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ABSTRACT

A remarkable stabilization imparted to a carbonium ion by an
adjacent metallocene nucleus has been demonstrated by a solvolytie
study of substituted metallocenylcarbinyl acetates, The solvolysis
mechanism has been shown to be an uncatalyzed alkyl-oxygen fission
-of the neutral ester by a study of the hydrolysis under a variety
of conditions and by determination of the products from the ethanol-
yses, Participation of the metal in the solvolyses by direct bond-
ing between the metal and the incipient carbonium ion center is in-
dicated by the effects of simple substituents, by the effect of
joining the rings by a three-=carbon bridge, by the solvolysis of
the acetate vinylogous to methylferrocenylcarbinyl acetate and by
the stereochemistry of the solvolyses of derivatives with substitu-
tion in the 2-position of the ferrocene nucleus., A plausible
molecular orbital model for such participation has been suggested
in qualitative terms.

Spectra of the ferrocene derivatives prepared in this study
are correlated and discussed. Evidence is presented which demon-
strates intramolecular hydrogen bonding to the metal atom in substi-
tuted metallocenylcarbinols, and which indicates that the rings of

1,1'=trimethyleneferrocene are tilted.
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CHAPTER I

INTRODUCTION

The great reactivity of ferrocene toward electrophilic sub-
stitution reagents has classified this substance as a highly electron-
rich aromatic system. Therefore, a carbonium ion conjugated with one
of the rings should be highly stabilized. Also, in addition to this
classical conjugatiﬁe stabilization, metallocene systems possess the
further possibility of direct electron release by the metal to an
electron deficient center such as a carbonium ion. The object of this

-research is to study the stability of such carbonium ions and the manner
in which metallocenes may release electrons by measuring the solvolysis
rates of metallocenylcarbinyl acetates. In Part A of this introduction,
evidence for the ready electron-release by metallocene systems is ex-~
amined in some detail. Part B provides a background of information on
ester solvolysis by alkyl-oxygen fission which is necessary to determine

that the solvolyses studied actually proceed by a carbonium ion mechanism.

A, Evidence for Electron Release by Metallocene Systems.

Ferrocene exhibits remarkable reactivity in many of its
electrophilic substitution reactions. Of these substitutions, Friedel-
Crafts acylation has been studied in the greatest detail. Broadhead,
Osgerby and Pauson (3) competitively acetylated ferrocene and anisole

with aluminum chloride-acetyl chloride complex. Despite a ten-fold



excéss of anisole over ferrocene, acetylferrocene was the only ketonic
product isolated. In a similar experiment with equimolar quantities
of ferrocene and phehol, acetylferrocene was again the only ketone
produced.. While these experiments fail to give any really quantitative
measure of the reactivity of ferrocene, this compound may be estimated
to be at least of the same order of reactivity as phenol, and greater
than 10? times as reactive as anisole towerd acetylation. Unfortunate-
ly, there has been no cther quantitative comparison between the reac-
S tivity of ferroceneland that of other aromatic systems. For this
reason, one can estimate the ability of ferrocene to release electrons
in electrophilic substitutions only by comparing the conditions re-
‘quired to bring about the same reaction with different substrates.
Such comparisons always suffer from uncertainty as to whether the con-
ditions used are comparable and are the least vigorous required to
produce complete reaction, and as to the meanings of yield data.

Ferrocene is acetylated under qualitatively mild reaction
conditions. A good yield of acetylferrocene is produced by saturating
a solution of acetic anhydride and ferrocene in methylene chloride
with boron trifluoride at 0°, and allowing this mixture to warm to
rbom temperature over four hours (3,4). Resorcinol is similarly ace-
tylated without solvent in 96 hours at 0° (5), Thiophene and furan
have been acetylated by adding boron trifluoride etherate to a mixture
of the heterocycle and acetic anhydride., In both cases, the highest
temperature during the reaction was 110°, and with the latter, the
temperature rose this high spontaneously (6).

Ferrocene is acetylated by heating on a steam bath for 10 min.
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with acetic anhydride and 85% phosphoric acid (7). A procedure used for
furan and several substituted thiophenes involves heating for 2 hrs. at
100-110°, Thiophene (8) and ferrocene (9) have both been acetylated in
anhydrous hydrofluoric acid. With thiophene, the reaction was run with
acetic acid for 1 hr. at 20°; with ferrocene, acetic anhydride was used,
and the mixtufe was heated to L4O-45° for 12 hrs. Another indication of
high reactivity toward acetylation is the reaction of ferrocene with
silicon tetraacetate and stannic chloride, a procedure also applied to
thiophenes and furaﬁs (10).

From these aéetylation results, it appears quite likely that.
ferrocene is of about the same order of reactivity as thiophene, furan
and resorcinol tbward acetylation.

The situation is much less clear with respect to Friedel-
Crafts alkylation., In anhydrous hydrofluoric acid, ferrocene is not
alkylated by propylene or diisobutylene at temperatures up to 30°, and
decomposes above this temperature (9). This may be contrasted to the
ready alkylation of benzene by a vériety of olefins at 0° (11). Alkyla-
tion of ferrocene with alkyl halides was reported not to occur by
Riemschneider and Helm (12), while Vogel, Rausch and Rosenberg report
that alkylation yields inseparable mixtures of products (13). Russian
workers prepared a number of mono- and poly-alkylated fefrocenes by a
variety of alkylation procedures (14-~17). As an example, ferrocene
was alkylated with excess ethyl bromide and aluminum chloride in
petroleum ether solution. The mixture was meinteined at 50-60° for 5-6
hrs., and over half of the ferrocene was recovered.unchanged (15).

This may be compared with the ethylation of benzene, where reaction



- L -

without solvént produced a 90% yield of triethylbenzene after 24 hrs.
at 0-25° (18). These results suggest that ferrocene perhsps dces not
exhibit its unusual reactivity in alkylation reactions. Possible ex-
planations for this are the preferential removal of ferrocene from the
reaction mixture by protonation or other complexation (19), or alter-
'natively, failure of ferrocene to react readily with trigonal attacking
species (see discussion, also reference 20).

While ferrocene may not show extremely high reactivity in
ordinary alkylation‘reactions, it is substituted in two reactions quite
similar to alkylation. Formylation (21,22) (with N-methylformanilide
and phosphorous oxychloride) and aminomethylation (23) (with formalde-
"hyde and dimethylamine) probably proceed through attack by the trigonal

- carbonium ions I and IT,

B a (Ot o

PCI2

In both cases, the carbonium ions are highly stabilized, and so substi-
tute only very reactive aromatic compounds. One set of reaction con-
ditions reported for the formylation of ferrocene specifies addition of
the formanilide at 50° over a Period of 1.25 hrs., followed by cooling
to réom temperature and stirring for 3 hrs. (7; see also 3,48). Formy-~
lation‘of 2-ethoxynaghthalene requires heating on é steam bath for 6

hrs. (24); thiophene reacts slowly at room temperature, and the reaction
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is completéd at steam bath temperature (25). Aminomethylation of
ferrocene requires 5 hours' reflux in acetic acid sclution (26), or

7 hours' heating on a steam bath in acetic acid with phosphoric acid
added as catalyst (27). Aminomethylations of thiophenes (28) and
»furans (29) have been carried out primarily in aqueous solution. A
compariscn of aminomethylation reactions of styrenes in the two media
leads to the conclusion that the conditions for ferrocene may be some-
what more vigorous (30).

Mercuratibn of ferrocene with mercuric acetate occurs very
rapidly in ether-alcohol or benzene-alcohol mixtures at room temperature
(10,31). Furan likewise reacts almost instantaneously with mercuric

kacetate (32). Benzene, by comparison, must be heated in acetic acid
for 5 hrs. at 100° (33).

Sulfonatibn of ferrocene in aqueous sulfuric acid solutions
apparently is excluded because of the oxidizing power of this reagent,
However, such reagents as sulfuric acid (9) or chlorosulfonic acid (34)
in acetic anhydride produce sulfonation at low temperatures. A useful
comparisen may be found in the sulfonation with sulfur trioxide~pyridine
complex. At 100° in methylene chloride, ferrocene reacted in 4 hrs.
(35); furan, in 8-10 hrs.; thiophene and anisole, in 10 hrs.; and ben-
zene failed to react after 20 hrs. at 140° (36).

Ferrocene cannot be directly nitréted (37) or helogenated
(%38), but this is due to the sensitivity of the éystem to oxidation,
féther than to a lack of reactivity.

From the above qualitative compariscns, it is evident that

ferrocene is in the same class as thiophene and furan in its reactivity
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toward eleétrophilic substitution reagents. This high reactivity
strongly suggests that ferrocene can also release electrons readily to
stabilize a carbonium ion. Osmocene and ruthenocene appear qualitatively
to be less reactive than ferrocene (39,40), and competitive acetylation
shows that ruthenocene reacts more Slowly than ferrocene by a factor of
at least five (20). On this basis, osmocene and ruthenocene might be
expected to be less effective in stabilizing a carbonium iomn.

The infrared carbonyl stretching frequency of acetylferrocene
providés another suggestion that metallocenes should be very effective
at electron release. It has been shown for a series of substituted
acetophenones that a plot of the carbonyl frequency against Hammett's
ksigma is linear. This indicates that changes in the carbonyl frequency
parallel the ability of the substituted phenyl moiety to release elec-
trons (41,42). Also, a correlation has been made between the carbonyl
frequency and the bond order calculated by an independent method (42).
Since either inductive or conjugative electron release by the aryi
residue would tend to stabilize a dipolar resonance structure for the
carbonyl group, greater electron release should result in a bond with

less double bond character and a lower stretching frequency (42,43).

\c-—o — +\c:—o -
/- /

The Carbonyl‘stretching frequencies of acetyl ferrocenes are quite low,
indicating a large degree of electron release to the carbonyl group

(4L, b45), Quantitative comparisons with values available in the
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literature are somewhat difficult, since medium effects are quite
great, and the Hammett correlation has been shown to apply only in
dilute solutions. Some values observed in carbon tetrachloride are

listed in Table I,
Table I

Infrared Carbonyl Stretching Frequencies of Aryl Ketones in Dilute

. Carbon Tetrachloride Solution

Ketone (cm-1) Reference
acetophenone 1692 (43)
g-methoxyacetophenone 1684 (43)
p-aminoacetophenone 1677 (43)
5-chloro-2-acetylthiophene 1669 (47)
acetylferrocene 1676 (46)

Some values observed in pure liquids are listed in Table II.

Table II

Infrared Carbonyl Stretching Frequencies of Aryl Ketones (Neat)

Ketone (em™ ) Reference
acetophenone 1683 (4h)
1,1'~dimethyl-3-acetylferrocene 1666 ' (l4l)
2-acetylthiophene 1667 (47)

545~dimethyl-2~acetylthiophene 1653 (47)
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A similar comparison of aldehydes in chloroform yields values of
1681 cm™' for ferrocenecarboxaldehyde (48) and 1687 cm™ ' for thio-
phene-2-aldehyde (49). Acetylruthenocene and acetylosmocene are
reported to absorb at 1658 cm_1 and 1670 c:m-'1 under conditions where
acetylferrocene absorbs at 1658 cm"1. (Probably these values are in
nujol mulls, in which case the numbers are not a valid comparison
(40.)) 1In carbon tetrachloride, acetylruthenocene and acetylosmocene
both absorb at 1682 cm™ (46).

| The basicities of ferrocene carbonyl compounds provide fur-
ther indication of strong conjugative electron release. The aldehyde
is precipitated as a solid hydrochloride from ether solution with
anhydrous hydrogen chloride (50), and the Russian workers have used
extraction into concentrated hydrochloric acid solution as a means of
purifying some alkylacetylferrocenes (51). Also, it has been reported
that the aldehyde is not extracted from ether solution with saturated
aqueous sodium bisulfite (2). Such a lack of reactivity indicates a
large amount of resonance energy due to conjugation of the carbonyl
group with the ring.

a-Ferrocenylcarbinols have been found to yield ethers on

several occasions under unexpectedly mild conditions. A reduction of
ferrocenecarboxaldehyde over Raney nickel catalyst led, not to the
expected ferrocenylcarbinol, but instead to bis-ferrocenylcarbinyl
ether (7). The same ether was isolated from attempts to prepare ferro-
cénylcarbinyl chloride or bromide (52). Phenylferrocenylcarbinol forms
its methyl ether on refluxing in methanol, while its isopropyl ether

was isolated from a Meerwein-Pondorff reduction of benzoylferrocene.
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The symmefrical ether of this carbinol resulted from attempts to
prepare the bromide with phosphorous tribromide, or from treatment
with p-toluenesulfonyl chloride (53). These reactions are all indi-
cations of high carbonium ion reactivity of substituents on the car-
bon atom adjacent to the ferrocene nucleus.

The failure to isolate any ferrocenylcarbinyl halides or
tosylates (52,53) is probably quite indicative of their great reactiv-
ity in SNl reactions. Ferrocenylcarbinyl chloride has probably been
prepafed in solution, and has participated quite readily in alkylations
(52). Another indication of high carbonium ion reactivity adjacent to
a ferrocene ring may be noted in the very ready acid hydrolysis of the
ethylene glycol acetal of ferrocenecarboxaldehyde, which precludes its
use as a protective group.

The quaternary ammonium salt (ferrocenylmethyl)trimethyl-
ammonium iodide IIT undergoes displacements with a wide variety of
nucléophilic reagents to yield ferrocenylcarbinyl derivatives (26,27,
54,55)., No mechanistic work has been done on these reactions, but it
seems possible that some of them may proceed by a carbonium ion mech-
anism. At least, there is probably a large contribution to the transi-
tion state of resonance forms, such as V, in which a positive charge

is placed on the carbinyl carbon.

cn-iﬁ(cn-is)3 NS "l’ N©

Fe o+ —CHy «— -CHD

<& ° 1c 1e

11 IV \Y

|
—=—0
I
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Weliky and Gould prepared the pinacol VI by reduction of

0 e )
(BH OH Fe
Vi Vil

benzoylferrocene with methylmagnesium bromide and cobalt(II) chloride.

CeHs

(@ Jm

When dry hydrogen chloride was passed over a benzene solution of this
compound, it rearranged with ferrocenyl migration to the corresponding
pinacoione VII. Migration of the ferrocenyl group cannot be given
much significance, since the stereostructure of the pinacol is not
known. However, the great ease of the rearrangement signifies that a
ferrocene nucleus is very important in stabilizing the intermediate car-
bonium ion.

