, the
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more important the effect of the counterions (6,7). These counter-
ions create a strong electric field near the proton (7,45). The
effect of an electric field on proton chemical shifts has been dis-
cussed in the section on pi-electron charge densities (p. 116).

In spite of the attention that this problem has received,
there is not sufficient information about the degree of solvation in
most systems to justify predictioné of the effect of the solvent on
the n.m.r., spectrum. In the present work, the assumption will be
made that gross effects of the counterions will already have been
included in ‘Equation 1, and any remain;ing perturbations due to
sclective solvation will be ignored. As Equation 1 was derived
without first removing specific solvation effects, this assumption

is probably reasonable.

g f.. Ring Shift

Hill and Richards {25) have suggested that the stability of
the w ~ferrocenyl carboniun;t ion may be enhanced if the ring bearing
the carbonium ion is shifted to allow greater overlap of the car-

bonium center with the metal orbitals.

.l

O
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The present work indicatés- (see Table III, entries 4 and 5)
that very little change occurs in the charge densities and bond
orders calculated for the carbonium ion when a structure with a
ring shifted 1.0 A is assumed rather than a structure where the
rings and iron atom are co-axial.

The n.m. r. spectra do, .however, present strong evidence
that the top ring is shifted in the carbonium ion. The B ring pro-
tons are observed to be more strongly deshielded than the ¢ protons,
though molecular orbital calculations and the effects considered to
this point predict just the reverse order for the ring proton chem-
ical sﬁifts. An aftrac:tive explanation for this phenomenon requires
the top ring ;co be shifted away from the axis of symmetry of the
magnetic field which has been induced in the iron atom. This shift
would move the 3 protons into a ficld of intense magnetic deshicld-
ing, and at the same time move the o protons into a comparable
shielding field. These are just the shifts desired to improve the
agreement of the calculated spectrum with experiment, so structure

IX will be used as a model for the remaining caleniations.

hH. Anisotropy of Iron

In ferrocene, the iron atom is in the cylindrically symmetric
crystal field of the two cyclopentadienyl rings. This crystal field

and bonding situation would be expected to impart a cylindrically
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symmetric magnetic anisotropy on the iron atom. The ring protons
;m ferrocene are in equivalent positions :t;elative to the iron, so the
magnctic anisotropy of the irom is not observed in its n.m.zr.
spectrum. If, however, the. top ring is shifted as in IX, its protons
are no longer in equivalent positions and the effect of the anisotropy
must be examined in detail.

The strong shielding effect of the iron may be deduced from
the 1.5 p.p.m. upfield shift of the n. m.r. peak of ferrocene from
the n.m.r. peak of the cyclopentadienyll anion. This shielding of
the ferrocene protons cannot be entirely attributed to the opposing
ring. VA current loop approximation of the anisotropy of the ring
would predict that each ring shields the other ring by only about
0.25 p.p.m., leaving 1.25 p.p. m, of the high field shift of ferro-
cenc still unaccounted for. indccd, if one assumes that half the
charge on the cycioPentadienyl anion is delocalized by the iron
atom, theﬁ the combined effects of the factors discussed above
.would predict a shift of the cyclopentadienyl proton peak to a point
2.16 p.p.m. to lower field than where the peak is actually observed
in ferrocene. Thus, the oBserved upfield shift of ferrocene must
be caused in one way or another by the presence of the iron atom.

As a first approximaﬁon, the iron was con;idered to appear

like a point dipole to the protons, and Equation 9 was assumed a
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valid expression of the magnetic field.

-- <"
'(300529 -1) ' %—"‘r
e e— Fe” -0 (9)

) /)

The geometry of the ferrocene molecule requires the angle

&

theta to be 54.8°. By coincidence, this is almost exactly the angle
(55".44‘) 'at Which.(?; cosze -1} =0. In other words, the point dipole
lapproxii'nation for the anisotropy of the iron atomrpredicts that in
ferrocene the iron atom will not affect the magnetic field at the
ring p‘rntnn.q_ As the preceding discussion indicates, however, the
iron atom is expected to influence the magnetic field. This incon-
gruity probably occurs because the area of high electron density
around the iron atom is so‘large, and the protons are so close to it,
that the point dipole approximation is no longer valid. Instead,
higher order terms must be included and a more refined treatment
used to expresls the anisotropy of the iron atom.

As a second approximation, the magnetic field induced into
the iron atom was considered to resermble the magnetic field caused
by a loop of current centered on the iron atom. Egquation 12 gives

the magnetic field of a current loop as a function of position (50).
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cos 29( 22,2-1-21' z—l-a-r 2in 0}

2

-Ca

H = + (12)
z (a.z“lr:r2+2a1' 51118)5/2

2 2 2
Lsin 8(2a" -r +ar sind)

In Equation 12, "a'" is the radius of the current loop, ''r'' and '"'8"
are the spherical coordinates of the point of interest from the
center of the loop, and '"C'" is a constant.

As discussed earlier, the anomalous magnetic field at the
protoné in ferrocene is about 2. 16 p.p.m. The ring current on the
iron atom was assumed to be completely responsible for this
anomalous chemical shift, and this number was used with Equation
12 to empirically evaluate the constant, ''C'’,

Since the 3c1+2 orbitals play the most important part in the
bonding, are the greatest in the X-Y plane, and are the highest
energy iron orbitals involved in bonding (15), they were chosen as
the probably dominant contributors to the magnetic anisotropy. The
.radial functions for 3d orbitals were used to calculate the expecta-
tion value; {r), of the &istance of the 3d eleciron {rom the icon
nucleus. The average position of the 3d electron is 0.84 A from
the center of the atom. This value is not too different from the

crystal radius of iron (II), which is 0.76 A (51). Both this value

and one which is more in accord with the physical dimensions of



125
the molecule and the metallic radius (52) of iron (1.2 A) were used
to represent the radius of the current loop.

The magnetic field at thc protons due to this current loop
was calculated. Entries 6 and 7 in Table II may be compared with
entry 5 to see the chemical shifts predicted by the current loop
model. The model using a ring radius of 1.2 A comes slightly
clogser to predict.%_ng the observed chemical shifts than the model
using a 0.8 A radius.

-Higher order multipoles were included W1th the dipole repre-
sentation of the magnetic field in the final approximation considered.
The magnetic quadrupole term was assumed to be zero. This con-
dition is necessary to preserve the symmetry of the molecule to
inversion when in a magnetic field (53). The hexadecipole was
assumed to be zero for the samc rcason, and all terms of higher
order than it were assumed to have negligible contributions. This
assumption is probably quite good, as the higher order terms have
more complex syfnmetries ‘than the molecule and fall off quite
rapidly with distance. The only multipole left to be included in the
calculation is the magnetic octupole term.

A calculation-including both the dipole and octupole contri-
butions to the magnetic fie‘ld contains two empirical constants which

must be evaluated. They may be evaluated in much the same way that
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the constant, '""C'", was evaluated in Equation 12, except that now
there are fwo constants, so the magnetic field due to the iron must
be known at two different points on the molecule. Once again, the
ring proton in ferrocene will be used for one of the points. The
 bridge B.—protons in 1, 1'~trimethyleneferrocene provide another
calibration point of kno.wn location in the molecule. A comparison
of their chemical shift with the chemical shift of the methyl protons
of ethylferrocene reveals that the bridge protons are displaced 0.83
p.p. m. downfield.

The contribution Lo the magnetic field from a combined
dipole and octupole is given by Equation 13 (54).

C
H = --3} (3 coszewl)

T 13
C

4
+ -—32-' (35 cos © -30 cos“® + 3)
r

"+ and ''8" have the same significance as earlier, and ''C 1” and
”Cz” are the empirical constants for the dipole and octupole terms,

re spectivély. By evaluating Equation 13 at the two above mentioned

points, CZ1 and Cz have been found to have the following values:

C1 = _—_1.39; CZ = -121.9 .
As indicated in Table III, the octupole approximation to the

magnetic field of iron results in chemical shift predictions which
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are very similar to those predicted by the current loop approxima-

tion with a 1.2 & current loop.

i. Sﬁrnma.ry

Inlthis section attempts have been made to explore all of the
factors which might reasonably influence the chemical shifts of the
protons in the ferrocenylcarbinyl carbonium ion. While some of the
effects, such as the cyclopentadienyl ring current, have an unim-
portant and relatively constant effect on the ring protons, other
effects alter the spectrum drastically. For example, the magnetic
anisotropy of the iron atom cons'idei'ed in conjunction with the shift
of a cyclopentadienyl ring will reverse Lhe anticipated positions of
the @ and B ring protons.

While these calculations have only succeeded in predicting
relative positions of proton resonances and orders of magnitudes
of chamical Vshifts, the calculations are necessary preliminary steps
towards the successful unde_rstanding of the ferrocenyl system in

future studies.
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2. MOLECULAR ORBITAL CALCULATIONS

The molecular orbital calculations to be considered here
may all bé classified as one or another modification of the linear-
’combinatiqn—ofua.tomic-orbitals method. The only other theory in
common usage, the valence-bond theory, is not suited for quan-
titative or semiquantitative calculations. Valence~bond calculations
become exceedingly difficult with large systems, and do not lend
themeelves to applicat:ions where the molecule contains hetoroatoms
(55).

The first and sirnples; calculation undertaken was the simple
Hilckel (56) or LCAO treatmen{ of fulvene, the molecular equivalent
to the top ring of the ferrocenyl carbonium ion. As can be seen
from entry two of Tables III and IV, this calculation predicts too
much positive charge remaining on the carbinyl carbon resulting
in an extreme chemical shift.

Eptry 3 in Tables IH and IV represents a simple LCAO cal-
culation for the full carbonium ion. Once again, too much localiza-
tion of the positive charge on the carbinyl carbon is predicted.

A variety of values were assumed for the resonance and
coulomb integi'als, but even variations of @-and 8 by a factor of two
or three produced only minor changes in the calculated charge dis-

tribution for the carbonium ion. The first appreciable change
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occurred when o was changed sufficiently to cause the energy levels
;Ls soclated with two of the wave functions to move past one another.
When this happened, the fesulting charge densities and bond orders
took on meaningless values and no longer reflected the physical
symmetries of the molecule.

Overlap between adjacent atoms has been neglected in these
calculations. While the inclusioﬁ of overlap would change the cal-
culated energy levels of the system, we are only concerned with the
charge densities and bond orders, both of whi;:h are unaffected by a
constant overlap between neighboring carbon atoms (57).

The simple I.CAO-MO method has previously.been recog-
nized to be inadequate to predict the degree of charge delocalization
(7). A simple way of looking at this deficiency is to consider that
all carbon atorms have been assigned equal electronegativity (equal
values of o), although the theory predicts that some of the carbons
will have a higher electron density than others. An atom with
higher electron density will be less electronegative than one with
lower electron density, and must be considered as such.

One straightforward approach to this p.roblem is embodied
in the "omega technique" (13,58,59). To apply the omega technique,
one essentially uses simple LLCAO to ca.lculiate the charge densities
on each carbon atom and then modifies the coulombic integrals by

adding (in units of B} some fraction, omega, of the charge. The
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calculation is then repeated.

@iy = oz; + q, ®e , B, = standard reference B (14)

The value 1.4 is widely accepted for omega (59); however,
in the present work {with many successive iterations), the charge
dens.ities from iteration to iteration were found to fluctuate wildly
and uncontrollably. Lower values for omega were found to moder-
ate the fluctuations, and w = 1.0 was accepted as a reasonable
compromise between insufficient and uncontrollable corrections.

The simple LCAQO approach also suffers from a deficiency in
assessing the resonance integrals between adjacent carbon atoms,
l.e., pairs of atoms with « high bond order would be expected to be
closer together and have larger values of B than pairs with low b.ond
orders.

Good correlations have been observed Between bond lengths
in molecules and the corresponding calculated hond orders (43, 60, 61).
Additionally, Mulliken (62,_63) has suggested a relationship between
B and the bond distance, starting with the assumption that the
resonance integral is proportional to the overlap integral (64, 65).
He has also combined these relationships into an analytical expres-

sion for the resonance integral in terms of- the bond order (66, 67).

B =(0.320p + 0.460)8_ | (15)



132

The technique of modification of ¢ and B on the basis of
previous calculations and then repeated iteration of the calculation
to a self-consistent set of parameters has been used successfully
by Wheland to calculate the dipole moments of fulvene and azulene
(58). Mulliken has also used this téchnique to study the hypercon-
jugation energy in aromatic ions and alkyl radicals (66, 67).

In the present work, a program has heen writien for the
- IBM 7094 computer which will calculate energy levels, wave func-
tions, charge densities, and bond orders from the secular deter-
.minant for a system. One need only specify a set of o's and B's
to be entere.d into the secular determinant. On completing these
calculations, the computer applies the corrections specified by
Equations 14 and 15 to the integrals in the secular determinant
input matrix. Thc computcr may be directed to repeat this
sequence as many times as desired to achieve a seli-consistent
set of parameters. In practice, 10 to 15 such ite;‘ations have been
- found to suffice. The program has been given the name ""MILMQ4"
and the Fortran IV vers:ion isg listed in the Appendix.

Equatio;l 15 will onlyr provide inforrnatiqn on the value of the
resonance integral between carbon atoms. In the ferrocene mol-
ecule, bonding is also observed between carbon atoms and an iron

atom, and improved values for § would likewise be helpful here.
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Coulson (68, 69) has shown that a relationship exists between the
resonance integral (B, the bond order (p), and the energy (E) of a

bond between two atoms.

3B =5— (16)

The integral form of Equation 16 was used in the iterative
MO program, and was found to yield values for 8 which would often
cause successive iterations to diverge rather than converge. Equa-
tion 17 has been used in its place as a means of forcing the series
to converge without losing sight of the original relationship.

_p(=
itl ~ 2 2p

5 re,) (17)

i
The total iron-to-carbon bonding energy in ferrocene has
been calculated from thermodynamic data to be 53 kcal (70). This
f,i;gi,lre was derived assuming a standard B, for benzene of 18 kcal,
s0, using this same number, the iron-carbon bonding energy would
be 53/18 x 10 = 0.3B, per iron-carbon bond. Dunitz (16), on the
other hand, has used moleeular orbital theory to obtain a total :irop—
to-ring bonding energy of 286 kcal/mole. This figure was derived
us;lng a standard B, of 60 kcal/mole, so these calculations wonld
predict an energy for each iron-carbon bond of 28.6/60 = 0.58 .
MILMO4 has incorporated in it the ﬁption of applying Equa-

tion 17 as a correction on the resonance integrals between iron and
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carbon atoms. A se:;ies. of calculations was undertaken, keeping
all of the starting input parameters const_a.nt except for the iron-
cé,rbon bond energy, Whicil was varied from 0.28 to 0.58 . The
primary effect of this increment was to increase the iron-carbon
B from 0.3 to 0.65. This change in the input matrix then caused
the charge calculated on the iron atom to drop from +1.46 to +1. 04,
or a gain of 0.4 electron., For reasons discussed in the following
section, the latter value was felt to be closer to the actual charge
on the iron atom. The data presented in Tables III and IV has
therefore been calculated using 0.5, for the energy of the iron-
carbon bond.

Different types of interactions between the rings and the iron
atom . were considered. The iron was as suméd to have: 1) two
orbitals, each interacting with only one ring and orthogonal (o gach
other; 2) two orbitals, again each interacting with only one ring,
but now interacting strohgly with each other; and lastly, 3) two
_ orbitals, each interacting equally with every carbon atom.

1) The model which wae finally accopted to represcnt the
ferrocene system is one where the iron atom is assigned two
orthogonal orbitals, eéc_h interacting with the carbon atoms of only
one ring. This is the only model which has-been found to yield bond
orders and chatge densities which can always be made to converge,

and to yield numbers which are always consistent with the symmetry



135
requirements of the molecule. A natural consequence of this model
is that the molecule is artifjcially divided into two completely
iﬁdependent parts: the top ring and its iron orbital, and the bottom
ring and its iron orbital. Since the bottom half calculation does not
depend on whether the top half is ferrocene or carbonium ion, it
yiellds the same results for both cases. In other words, this model
predicts that the ﬁharge densities on the bottom ring do not change
on going to the carbonium ion.

In fhe actual system, however, an inductive effect is im-
portant which is not included in the above model. Evidence of the
extent of this inductive transfer of electrons from the iron atom -
and the bottom ring to the electron-deficient top ring will be dis-
cussed shortly.