Lou and Hart measured the solvolysis rate of ferrocenoyl
chloride in 95% acetone—B% water. They found that at 25°, its rate is
1.63% times that of benzoyl chloride (56). Unfortunately, this experi-
ment fails to indicate anything concérning the ability of a ferrocenyl
group to stabilize a carbonium ion. Brown and Hudson (57,58) have
studied the hydrolysis of a number of substituted benzbyl chlorides in
solvents of various composition. They found that in 95% acetone, the

reactions proceed almost exclusively by a bimolecular mechanism in

* The symbol Fc refers to a ferrocenyl grouping:

<

Fe

<>
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which electfon-withdrawing substituents stabilize the transition state.
Thus, the relative rates of p-nitro, unsubstituted, and p-methoxybenzoyl
chlorides are 35:1,0:0.6. As the water content of the solvent is in-
creased, those benzoyl chlorides with electron-releasing substituents
begin to react more rapidly by an SNl mechanism, so that the relative
rates of the same compounds in 50-50 aqueous acetone become 11.5:1.0:30.
Mesitoyl chloride shows an even more marked tendency to shift to SNl in
mechanism. If the experiment of Lou and Hart had been performed in a
more highly ionizing solvent, it might have provided a valid test of
the ability of ferrocene to release electrons.

The ionization constants of ferrocenecarboxylic acids provide
kanother quantitative comparison between the metallocenes and other
aromatic compounds. Some pKa values for a selected set of carboxylic

acids are given in Table III.
Table IIT

pKa Values in Water at 25° C.

Acid EEa Reference
Ferrocenecarboxylic acid L, L (59)
Thiophene-2-carboxylic acid L, 49 (60)
Thiophene-3-carboxylic acid L,11 -~ (60)
p-Nitrobenzoic acid 3.4k (61)
Benzoic acid 420 (61)

p-Methoxybenzoic acid L, L7 (61)
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It may be seen that the thiophene~ and ferrocenecarboxylic
acids are not greatly different from benzoic acid, despite the greatly
enhanced reactivities of thiophene and ferrocene to electrophilic sub-
stitution. Solvolysis rates of substituted benzyl tosylates have been
correlated in a limited fashion by the Hammett equation. This is
really a linear relation between the logarithm of the solvolysis rate
and the pKa of the corresponding substituted benzoic acid. However,
the point for B-methyl was slightly off the line, and p-methoxy deviated
very greatly. This may be seen by comparing the above pKa values with
the corresponding relative logarithmic rates for g—nitro—, unsubstituted
and p-methoxybenzyl tosylates: =-1.7, 0.0 and +h.L (62). When there is
a substituent which can conjugate directly with the‘carbonium ion cen~
ter, the stabilization is far greater than would have been predicted
from the simple Hammett correlation. From other information available
about the electron-releasing ability of ferrocene, the correlation
between acid pKa's and carbonium ion stabilities might be expected to
break down here, also.

In addition to chemical evidence, molecular orbital calcula-
tions based on a simple model for a metallocene ring predict a large
delocalization energy for an a-metallocenyl carbonium ion, and show
that the charge of the carbonium ion should be well distributed over
the ring (see p, 69).. /.

.From the various comparisons which have been made between
metallocene and other aromatic systems, it appears quite likely that
the metallocene nucleus should be highly effective in releasing elec-

trons to stabilize a carbonium ion. This prediction was verified by
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the observation that methylferrocenylcarbinyl acetate solvolyzes at a
rate somewhat greater than that of triphenylmethyl acetate*. Further
research was carried out to clarify the mechanism of this stabilization,
to observe the ability of other metallocenes to stabilize such carbonium
ions, and to study electronic and steric interactions within various
ferrocene derivatives. These results are discussed in Part II. In

the course of this work, various spectral correlations were used in
assigning structures and in learning of interactions which affect the

solvolyses. A discussion of these comprises Part III.

* Hereafter to be referred to as trityl acetate.
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B. Ester Hydrolysis by Alkyl-Oxygen Fission.

Day and Ingold (63) have made a comprehensive survey of the
possible mechanisms for ester hydrolysis. They classify these
mechanisms on the basis of three criteria:
(a.) FEither the ester or its conjugate acid is the reacting
species (indicated by B or A).

(b.) TFEither the acyl-oxygen or the aikyl-oxygen bond in the
ester linkage is cleaved in the reaction (indicated by
AC or AL).

(c.) FEither the reacting ester species decomposes unimolec-
ularly, or it is attacked bimolecularly in the rate-
determining step (indicated by 1 or 2).

In this research, the solvolysis of metallocenylcarbinyl
acetates is studied. In order to establish the relevance of the
results obtained to the stability of metallocenylcarbonium ions, the
mechanism of the solvolysis reaction must be determined as a unimolecular

alkyl-oxygen hydrolysis of the neutral ester (or a B,.1 hydrolysis).

AL
If the acetates react by acyl-oxygen fission,‘the stability of the
carbonium ion is not indicated by the rate of the reaction. If alkyl-
oxygen fission occurs, but the reaction is bimolecular, then SN2 reac-
tivity of metallocenyl-carbinyl derivatives is being measured, rather
than SNl reactivity. Finally, if the conjugate acid rather than the
frée ester is reacting, the rate is a composite of the basicity of the

ester and the solvolysis rate of its conjugate acid. Again, no true in-

dication of carbonium ion stability is obtained. Since many excellent
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reviews of‘ester hydrolysis (64-68), and alkyl-oxygen heterolysis in
particular (69), are available, there will be no attempt to be at all
comprehensive here. Rather, the types of alkyl-oxygen fission reac-
tions that have been observed will be surveyed along with the experi-
ments which have led to the assignments of mechanisms, and the situa-
tions in which these mechanisms are likely to occur.

Bimolecular hydrolysis of the neutral ester is the least
frequently observed alkyl-oxygen fission. According to Ingold (64),
it is qﬁite likely that this is a fairly reasonable reaction path for
the hydrolysis of any ester not highly hindered in the alcohol portion.
However, the reactivity of nucleophiles toward the unsaturated carbon
‘of the carbonyl group is considerably greater than toward the carbinyl
carbon, so that alkyl-oxygen fission is observed only in special
cases.

B~Lactones are an example. While acidic and basic hydrolyses
of PB-lactones proceed with acyl-oxygen fission, hydrolysis by attack
of water in a pH range from 2 to 8 occurs by alkyl-oxygen fission (70).
This is facilitated by a considerable release in bond-angle strain with
opening of the four-membered ring, combined with the fact that water
is relatively less reactive toward carbonyl carbon than toward tetra-
hedral carbon*. Over this pH range, the hydrolysis rate of B-butyro-

lactone is independent of the acidity, and the product is produced with

* According to Swain and Scott (71), hydroxide ion is 103 times more
reactive than water towards ethyl tosylate, 10* times more reactive
towards methyl bromide, and 10% times more reactive towards ethyl
acetate.,
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inversion of configuration at the carbinol carbon.

Another technique for observing bimolecular base-catalyzed
alkyl-oxygen fission is elimination of concurrent acyl-oxygen fission.
Treatment of a methyl ester with methoxide ion can regenerate only
starting material by acyl-oxygen ester interchange. But alkyl-oxygen
fission results in the formation of dimethyl ether and carboxylate
ion. This experiment has been performed on methyl benzoate, methyl
mesitoate, and methyl 2, L, 6-tribromobenzoate with the expected
results‘(72). A very approximate calculation based on the data of
this paper yields a rate constant of 8 x 107 % 1.mole 'sec”’ at 100°
for SN2 attack on the methyl group of methyl benzoate, This may be
bompared with an extrapolated rate constant of 2.16 x 10" 1.mole™"
sec”' for the acyl-oxygen hydrolysis of methyl benzoate in 80% meth-~
anol-20% water*. These numbers are not completely comparable due to
a difference in the nucleophile and the solvent, but they do at least
indicate an order of magnitude for the preference of acyl-oxygen over
alkyl-oxygen fission.

In the hydrolysis of esters of 2,6~dimethylbenzoic acids,
acyl-attack might be expected to be sufficiently hindered that alkyl-
oxygen fission would be observed. However, a predominance of acyl-
oxygen fission has been demonstrated (by hydrolysis of methyl mesitoate

in H,0'® enriched water), despite a rate decrease of about 10? relative

* This value is estimated from the rate constant at 25° and the
activation energy given in reference (73).
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to ethyl beﬁzoate * (74), Since a series of methyl L-substituted-2,
6-dimethylbenzoates is fitted well to a Hammett plot, the same mecha-
nism is indicated for all such esters.

Another reported case of a methanolysis involves treatment

of the triacetate VIII with methanolic potassium hydroxide (77):

OAc OH

Ac ocrhtjc HyOAc  CH3OCH, HyOCHx
Cod

CHs CHy
VI

Since no kinetic or mechanistic data is given, it is quite possible

that the first step is saponification of the phenyl acetate linkage.
This may be followed by solvolysis of the other two acetate groups

by way of intermediates such as IX.

O
AcOCH2 CH,

CH
3
I X

It thus appears that bimolecular alkyl-oxygen fission is an
insignificant reaction except in cases where the acyl-oxygen reaction
is somehow eliminated. In addition, it should be easily recognizable

kinetically by the effect of added nucleophiles or bases.

* This approximate value is obtained by extrapolation of a value in a
slightly different solvent at 40° to 125° (75), and comparing this
with the value reported in reference (76)..
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Hydrolysis by ilonization of the alkyl-oxygen bond may be
expected to occur whenever the carbinyl portion provides a carbonium
ion sufficiently stable to compensate for the ineffectiveness of the
carboxylate ion as a leaving group. As with any SNl reaction of a
neutral substrate, such ionization will be favored by polar solvents.
The hydrolysis will be greatly assisted by protonation of the ester,
since the neutral carboxylic acid is a much better leaving group. How-
ever, the carbonium ion formed must still be a stable one, since ioni-
zation must compete with nucleophilic attack on the protonated carboxyl
group.

The mechanism of unimolecular alkyl-oxygen fission may be
established by observation of several distinguishing features. The
most clear-cut criterion is the disposition of the ether oxygen of the
ester, which may be determined by hydrolysis of esters with an excess
of 0'8 in this position. Alternatively, an isotopically normal ester
may be hydrolyzed in solvent enriched with H,0'8. Alcoholysis of the
neutral ester is an equivalent method. In this case, alkyl-oxygen
fission will produce an ether and the carboxylic acid, rather than
the usual transesterification products. Several other observations
pertinent to the carbonium ion may be made in certain cases. Thus, if
the alcohol has optical activity due to asymmetry at the carbinyl car-
bon, the usual SNl results of racemization with partial inversion will
be expected. If ionization produces an allylic cation, rearrangement
to a mixture of allylic isomers may be expected. Similarly, Wagner-
Meerwein rearrangement will occur if the carbonium ion rearranges in

other solvolyses, or olefin may arise if the carbonium ion loses a
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proton. These observations, in addition to the usual kinetic criteria,
can serve to establish the mechanism of unimolecular alkyl-oxygen
fission.

Such alkyl-oxygen fission has been well verified for esters
of tertiary alcohols. The relative acid hydrolysis rates of some alkyl

acetates are listed in table IV.
Table IV

Relative Hydrolysis Rates of Alkyl Acetates in Water at 25° C. (64)

Al cohol k (Rel.)
Methyl 1
Ethyl 0.97
i-Propyl 0.53
t-Butyl 1.15

The rate decreases from methyl to i-propyl, probably due to increasing
steric hindrance. The rate increase with t-butyl results from the in-
cursion of alkyl-oxygen fission. Such an increase in rate is often
diagnostic of a change in mechanism. Another criterion is the effect

of substituents in the acid portion of the ester. An electron-with-
drawing substituent will make the carboxylate ion or carboxylic acid a
better leaving group, and thus increase the rate of alkyl-oxygen fission.
In concentrated sulfuric acid, E—nitro substitution. decreases the hydro-
lysis rate of ethyl benzoate by a factor of 70, but increases that of

i-propyl benzoate 200-fold. Further, rates of the unsubstituted
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benzdates follow the sequence: methyﬁ:>'ethyl<::i—propyl¢<:§~buty1.
These results indicate a change in mechanism to alkyl-oxygen hetero-
lysis with the i-propyl ester (79).

Cohen and Schneider (80) studied the uncatalyzed methanoly-
ses of t-butyl benzoate and t-butyl mesitoate. In both cases, t-butyl
methyl ether was formed, and control experiments showed that it could
not have arisen from t-butanol formed by a normal acyl-oxygen ester
interchange. Both reactions were strongly acid catalyzed. In sodium
methoxide solution, ﬁormal ester interchange took place with the ben-
zoate, but no reaction of either sort occurred with the mesitoate.
This result was interpreted to mean that in the alkyl-oxygen fission
reaction, a small amount of solvolysis of the neutral ester occurred,
and that the benzoic or mesitoic acid thus formed catalyzed the major
portion of the reaction. Studies of the acid~catalyzed hydrolysis of
t-butyl acetate with isotopic oxygen have shown that the reaction in
aqueous dioxan occurs predominantly by acyl-oxygen fission. However,
when the solvent is changed to pure water, a large rate increase is
accompanied by a shift of mechanism to alkyl-oxygen fission (81). It
has alsc been shown that an optically active tertiary acetaté is hydro-
lyzed in acid with racemization and partial inversion (82); an active
tertiary acid phthalate solvolyzes with predominant inﬁersion (83).

Stimson and co-workers (84) have studied the kinetics of
acid catalyzed solvolysis of Sevefal t-butyl and benzhydryl esters in
aqueous alcohol and acetone. t-Butyl mesitoate, which should react
almost entirely by alkyl-oxygen fission, was found fo have an Arrhenius

energy of activation of about 30 kcal. and an entropy of activation



- 2] -

positive by'about 10 esu, in a variety of solvent compositions (84a,b).
The same general kinetic behavior was exhibited by t-butyl benzoate
(84c), benzhydryl mesitoate and benzhydryl benzoate (84e), and so
these esters were considered to react alsc by alkyl-oxygen fission.

In contrast, the formates of benzhydrol and t-butanol had Arrhenius
energies of about 17 kcal., and entropies of activation negative by
about 16 e.u. (84d,e). These values are quite similar to the activa-
tion parameters observed for acyl-oxygen fission, and so it is likely
that thére has been a change in mechanism, Benzhydryl acetate was
found to exhibit intermediate behavior. In 80% acetone, the activation
parameters are quite similar to those of the mesitoate, but in more
équeous solvents the activation energy decreased and varied with tem-
perature, suggesting the simultaneous operation of two mechanisms.,

In the acid-catalyzed hydrolysis of t-butyl benzoate and some
other tertiary esters, olefin was shown to be formed in a first order
reaction. The fraction of olefin formed in the reaction was indepen~-
dent of the acidity of the médium, and nearly identical with that formed
in solvolysis of the corresponding halides. This provides quite clear-
cut evidence for the intermediacy of a carbonium ion in these reactions
(84s).