2) The second model was studied in an attempt to counteract
the artificial division of the molecule discussed above. This system
was esseﬁt_ially the same as the preceding one,. except that the two
iron orbitals were no longer considered orthogonal.

Once again, as in the rest of the molecular orbital calcula-
tions, the positive charge delocalization is inexplicably confined
almost entirely to th;: top ring, with very little change in charge
density on the iron orbitals, and essentiall;} none on the bottom ring.
This property was observed to hold true even when a strong inter-

action between the carbinyl carbon and the iron atom was included,



136
and also Wher; the two ofbitals from the iron atom were allowed to
interact strongly with each other, as in the present model. The
resistance to change of tfle charge density calculated for the bottom
ring with the formation of the ca.rbonium ion may reflect on the lack
of a specific inductive effect incorporated in the model, or it may
indicate an underlying fault in the ability of the model to success-
fully represent the real system.

The computer program had not been written to distinguish
types of iron bonds, and it applied the same iterative correction
(Equation 17) Lo the iron-iron interaclion as it did to the iron-carbon
interaction. Because of this, the iron-iron starting B could be
varied from 1B, to 100f,, and suificient iterations would bring it to
the same point (1.098) every time. No attempt was made to apply
a different iterative correction to it.

3) If the iron atom is assigned two orthogonal orbitals and
each is allowed to interact equally with all the carbon atoms, the
first I.CAO calculation yields results almost identical with case 1.
Further iterations, however, slowly cause the system to lose sym-
metry, and rather than converging, the sequence of iterations even-
tually diverges. _If: is interesting to note that for this model the iron
orbitals in the carbonium ion have slightly more positive charge
than in neutral ferrocene, but the carbon atoms on the unsubstituted

ring are predicted to actually have a higher negative charge than on
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" neutral ferrocene. There are no particular a&vantages to a model
using this moae of orbital interaction, and there are these several
disadvantages, so this model was discarded.

Each of.the representations of ferrocene discussed above
involves the ten Zp~pi orbitals of the carbon rings interacting with
two orbitals on the iron atom. Systems were also examined where
the iron atom was assigned one orbital and four orbitals; however,
very similar results were obtained in each case. The assignment
of two orbitals to the iron atom appears to be general enough so that
either pf the other models could be represented by appropriate

choices for the values of the coulomb and resonance integrals on the
iron atom. As models with one iron orbital and with four iron
vrbilals coiquibuLed nothing to the flexibility of the calculations and
only complicated the picture, the model with two iron orbitals was
used for the final calculations on the ferrocenyl system.

A model with separate orbitals for each ring is also intuitively
attractive, because one may take a linear combination of the atomic
orbitals of iron which are available for bonding and obtain a strongly
bonding hybrid set of orbitals directed uniformly to one ring with a
corresponding set of orbitals directed to the other ring (17).

One important point to note is that experimentally the n. m.r.
peak of the unsubstituted (bottom) ring of methylferrocene is observed

to shift 1.4 p.p.m. to lower magnetic field on the formation of the
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carbonium ion. As mentioned above, none of the moleculér orbital
calculations in this paper predict any change in the pi-electron
charge densities or ring -cu.rrent of that ring. The presence of
double bond character in the bond between the carbinyl carbon and
top ring is predicted to shift the bottom ring 0.6 p.p.m. in the
wrong direction.

It is of interest to examine the experimental evidence for and
against interactions which propagate charge variations from one
ring to the other. Woodward (71} has measured the acid constants
of ferracene-1, 1'-dicarboxylic acid in 72.:1 ethanol-water to be
3.1 x 10“7 and 2.7 x 10_8, and from their similarity he concludes
that there is very little interaction between the rings. The acid
constants for terephthalic acid, however, show an equally small
variation (2.9 x 10‘-4 and 3.5 x 10_5 in agueous solution), this vari-
ation being entirely attributed to the physical proximity of the nega-
tively charged carboxylate ion to the remaining acid function,
resonance and inductive effects through the pi-electron system
apparently beingrneglig.{ble (72). Since resonance and inductive
effects are important between para positions on a benzene ring, one
must conclude that acid dissociation constants do not provide a

suitable measure of the magnitude of these effects.
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There is considerable evidence that variations in charge are
transmitted from one ring to the other in ferrocenyl systems. The
presence of an a.cetyl group on one ring deactivates the other ring
‘towards further acetylation (73), probably due to the formation of
a positively charged proton compleﬁc with the carbonyl already pres-
ent in the molecule. Strong correlations have been observed between
the electron donor properties of substituents on a ferrocene ring and
1} the strength of a heteroannularly substituted acid function, 2) the
stretching frequencies of heteroannular carbonyl groups, and 3) the
reversible quarter-wave potentials for the respective substituted
ferrocenes (74).

In addition to an inductive coupling of charge between the two
rings of ferrocene, the downfield chemical shift of the bottom ring
resonance may be caused by the anisotropy of the iron atom. This
phenomenon would be related to, and indeed is, an extension of the
ring shielding effect discussed on page 122. The change of charge
density on the iron atom ongoing to the carbonium ion could con-
ceivably decrease the anisotropy of the iron, resulting in less
shielding of the bottom ring protons. No attempt has been made to
put this effect on a quantitative basis, and the effect has been

omitted in the above calculations.
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3.  THE CHARGE ONIRON

A multitude of similar calculations have been performed in
this work, each one involving several educated guesses on the values
of constants and paramelers in the hope of finding some combination
of numbers which would successfully predict the n.m.r. spectrum
of the system. An easier task, but perhaps still not simple enough,
would be to try to predict the charge on the iron atom of ferrocene.

Several other investigators have used molecular orbital tech-
niques to calculate this charge {15, 16,20,21), and their results are
-tabulated in Table V. Each one of them has taken advantage of the
high symmetry of ferrocene to simplify the calculation, and yet
there are still so many ambiguities that they each arrived at dif-
ferent values.

The present work deals with the carbonium ion, which does
not have the high symmetry of ferrocene. For this reason, it was
ncccssary to resort to a more involved calculation, considering
each atom-atom interaction individually. The calculation performed
in this manner and using the corrections discussed previously results
in a prediction of a +1.04 charge on the. iron atom of ferrocene.

This charge ie larger than that predicted by any of the other inves-

tigators.
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TART.E V

The Charge on the Iron Atom of Ferrocene

Value - Method Reference
~0 MO 15,16
0.2 to ~1.2 MO 20

+0. 682 MO 21

~0 pK of carboxylic acid 71

+1.04 MO present work



1.42

The pK of ferrocenoic acid is very near to that of benzoic
acid (71,75), indicating that the carbon atoms to which the carboxyl-
ate group is bonded in the two systems have similar pi-electron
charge densities. An alternative explanation may be considered in
which the charge densities on the ring carbon atoms of ferrocenoic
acid do differ from the densities on the benzoic acid carbon atoms,
while at the same time the iron atom in ferrocene interacts with the
c_arboxylate function in an unknown way to compensate for this vari -
ation of charge densities, coincidentally resulting in an acid con-

stant similar to the acid constant of benzoic acid.

4. CONCLUSIONS

| This study of the ferrocenylcarbinyl carbonium ion has
answered very few questions-~-indeed, it has raised more questions
than it has answered: How is the carbonium ion stabilized? Is the
substituted ring shifted to allow greater interaction of the carbonium
ion Wit:}fl the iron? What does the magnetic field look like in the
neighborhood of the iron gltom? Do LCAO MO techniques work atl
all for ferrocenyl systems, and, if so, what are reasonable values
for the molecular orbital parameters? What is the charge distri-
bution in fgrrocene and in the carbonium ion? What is causing the

chemical shift of the unsubslituled ring protons in the carbonium ion

relative to the neutral molecule?
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Answers have been suggested for some of these questions,
but no theory can yet be postulated to encompass all that is known
;a..h(mt these systems. Several areas suggest themselves for im-~
rﬁediate exploration.

The n.m.r. spectrum of the carbonium ion from ferrocenyl-
1,1'~dicarbinol should be studied to observe the effect of two car-
bonium ions on tﬁe same molecule. If charge delocalization to the
other ring is important, the B proton resonance of the di-cation
should be shifted even further downfield, while if the major con-
tributor to the proton resonance positions is the ring shift, the
chemical shifts of protons oo and B to the carbinyl carbon atoms
would be expected to appear in comparable places in the mono- and
di-cations.

An advanced self-consistent field molecular orbital calcula-
tion should be applied to ferrocene to see how close an agreement
will exist between its results and the present calculations. Perhaps
this more sophisticated calculation will give more accurate pi-elec-
lrou charge densily information, and hence more accurate chemical
shift predictions.

In the meantime, the groundwork has been done on these sys~
tems, and a frame of reference has been défined from which future

studies can build.
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D. EXPERIMENTAL

1., COMPOUNDS
a. Ferrocenylmethanol

Phosphorus oxychloride (27.7 g, 0.17 moles), purificd by
distillation, was mixed with N-methyl formanilide (24.4 g, 0.18
moles) at 0°C. The mixture was allowed to come up to room tem-~
perature and react for one hour. Ferrocene (16.5 g, 0.089 moles)
wasg added with vigorous stirring. The mixture was allowed to react
in a stoppered flask for four days. The flask was chilled to 0°C
“and 25 ml of ice water was cautiously added. No reaction occurred
for several minutes; then the solution became hot and boiled violent-
ly. The material was allowed to cool and was extracted with 200 ml
of chloroform. On evaporation of the extract to dryness, a dark
brown tar remained. The tar was dissolved in benzene and chromat-
“ographed on alumina. A yellow compound was eluted, followed by
a deep red compound believe.d to be the desired ferrocenecarbox-
aldehyde. The benzene was distilled from this fraction, leaving a
deep red-brown tar, which would not crystallize from ethanol. The
tar (10 g, 0.04 moles) was dissolved in 250 ml methanol and sodium
borohydride (5. OI'g, 0.13 moles) was added. A gas was evolved for
about a half-hour, after which the methanol was allowgd to evaporate.

The remaining oil was dissolved 'in a large quantity of boiling water
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and the solution was chilled. A greenish-yellow semi-crystalline
solid formed on cooling. The crystals Were washed with water and
recrystallized from n-—héxane, yvielding 7.8 g of fine yellow needles.
M.p. 77-78°%, mixed melting point with ferrocenylmethanol, 77-79°C;

reported 76° (30).

b. Methylferrocene

A solution of ferrocenemonocarboxylic acid (2.3 g, 0.01
moles) in 50 ml methanol was refluxed onc hour with 2 ml concen-
trated sulfuric acid. Water was added and the solution was extracted
with ether. Evaporation of the ether left I.25 g of a reddish-brown
crystal, m.p. 63-—67°; reported for methyl ferrocenylcarboxylate,
70-71°C (75).

The ester (1.25 g, 5.1 mmole) was dissolved in anhydrous
ether and lithium aluminum hydride (0. 15 g, 4 mmole) in 25 ml
ether was added. This was followed by anhydrous aluminum chlor-
ide (1.2 g. 9 mmole}, and an additional 0.15 g of lithium aluminum
hydride, each dissolved in anhydrous ether. The solution was
refluxed four hoﬁrs. Excess hydrides were hydrolyzed with 20 mi
water, followed by 26 ml 6N sulfuric a;:id. The ether layer was
washed with watei‘ and evaporated, leaving a partially crystalline
orange-brown oil of rnethjrlferrocene. The product was purified by

vacuum sublimation at 50°C onto a dry-ice acetone cold finger,
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resulting in a 40% yield. The methylferrocene deposited as a yellow

powder, which darkened on contact with air, m.p. 33-35°C.

c. 1,1'-Trimethyleneferrocene

This compound had been previously preparced in these labor -
atories by E. Alexander Hill (76). It was recrystallized from n~

hexane and used directly (m.p. 105-106°C),

2.  FREEZING POINT DEPRESSION
" The ciyostat used to measure the freezing points is described
- by Newman (33), and is shown in Figure 5.

A stock solulion was made of slightly fuming sulfuric acid by
mixing 380 ml concentrated sulfuric acid with 1 1b of 30% fuming
sulfuric acid. This mixture was found to be slightly higher than the
desired concentration of sulfur trioxide to produce the highest
freezing point. The addition of 0.7 ml of water per sample brought
the sulfuric atid to the desired concentration just past the freezing
point maximum.

A weighed quantity (approximately 90 g) of sulfuric acid was
‘poured into the cryostat. The unit was assembled and all joints
greased. The required 0.7 ml of water was added. The cryostat
was allowed to equilibrate for several hours, so that the inside sur-

face would lose any water film which may have adhered. The outer
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can was filled with an ice-water slurry. The sulfuric acid solution
was stirred and its temperature was recorded every rﬁinute. The
temperature was estirnat-ed to 0.001 degree with a Beckman ther-
mometer. When the temperature fell to the freezing point of the
sulfuric acid, a piece of dry ice was placed against the surface of
the inner vessel. The dry ice was held there one minute, and upon
removal, white crystals of sulfuric acid could be seen. The temper-
ature would continue to drop for several more minutes. It would
then sgddehly shoot up a degree or two and stay there for from 2 to
15 minutes, depending on the concentration of sclute. This maximum
point was taken as the freezing point.

Samples were introduced into the solution as compressed
pellets and dropped down a glass tube to the surface of the acid.

This method of introducing sa',mplesr required an hour to dissolve
each sample. The method was, however, found ;co be a superior way
of insﬁring that the entire sample reached the acid.

Once the freezing point was obtained for the sample, the inner
vessel was removed from the rest of the apparatus and allowed to
warm up to room temperature. A sample pellet was introduced into
the acid and allowed to dissolve. The freezing cycle was then

repeated,
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The data obtained in this way were used to calculate the

Van't Hoff i Factor, using the formulas in Table VI.

3.  NUCLEAR MAGNETIC RESONANCE SPEC.TRA_

The n.m.r. spectra were observed on a Varian Associates
A-60 n.m.r. spectrometer at the standard probe temperature {(~35°
C). The Carboniﬁm ions were observed in solution in boron tri-
fluoride monohydrate, trifluoroacetic acid, and in sulfuric acid as
solvents, with tetramethylammonium bromide présent as an internal
standard. The chemical shift of the tetramethylammonium bromide
proton was taken as T = 6.67. The remaining compounds were
observed as dilute solutions in carbon tetrachloride with an internal

standard of tetramethylsilane.
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TABLE VI
‘Calculation of Van't Hoff i Factor

AT
Am x 6.154 {1-0.0047t)

Am = molality of solute in solvent
AT = change in freezing point when solute is added
t = mean depression = freezing point of sulfuric acid -

mean freezing point of solution

" Source: Reference 32

Super-Cooling Correction

§T=T7-T =0.012('1"1 -TS)(TO-TI)

1
P T = correct freezing point
43 TO = freezing point of pure
o sulfuric acid
g" Tl = measured freezing point
Q
b T = lowest temperature
l reached during super-
— time e cooling

Source: Reference 31

Thermometer Stem Correction

Tc = T0 + 0.00016 1L (TO - -TM)

Tc = correct temperature

To = observed temperature

L = exposed mercury length in degrees
-Tm = temperature of exposed stem

Source: Reference 77
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F. APPENDIX

- FORTRAN IV LIST OF COMPUTER PROGRAM MILMO4
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< I8 JOR
IRFTC Mn4 .
PROGRAM FNOR DIAGONALIZING A 20X20 MATRIX HSING FIGYV
NEERS OMLY JPPFR MATRIX ELEMENT INBIT
CALCULATES ENERGY LEVELSs WAVE FUNCTIONS, CHARGF DENSITIFS,
. AND ROND ORDERS . .
LUSES THE OUTPUT TO GENERATE A NEw INPUT MATRIX AND REITERATES
MMAX=NUMBER OF CARDS FNTERED, M=<[2F OF MATRIX,
' L=NUMBER OF ELFCTRONS- [N WAVF FUNCTION.
ITR=NIMBER OF ITERATIOMSs IRON=FIRST IRON ORATITAL, INPRT=0 MFANS
FULL OuUTPUT FORMATs INCLEB / N=NO RETA CORRFCTION, 1=0ONLY C=C CORR.
2=0ONLY IRON-C CORRECTIONs 3=BNTHs W=VALUF OF OMFGA.
ENGY=C~IRON BOND ENERGY IN UMITS OF RFTA,
MORIF / O=NEW SET OF DATAs 1=5SAME INPUT MATRIX AS BEFORE,
2=USE PREVIOUS CQUTPUT FOR INPUT TO MEXT SET.
WRITTEN BY MILTON LFVFNBERG