Kenyon and co-workers have reported a large body of informa-
tion concerning alkyl-oxygen fissicn of acid phthalates and some other
esters (69). Alkyl-oxygen fission has been demonstrated in weakly
basic or neutral solution by partial racemization or allylic rearrange-
ment of the alcohols formed. In strongly basic solution, the hydroly-

sis was found to occur in most instances with acyl-oxygen fission, and
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an estimate could be made of the aptitude of the ester toward alkyl-
oxygen fission by observing the basicity which was required to produce
optically pure product,

When the hydrogen phthalate of l-phenylethanol was hydrolyzed
in aqueous sodium carbonate, about 20% racemization occurred. Several
esters of this alcohol were found to solvolyze with racemization in
formic acid; solvolysis in acetic acid did not occur at 100°, but was
successful when some water was added; solvolysis in aqueous alcohols
did not occur (85). 1-Tetralyl hydrogen phthalate appears to be some-
what more reactive, as it solvolyzes readily in formic and acetic acids,
and yields largely racemized alcohol (with some retention) on hydrolysis
Qith aqueous sodium carbonate at 100° (86). Replacement of phenyl by
more electron-rich aromatic residues, and use of benzhydrol derivatives,
produces a greater shift toward alkyl-oxygen fission. Thus, while
benzyl hydrogen phthalate appears to show little or no tendency toward
alkyl-oxygen fission, Efmethoxybenzyl hydrogen phthalate undergoes some
carbonium ion reactions. Replacement of phenyl by furyl (87a) or
thienyl (87b) residues similarly increases the tendency toward alkyl-
oxygen fission. At the most reactive end of the scale, hydrolysis of
the acid phthalate of L-methoxybenzhydrol, even with 10 N agueous alkali,
produced largely racemic alcohol (88). Unfortunately, no kinetic data
are available in any of these instances. The use of acid phthalates
for many of the experiments also leads to some mechanistic uncertainty
dué to possible effects of the other carboxyl group -in its ionized or
unionized forms (68). |

The soivolysis of trityl esters has been studied quite carefully.
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Hammond and Rudesill solvolyzed trityl benzoate in methyl ethyl ketone-
ethanol (89). They found the reaction to be cleanly first order,
strongly acid~catalyzed, and accelerated by added methoxide ion to a
lesser extent than by added sodium perchlorate. The isolation of trityl
ethyl ether establishes the occurrence of alkyl-oxygen fission.

A more complete study of the solvolysis of trityl acetate was
carried out by Bunton and Konasiewicz (90). An isotopic oxygen study
of the hydrolysis in aqueous dioxan proved that the reaction proceeds
by alkyl-oxygen fission, although with added base some acyl-oxygen
fission begins to intervene. With the exception of salt effects, the
reaction rate is nearly independent of added acetic acid, tetraethyl-
kammonium hydroxide, triethylamine, pyridine and lithium hydroxide.
Lithium acetate produces a common ion rate repression, and sulfuric
acid catalyzes the reaction very strongly. The reaction rate is highly
dependent upon the solvent composition.

The methanolysis is likewise a cleanly first-order reaction.
It shows typical common~-ion rate-~repression, positive salt effect by
lithium chloride, and no catalysis by added sodium methoxide. The
product is trityl methyl ether. At higher concentrations of sodium
methoxide, the rate increased, and some methyl benzoate was isolated,
indicating some reaction by acyl-oxygen fission.

Unimolecular alkyl-oxygen fission is, therefore, found to be
a quité common reaction. This mechanism may be recognized by a study
of the reaction products, by the rapidity of the reaction under conditions
where acyl-oxygen fission is slow, and by a kinetic behavior typical of

SNl reactions.,
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CHAPTER II

RESULTS AND DISCUSSION

L, Stabilization of Carbonium Ions by Metallocene Nuclei

1. Solvolysis of Methylferrocenylcarbinyl Acetate - Hydrolysis

Mechanism and Carbonium Ton Stability

An early trial kinetic run in 60% acetone established that

methylferrocenylcarbinyl acetate (I) solvolyzes considerably more

COCH4
S

Fe CH3

<>

I

rapidly than trityl acetate. The products of the ethanolysis of

the ferrocene derivative were studied to determine the position of
cleavage; and a number of solvolyses were performed in 80% acetone
to elucidate more clearly the mechanism of the hydrolysis reaction,

Products of ethanolysis, - Zthanolysis of methylferrocenylcar-

binyl acetate produces the ethyl ether of the carbinol, which is
identical with ether prepared independently, However, in a control
experiment, ether was also isolated when the carbinol was refluxed
wiﬁh one half equivalent of acetic acid in ethanol, It is thus
possible that the solvolysis proceeds mostly by ach-oxygen fission,
and that acetic acid, formed in hydrolysis by a trace of moisture;

catalyzes reaction of the carbinol with ethanol, Such a reaction
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would provide strong evidence for the stability of the carbonium
ion, but its presence interferes with a rigorous proof that the
ester solvolyzes by alkyl-oxygen fission,

To remove this ambiguity as to the meaning of ether isolation,
the other ethanolysis product was investigated, Whereas acyl-oxy-
gen fission should produce ethyl acetate, alkyl-oxygen fission re-
sults in acetic acid, After a suitsble reflux period, the ethanol-
ysig solution was titrated and found to contain the amount of acetic
acid predicted on the basis of exclusive alkyl-oxygen fission, A
control experiment showed that no unexpected reaction to produce
acetic acid from ethyl acetate occurs in the presence of methyl-
ferrocenylcarbinol, Therefore, the ethanolysis must proceed almost
exclusively by alkyl-oxygen fission, and; by analogy; the hydrolysis
should do so also,

Variation of hydrolysis conditions, -~ Solvolysis results for

methylferrocenlearbinyl acetate in aqueous acetone are summarized
in Table I,

The magnitude of the neutral hydrolysis rate is a very good
indication that the reaction follows a BAI} mechanism. The comparable
rate for trityl acetate at 30° is 2,58 x 10"5sec“1, so methylferro-
cenylcarbinyl acetate solvolyszes ai a rate greater than that of
trityl acetate by a factor of 6,53, Since trityl acetate has been
shown to solvolyze by a BAI} mechanism under conditions where no
acyl-oxygen fission occurs (90), it is reasonable to conclude than
the same mechanism prevails with‘methylferrocenylcafbinyl acetate,

The activation parameters for methylferrocenylecarbinyl acetate

and trityl acetate are 19,0 and 22,1 keal,, and -13,2 and -6,7 e.u,
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respecfively. Values for other ({-metallocenylcarbinyl acetates
fall in this general range, The similarity of these parameters is
additional evidence for the identity of the two mechanisms,
Table I

Solvolysis of Methylferrocenylcarbinyl Acetate

Solvent, "% Added k x_}LO5 Number

T 9C, Acetone® Solute sec of runs
30 80 e 17.02 5
30 go -0072L M NaCloy 16.67 2
30 go 00716 ¥ NaOAc 3.63 2
30 80 .00718 ¥ NaoH 20° 2
30 e — 11.59 2
0 80 —eee- o119 b
b 80 »00160 M HCL 1,45 1
0 60 e 8,h1 1

%The solvent "80%" acetone is 80,7% acetone by volume, "82%!
acetone is probably about 82,7% by volume, The 60% acetone
gas made up by volume,

Estimated maximum initial rate.

The solvolysis rate of methylferrocenylcarbinyl acetate is
strongly dependent upon the composition of the solvent, Such a
dependence is characteristic of an SNl reaction (91), Two notable
attempts have been made to correlate solvolysis rates with solvent
composition, The two-parameter mY equation of Winstein and co-
workers (92):

log (k/ko) = my

expresses the relative solvolysis rate at 25° as a function of the

solvent "lonizing power", ¥, and the sensitivity of the substrate, m,
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Furthef work has shown the substrate parameter, m, is also depend-
ent on the solvent pair chosen (93)., As an example, the solvolysis
of benzhydryl chloride is correlated poorly by a single m value of
0,927, But if separate m values such as 0,740 for ethanol-water,
1,106 for acetone-water, and 1,0L9 for dioxan-water are used, the
correlation is excellent.% Such a dispersion of lines is to be
expected in a two-parameter correlation, since the ilonizing power
should be a composite property, depending on such factors as the
dielectric constant and the electrophilic and nucleophilic nature
of the solvent, Particularly great deviations from a single mY
line are to be expected when the leaving group is susceptible to
~acid-catalysis (e.g.,, fluoride or acetate), or where the carbonium
ion has a particularly diffuse charge distribution (e.g., benzhydryl
or trityl vs., t-butyl).

Correlations for trityl acetate based on availeble solvolysis
data from the literature are summarized in Table II, An attempt to
fit the data to a single m value results in very wide scatter,

A rough estimate of m may be made for methylferrocenylcarbinyl
acetate from the data in Table I at various solvent compositions,
Such a treatment yields m values of 0,82 at 0°, and 0,78 at 30°,
which are quite similar to that for trityl acetate in acetone-water,
Similar values of about 0,88 for methylruthenocenylcarbinyl acetate

at 0° and 0,66 for (Y-acetoxy-1,1'-trimethyleneferrocene at L5

are obtained,

“The correlation coefficient r is used to estimate the degree of
correlation of two variables with random errors, A unit value of r
indicates no correlation, while r = 0 indicates a perfect linear
relationship, With a single m, r is 0,408, while

) : the average r
for various solvent pairs is 0,02,
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Table IT
mY Correlation of Trityl Acetate Solvolysis Rates

in Partially Aqueous Solvents

Range = % Points,
Slow Solvent Slow Solvent T °C,% number m Reference
Methanol 69,5-100 25 3 0,51 (90, 9L)
Fthanol 60-80 25 2 0.50  (9k)
Acetone 50-80 25 2 0,83  (9L)
Dioxan 80-85 65 o 1.8° (90)
Acetone 60-80,7 0 2 0.9ib present work

%Values of m are expected to have some temperature dependence,

ggt this is predicted not to bekvery great (92a),

When necessary, Y values were obtained by interpolating
graphically from the data of reference 92b,

A second correlation of solvolysis rates has been proposed by
Swain and co-workers (9L), Their four-parameter equation:

log (k/ko) = cqdy + cody
takes into account both the mucleophilic and electrophilic nature
of the reaction, Trityl acetate is correlated fairly well by this
equation, but insufficient data for methylferrocenylcarbinyl ace=
tate are available to evaluate the three unknown parameters (c:L s
¢, and log ko),

Several solvolysis runs with added solutes are reported in
Table I, Since sodium perchlorate has 2 negligible influence on
the rate, it may be assumed that simple salt effects of the other
added solutes are small, and that any rate changes ére ascribable

entirely to specific effects,

Added acetate ion has a strong common ion rate repression on
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the solvolysis of methylierrocenylcarbinyl acetate, Swain, Scott
and Lohman (95} have determined the selectivities of several care
bonium ions by'measuring their relative rates of reaction with vari-
ous nucleophiles, Some of these results are presented in Table ITT,

Table III

Relative Rates of Nucleophiles toward Carbonium Ions (95)

Nucleophilic
Reagent Cation

Triphenylmethyl Benzhydryl E-Butyl
HO 1 1 1
CH3CoO™ 1100 - -
1™ 3100 120 180
1\53- 280; 000 : 170 3.9

The trityl cation shows the greatest selectivity between various
nucleophiles, presumably because its stability allows it to survive
sufficient collisions with solvent that it may react selectively

with the strongest nucleophile present, These competition results
were shown to be fairly independent of the solvent mixture employed

in the competition of azide ion for the trityl cation, but this was
not demonstrated for acetate, A similar calculation based on the
trityl acetate solvolyses of Bunton and Konasiewicz (90) in 80%

dioxan shows that acetate competes more effectively than water by a
factor of only 90. In absolute methanol, the competition factor be-
tween acetate and methanol is 76, These figures are smaller than that
of Swain by at least a factor of 10, Swain's results were obtained
by solvolysis of trityl chloride in a solvent which contained

only 6% water, and 2,5-7.5 x 10"3 moles of sodium acetate per liter,



- 30 -

In a sélvent‘such as this, most of the water may be tied up in sol=
vation, so the numbers calculated from Bunton's work may be more
nearly comparable with the present results, From the data in Table
I, acetate is calculated to compete more effectively than water for
the methylferrocenylcarbonium ion by a factor of 5500, Such a large
competition factor suggests that the methylferrocenylcarbonium ion
is quite stable by comparison with the trityl cation, This rate-
repression is difficult to explain by any mechanism not involving a
carbonium ion intermediate,

The runs with added sodium hydroxide exhibited a fall-off in
rate during the course of the reaction, This is most likely because
‘acetate ion rather than acetic acid is then a solvolysis product,
and this acetate ion can cause a common ion rate repression, The
results were also complicated by increased sbsorption of carbon di-
oxide from the air, The maximum initial rate showed a possible in-
crease of about 20% over the uncatalyzed rate, Two explanations
for such an increaée are suggested, If a small portion of the
neutral reaction proceeds by nucleophilic attack of water upon the
carbinyl carbon of the undissociated ester, then an increase in *-
rate might be expected on addition of the more nucleophilic hydrox-
ide ion, The concentrations of hydroxide ion and water in the solu-
tion are 7,2 x 107 and 11,1 M respectively, and a lower limit of
103 may be accepted for their relative reactivities toward aliphatic
carbon (71), This concentration of hydroxide ion should then in-
crease the reaction rate by at least 60% of the raie of nucleophilic
displacement by water, Therefore, this.mechanism for the increase

in rate cannot be excluded, even though most of the neutral hydroly-
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sis proceeds via a carbonium ion,

A more reasonable explanation for the rate increase is the in-
cursion of BAC2 hydrolysis by hydroxide ion, This was found to be
the case with trityl acetate by Bunton and Konasiewicz (90). In
80% dioxan, the addition of 0,015 M sodium hydroxide resulted in
- 22% of acyl-oxygen fission, A crude estimate of this saponifica-
tion rate may be made for the present case, Benzyl acetate is
saponified with a second order rate constant of 1.0 x 10_1 1. :mole"l
sec™t at 30° in 60% acetone (96), If only a minor solvent effect
is assumed, and a ten-fold rate decrease due to the additional methyl

group is allowed (this is the factor observed between allyl and

Ofmethylallyl acetates in water (97)), an approximate rate constant

Lsec™! might be estimated, If 20% of the sol-

of 1,0 x 107% 1, mole”
volysis rate of methylferrocenylcarbinyl acetate in base is assumed
due to a saponification reaction, then the second order rate constant

for such a reaction would be 0,5 x 10'2

1, mole'lsec'l, which is close
to the value predicted for ({-phenylethyl acetate, Thus, a rate
increase of this magnitude due to normal saponification is expected,
The solvolysis of methylferrocenylcarbinyl acetate is strongly
acid-catalyzed, If the rate of the uncatalyzed reaction is subtracted
from that in the presence of acid, a second order rate constant of

3

6.0 x 107 1, mole ™ sec™t at 0° is calculated for the acid hydroly-

sis, A similar rate constant for trityl acetate (calculated from
the data of Bunton and Konasiewicz (90) in 80% dioxan at 25°) is

2 -1

2.1 x 10°% 1, mole~lsec

. Since the solvent and temperature both

differ, it is impossible to make a very valid comparison, If the

results obtained by Stimson and co-workers (8lc, e) for benzhydryl
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acetate and t-butyl benzoate at 85° are extrapolated to 0°, rate
constants of 1.5 x 1077 and 1.9 x 107! are obtained, It is tims
seen that the acid-catalyzed hydrolysis of methylferrocenylcarbinyl
acetate has a rate greater than the alkyl-oxygen fission rates for
those two compounds by a factor of 10h.