CLFAR AND SFT ARRAYS

[aNaRalsNaNalalaNaNaNaNaNalaXaRala k)

ODIMENSICON A(400)s VI4N0)s VALU(ZN),y QTOT(20)s PTOTLISN) s
T1EINDL1ISN s JIND(150}s TIFLELIZ2}s STORIZ0)s AL(40C}s BIBOO}s A2(20)s
2A3(150)
5 READ {5+9000) (TITLE(I)s I=1412}
READ (5s9N072) MMAXsNsL s ITRaIRONSINPRT 4 INCLE oW o ENGY sMODTF
1TNO-O
KONTR=n
Bl1)=Na0
IF (MODIF-1) 104648
& DO T I-1,40n0
T A(II=AYL(])
GO TC 37
B IF (BONDLT«NeQ) GO TO &
PO 9 I=1440N
9 AL(I}=A(I)
GO TO 31
10 DO 20 1=1,.20
VALU [11=0n4N
STOR{I1=0,0
AZ(11=040
20 GTOT {1)=nen
DO 26 [=144N0
AlINI=NaN
A1(T)=0n40
26 V{11500

DISPLAY OF INPUT MATRIX

aEAEA}

DO 3N M=1 4MMAX
READ (549003) T4JsC
TMDX=MNt [T -1+
ACTNDXY=C
AL{INDX)=C
TNRX=N#({J=11+1
A(TNDY ) =C
AT{INDXY=C
TNR(MY=1
JIND{MY =]
IF (I-J) 3Ns29.30

29 A2{1)=C

30 CONTINUE



DYDY

aNa s

31

35
36
37
4n

41
42

43

44
45
50

&7

167
l68
169

68

69
70

12
73

172

T4
75
77
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WRITE (6+90N01) (TITLE(I)41=1,12)
WRITE 16s9004) TTNO

FLN=N ‘

IF (FLN-8401 35435540

DO 37 I=14N

DO 36 J=14N

INDX=N#* ([=114J

STOR(JY=A{INDX)

WRITE (6+7200n5) (STOR(U)y JU=1l.N)
GO TO 50

DO 42 I=1,N

DO 41 J=1,8

INDYX=N®(Tw1)a)

STOR(JI =ALINDX)

WRITE (6490051 (STORUJYs J=1+8)

IF {MeLEs14) GO TO 43
WRITE (6490013 (TITLE{T}aI=1412)
WRITE (6,90068)

DO 45 TI=14N

PO 44 J=94N

INOY=N*{T-1}+J

STOR{JY=A{INDX)

WRITE (6459005) {STOR{UYs J=9,4N}

CONTINUE

DIAGONALIZATION OF MATRIX

CALL EIGVYV (AsVaVALII4NoR)
CONTINUF

‘DISPLAY OF FIGFNVALIIFS AND FIGENVFCTORS

WRITE {(629001) (TITLE(TI)s1=112)
IF (ENGY) 16821674168

WRITE (649014) LW

GO TO 169

WRITE (639015) LsWeFNGY

WRITE {6y9007) ITND

WRITF (620NN05) (VAL TYeT=14R)
IF {KONTRI 73+68,7%

WRITF (5H+9NNR)

DO FO T=1,N

NO 69 J=1,8

ITNOX=N*( J=1)+1T

STORII) =V INDXY

WRITFE (6+00N8) {(STORE 11 I=1,R)
IF (FLM=B,N} T77:77477 o
WRITF (690071 (TITLFE (1) s1=14121)
WRITE (69002

WRITE (6490N5) (VAL I1aT=9sN)
IF (KONTRY 774173477

WRITE (649008

NG 78 T=14N

NO T4 [=94M

TNDX=N®E J-114+1

STAR(JI=V(INDX)

WRITE {6,9nN5) [STOR{JYy J=94M)
CONT INUE

CALCIILATINN OF CHARGF NDFNQITY FOR | FLECTRONS



i EaNal

aXalal

79

RO

85

BT

an

sS4

as

9R

106
m

110
120

140
140

205
206

2 ¥ala'

21n
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No 9 T=14M
ATOATIII=NN

FLL=L

K=1

TNDY=N#{K=1)41]

Q=yv{ INDX) »V L INDX}

IF (FLL-2.0) 87,8%,80
K=K+1

FLL=FLL=24N
QTOTIII=QATOT{114+2.N%0
GO TO 79
QTOTLI=ATOT(I}1+2.0%3
GO-TO A8
QTOTIEYI=QTOT(1}+Q

} QATOTITII=1.0-QTOT{I)

CONT IMUE
CALCULATION NF BOND ORDERS

DO 101 M=1.MMAX
PTOT (M) 20,0

FEL=L

K=1
INDM=N#{K=11+IND(M)
JINDM=N*{K=11+JTNDIM)
P=yv( INDM}*#y{ JTNDM}

IF (FLL-2.0) 100+98,95
K=K+1]

FLL=FLL-2.,0

PTOT (M} =PTOTIM)+Z.0XP
GO TO 94
PTOTIMI=PTOT(M)+2,04P
GO TO 101
PTOTIMY=PTOT{MI+P
CONTINUE

‘IF {KOMTRY 17204+11041720

WRITE (6+9001) (TITLE{IY}s [=1412)
WRITE (6+9010) TITNO

WRITE (6¢9N11) {INDIMYSJIMD{MY yDPTOTIM) sM,QTOT (M) M=1,M)

N2=N+1

WRITE (639013} [INDIM) s JIND(MY 4PTOT(M) s M=NZ 4MMAYX)

TEST DIVERGENCE OF ROND ORDERS

DO 140 M=1,MMAX
BOND=PTOT (M}

IF (ROND) 130,140,140
WRITE {({&,0012)

GO TH §

CONTINUF

NG 206 T=1.400
AlLT1=AT(T1)

OMEGA-TECHNIOUFE CORRECTINN TO ALPHA
N 210 M=14N

TNRX=N®(M-T}4+M
ALTNDX)=A2 (M}+W2OTNT (M)
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CGRRFCT[ON TO RESOMANCF TMTEGRAL {RFTA)

IaEalal

IF (THCLB)Y 220421%472n0
P18 TF {ITRP-TTMN] G,R,nr18
218 ITND=TTNO+?
KONTR=IMPRT*{TTR-ITHMN}
TF (KOMTR) 50,731,500

220 DO 230 M=) eMMAX

IT=IND({M)

J=UTND (MY

TF (1= 774427072324
2?74 TF (TIRON=TY 236 4736.,7225
225 1F (TROM=1) 236477/ 4235
235 IF (TNCLRB=21 24042304240
736 TF (INCLB=11 230,730,260

740 RBETA-Ce3?22(140+PTOT(MY)+0us6

242 TNDX=N#(T~1)+.)
ALTINDXY=RFTA
TNNDX=N*[ j=1}+!
ATTNDX)=RFTA
GO To 7230

260 1F (ITNC.GT.N) GO TL 265
TMDX=N%{1-1)+
AJ (M) =A{INDX)

265 BETA=(FNGY/(2«N%PTOTIM)1+AR (M) }/2,.0

A3[M)=RFTA
GO 1O 243
7301 CONTINUF
GO TO 715
C
e FORMAT STATFMENTS
-

9NNN FORMAT (1286)

AaNNT FORMAT (THT.12A6)
90N2 FORMAT [T7T5,2F5,1475)
90N FORMAT (215,F1A,0}

2004 TORMAT (&30 INPUT MATRIX ITCRATION NUMAOICR »13/57)

9005 FORMAT (1HNs8F13.7)

AN06& FORMAT {23HNINPUT MATRIX —= PART 2//}

9nN7T FORMAT (49HAFTIGFNVALUFS ITFRATION NUMRFR 4177/

Q0NA FORMAT {1HN, /22HFETAFNVFOTORS (COLIIMMS) £ /)

anNnNag FORMAT (PPHAFIGFNMYALIIFS —— PART 72//)

AOTONFORMAT [12HNROND ORNDFRS$36X s 1I6HTHARGE NDFENMSTTTIFSeIRX s ITHITFRATINN N
TUMAFR 4T3, //75H ATOM ATOM ROND NROFR 421X 4 2 NHATOM CHAR
?GE)

AN1T FORMAT (1H +13418,F16.7,20Xs13,7X,F11.7}

9012 FORMAT (BSHNRAOMD ORNDFRS HAVF TAKFN MEGATIVE VALUFS, THF [TFRATION
1 SEOUFMCE HAS ARFFN TFRMINATFR, )

QN1 FORMAT (1TH +134184F1A.7)

9014 FORMAT (2THANUMBER NOF FLFCTRONS=417.10X s AHOMFGA= 4Fho2)

901% FORMAT (ZTHNNUMRER 11F FLECTRUNS= s [P 10K sbHOMFGA=gFaaZ 4 1MXy
17HCARRON-TRNON RBOMD FMERGY=3F542? 45H AFTA)

FND
FNATA
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PROPOSITIONS
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PROPOSITION I.