Despite the rate of the acid-catalyzed hydrolysis, none of the
rate curves for the metallocenylcarbinyl acetates studied exhibit
any autocatalysis, A very rough estimate may be made of the mag-
nitude of the hydronium ion-catalyzed reaction to be expected in
the neutral hydrolysis, Although no data are readily available for
ionization constants in 80% acetone-water, the ionization constant
of acetic acid in this medium might be expected to fall between those
in 80% methanol-water and 80% dioxan-water, These values are L,0

- =11
4 and about 3,6 x 10 respectively (96), Toward the end of

x 10
a solvolysis run, the acetic acid concentration reaches a maximum
value of about 3 x 1072 M, If a maximm ionization constant of

1077 is assumed, the hydronium ion concentration would be 1,7 x
10'5, and the pseudo first order rate constant at 0° would be 1 x
10-7, This is about 2% of the uncatalyzed rate, and probably beyond
the limits of obserVability. Since the acid-catalyzed reaction un-
doubiedly has a lower enthalpy of activation than the solvolysis,
its rate would become more negligible at higher temperatures, Gen-
eral acid catalysis by the acetic acid, which might also be antici-

pated, is likewise lacking under these solvolysis conditions,

Recent evidence for (Q-metallocenylcarbonium ion stability, -

Since the preliminary communication of the results of this research

(99), other experimental findings have been published which confirm
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the conclusions made here as to the stability of (Qfemetallocenyl
carbonium ions,
The diferrocenylcarbonium ion (II) was isolated as its per-
chlorate salt from the acid-catalyzed reaction of ferrocenscarbox-

aldehyde with ferrocene (100), This salt is reported to react slowly

0> o 05%’

S Fe

S S -‘

C|O4

I

with ﬁeakly basic agueous solution to form diferrocenylcarbinol,

The primary complex from the formylation of ferrocene with N-methyl-
formanilide (III) has also been isolated as the perchlorate salt
(100), which hydrolizes in water to ferrocenecarboxaldehyde, Since

such salts as these are isolated only for carbonium ions of high

’ N POCI
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stability,,they provide strong evidence for the ability of a ferro-
cene mucleus to stabilize the carbonium ion,

Vinylferrocene is extraordinerily reactive toward addition of
weak acids such as acetic and hydrazoic acids (101), Such electro-
philic additions are generally considered to proceed through an
intermediate carbonium ion (or other similarly stabilized species
with protonated double bond), so the facility of this reaction sug-

gests the intermediacy of a very stable carbonium ion, The azide

CH=CH2 CH3

Fe > F-C— C/H

< f*bd3
<> N3 CHs

Fo cH
OAc

was also formed by similar treatment of the corresponding carbinol

with hydrazoic acid in benzene-acetic acid solution,
The product of addition of methylmagnesium iodide to acetyl-
ferrocene contained a large proportion of the alkene in addition

to the expected carbinol (102), An attempt in the present work to

CHs

o |
1] —_—C—
>ty Fo-g-on
_ CHy

Fe CHzMql
+ 4

Fc <
CHy

prepare the somewhat hindered tertiary acetate by addition of acetic

acid to the alkene resulted in quantitative conversion to non-sub-

limable polymer through the carbonium ion,
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Trestment of ferrocene with 1,2-dichloroethane under Friedel-
Crafts conditions yields a product originally assigned (L) the

structure of 1,2-diferroceny1ethane (IV), However, more recent work

CHs

Cl CHACHYC |

Fe > Fo-cu—Fc
v

’ AlCls

NOT

Fe—chngns-Fe
IV

(103) has shown its structure to be 1,l-diferrocenylethane (V),

The intermediate primary carbonium ion (or partially free carbonium
ion) must rearrange to the vastly more stable methylferrocenylcar-
bonium ion before reacting with a second molecule of ferrocene,

The rearrangement occurs in this instance, although similar alkyla-
tion of benzene proceeds smoothly to bibenzyl,

Ferrocenylearbinol has been studied by ILevenberg (10L) in strong-
ly acidic media, This carbinol has an i value of 3,9 in sulfuric
acid, which indicates ionization to a carbonium ion, rather than
the simple protonation found with most alcohols, The nuclear mag-
netic resonance (WMR) spectrum of this carbonium ion shows that the
positive cherge is delocalized through the entire molecule, These
results will be discussed further in comnection with substituent
effects on the carbonium ion stability,

While undoubtedly classical resonance stabilization is a major

factor in determining the stability of metsllocenylcarbonium ions,



- 36 -
the metal must also have a significant role, First of all, polar-
ization of the ring-metal bonds would tend to stabilize the positive
charge by‘distributiﬁg it throughout the molecule, Beyond this,
there is the possibility of some direct interaction of the metal
orbitals with the carbonium ion center, Tﬁis possibility must be
kept in mind during the discussion to follow, and will be considered
in detail in a later section (see p, 108)

Sunmary, - Methylferrocenylecarbinyl acetate has been shown to
solvolyze by‘uncataiyzed alkyl-oxygen fission, This mechanism is
demonstrated by the isolation of acetic acid in the ethanolysis,
the magnitudes of the uncatalyzed and acid-catalyzed hydrolysis
rates, the activation parameters for the solvolysis, common ion
rate repression by acetate ion, the solvent effect, and lack of
catalysis by acetic acid formed in the reaction, The large common ion
rate-repression provides evidence that the carbonium ion is highly
stabilized, and able to react selectively with the strongest nucleo-
phile present, TFinally, the stability of this (Qfmetallocenylcarbon-
ium ion helps to explain the occurrence of some other unusual reactions

in the ferrocene series,
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2, Effects of Heteroannular Substitution

A primary area of interest in physical organic chemistry is the
correlation of variations in structure with their effects on reac-
tivity, Studies of this sort can provide insight into the electronic
and steric interactions present within molecules, as well as into
the more intimate details of the mechanisms of reactions, The sol-
volysis of substituted ferrocenylcarbinyl acetates (VI) is a conven-

ient reaction in which to study these effects in an attempt to learn
R.
2 fOCOCH;
CH

Fe \Q

<,
]
Vi

more about metallocene systems,vand their ability to stabilize an
electron-deficient center,

In the metallocenes, a substituent on one ring can exert an
influence upon reactions occurring on the other ring or on the metal
itself, Qualitatively, it was realized early that an acetyl group
in one ring deactivates the second ring to further acetylation (h,
105), Unfortunately, there is very little competitive rate data
for substituted ferrocene derivatives, so quantitative comparisons
for electrophilic substitutions are not possible,

Changes in the electron density on one ring, bfought about either
by inductive or conjugative interaction of the ring with its sub-

stituents, could be relayed through the ring-metal bonds to a re-
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action center on the other ring, In this sense, a l'-substituent
might be likened to a meta-substituent on a phenyl derivative- (106a),
Sueh an inductive transmission of effects would depend upon the na=-
ture and polarizability of the ring-metal bonds, While the classical
type of direct conjugative interaction between hetercannular sub-
stituents is not possible, valence bond structures such as VII might
make important contributions to the resonance hybrid in reactions
calling for strong electron release or withdrawal, If the metal
atom participates diréctly in the reaction, electronic effects may
be transmitted both to the metal and through it to the conjugated

system of the other ring,

B $ A / — /|
ch -—-(-:—\—— Fe —---—-\ Fe
X @ @é

X X
— Vil —

The field effect of a hetercannular substituent should vary with
the relative orientation of the two rings, since the direction and dis-
tance of the dipole are changed (106b), Tield interactions could be
strong enough to interfere with the rotation of the ringé, and could
merge into the situation where covalent bonding occurs between the
substituent and the reaction center, These possibilities are more
analogous to aliphatic and ggzggrsubstituted derivatives than to

meta and para substitution in benzene derivatives,

Substituent effects in other ferrocene reactions, - Substituent
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effects have previously been studied for two reactions of ferrocene
derivatives, Benkeser and Hall (107) report that the ionization
constants of 1ll-substituted ferrocenecarboxylic acids (in 66% ethanol)
are correlated poorly by On (108), fairly well by Cfp (108) and
quite well bny * (109), They interpret this to mean that inductive
effects predominate, and that interanmilar resonance effects are
negligible, Since direct resonance between the substituent and the
reaction center in carboxylic acid ionigzations is generally considered
slight (110), it is quite reasonable that the resonance contribution
should be still smaller in this case than with meta- and para-substi-
tuted benzoic acids, From the plots given by Benkeser and Hall,ﬂ)
values of 1,1 for the Cfm correlation and 0,94 for the Cjﬁ correlation
may be estimated, Comparison of these with a [)value of 1,52 (108b)
or 1,16 (111) for benzoic acids in 50% ethanol suggests that elec-
tronic effects are transmitted quite readily between the ferrocene
rings,

An uncertainty arises in this correlation, however, Since no
(j% values were available for carboxy or carboethoxy, these points
were not plotted, But if the reasonable agssumption is made that these
substituent constants should be nearly identical with that for car-
bomethoxy (as they are with C;h and CZ§ (108b)), then these points
fall quite far from the line, and the fit is probably worse than for
Cfp. Another complication which was not considered is the possibility
of intramolecular hydrogen bonding, such as that observed for methyl-
(1'-carbomethoxyferrocenyl)carbinol (see p, 13L), This type of in-
teraction could serve to decrease the acid strengths of the compounds

with polar substituents, and might well alter the conclusion as to
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which substituent constant best fits the data, Results reported by
Nesmeyanov et al, (112) show similar scatter when plotted against
the various substituent constants, With the many complications which
may arise in these substituent effects, it is obvious that a more
extensive series of compounds must be investigated before any con-
clusions can be drawn sbout the transmission of electronic effects
between the rings,

The chronopotentiometric oxidation of severasl ferrocene deriva-
tives has been studiéd by Bublitz, Hoh and Kuwana (113), They find
that the oxidation is made easier by electron-releasing substituents,
and more difficult by ones which withdraw electrens, A plot of E%
values (equal to the polarographic E% for revergible electrode re-
actions against Cf* gives a straight line if the points for acetyl-
and diacetylferrocene are not included, The effect of the acetyl
groups is additive, and they appear to exert a considerably greater
effect than one would expect from their Cf* values, This deviation
suggests an apprecisble resonance effect, and indeed the data may be
correlated reasonably well using either C7ﬁ or Cjﬁ.

1'-Substituent effects on ferrocenylcarbinyl acetate solvolyses, =

In this research, a limited attempt was made to study the effects of
heteroannular substitution, Compounds were prepared bearing methyl
and carbomethoxy groups in the far ring, as well as compounds with
methyl groups in both rings, Pertinent relative rate constants and
activation parameters are summarized in Table IV,

While no serious conclusion can be drawn from é Hammett plot of
only three points, such plots of the present data may still be in-

structive, Use of (55 gives poor correlation, while either g1 or
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Cfm give reasonably linear plots (fig, la, p. L2), Correlation with
Cf% is not very good (fig. 1b, p. 42), Approximate values for the
reaction constant, )5 are -5.9 for the O correlation and -L.6
for Cfm. Cther substituents which would be particularly valuable in
extending such correlations, and which might be accessible in the
ferrocene series, are iodo, phenyl, cyano, acetyl and trimethylsilyl,
Since the present data are correlated by CT' or by Cfm, but not

by’Cfp, direct conjugative electron release to the carbonium ion by
the methyl group is brobably very slight, and field effects or in-
ductive transmission through the metal most likely pa:'ecz‘.om:i.na’oez..yc
Electronic influences of substituents might reasonsbly be transmitted
similarly in this reaction and in the oxidation, as both reactions
must develop a partial positive charge in the transition state,
Since the resonance contribution to the oxidation reaction is evident
only with the acetyl substituents and not with the carboxy group,
solvolysis of the 1l'-acetyl derivative must be performed before a
valid comparison of the two reactions may be drawn,

~ The average effect of a 1l'-methyl substituent in these solvolyses
is about a factor of 1.9 in the rate, From consideration of the
possible modes of electron release, and from the fair correlation
of these solvolysis rates with (jﬁ, a comparison of the effect in
this series with that of a meta-methyl substituent on solvolyses and
ionizations in the benzene series seems in order, Some pertinent

data are summarized in Table V, The effect of a 1l'-methyl group

%It is not immediately obvious whether G or G is the induc-
tive substituent constant which should be applicable in this s%?§em.
The significance of the fit of the data to (f' rather than to
is thus uncertain,
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TABLE V
Effect of meta-Methyl Substitution on Solvolyses and Ionizations

Reaction km-CHgng K-ch. /Xu Ref,

(CHsy)
X-C¢H), (CH+ ) ,CC1L 2,0
§%0g Zeltons, 25° c. (1)
X=C¢H), CH,~0S0,CH) CH 1.8
e 96 g molg % % 03’ (115)
in acetone, 25° C,
X-C H), (C Hp)CHCL 2,3 116
6 4o gbe hanol, 0° C, (116)
X-CgHy (G H_)CHCL, 1,75 116
6 go%éa etonei o° c. (e
X, H (C H.) ,CC1 2.3 117
6 Qozf 8%, )
(%x-CH) ),CC1 1.90 (118)
6H§sgh, 250 ¢,

on the ferrocenylcarbinyl acetate solvolyses is seen to be of the
same order of magnitude as those tabulated.* The /) value {about -5)
observed in this research for 1l'-substitution in the ferrocenylcar-

° o 3 . 3 +
binyl system is quite similar to a value for /Dof -L,62 for theCf

correlation of solvolyses of phenyldimethylcarbinyl chlorides (11kv),

*ihen two or three aryl groups are attached to the carbinyl
carbon, the question arises whether the effect of only one substi-
tuent, or of one in each ring, should be considered, With only
methyl substitution, the effect of the substituent is small relative
to the effect of an additional phenyl on the carbinyl carbon, so
that the unsubstituted rings will probably continue to bear nearly
their share of the charge, This is supported by evidence that effects
of subsequent substitution are approximately additive (117,118b),
The values for yrmetrical substitution are nearly equal for di-
and ‘tri-arylmethanol ionizations (118c), This value is twice that
for monosubstitution in the di-arlymethanols, and about 2,7 times
that for monosubstitution in the tri-arylmethyl chlorides (118¢c).
Aven with this uncertainty, the effect of a 1t-methyl group in the
methylferrocenylcarbinyl acetate solvolysis is quite comparable in
magnitude with that of the meta-methyl group,.
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This confirms comparison between the 1'-position in a substituted
ferrccene and the meta position in a substituted benzene,

Garwood (20) has shown that an ethyl group on a ferrocene nu-
cleus has a very small effect (about2.5) on the partial rate factor
for acetylation in the 1'-position, This is considerably smaller
than the partial rate factor of 10,L (relative to a position in ben-
zene) for acetylation in the meta position of ethylbenzene (119),
This contrast between the acetylations and the solvolyses may reflect
a difference in the w v the ferrocene nucleus can respond to the
electron demands in these two reactions, This will be discussed
in more detail later (see p. 96 ).