I. INTRODUCTION

| Spectrometer‘s in current use for the infrared and visible

regions measure the decrease of intensity of a light beam as the
sample under investigation absorbs in a particular spectral region.
A sample present in trace quantities, or one which interacts only
weakly with the light beam, causes only a small change in the intensity
of a beam of light--often a change of the same order of magnitude as
the noise in the light source and the instrument. Dual beam instru-
ments have been built which lessen this problem by comparing the
resultant light beam with a reference beam which has gone through
similar optics but not through the sample. The light beams are com-~
pared by a chopping apparatus which allows the detector to alternately
examine one and then the other beam at a suitable switching rate.
Noise in the light source near the switching frequency or one of its
harmonics remains and is detected as a spurious absorption signal.
A new technique is proposed for comparing the light beams continu-
ously, bringing only the instantaneous difference of intensity of the two
beams to the detector.

11. PRINCIPI;ES OF OPERATION

The Michelson interferometer has been used for years for

. extremely accurate measurements of length and of the degree of
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flatness of optical su_rfaées (1). The Twyman interferometer (Figure 1)
is a modification of the Michelson interferometer which uses a lens
system to produce a light-beam with a plane wave front (2). Half the
li.ght from the source is refiected from the half silvered mirror to
mirror 1 and back, while ’;he rest of the light passes through to mirror
2 and back. Half the light returning from cach path is directed to the
exit lens and ouf the instrument. The compensating plate is included
to insure equal optical paths even though the beam to mirror | must
travel through the glass backing of the half-silvered mirror three
times while the other beam only travels through the mirror backing
once.

The two beams of light to mirror 1 and mirror 2 retain phase
coherence. If the mirrors are adjusted propexly and the optical path
lepgths are precisely equal, the returning beams will interfere
destructively, leaving a uniformly dark field at all frequencies (3).
‘The two beams interfere destructively rather than constructively
hecause their reflections off of the half-silvered mirror occur on
opposite sides of the surface. A beam of light reflected from an inter-
face from the side with the higher index of refraction will be 180°
out of phase with an identical beam reflected from the side of the
inter_fa;ce.wit'h the lower index of refraction (4).

If a sample cell is inserted in one leg of the interferometer

and a carefully matched cell containing only solvent is put in the
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other leg, the de structive interference will not be complete at f-re-
quencies where the sample selec:-t;ively 'abs'o_rf)s energy. If the output
of the interferometer is then led into a spectrometer and the heam
intensity is scanned as a function of frequency, energy will appear
in the beam only at wavelengths where the sample does absorb. With
a suitably intense source of input light, a large output may be ob-
tained for a very small relative absorption of the sample.

A noise fluctuation of the input source intensity at any fre-
quency will cause th.e same relative fluctuation of the final output
intensity, resulting in only a small perturbation of the output signal.
-On existing dual-beam spectrometers, however, noise pulses occur-
ring near a harmonic of the switching frequency will add linearly to
the signal, often completely obliterating weak signals.

Beam chopping techniques may still be applied to the output of
the interferometer if desired to facilitate electronic amplification of
the detected signal.

III. PROBLEMS IN DESIGN AND CONSTRUCTION

A certain amount of care must be taken in the construction of
the interferometer, and the specific problems which may be en-
countered will now be discussed.

The lenses (or focusing mirrors) in the interferometer should
be of very high optical quality and must be capable of passing the

spectral rangé to be studied.



) 166

.Thé half-silvered mirror and compensating plate should be
made from the same piece of high quality optical glass or fused
quartz, éarefu.lly ground optically flat, and to constant thickness to
within 750 A. (All of the tolerances to be specified at this point have
been calculated on the assumption that the optical paths of the two
legs are 20 cm long and musl be equal Lo within 500 A.) The pre-
cision of agreement of the two path lengths will double if the specified
tolerance is halved.

The windows of the sample cells should be cut from a single
optically flat blank. Thc recmaining walls of the cells may be con-
structed with a rigid but deformablebellows.This will allow a fine
adjustment of the path length through the application of pressure

from the external mounting system.

port for filling and
expansion of fluid

optical flats

\ -

[ ———— . | path of light

Y

adjustment
——lp J —
pressure \/\/\/\/\/
1, V__
deformable

bellows
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As befbre, both the thickness of the op_ticél Wﬁils and the internal
path lengths s.houl_d bé equal in the two cells to within 750 A. This
tolerance is easily attainable with present technigues.

The mirrors are silvered by means of standard evaporation
techniques (5). The reflectivity of silver dr.ops to too low a value to
be useful in the near ultraviolet, and in this range an aluminum film
should be used instead (6). The half-silvered mirror should ideally
reflect about half the light and transmit the rest; however, the exact
ratio is not critical because of the symmetry of the system. The
light from each optical path is reflected once fraom the half-silvered
"mirror and transmitted through it once, so the final relative in-
tensities of the two paths are not affected by the degree of silvering.

The totally reflecting mirrors (mirrors 1 and 2) are prepared
by the same techniques, but with a heavier layer of metal deposited
on them. They are mounted securely on the interferometer frame
in holders which allow fine adjustment of their relative alignments
and positions. With present mounting systems, it is not difficult
to achieve alignment of the mirrors to 0.05 wavelength of light or
better (1).

The deﬁsity of the air in the optical path will be a function of
the temperature and pressure, and if the temperaturc or air pree-
sure of one of the legs of the interferometer changes during an

experiment, then the optical path length of that leg will change and
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erroneous signals will result. In keeping Witfl the aforementioned
criteria, the air pressure of the two paths should be kept equal to
W‘ithig 1.2 mm Hg and the te'mperature should be regulated to within
0.5° C. .These limits should not be difficult to attain in an enclosed
and insulated system.

The change of length due to thermal expansion of the mechani-
cal framework holding the optical components must also be con-
sidered. If the frame is constructed out of a material with a suitably
low coefficient of thermal expansion, such as Invar, the change of
optical path length with temperature will be of the same magnitude as

that found for the change of the index of refraction of the air path.
In fact, these two effects oppose each other, and to first order will
cancel and make the system insensitive to slow changes in temper-
ature.

One must remember that any change in temperature or pres-
sure affecting the two balanced legs of the interferometer will not
have any effect on the resul’tant signal. For this reason, fairly wide
fluctuations in external conditions may be tolerated if they act uni-
formly on the entire system.

None of these tolerances are impossible to attain; in fact,
present instrumentation will allow a con aiderable imprbvement in
most tolerances over the specified values. The values stated are

the upper limits which will still provide usable performance from the
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systerh. The final proof tﬁat such toleraﬁces are attainable is per-
haps the fact that such interferometers do exist and are in common
usage ir; optical laboratorieé throughout the world.

IV. CONCLUSION

Due to the expense of the precision components and the need
for constant and expert attention to the instrument, this spectrometer
would not be a practical instrument for most laboratories to consider.
On the other hand, the improvei’nent in instrument sensitivity made
available by this technique will allow the study of trace quantities
of materials and low concentration recaction intocrmediates not
accessible through present instrumentation. This consideration will
merit the coﬁstruetion of such an instrument in a few laboratories

intimately concerned with such problems.
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PROPOSITION 1I.

I. INTRODUCTION

In recent years the limits of frequencies of infrared and elec-
tron paramagnetic resonance.measurements have been rapidly
approaching each other. Infrared measurements have been performed
successfully at 0.7 mm (1, 2), while currently available e.p.r. spec-
trometers are capable of making measurements at 8.5 mm and 12
kilogauss {3).

It is proposed that technology has advanced to the point where
an e.p.T. experiment may be performed using infrared sources and
optics rather than microwave klystrons and waveguides to provide the
irradiating field. Superconducting magnets are already available
which will provide fields of over 100 kilogauss {4-7), and it is predicted
that magnets which will be capable of attaining fields of 150 to 300
kilogauss will be built in the near future (7, 8).

At 300 kilogauss, an organic radical with a spectroscopic split-
- ting factor, g, equal to 2.0, will have a Zeeman splitting equivalent to
radiation with a wavelength of 0.3 mm, while the currently available
100 kilogauss magnets would require a 1.0 mm infrared beam. Other
paramagnetic materials with g values greater than two, such as rare
earth ions, could be studied with radiation c;f even shorter wavelength.

At these intense magnetic fields, however, many such systems will
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have the spin and orbital angular mome.nta deé_oupled (Paschen-Back
effect), resulting in iower g values (9, 10).

II. THE INS TRUMENT

The optics in these experiments can be considerably simpler
than in an infrared spectrometer, because it will not be necessary to
scan the frequency of the infrared radiation. With suitable inter -
ference filters to insure monochromatic radiation, the infrared beam
may be left at one wavelength and the magnetic field swept until the
resonance condition occurs in the system. In fzict, a very sharply
monochromatic sourcec of light such as a laser beam may be used.
Continuously emitting lasers operating at 0.133 mm and 0. 118 mm have
already been‘reported (11,12).

An improvement in sensitivity of the system over conventional
infrared detection techniques may be realized if a hybrid optical- -
electronic system is used to examine the e.p.r. transition. A typical
system is illustrated in Figure 1.

In this system two almost identical lasers are operated at,
for example, 100 mc apart. The output of one of the lasers (laser
no. 1) is directed at the sample. The sample is in the field of a
superconducting magnet, and the magnetic field is oriented parallel to
- the laser beam. The sample may be contained in a Fabry-Perot
resonator if it becomes necessary to increase the extent of interaction

of the sample with the beam. The Fabry-Perot resonator is
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essentially a pair of parallel mirrors precisely spaced to allow con-
structive interfcrencre: for light of the laser frequency. The light is
thus reflected back and forth through the sample many times. The
mirror closest to the laser is not completely silvered, so light from
the laser may enter and then return via the same path.

A sample at least 0.2 mm on a side will always be in at least
one magnetic field maximum, since these maxima will occur every
0.15 mm for light with a wavelength of 0.3 mm. The sample would
ideally be suspended in an inert matrix in the form of a sheet normal
to the light beam and covering most of the cross-section of the
resonator. A suitable inert matrix, for example, might be a thin
sheet of paraffin. Paraffin has been found to be relatively trans-
parent at these frequencics (13).

- Part of the light beam returning from the Fabry-Perot
resonator is intercepted by a half-silvered mirror oriented at 45° to
it, and is reflected to a suitable photodetector. Lightifrom a second
laser is directed thlrough the same mirror so that the two beams
impinge on the photodetector at the same point and in precise align-
ment with each other. The axes of the two beams should be aligned
to within one éecond of an arc.

The technique of observing two laser beams simuthaneously
and obtaining a difference frequency (photomixing) is quite common

(14-19). In fact, difference frequencies only 2 cps wide have been
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observed when two helium-neon lasers were béét together under
optimum co.ndit.ions (26). |
To observe photomixing, one must use a square law detector

{one which produces a current output proportional to the light power
incident on it}, and the detector must both woi‘k at the frequency of
the incident light and be able to respond sufficiently rapidly to follow
the resultant beat frequency. Most photodetectors are square law
devices and no other type will be considered at this time. None of
the phofodetectors in common use, however, are sensitive to light in
the 0.1 to 1.0 mm range. These photodetectors require the incident
photon to eject an electron from ;1 treated surface or to generate a
charge carrier pair in a semiconductor. The photons in the present
system, however, are not sufficiently energetic for most detectors
to react, and also the detectoré may be opaque to these wavelengths.
The most common methods of detecting radiation in the sub-
millimeter range are by use of a thermocéuple, a bolometer, a
Golay cell, or some other dgvice which depends on the local heating
caused by the impinging radiation. Unfortunately, all of these
devices have large thermal inertias, and none of them Wﬂl respond
to beat frequencies over a few hundred cycles per second.

" One phofocqnductér has been reported which shows promise

of high speed operation and sensitivity in the spectral region of
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interest. Putley (21) has studied n-type indiufﬁ-antimony semi-
conduclors and Iouncl‘them o be Qensitive to ra;.diation from 0.2 mm
td 8.6 mm. The time constant of these i)hbtoconductors is pre-
dicted to be small enough to allow the detection_ of a 100 kmc beat
frequency (22). For optimum performance, these phbtodiodes should
be operated at low temperatures.

No information is available at this time on the feasibility of
using a video detector crystal to demodulate the laser beam though
such crystals are used universally for this purpose at X-band and
K-band microwave frequencies.

The 100 mc difference frequency of the two lasers is amplified
with conventional electronic techniques. When the frequency drifts
from the nominal i,£f. frequency, an error signal is generated. The
error signal is fed back to laser no. 2 and is used to correct its
frequency of oscillation such that the beat frequency always remains
at its nominal value,

The original frcqucn;y offact and the automatic frequency
control function both require that the laser frequency be variable in
some preditable and facile manner. Several methods have been
explored for shifting the frequency of a c.w. laser. Probably the
most nseful technique for the present purpose is to change the laser
mirror spacing slightly and shift the cavity resonance lmodes. An

ingenious method has been developed to accomplish this, taking
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advantage of the magnetostrictive properties éf the laser supporting
framework (16, 23) 'i‘he physical dimensions of the laser and its
frequency of oscillation will vary by a slight but reproducible amount
when an electric current is passed through electromagnet coils wound
around the support frame. |

Several other less convenient ways of shifting the laser fre-
quency have been developed. When a laser is operated in a magnetic
field, its frequency is split into several components by Zeeman split-
ting of the energy levels (16,24). In another study, the laser frequency
"~ of the rub.y laser hag been found to be temperature dependent in a
predictable way (25). A change of wavelength of 0.006 my per degree
centigrade has been observed.

If the magnetic field co_nfaining the original paramagnetic
sample is modulated at an audio frequency, the 100 mc intermediate
frequency will be amplitude modulated by this audio frequency when
{and only when) the sample is in resonance. This audio modulation
can be extracted from the iurterrnediate frequencyto obtain the’
resonance signal for the sample. A cornpariéon of this signal with the
original modulation frequency will provide the first derivative of the
resonance signal.

TiI. CONCLUS’IONS

This spectrometer will serve two major purposes which

justify its construction. First, its successful operation will
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demonstrate a me‘r'ger of two heretofore r_ela,t;l;vely dissimilar fields:
radio frequency spectroscopy and optical spectroscoepy. Secondly,
and more important from a practical st&ndpoiﬁt, this spectrometer
is ultimétely capable of much greater sensitivity for the detection of
paramagnetic species than any presently existing e.p.r. spectrom-
eter. This comes about because the signal power abesorbed by a
sample goes as the square of the applied magnetic field (26). At 300
kilogauss, this spectrometer will be operating at a rnaghetic field
25 times larger than that used by existing equipment. If a sub-
gtantial fraction of this 600-fold improvement in sensitivity can be
_ realized in practice, many systems may be studied which are out of
reach of present instrumentation.

The system which.has just been described uses one of many
péssible combinations of instrumentation which are available at the
present time. The particular design was chosen as one whic;h has a
high likelihood of succeeding. It is impossible to predict at this time
what i:)robl_erns may arise w_hlch Lave not been foreseen, but the dif-

ficulties which do arise should not be insurmountable.
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PROPOSITION IiI. .
The solvolysis of norbornyl derivatives has attracted the
attention of chemiests for many ycars (1—3).. A nonclassical car-

bonium ion intermediate (I) has been postulated in the solvolysis of

!
1

2-norbornyl derivatives in which the 6-carbon assists the transition

state from the backside.