One of the original reasons for selecting the carbomethoxy sub-
stituent for these solvolyses was to investigate the possibility of
participation by the oxygen atoms of this group, Such partieipation
should be accompanied by a rate enhancement, a lowering of the en-
thalpy of activation, and possibly a more negative entropy of acti-
vation, due to the loss of nearly free rotation of the rings,” Since
solvent participation at the rear is probably negligible in these
solvolyses (see p. 56 ), participation by the carbomethoxy would not
be expected to make the entropy of activation less negative (120),
Although there are relatively large errors in the activation param=-

eters, it is apparent that the entropy of activation is not appre-

- *he entropy due to free rotation in ferrocene has been calcu-
lated to be 5.38 e,u, (121), which corresponds to 1610 cal, in free
energy at 300° X, This value would be increased in a substituted
ferrocene, Of course, it is possible that rotation in the ferro-
cenylcarbonium ion is hindered even without interaction with the sub-
stituent, due either to changes in the ring-metal bonding or to sol=-
vent orientation around the cationic center,
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ciably more negative than in the unsubstituted compound, Since there
is no model compound available for comparison, it is impossible to
tell for certain whether or not the rate is enhanced, However, some
information may be derived from the Hammett plots, The best correla-
tion is obtained for Cf', 7hich also predicts the lowest rate for
the acetate with 1'-carbomethoxy substitution, Therefore, if there
were any rate enhancement due to participation, the normal rate in
the absence of participation would be much too small for correlation
by any of the substituent constants, It may then be concluded that
there is no participation by the Carbomemhoxy group, 1Inis line of
reasoning would, of course, be reinforced by rate data for mere com-
pounds, The cyano derivative would be particularly useful in this
connection, since it has a strong electron-withdrawing effect, but
could not participate due to its linear shape, The lactone VIII

which might have resulted from this solvolysis was not isolated from

/OCOCHs SHs

@ ’—C\CH3 ©—

Fe

.‘% <¢ =l

\
CH-
Vil I X X

3

the reaction, Another compound of interest in this connection would

be .2n acetate (e.g, IX) of the reduction product from diacetylferro-

cene, in which participation could produce the crcllc ether X as the

solvolysis product,

From parts B-D of Teble IV, it may be seen that the effect of
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the heteroammular methyl group changes very little with homoannmular
methyl substitution, However, it does appear that the compounds
with 3-methyl substitution deviate slightly from the pattern, Such
an irregularity could result from repulsions between groups on the
two rings, A methyl group in the 3-position does not permit the
heteroanmular substituent to rotate as freely into 2 position in
which it can avoid the carbinyl group, and might therefore alter its
field and steric effects, This hypothesis could readily be tested
by the synthesis of d@rivatives with bulkier groups,

tich more could be learned about transmission of electronic
effects between the twe rings of the metallocenes by solvolyses of
other 1l'-substituted acetates, This study could well be extended
to derivatives of ruthenocene and osmocene, It would also be valuable
to study the effects of the same l'-substituents on the jionization
constants of the carboxylic acids and on the partial rate factors for
acetylation in the l'-position, since this would allow a comparison

of the substituent effects in three reaction series,

3. Effects of 2-Alkyl Substitution - Stereochemisiry of the Solvolysis

Isomerism of 2-substituted derivatives, - By analogy with ben-

zene derivatives, when a substituent is located in the 2-position
relative to the carbinyl grouping, steric effects may be expected to
manifest themselves, Thus, if we consider the solvolysis of a 2-sub-
stituted ({-phenylethyl derivative, two carbonium ibn intermediates
are possible, XI and XII, Steric interaction with the adjacent methyl

group is minimized in XII, so the solvolysis should proceed almost
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entirely through this carbonium ion, Since the carbonium ion has a
plane of symmetry, optically isomeric derivatives differing only in
the configuration sbout the carbinyl carbon will show identical be-
havior on solvolysis, However, in a metallocene derivative, there
is an additional element of asymmetry due to the metal atom and the
second ring, so that any derivative substituted with two unlike groups

on the same ring will have the possibility of optical isomerism (122),

H H
3 CH 3H
/=03 /
C® Cd
\¥ g
3
XI X1

Therefore, the regions on the two sides of the ring plane will differ
greatly, TFor simplicity, in all drawings the carbinyl substituent
will be placed on the upper ring, as with XIIT-XVI, and the two re-
gions may then be referred to as "above! and '"below" the plane of
the ring, Due to this additional asymmetry, two pairs of enantio=-
mers will exist when the carbinyl carbon is asn asymmetric center,
This situation is illustrated for one enantiomer of each pair for
the isomers of methyl(2-methylferrocenyl)carbinyl derivatives (XIII
and XIV) and the (Y-substituted 1,2-tetramethyleneferrocenes (XV and
XVI), Similar isomers must also exist with 1,3-substitution, How-
ever, the second asymmetry in the molecvle is far enough removed from
the carbinyl carbon that its effect upon the chemical behavior is
not noticeable, |

Reduction of (Y-keto-1,1'-tetramethyleneferrocene with lithium

aluminum hydride led to the expected two isomeric alcohols, The
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Fe oY Fe CH3
X
D.. Y=H -O_‘Yz H
b. Y=COCH- b.Y=COCH4
H oY
oY “H
Fe Fe
XV XVi
B..Y= H Q.Y=H
b. Y=COCHs b.Y=COCH3

isomer which passed through the chromatographic column more rapidly
and showed hydrogen bonding to the metal was assigned the endo struc-
ture XVa; the isomer which chromatographed more slowly and showed
only free (or ring-bonded) hydroxyl in the infrared was assigned

the exo structure XVIa (see p. 131; also ref, 123), The two isomers
were produced in a ratio of exo : endo = 9,5 : 90,5,% Thus, the pre-
sumably less stable endo isomer was formed by preferential hydride

transfer from the less hindered "upper'" side of the ring,

e same reduction reported by Trifan and Bacskai (123) led to
an isomer ratio of 11 : 89,
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Similar reduction of 2-acetylmethylferrocene, 2-acetyl-1,1'-
dimethylferrocene and 2=acetyl-l,1l'~trimethyleneferrocene led to
isomeric carbinol pairs which showed the same relationship between
infrared spectra and chromatographic behavior as the (f~hydroxy-
1,2-tetramethyleneferrocenes, For this reason, they were assigned the

pseudo-endo and pseudo-exo structures corresponding to those shown

in XIITa and XIVa (see p, 132). In these isomers, the predominant
conformations are probably those shown, due to minimization of the
interaction with the édjacent ring substituent, The relative pro-

portions of pseudo-endo to pseudo-exo alcohols were L9 : 51 for 2-

acetylmethylferrocene and L3 : 57 for 2-acetyl-1l,1'-dimethylferro-

cene, For 2-acetyl-l,l'-trimethyleneferrocene, the pseudo-endo iso-

mer was isolated in 63% yield, and the pseudo-exo isomer in 16% yield,

This ratio of 80 : 20 must be considered a maximum, since an unde-
termined quantity of ether was also formed, which probably contained
a pfeponderance of the more reactive pseudo-exo isomer, Since the
acetyl group may exist in either of two conformations, rationaliza-
tion of these isomer ratios 1s somewhat complicated, NMR spectra
at room temperature failed to show two slowly interconverting forms
of the acetyl compounds, so elther one conformation predominates
strongly, or equilibration is rapid, The difference observed with
trimethylene bridging may result either from greater steric bulk of
the bridge in the region between the rings or from the proximity of
the other ring due to ring tilting (see pp. 75,147).

Acetates were prepared from the alcohols by treatment with acetic
anhydride in pyridine, Since the C-0 bond is not broken in this

reaction, the configurations about the carbinyl carbon are not altered,
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From the relative chemical shifts of various protons in the MR spectra
of the acetate isomers, it is likely that minimization of the inter-
action with the ring substituent determines the predominant conforma-
tion here as in the alcohols (see p, 146), Thus, conformations of
the type of XIITb and XIVb are probably close to those existing in
the acetates,

A limited attempt to equilibrate the methyl(2-methylferrocenyl)-
carbinyl acetates by allowing them to stand overnight with acetic
acid resulted in saﬁe isomerization of the pseudo-endo acetate, and
very slight isomerization of the pseudo~-exo isomer, On a consider=
ably longer period of isomerization, only non-distillable polymer
was formed, These results suggest but do not demonstrate that the
pseudo~exo isomer may be the more stable,

Stereochemistry of the solvolyses, - In Table VI, pertinent

data for solvolyses of the derivatives with 2-substitution are sum-
marized, With a trimethylene bridge in the 2-position, results are
qualitatively similar, However, due to certain other features of those
compounds, their solvolysis rates will be considered in a subsequent
section (see p, 75),

The solvolyses of the (Qf-acetoxy-1,2-tetramethyleneferrocenes
will be considered first, The rate constant observed for the faster
exo isomer is very close to that for the 3-methyl isomer (see Table
VII, p. 62) and to that for the faster of the 2-methyl isomers, The
rate increase over that of the unsubstituted derivative is thus of
the magnitude expected from electron release by thé alkyl group,

The endo compound, however, is slower than its diastereomer by a

factor of sbout 2500, Essentially all of this rate decrease arises
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from the increased enthglpy of activation, ™ Obviously,then, it is
much more favorable for the acetate to depart "ipward" away from the
rest of the molecule than it is for ionization to oceur “dowmwardt
towerd the iron,

The most likely, and certainly the most atiractive, explanation
for this large rate difference is that solvolyses of metallocenyl-
carbinyl acetates are assisted by direct nucleophilic participation
from the rear by a filled orbital of the metal, Such participation

would be impossible in the endo isomer, and so it should solvolyze

at a greatly decreased rate, From the enthalpies of activation, one
might estimate that this participation is equal to the difference in
activation energies, or UL,5 kecal, This conclusion has been reached
by Trifan and Bacskai (123), who solvolyzed the same pair of isomers,
While metal participation may be the most reasonable explanation
for much of this large rate difference, there are other factors which
should contribute substantially, First of all, if the acetate de-
parts "downward", it will be repelled by the hydrogen atoms on the
second ring, A very simple model of this is shown in XVII, where
distances used are accepted values for bond lengths and angles (12l
125), and the ferrocene rings are assumed to be eclipsed. Geometri-
cal calculation shows that the ether oxygen can approach a hydrogen
on the far ring as closely as 2,18 A® in the ester molecule, Of
course, this distance could be made slightly greater by staggering
of the rings; but nevertheless, this is somewhat closer than the sum

of the van der Wals radii of hydrogen and oxygen, 2,6 A° (126), In

%*gimilar results have been obtained by Trifan and Bacskai (123).
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XVii

the transition state for solvolysis, the C-0 bond would be lengthened,
and would become more neariy perpendicular to the ring planes, These
changes would cbnsidergbly increase the repulsion, The magnitude of
an effect such as this would be somewhat difficult to calculate,

since relief of strain could occur by bending a rumber of bonds with
small force constants, However, it might easily account for 1 keal,
or more of the difference in activation energies, In addition, the
leaving acetate group might experience repulsion from the filled iron
orbitals, It is possible also that the ascetate would be less favor-
ably solvated, or that its rotations would become more restricted in
this transition state, Any of these effects would decrease the sol-
volysis rate of the endo isomer, Since the charge distribution is not
known certainly for ferrocene, it may be that the iron bears a slight
negative charge, (Pauling reaches this conclusion on the basis of

a resonating-bond treatment of ferrocene (127),) Then, such a charge

might oppose the charge separation on ionization, and slow the sol-

volysis of the endo isomer,



| - 55 -

In addition to solvolyses of the (¥-acetoxy-1,2-tetramethylene-
ferrocenes, Trifan and Bacskai (123) report that Qf-tetralyl acetate,
the benzene analog, sblvolyzes more slowly than the endo isomer by
a factor of 600, which is due entirely to a less favorable entropy
of activation, They conclude from this that no "residual driving
force is still present in the endo isomer compared to its phenyl
anslogt,

If repulsion by the second ring and the other effects mentioned

“above contribute appfeciably to the high enthalpy of activation for

the endo isomer, then the result for (Y=~tetralyl acetate is quite

readily rationaliged, These compounds are secondary arylmethyl ace-
tates, and their solvolysis need not be completely limiting (128),
In QFtetralyl acetate, then, nucleophilic solvent participation may
make an important contribution with an attendant decrease in entropy
(120), With endo-(Y{-acetoxy-1,2-tetramethyleneferrocene, délocali-
gzation of the positive charge into the ring by resonance may be more
effective than in the benzene derivative, necessitating less solva=-
tion, However, the other factors increase the enthalpy of activa-
tion, and slow the reaction,

Solvolysis of either isomer of ({-acetoxy-1,2-tetramethylene-
ferrocene yields only the exo alcohol as the reaction product, In
this research, the reaction was at least 99% stereospecific, while
Trifan and Bacgkal report better than 99,5% (123), The endo alcohol
isomerizes only slightly under the most vigorous solvolysis condi-
tions, If there were no direct bonding between the iron and the
carbinyl carbon in the ferrocenylcarbonium ion, solvent collapse to

products might be expected to be controlled primarily by steric fac-
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tors, 1In the absence of a good estimate of the magnitude of these
steric factors, it is impossible to predict the product ratio in the
absence of metal participaticn.% However, the high stereospecificity
observed may probably be taken as evidence for bonding between the
iron and the carbinyl carbon in the metallocenylcarbonium ion, This
‘stereospecificity would arise from bonding te the "inner" side of the
carbonium ion by the metal, which permits collapse of solvent only
from the "upper" side, Presumably this bonding would begin after de-

parture of the acetate in solvolysis of the endo isomer,

These results hold further implications for the solvolyses of
other metallocenylearbinyl acetates, First of all, since the back
side of the forming carbonium ion is bonding to the iron, or is at
least very severely hindered to solvent approach, these solvolyses
must be quite limiting in nature, Second, these results predict
that solvolyses of ferrocenylcarbinyl acetates should proceed with
retention of configuration, No solvolyses of optically active ferro-
cenylcarbinyl derivatives have been reported, but the results to
follow provide an equivalent of this demonstration.