The nonclassical carbonium ion has been proposed as an inter-
mediate to explain: 1) the fasl rate of solvolysis of the exo isomer,
2) the high ratio of the rate of solvolysis of the exo isomer relative
£0 the endo isomer., and 3) the great predominance of the exo isomer

in the resulting product. Brown (4) argues that these observations
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do not necessarily imply a nonclassical intermediate, while most
current opinion seemsl to hold that the nonclassical norbornyl cation
does exist (5).

In addition to anchimeric assistance to the stability of the
intermediate, the rate of solvolysis of these norbornyl derivatives
1s affected in a predictable way by steric and conformational con-
siderations (6). A large substituent in the 6-endo position would
crowd the 2-endo proton in the reactant (ITa) and thus make the

ionization to the intermediate carbonium ion ITbh more favorable.

IIa ITb
From this point of view, the solvolysis of 6, 6~-dimethyl-2-exo-
norbornyl tosylate (III) should be faster than the solvolysis of 2-

exo-norbornyl tosylate (IV) itself.

Me OTs - QOTs

Me

I v
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The electron-donating properties of the methyl substituents
in I should stabilize resonance structure Ic, where the positive
charge on the intermediate is delocalizea to the 6 position. The
transitioﬁ state of a reaction leading to a carbonium ion is thought to
resemble the structure of the carbonium ion itself (7), so the ioniza-
tion of III to its carbonium ion should be faster than the ionization of
IV to its less stahle carbonium :'Lén.

Although both steric and electronic factors predict that the
solvolysis of 6,6-dimethyl-2-norbornyl tosylate should be faster than
the solvolysis of 2-norbornyl tosylate, Schleyer et al. {7) have
observed a rate decrease by a factor of 20 in the solvolysis of the
gem-dimethyl derivatives of both the exo and the endo tosylates.
Schleyer suggests that the steric interactions might increase oﬁ going
to the transition state in the gem-dimethyl compound; however, he is
by no means certain that this is the actual cause of the rate retarda-
tion.

In view of the controversy over the existence of the non-
classical norbornyl cation, one would like to have as much information
as possible on the factors governing the acceleration or deceleration
of the rate of solvolysis of these derivatives. It is therefore proposed
that the rates of solvolysis of the norbornyl rtosylates in Table 1 be
studied to determine if the depression of rate is governed by steric

or electronic effects or perhaps by another factor unrecognized as yet.



Table 1. Norbornyl derivatives for which solvolysis studies

are proposed.

H OTs
Me H
V
OTs
t-Bu H
VIiI
X---CE)H4 OTs
H H

Me OTs
H H
VI
Noz OTs
H
VIII
X :NHZ_, CI—I3, H, NO2

as para substituents on
the benzene ring
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Compounds V and VI should have identical electronic proper-
ties yet have different steric effects on the system. The t-butyl group
in compound VII sh-ould have én intense sferic influence on the system
which should dominate any other factors. The nitro group in VIII
should polarize the molecule to decrease any anchimeric assistance
from the C-6 position. The 6-exo phenyl derivatives (IX) should
provide .a series with relatively constant steric‘: requirements but
varying inductive effects.

A correlation of the rates of solvolysis of the norbornyl
tosylates in Table 1 with the spccific properties of le‘a.ch of them
should provide an insight info the factors influencing the solvolysis
and the identity of the transition state and intermediate carbonium

ion.,
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PROPOSITION Iv..

In recent years many investigators have studied families of
ferrocene derivatives to obtailn an insight into the nature of the
transmission of electronic effects through the ferrocenyl system
(1-5). Correlations have been found between such a variety of
properties as the ionization constants of the carboxylic acids, the
rales of the reactions of the carboxylic acids with diphenyldiazo-
methane to form the esters, the Hammett sigma constants for the
substituents, Taft's polar o %, the carbonyl stretching frequencies of
the carboxylic acids and esters, the solvolysis rates for the carbinyl
acetates, and the chronopotentiometric quarter-wave potentials (1,
4,5). The only one of these measurements which directly reflects
the magnitude of the electron density on the iron atom is the chrono-
potentiometric study (1,4,5).

The quarter -wave potential appears to be a convenient numbexr
by which the electronic properties of various substituents may be
compared, and an independent study of the electron density on the
iron atom would provide a useful supplementary correlation. A
measurement of the relative basicity of the iron atom in different
derivatives would provide just such a study.

When ferrocene is rdissolved in boron trifluoride monohydrate,

the only detectable cationic species in solution is I, in which a proton
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is bonded directly to the metal atom (6, 7).

- T +

<
.

I

The rate of exchange of this proton between ferrocene and the
solvent may be adju‘sfed to fall within the range observable by n.m.r.
spectroscopy (7). By the shapes of the n.m.r. peaks, and their
-change of shape with variations in the system, it is possible to cal-
culate this rate of exchange (8).

It is proposed that the re—iative rates of exchange be measured
for the protons bonded to the iron atoms in a sgries of substituted
ferrocenes, and that these proton exchange rates be compared to the
quarter ~wave oxidation potentials for the same compounds. A par-
ticularly good courrelalion would lend support to the postulate that
the quartar -wave potential of these derivatives accurat-ely represents
a measure of the electron density on the metal atom.
| In choosing compounds for this study, one must remember
that the measurements are to be made in a strong acid solufic.;n and
. that many of the substituents will be affected by the so"l.vent. For

example ,. one would not be observing the proton exchange from the
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metal atom of acetylferrocene (II), but from the metal atom of the
conjugate acid (III).

0 ‘ OH

H 1
- T

Fe_ Fe

Lo L0

II 111
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PROPOSITION V.

The férrocenifl_methy_l radical has been shown to possess a
degree of stability cornpa'rable to the méthybenzyl radical in polymer -
izing styfene systems (1). Resonance structures with extensive de~
localization of the unpaired electron spin have been proposed to
explain the stability of the benzyl radical (2); however, no com-
parable explanation has yet been offered for the observed stability
of the ferrocenylmethyl radical.

It is proposed that the electron paramagnetic resonance
spectrum of the ferrocenylmethyl radical be examiﬁ_ed for the
purpose of determining the degree of delocalization of the unpaired
electron and gaining an insight into the cause of the observed sta-
bility of the radical.

One previous aliempl has been made to gbserve these
radicals (1). Methylferrocene powder was irradiated with X-rays
and then examined in an e.p.r. spectrometer. No resonance was
observed; however, it is possible that radicals might have been
formed initially but then recombined prior to the c.p.r. investiga-
tion (3), since the compound was examined close to its melting
point {m.p. 35°C).

Many investigators have been successful in observing active
frce radicals by fréezing them in an inert matrix. For example,

Jen et al. (4) has observed the e.p.r. spectrum of the methyl
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radical frozen in an inert argon matrix af 4°K The radical was-
generated b)} radio frequency excitation of methane in the vapor
phas§ and was then trapped lin an argon matrix on a cold-finger.

- The radiéal was also generated by w.v. irradiation of a sample of
" methyl jodide frozen in argon. Porter {5, 6) has observed the
absorption spectrum of the benzyl radical generated in an organic
glass by separate irradiation of toluene, benzvyl chloride, benzyl
alcohol, and benzylamine with ultraviolet light. He successfully
used several different matrices, such as a mixture of ether, iso-
pentane, and ethanol frozen at liquid nitrogen 'ternperature (EPA
glass). Ingram et al. has observed the e.p.r. spectrum of the
benzyl radical using the same system (7).

Either of the systems described above might prove suitable
in an examination of the ferrocenylmethyl radical. One should be
able to generate this radical by the ultraviolet light irrla.dia,tioln of an
inert matrix of a ferrocenylcarbinyl halide.

- In examining the cause of failure of the preliminary e.p. r.
experiment on methylferrocene, one must not exclude the possibility
that polycrystalline methylferrocene may have an unusually high
anisotropic contribution to the hyperfine interaction energy. If this
is the case, then the entire hyperfine pattern in the mefhylferrocene |

sample may have been smeared into one line, so broad that it was
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not obscervable {(8). If no specctrum was observed for this reason,
then an ¢.p.r. spectrum will be readily observable from a singic
oriented crystal of irradiated methylferrocene.
In whichever way the e.p.r. spectrum of the ferrocenyl-
methy: radical is finally obtained, it will yvield valuable information

about the clectron delocalization and subsequent stability of the

molecule.
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