Solvolyses of the ferrocenylcarbinyl acetates with 2-methyl
substitution can lead to isomeric carbonium ions of the type XVIIT

and  XIX, It may easily be seen that if departure of the acetate

*[rifan and Bacskai (123) suggest that the isomer ratio of about
9 ; 1 observed in the reduction of the ketone with lithium aluminum
hydride is a reasonable estimate of the ratio of exo to endo solvent
collepse in the absence of iron participation, This is, however, an
unrealistic approach, Reductions of ketones with Lithium aluminum
hydride frequently show "preduet development control", in which the
more stable isomer is produced (129). Despite that tendency, the less
stable isomer is produced in this reduction, so that such an estimate
of the steric effect in solvent attack is probably low.
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/CH /H
<> &
Fe CHs
Xviir XX

is limited to the "upward" direction, then ZVIII would arise from

the pseudo-endo isomér (XIITb) and XIX would arise from the pseudo-

exo isomer (XIVb), It is shown in Table VI that the pseudo-exo iso-
mers solvolyze faster by a factor of zbout 11,5 than’their corres=
ponding pseudo—gggg isomers in both cases,

Since the pseudouggg isomer appears also to be the more stable,
it may be calculated that the transition state leading to the less
hindered carbonium ion has a lower free energy by at least 640 cal,
The difference in rate is in each case due to the difference in the
entropy of activation 2lone, While the differences are only about
twice the combined experimental errors of the two compounds, dupli=-
cation of this result for two sets of compounds makés the conclusion
more dependable, This result is a composite of the energy and entropy
differences of the starting acetates and the transition states, in-
cluding the effects of solﬁation and hindered rotations, It should
not be interpreted as evidence that the carbonium ions differ in their
entropies, but not in their enthalpies, In fact, this result shows
that it is impossible to estimate the difference in'repulsion ener-
gies between the two carbonium ions by this method without also eval-

uating the temperature dependence of the equilibrium between the
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acetates,

The products from the solvolyses of all four of the acetates
with 2-substitution were formed with complete retention of config-
uration within the limits of error of the measurements (~1%), Since
the carbinyl carbon is not constrained into 2 ring, as in the deriv-
atives of 1,2-tetramethyleneferrocene, it is conceivable that rota-
tion about the bond to the ring could occur, In this way, a mixture
of the isomers might result, Retention of configuration then pro-
vides concrete evidehce that rotation about the bond to the ring
does not occur with appreciable frequency in the carbonium ion, and
that the ionization and recombination steps are stereospecific in
the open chain case as well as in the cyclic system, The difficulty
encountered in attempting to isomerige the acetates is also consistent
with retention of configuration, This lack of rotstion follows from
the hypothesis of bonding between the carbinyl carbon and the metal,
However, the result does not provide additional compelling evidence
for that proposal, since strong conjugation with the ring should also
present a very considerable barrier to rotation, Indeed, it has been
demonstrated that such rotation does not occur in the allylic butenyl
cation under solvolytic conditions (130).

The important results concerning the stereochemistry of this re-
action may be summarized as follows, Solvolysis of ferrocenylcarbinyl
acetates and subsequent recombination of the carbonium ion with sol-
vent occur almost exclusively on ihe side of the ring plane away from
the center of the molecule, The most probable explénation for this
result is nucleophilic participation by the metal from the rear, but

other factors, such as steric hindrance from the far ring, may make
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important contributions, This result indicates that these solvoly-
ses are quite limiting in nature, Retention of configuration in the
open~chain derivatives shows that rotation sbout the bond between
the ring and the carbinyl carbon does not occur in the carbonium
iomn,

Steric effects of 2-alkyl substitution, - Considerable evidence

is available to support the fact that steric effects between adjacent
substituents are much smaller with ferrocene derivatives than with
their benzene analogs (Lii), This is presumably due to the wider angu-
lar spread of the exocyclic bonds in ferrocene (72° VS. 60°), Acet-
ylation of 1,1‘'-dimethylferrocene with acetyl chloride - aluminum
chloride led to a ratio of 3-acetyl : 2-acetyl product of 2,3 : 1
(L), With ethyl or i-propyl substitution, this ratio is increased
to 3.0 ¢ 1 (45b) and L,3 ¢ 1 (L) respectively, These ratios may

be compared fairly realistically with para s ortho ratios from acet-

ylation of substituted benzenes, The ratios for toluene and ethyl-
benzene are 83 3 1 and 320 1; while no o-acetyl product was isolated
from acetylation of 1-propylbenzene (119), This indicates a markedly
smaller steric éffect in the ferrocene substitutions,

Of the three toluic acids, the meta and para isomers are weaker
than benzeic acid by about 0,1 pK unit, while o-toluic acid is stronger

by 0.3 pK units, This difference for the ortho isomer has been at-

tributed to steric hindrance to conjugation with the ring (131).
Similar data for the dimethylferrocenecarboxylic acids in water (Ll)
are listed on the following page, Since the 2-substituted acid is
weaker than the 3-isomer rather than stronger, it is concluded that

such a steric effect has less importance in the ferrocene series,
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Ferrocenecarboxylic acid Lh
1,1'-dimethyl-2=ferrocenecarboxylic acid 5.k
1,1'=dimethyl-3-ferrocenecarboxylic acid 4,7

Similarly, ultraviolet spectra of 2-acylalkylferrocenes show s
lack of steric effect, Braude and Sondheimer (132) find that an
ortho-methyl substituent decreases the intensity of the K band of
acetophenone by a factor of 0,6, which they ascribe to steric hin-
drance to coplanarity, However, in l-indanone or ({-tetralone, where
such hindrance is reduced by ring formation, this effect is much
smaller., In the case of ferrocene derivatives (see p, 138 the ex-
tinction coefficient is unchanged or ewen slightly increased (Lh),
and essentially no change is produced by ring-formation,

Solvolyses of the faster isomers of the ferrocenylcarbinyl ace-
tates with 2-methyl substitution are slightly faster than the 3-
methyl isomers, The effect of joining the side chain to the 2-sub-
stituent in ({-acetoxy-1,2-tetramethyleneferrocene produces a negli=
gible effect, These results may be contrasted with analogous ones
in the benzene series (133)., In the solvolysis of ({-phenylethyl
chloride in 80% ethanol at 25°, an o-methyl substituent produces a
rate increase of 22-fold (Ermethyl substitution has been estimated
to produce an effect of 35-fold in 80% acetone (13La)). However,
if the ortho substituent and the side chain are joined in a five-
membered ring, the rate is now faster by a factor of 870, Enlarging
the ring brings puckering and loss of coplanarity, with a subsequent
decrease in the relative rate to 210 and 9 with 6- énd T-membered
rings, In the case of ferrocene, the increase in the angles between

exocyclic bonds probably reduces the effect of puckering, Therefore,
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the absence of a significant change on ring-formation should suggest
that steric hindrance between the carbonium ion center and the 2-
substituent is very small, This estimate must be considered approx-
imate to the extent that steric compression in the ground state may

differ between the two compounds,

i, Rate Effects of Homoannular and Carbinyl Substitution

In contrast with 1l'-substitution, groups introduced either on
the cerbinyl carbon (the (Qf-position} or on the ring bearing it can
interact with the carbonium ion center directly or through the con-
jugated system of the ring, For this reason, it should be possible
to compare effects of 2-, 3- and ({-substitution on the solvolysis
rates of ferrocenylcarbinyl acetates with those of ortho, para and
(l-substitution on solvolyses of suitable compounds of the benzylic
type. In this research, the effect of methyl substitution on the ring,
and methyl or phenyl substitution on the carbinyl carbon was studied,
Pertinent results are summerized in Table VII, Only the faster of
each pair of 2-substituted isomers is included, since the faster
isomers appear to reflect less of the steric effect possible in that
position, These steric effects have been discussed alt some length
in the previous‘sectiong Discussioﬁ of compounds with trimethylene
bridging will be deferred until the next section (see p. 75), since

bridging introduces additional effects,

Comparisons with substituted benzyl systems, - In relating sub-

stituent effects to those in the benzene series, several difficulties

are encountered, It was shown in the previous section (see p, 56)
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TABLE VII
Solvolysis Rates of Ferrocenylcarbinyl Acetates

with Homoanmular and OQéSubstituents®

AN AN#

Compound Rel, kano (keal,) (e.u,)

A, Effect of Qf-Substitution

Ferrocenylcarbinyl (1,00) (0.0%0,6) (0,0)
Lcetate
Methylferrocenylcar- 10,5 -1,h%0.6 0.0

binyl Acetate

Phenylferrocenylcar— 106P -3.1%+0.5 0,9
binyl Acetate

B, Effect of Homoannular Substitution - No Heteroanmular Substituent

Methylferrocenylcar- (1.00) (0,0%0,6) (0,0)
binyl Acetate

Methyl(3-methylferro- 3.51P -1.2%0,3 -1,5
cenyl)carbinyl
Acetate

Methyl(2-methylferro- L, 28 +0..%0,3 +L.3
cenyl)carbinyl
Acetate, Y -exo
isomer

Ql-Acetoxy-1, 2-tetra- L2k -0,5%0.L +1,2
methyleneferrocene

C. Effect of Homoanmlar Substitution - Heteroannular Methyl Substituent

Methyl (1'-methylferro- (1,00)P (0.020,1) (0,0)
cenyl)carbinyl
Acetate

Methyl-3-(1,1'-dimethyl-  3,22° -0,840.6 0,3
ferrocenyl)carbinyl

Acetate

Methyl-2-(1,1'-dimethyl-  3,83° -0,1%0,6 +2.1

ferrocenyl)carbinyl
Acetate, \yLex0~
isomer

2For complete kinetics results, see Table IV, p. 203 in Chapter III.
Extrapolated from other temperatures,
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that the solvolyses of ferrocenylcarbinyl acetates are probably
limiting - i,e,, they should be quite independent of the nucleophil-
icity of the solvent (128), To be valid, comparisons must then be
made with other solvolyses which are also limiting., Another com-
plication, whose contribution may be difficult to assess, is the im-
portance of ion pair return, The ionization rate of benzhydryl chlor-
ide in acetic acid has been estimated to be at least 10 times the
solvolysis rate as determined titrimetrically (193). The solvent
in which the comparison is made can also be very important., Thus,
for example, benzhydryl chloride solvolyzes 1000 times more rapidly
than t-butyl chloride in methanol; but only 25 times more rapidly in
70% acetone (92b, 93).
Possibly a more serious problem arises from the fact that the
great majority of the solvolysis results recorded in the chemical
literature involve neither a carbonium ion as stable as the ferro-
cenylcarbonium ion nor a leaving group as poor as a carboxylate ion,
In order to quantitatively compare substituent effects on ferroeenyl-
carbinyl acetate solvolyses with those on other solvolyses, we should
~be able to evaluate the effect of simultaneous large changes of both

the leaving group and the carbonium ion upon the substituent effect,
This is only partly feasible, The change to a much poorer leaving

group might be expected to increase demands for electron release on

the carbonium ion, and thus increase the sensitivity of the solvol-

ysis rate to veriations in structure, In 80% acetone at 30°, the

rate ratio of trityl acetate to (~tetralyl acetate is 5 x 104 (123,
and results presented in Table IV, p.203 in Chapter IIT of this thesis),

' . . 0 =
The similar ratio for the chlorides in 85% acetone at 25° is 2 x
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10%,%  Since solvolyses of fluorides and acetates should both be some-
what susceptible to catalysis by hydrogen bonding (138); and since
trityl fluoride and trityl acetate solvolyze at comparable rates
(9L}, data for fluorides may provide a reasonsble substitute for
more data on acetates., The rate ratio of trityl fluoride to benz-

hycryl fluoride in 0% ethanol at 25° is 10° (91), while in 85% ace-

i

tone, the ratio for the corresponding chloride is 105. These re-
sults indicate that the poorer leaving group may not increase the
'sensitivity of the sdlvolysis rate to structural variations in the
carbonium ion, The prediction might also be made that when the car-
bonium ion is very highly stabilized to begin with, additional changes
in structure should not be as important in determining the solvolysis
rate, However, this prediction does not receive much confirmation
from the substituent effects summarigzed in Tables VIII and IX, The
comparisons in these tables will be discussed in more detail below,
From the considerations mentioned here, it appears that; within very
rough limits, large differences in substituent effects between benz-
ylic systems and the ferrocenylcarbinyl acetates should not be due

merely to the changes in carbonium ion stability and in the effective-

*The rate constant for trityl chloride was extrapolated by Swain
(136) from lower temperatures, That for ({-tetralyl chloride was
estimated from the rate in 80% ethanol (133) using the average m
value for ({-phenylethyl chloride (137) and an interpolated Y value
for 85% acetone (92b), The ratio reported above is undoubtedly
quite crude,

**The rate for benszhydryl chloride was interpolated by the mY
relationship from data in other acetone - water mixtures (93).

The value for trityl chloride was extrapolated by Swain from data
of lower temperatures (136)., Since the two fluorides are reported
to have similar solvent dependence in their rates (9&), the ratio
obtained for the fluorides should be directly comparable with that

given for the chlorides,
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ness of the leaving group,

Replacement ofznzCX-hydrogen of ferrocenylcarbinyl acetate by
a methyl group produces a rate increase of about 10; while a phenyl
group enhances the rate 100-fold, It is likely, ﬁhen, that a phenyl
group has about the effect of two methyl groups, a rough generaliza-
tion which has been frequently made (139)°%

Some rate comparisons for (X{-substitution in the benzene series
are summariged in Table VIII, While rate ratios vary greatly with
the nature of the solvent employed, and comparisons are not always
possible in the best solvents, it is readily obvious that the effects

are considerably greater than they are with the ferrocenylcarbinyl

5

acetates, The effect of a methyl group ranges from 103 to 10° or

more for a limiting solvolysis, (Solvolysis of benzyl chloride in
ethanol or 80% ethanol is quite sensitive to solvent mucleophilicity,)
In less-ionizing solvents; a phenyl substituent produces a rate in- |
crease of 3 x 10° to 105, but results are not available in the faster,
more ionizing solvents, It is significant to note that the effect
does not decrease greatly between benzhydryl and trityl, and that the
effect here is greater than in the ferrocenylcarbinyl acetate series
by 102 to 103, Unfortunately, there are no comparisons available
for further (Y-substitution on a carbonium ion of stability compara-
ble with that of the trityl cation or the ferrocenylcarbonium ion,

The 3-position of a ferrocenylcarbonium ion is quite analogous

to the p-position of the benzyl cations a substituent can interact

*) 1imited attempt to prepare the acetate of dimethylferrocenyl-
carbinol failed because of the slowmess of the reaction, but the
preparation would probably succeed with a longer reaction time.
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with the cationic center by resonance, but its steric effect should
be.negligible. In the splvolyses of ferrocenylcarbinyl acetates, a
rate increase of about 3,5 is produced by a 3-methyl substituent,
Some comparisons of p-methyl substituted phenyl derivatives are
listed in Table IX, The effect of the methyl group increases as

the solvolysis becomes more limiting, as shown by the benzyl bro-
mide and (OQfphenylethyl chloride ratios, As mentioned previously
(see footnote, p. hb); there is some ambiguity about the figures
which should propefly be used for benzhydryl and trityl, For sym-
metrical p-methyl subgtitution, the ratios for benzhydryl and trityl
would be greater by factors of 83 and 20 respectively than that for
methylferrocenylcarbinyl acetate (provided the effects ol successive
methyl groups are equal for the trityl solvolysis), On the other
harid, if the effect of one gfmethyl group is the significant value,
then the solvolyses in this research are quite comparable with either
trityl or benghydryl, At any rate; 3-methyl and p-methyl substitu-
tion are probably more nearly equivalent in effect than ({-substi-
tution in these two types of systems, the much larger substituent
effect on ionization equilibria indicates that charge separation in
the solvolysis transition state is not very complete for trityl and
benzhydryl derivatives, This comparison suggests that determination
of ionization constants of ferrocenylecarbinols in sulfuric acid, if
experimentally feasible, might provide more insight into the effects
of substitution on the carbonium ion stability,

The effect of substitution in the 2-position has previously been

Tt appears that steric effects are small for

discussed (see P. 59).

the faster exo or pseudo-exo isomers, and that the electronic effect
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TABLE IX
Effects of p-Methyl Substitution

on Solvolyses and Ionigations
Reaction Yoo, %n or Fp-cuy/Fn

Ref,

X~CgH),~CHoBr, 90% ethanol, 30° C, L3

X~CgH GHéBrs 90% ethanol, AgNOs, 65

imcéﬁhcﬂ Br, HCOCH, 25° C. 58
X-CgH), (CH3 )CHCL, 80% acetone, 70° C, 37
X-CgH), (CH)oCCL, 90% acetone, 25° C, 26,0
XnCéHh(CéHS)CHCl, 80% acetone, 0° C, 33 (30)

(%-CgH), ) oCHCL, 80% acetone, o° Cc, 2%

K-Géﬂg (Cg g %agg% 2Dﬁ gther - L.l

a ) °

A-véﬁh(céﬁs)CHﬁH Hy80), 259 ¢, 8L
(X-CgH), ) ,CHOH, Hzoob,»25° . 950
X-Cgh), (CgHg) 5001, S0,, 0° C. 18
X-CgH), (CgHg) oC0H, H,S0), 25° C. 25

(¥-CgH),)300H, Hy80), 25° C, 1180

(145)
(145)

(1L6)
(13L)
(11k)
(117;137)
(1h7)
(1Lk)

(118b)
(118a)
(117)

(118b)
(118a)
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of the'alkyl group is nearly equivalent to that observed in the 3-
position,

The solvolysis rate effects of alkyl substitufion in the various
positions of the ferrocenylcarbinyl acetate molecule may now be sum-
marized, In the 1l'-position, the effect is roughly equal to that of
a meta-substituent. In homoannular ring positions, the effect is
smaller than that of p-methyl substituents by factors of 1.5 to 100,
depending on the particular system used for comparison, and on whether
substituents on one or all rings of poly-aryl carbinyl chlorides are
considered, In the (f-position, an alkyl substituent is less effective
than an Olsubstituent in benzyl derivatives by factors of 10° to 104,

Interpretation of substituent effects, - The ring of the ferro-

cenylcarbonium ion bearing the formal cationic center is the six-
atom conjugated system of fulvene, To the extent that 2 metallocene
may be treated as a compound formed from the metal and two cyclo-
pentadienyl radicals (lh8); the carbonium ion may be considered as

a compound formed by replacement of one cyclopentadienyl radical by
a radical cation, Using this simple model of a fulvene radical
cation; effects of substituents on this carbon skeleton may be esti-
mated from LCAO molecular orbital calculations (149).” Equilibrium
constants for ionization of tri-arylmethyl chlorides in sulfur diox-
ide (150) and the solvolysis rates of some arylmethyl chlorides (151)

have been correlated on the basis of molecular orbital treatments,

Two notable differences are evident when such a treatment is

*411 calculations are made with neglect of resonance integrals
between non-adjacent atoms and of non-orthogonality of atomic orbit-

als on different nucleii,
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applied to the ferrocenylcarbonium ion. First; the fulvene skeleton
is a '"non-alternant" hydrocarbon system; since it contains an odd-
membered ring (152), The molecular orbitals obtained for such a
system will not generally be self-consistent, and will lead to charge
distribution in the neutral species (153)., ILess confidence may be
placed in resulls obtained from such systems, The second difference
is that perturbation of the simple LCAO orbitals by the iron will
certainly be significant, Indeed, the major ring-metal bonding in
ferrocene is represehted in molecvlar orbital terms as a two-electron
bond between an iron orbital and a molecular orbital of the ring
(1h8e), ihus; in addition to uncertainty as to the perturbations
produced by the iron; at least one of the ring orbitals must be used
for bonding to the iron, All of this serves to place less confidence
in the fulvene orbitals as being a proper représentation of those of
the carbonium ion,

The inductive effect of an alkyl group will slightly increase
the electron density on the carbon to which it is attached, This will
make that carbon atom more electropositive, and thus stabilize a
positive charge in that position, The stabilizing effect of a methyl
group should then be related to the positive charge on the carbon
atom to which it is attached, Longuet-Higgins has treated the effects
of aza or methyl substituents on aromatic substitution by a perturba-
tion method of this sort (15L)., In the benzyl cation, rate enhance-
ments by methyl groups in the para- and O(-positions may be estimated
as 20 and 105 respectively, These correspond 1o decfeases in the

free energy of activation of 1,8 and 6,9 kecal., which are nearly pro-

portional to the charge distribution of 1/7 in each ortho or para
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position and 1/7 in the Qf-position (155) predicted from simple
molecular orbital calculations, While this procedure is very quali-
tative, the results are of the proper order of magnitude,

Blectron distributions and energies for the four lower orbitals
of the fulvene system are tabulated in Table X, Of the five elec-
‘trons in this six-carboh system, two will be placed in ¢l’ Either
@, or P3 will be used for bonding to the iron (see p, 91 ) and will
thus contain one of the electrons, while the femaining two are placed
in the other orbital, From this model, a free radical or a carbanion
adjacent to the ring is predicted to be less favorable than a car-
bonium ion, since electrons must be placed in anti-bonding ¢h‘ In
Table XI, the electron distributions are tabulated which are predicted
in the carbonium ion on the basis of four assumptions, For A and B;
orbitals ffo and ¢3 respectively are used for the ring-metal bond
(see p. 91 ) and accordingly, one electron is placed in that orbital,
C and D use the same two orbitals for bonding, but 50% ionic character
is attributed to the bond to help distribute the charge to the metal
and the second ring, These distributions may be compared with the
observed changes in the free energy of activation produced by methyl
substitution in the (Y-, 2- or 3-position which are tabulated in the
last column of Table XI. None of these electron distributions give
very acceptable agreement with the observed substituent effects,%

If the methyl group is treated as a carbanion center (156),

*In the case of the ferrocenylcarbonium ion, the result is every
bit as good if one considers the effect of electron release by the
methyl group only on the lowest unfilled orbital, the "frontier orbit-
al" (156), In the case of the benzyl cation, the two methods must

produce equivalent results (1L5),
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TABLE X

Energies and Orbital Densities of Fulvene Orbitals

Orbital
Position By B )
0,062 0.250 0,000
2 0,185 0,00 00362
3 0,148 06250 0,138
1 0.273 06250 0,000
(0 4 2,115 1,000 0,618
TABLE XT

Charge Distributions in "Fulvene" System
of Ferrocenylcarbonium Ions aﬁd Increments in Z&F#

for Solvolyses Due to Methyl Substitution

Position A B [
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the 77:electron energies of the ground state and the carbonium ion
may be calculated, This type of calculation of course involves an
extreme overestimation of the hyperconjugation of the methyl group,
and a more rigorous calculation would include a suitable alteration
of resonance and coulomb integrals, For this type of treatment, the
question agsin arises as to which orbital should be used for bonding
to the metal, In 2 rough calculation of this sort, if ff, is con-
sistently used for the ring-metal bond (i.e., if the unpaired elec-
tron is placed in ﬁg}, the carbonium ion is stabiligzed by 0,8%/3,
o.hz/} and 1,07 /3 respectively by substitution of the carbanion in
the 2-, 3- and QOl-positions, The comparatively small influence of
Q{~substitution results from the destabilizing influence of a car-
banion adjacent to the ring, Use of the next higher orbital for the
ring-metal bond produces corresponding figures of 0.0Sﬂ s 0,20 ﬂ and
1.333. Thus, the relative effect predicted for a substituent is
altered by the choice of the orbital used for bonding to the metal,
regardless of the type of treatment used. Both treatments probably
involve such great approximations that their significance is very
questionable,

Two general rationalizations of the observed substituent effects
nay be made, First; it may be suggested that the charge is more
evenly distributed to the ring positions than in the bengyl cation.,
Then, the relatively smell substituent effects on the fulvene system,
and ‘fairly large heteroannular effects could be attributed to induc-
tive electron release by the iron and the other ring; However, with
this explanation, it is still difficult to quantitatively explain

the differences, The [)-Value for heteroannular substituents quite
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closely approximates that for meta-substituents on carboxylic acid
ionizations, Similarly, in the solvclyses; a crude @ value for the
effect of hetercanmular substituents is about -5, which compares
fairly well with a value of =L,6 (11lb) for phenyldimethylcarbinyl
chloride solvolyses, or =3,7 (118c) for monosubstituted benzhydryl
chloride solvolyses, Thus, even wide variation of the reaction type
leaves the 1l'-position nearly equivalent in its electronic effect to
a meta position, A primarily inductive or field mechanism is indi-
cated for transmissibn of the effect, If the hetercannular effect
were transmitted to the carbonium ion principally through the JT-elec-
tron system of the ring, it would seem that homosnmular substituents,
which are directly attached to this cenjugated system, should be more
effective than they are in stabilizing the positive charge,

The second rationalization involves direct participation by the
metal, In this case, since there is considerable covalent bonding
of the iron to the carbinyl carbon, only a portion of the incipient
positive charge can be delocalized through the Ufulvene! system of
the ring, The remainder is passed directly to the iron and is dis-
tributed to the second ring, accounting for the large effect there.
Perhaps even a portion of the homoannular substituent effect might

be transmitted through the ring-metal and metal-carbonium ion bonds,
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5. Effect of Trimethylene Bridging

A three-carbon bridge joining the two rings of ferrocene
gshould strongly affect the geometry of the molecule, If the
bridge were in a plane perpendicular to that of the two rings,
normal tetrahedral bond angles of carbon would require that the
two rings slope toward each other at the edge opposite the bridge
at an angle of 31°36' (fig. 2a, p.76). Geometrical calculations
using accepted bond 1engths (12l4) show that the ring carbon atoms
to which the bridge is‘attached would be 1.68 A® apart, and the
ones at the far edges of the rings would be separated by only
0,51 A%, Since the normal distance between the ferrocene rings is
3.32 A° (125a), considerable distortions are required to reduce
strain. If the bridge is twisted from the perpendicular plane,

a configuration can be reached where the rings are parallel, (fig.
2B), However, with this twisting, the interannular distance

would remain close to 1.68 A®, With continued twisting of the
bridge, tilting in the other sense will occur, with the far edges
of the rings farther apart, Additiomal relief of strain may come
from an increase in bond angles on the bridge, and the final
cenfiguration will be that which minimizes the total strain energy,
Since the edges of the rings to which ithe bridge is attached will
probably remain closer together than the normal ring distances, it
is logical to suppose that part of the strain will be taken up in
a non-linear ring-metal-ring bond, as in fig. 2c. Furthermore,
additional strain might be relieved if the metal is moved slightly

to a position even further from the bridge, as in fig, 2d. Elsewhere



fig, 2a v fig, 2b

fig, 24
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in this thesis, evidence from infrared (see p.130) and NMR
(see P. 17 ) spectra is presented which favers such structures as
these latter two,

Such molecular distortions may be expected to have quite no-
ticeable effects upon the solvolysis rates of ferrocenylcarbinyl
acetates substituted with a trimethylene bridge. Pertinent
results for these compounds, as well as for {-acetoxy-1,11=tri-
methyleneferrocene, are reported in Table XIT.

With substitution by a trimethylene bridge in the 3-positien,
a rate increase of 2h.5-fold is observed, along with a possible
slight decrease in the activation energy. In the absence of
special effects, this compound should show a reactivity very similar
to that of methyl3-(1,1'-dimethylferrocenyl)carbinyl acetate, in
which the two methyl gréups produce a rate enhancement of only 6.36.
Thus there is an extra 3.9-fold rate increase due te bridging.
When the trimethylene bridge is in the 2-position, the usual two
separable isomers result., Both of the acetates solvolyze at rates
slower than their methyl analogs. The pseudo-exo isomer is slower
by a factor of 2,75, while the rate decrease for the slower
pseudo-endo isomer is 36,5, and is accompanied by an increase in

activation energy.
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TABLE XIT
Solvolyses of Bridged Ferrocenylcarbinyl Acetates.”
Gompound Rel. kago ZXZ&Hf@@ﬂAMSZXsze-H-)
Methylferrocenylcarbinyl 1.00 (0.0 ¥ 0.6) (0,0)
acetate
Methyl-3-(1,1'~trinethyl- 24,52 1.0% 1.k +2.h
eneferrocenyl)carbinyl
acetate
Methyl-2-(1,1'-trimethyl- 0.017h +2.2% 0,3 +2.6

eneferrocenyl)carbinyl
acetate, \y-endo isomer

Methyl-2~-(1,1'-trimethyl- 2.7 -0,8F 0.y -0.6
eneferrocenyl)carbinyl
acetate, \y—_e_:gz isomer

Ol-Acetoxy-1,1'-trimethylene-  0,0133° 43.5% 1.7 +3.5
ferrocene .

a3e¢e Table IV, pe. 203 in Chapter TIT for complete kinetie
results,
bExtrapolated from other temperatures.

These effects are quite readily rationalized as resulting
from metal participation in the solvolyses. If a ferrocenyl
carbonium ion has the same geomelry as the unionized ester, the
distance between the metal and the carbinyl carbon will be about
3,19 A®, This bond length corresponds to less than 1/100 of a
single bond (157) if the single bond radii of Pauling (158) are
used, It is thué reasonable to suppose that if the metal exerts a
driviﬁg force on the reaetioﬁ by direct participation, it will
shift to a position where it can bond more favorably to the

carbinyl carbon (this will be discussed in molecular orbital terms
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on p. 82 )» In the acetate with a trimethylene bridge in the

3-position, the metal may already be shifted into such a pesition,

or, if not, such a shift on formation of the carbonium ion will

relieve steric strain. Tpis solvolysis should then be accelerated.
With trimethylene substitution in the 2-position, exactly

the inverse line of reasoning would hold, and the solvolysis

should be retarded. However, the slowing effect is not equal for

both 2-bridged isomers. This could be due to a steric acceleration

of the E§§2g273§g,isoﬁer Ey ground state repulsions from the other

ring, A more attractive explanation fits well with the idea of metal

participation. The carbonium ion XX from the pseudo-exo isomer is

probably fairly free of steric repulsion between the bridge and the

carbinyl grouping. However, the carbonium ion from a pseudo-endo

isomer will be quite cramped. Slight rotation from coplanarity

with the ring may help relieve this repulsion. Since the trimethylene

bridge will have much of its bulk between the rings, such twisting

in this carbonium ion may be limited to the direction which is

shown in XXI., But this inclines the vacant carbonium ion p-orbital

XXl



away from tné metal, decreases overlap, and destabilizes the car-
bonium ion (see p. 82 ).

It is thus seen that the effects of trimethylene bridging are
quite consistent with metal participation. The general rate increase
in the 3~position and decrease in the 2-position could also be
aécribed to alterations in inductive and field interactions due to
bridging. However, this explanation fails to give a very good
account for the largeldifference in effect with the two 2-substituted
isomarsav

Ot-Acetoxy-1,1'-trimethyleneferrocene XXIT has a solvolysis
rate which is decreased by a factor of 1h9 below that of a reason—
able model compound, methyl(l'-methylferrocenyl)carbinyl acetate,

- This large rate decrease probably arises from two factors. First,

— ~OCOCH3
Fe Ho
<<T>—h,

XX

the iron is "séueezed“ away from the carbinyl carbon by the bridging.
This effect should be more serious than with the pseudo-exo isomer
of methyl-2-(1,1'-trimethyleneferrocenyl)carbinyl acetate.

" This second contributing effect is that the carbonium ion center
is probably not coplanar with the ring, and so loses some of its
resonance stabilization. Due to the ring tilting present in the

unionized ester, this may not be as serious an effect as it might
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appear to be at first glance. An effect probably due to this same
loss of coplanarity is observed in the ulira-vielet and visible
spectra of the parent ketone, (Qf{-keto-l,l'-trimethyleneferrocene
(see po 136), The positions of the maxima are shifted only slightly
(7 mp in the visible is the maximum), but the extinction coefficients
are reduced to about 60% of those observed for 1'-acetylmethyl-
ferrocene. This is the effect generally feound when steric hindrance
forces the carbonyl function oub of coplamarity with an aromatic
ring (132). Such steric hindrance reduces the extinction
coefficients of the K-bands (2u0-260 qp) of 2-methylacetophencne
and 2,k,6-trimethylacetophenone to aboub 60% and 20% respectively
of the expected values. In t-butyl phenyl ketone, the reduction
is to about 70% of that in acetophenone., An extreme case of such
hindrance to coplanarity is found in the ketone derivatives of
(2.2)paracyclophane, in which the carbonyl group must be very
nearly perpendicular to the ring plane (159). In this case, there
appears to be no K-band present. It thus appears that the loss
of coplanarity in (f~keto~1,1'-trimethyleneferrocene approximates
that produced by one orthe-methyl group or three (A =methyl groups
in acetophenone. X-ray crystal studies of 1,1'-trimethyleneferrocene
and Cx%ketOQIQl’mtri@ethyleneferrecene would certainly add much to
our understandiﬁg of the effect of strucbure on the reactivities

of these compounds.
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6. Molecular Orbital Description of Metal Participation

Participation by the metal atom has been cited several times
in this thesis as a reasonable explanation for some of the
phenomena observed in solvolyses of substituted ferrocenylearbinyl
acetates, Before proceeding to a discussion of the effect of
changing the central metal atom, it will be helpful to consider
the electronic structure of the metallocenylcarbonium ion to see
whether a reasonable model for such participation can be given,
Nucleophilic metal participation from the rear in the solvolysis
implies that there is direct bonding in the carbonium ion between
the carbinyl carbon and the metal, Therefore, rotation about the
bond joining the carbinyl carbon to the ring should be prevented,
and solvent collapse should occur exclusively from the "upper" side,
Furthermore, a considerable portion of this bonding shcﬁld be
present in the transition state, which would favor departure of
the leaving group in the "upward" direction.

The first question to be anéwered is whether overlap is
appreciable between the metal orbitals and the‘p-orbital on the
carbinyl carbon., A rough calculation was made using the same
assumption as that of Dunitz and Orgel (1L48d) concerning the
radical component of the wave function for the 3d orbitals.” The

overlap integral of the 3dy; iron orbital®” (see figo 3b, p. 8h)

*Caleulations were performed in a manner similar to that of
Dunitz and Orgel (148d), using overlap integrals from standard
tables (160). '

*#*In this discussion, the d and p orbitals of the metal will be
identified by their angular momentum about the five-fold symmeiry
axis of the cyclopentadienyl ring. Tpis is equal to the number of
nodal planes which fall along the axis, and thus determines the
symmetry of the part of the orbital with which the orbitals of the
ring may overlap, Thus, d%g will be referred te as dg, d,, and dyz
g;;l(gﬁeg§ferred to as @i&: and dxy and dxg_y2 will be referred to as
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with a ring carbén was found to be 0,192, while that with the
carbinyl carbon was 0,020, provided the carbenium ien has the

same geometry as the unionized ester, The most likely geometry
for the carbonium ion would be that in which the strongest possible
bonds to both rings are formed. Therefore, the "upper" ring might
be shifted relative to the remainder of the molecule to a position
such as in XXIV, in which overlap of metal orbitals with p-orbitals

on all six carbon atoms is maximized, If the shift is

<

>

XXIV

®

0.2 A® in the direction which shortens the distance between the

metal and the carbinyl carbon, the overlap integral is then 0,175
with the furthest ring carbons,; 0.201 with the ring carbon bearing
the carbinyl substituent, and 0,032 with the carbinyl carbon.

Similar overlaps with the metal 3d+2 orbital will be slightly smaller.
Therefore, the concept of bonding between the metal and the carbinyl
carbon is quite reasonable, although this bond should undoubtedly

be weaker than those to the ring carbons.

A simple molecular orbital treatment (1h8b,c) will be most
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fig, 3b
Metal orbitals for metallocene bending
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useful for discussion of the electronic structure of the ferrocenyl-
carbonium ion. In such treatments of bonding in metallocenes (1h48),
a molecular orbital for the metallocene molecule is formed by
combining an LCAO orbital of ‘the 7T;electron sjstems of the rings
(fige 3a, p. 8l) with a metal orbital (fig, 3b, p. 8l) of the
proper symmetry. When such a pair of orbitals are of approximately
the same energy, and when there is a sizeable overlap integral
between them, they will interact to produce a bonding orbital and a
higher energy antibonding orbital. If the energy and overlap
requirements are only poorly satisfied, this interaction will be
small, and the orbitals will closely resemble the original iron and
ring orbitals.

The primary differences between several such molecular orbital
treatments arise from deciding to what extent the orbitals can inter-
act to produce bonding, Moffitt (1l48c) has calculated that the ring
orbitals ¢2 or ¢3 (see fig, 3a) are of very nearly the same energy
as the metal Bdi? orbitals, and that these orbitals therefore
account for the major share of the ring-metal bonding. The process
of combining orbitals will be illustrated for this portion of the
bonding., If the ¢2 orbitals on each ring (which are assumed to
interact negligibly with each other) are combined, two nearly
degenerate molecular orbitals for the entire carbon skeleton of the
metallocene result. One of these, XXV, has the same symmetry
propafties as one of the metal 3@:1 orbitals; the other, XXVI,

is of symmetry similar to that of one of the p+1?rbitals of the metal, -
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<>

XXV XXVI

Now, if orbital XXV and a Qtl orbital are combined, two molecular
orbitals result. One will be strongly bonding, and will be concen-
trated in the regions between the metal and the two rings. The
second will be antibonding and of high energy., If twe electrons are
placed in the bonding orbital, then there is a covalent bond joining
both rings to the metal, A second such bond may be formed utilizing
the ring ¢3 orbitals and the other metal 3d+1 orbital. We are left
now with the two ring-system orbitals, XXVI, which have the same
symmetry as the metal hp+l orbitals, The general concensus seems
to be that overlap between hgig and XXVI is not exceedingly great,
and that the hp+1 orbitals are of somewhat higher energy (however,
see ref, 148f). Therefore, interaction will be small, and we will
be left with érbitals which are quite similar to the starting metal
hgﬁl and ring XXVIvorbitais. Electrons placed in these ring orbitals
will then contribute to the bonding within the rings, but will
supply little fing«metal bonding energy.

A treatment similar to that given above would be followed for

all other sets of orbitals with the proper symmetry. Dunitz and
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Orgel (148d) have calculabed that the bonding orbitals formed

using 3dy, metal orbitals will have an energy lowered by 2 eov,

per electron, or a total of 8 e.v. for the two electron-pair bonds.
They estimate that the bonding energy resulting from use of the
ringyﬁl orbitals and metal hs orbitals is 2.8 e.v., and an additional
bonding energy of 1.6 e.v. arises from overlap of the ring orbitals
féh and ¢5 with metal 3dg, orbitals .

While a treatment of this sort is most useful for any type of
gquantitative work, orbitals are combined and recombined so many
times that it may be difficult to visuwalize the bonds which resulte.

This will be particularly true when the high symmetry of the
ferrméene system 1s lost, as in the ferrocenylcarbonium ion.
Therefore, a less rigorous description, similar to that originally
presented by Craig, Maccoll, Nyholm, Orgel and Sutton (1h8b) will be
used, Ring orbital ¢2 of one ring (let us call this ring A) is of
proper symmetry to overlap with one half of a metal 3d+1 orbital,
Similarly, ¢3 of ring B can overlap with half of the other 3d+1
orbital. This corresponds to a two-electron ring-metal bond for
each ring. However, instead, we could use ¢3 of ring A and ¢2 of
ring B for the bonds, so we must consider resonance between these
two equivalent descriptions, (This combination of orbitals also
produces twe antibonding orbitais, which need not concern us because
of their high energy,) There remains on each ring an orbital which
is a hybrid of fl, and ¢3; these provide bonding within the ring.

Neglecting for the moment smaller contributions to the bonding

from other orbitals, we may proceed to place electrons into the
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available orbitals. In metallocenes of the iron family, there will be
five valence electrens from each cyclopentadienyl radical and eight
from the metalo” Eight electrons may be immediately placed inte
strongly bonding orbitals: a ﬂl orbital and a ring-metal bonding
orbital for each ring, Four more electrons will go into the ring
ﬁz and ¢3 orbitals which were not used for the ring-metal bond,
while anti-bonding ring orbitals ¢h and ¢5 will remain empty. Six
electrons must then be placed into the remaining iron orbitalse.
Moffitt (1h8e) has added the refinement that the metal 3do and ks
orbitals are combined in the field of the ring electrons to produce
two hybrid orbitals: one is of higher energy and is directed toward
the rings, while the other is of lower energy and forms an
equatorial belt around the metal, With the addition of this splitting,
the magnetic properties of ferrocene are explained if the remaing
electrons are placed in the "equatorial® hybrid orbital and the d+2
orbitals. | | |

We may now consider the other possibilities for ring-metal bond-
ing as perturbations of this system. Bonding utilizing the ring ¢1
orbitals and any of the iron orbitals of suitable symmetry (BdO,
s, Lp, or various hybrids) will correspond to a dative bond from the
ring to the metal. Conversely, bonding utilizing the ring ¢h and
¢S orbitals and metal 3@:2 orbitals will be a dative bend from the

metal to the ring. Dye to the relatively low energy ring ¢l orbitals,

*In molecular orbital terms this is identical with two cyclo-
pentadienyl anions and a ferrous ion.
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and the relatively high energy of the ¢h and ﬁg orbitals, these
contributions will be of diminished impertance. Also, since the
two dative bonds would be formed in opposite directions, their
polarities will cancel, leaving little or no net charge separation.
The metallocenylcarbonium ien is formelly derived from the
parent metallecense by replacing one of the cyclopentadienyl radicals
by the fulvene skeleton containing only five electrons. The
orbitals of the fulvene system are shown in fige b@% If the ring
bearing the carbimyl carbon is censidered as an isclated system
with five 77:@1ectr0nsg it is possible to calculate the increase
in the delocalization energy which resulis on ionization to the
carbonium ion. This treatment is somewhal complicated by the fact
that @, and ¢3’ the two orbitals of the proper symmetry type for
bonding with the metal 3@t1 orbitals, are of different energy. A
single electron must be placed into one of them to represent the
ring-metal bond., If the odd electron is placed in @3, the increase
in delocalization energy on ionization te the carbonium ion is
0@99%l3@ If the unpaired electron is im ¢2g the corresponding
valve is 0@61%£30 This is rude estimate of the emnergy due solelf
to delocalization of the charge into the ring. These values may be
compared with gairs in delocalization energy of 097%L3(161) and
l,SO@ﬂz(lSO) on ionigzation to the benzyl and trityl cations

respectivelym»

%All calculations were made neglecting resonance inbtegrals
between non-adjacent atoms and non-orthogonality of orbitals on
different atoms,
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Now we may consider the bonding of the fulvene system to the
metal, Two electrons may surely be placed in orbital ¢1, since it
is very strongly bonding within the carbon framework. As in the
parent metallocene, we must consider two resonance structures for
the bonding with metal 3d+1 orbitals., In one of these, ¢2
participates in ring-metal bonding, while in the other, ¢3 is used;
in either case, the other orbital contains an electron pair which
contributes primarily to bonding within the carbon framework. In
the carbonium ion, however, there are two important differences
from the metallocene molecule, First, the two structures probably
differ somewhat in energy, and will thus not make equal contributions
to the resonance hybrid. In the limit, one of the two canonical
forms might be much more stable, and so only one of the two ring
orbitals would effectively contribute to the bond. The second
difference is that orbital ¢2 has considerable density on the
carbinyl carbon. It is reascnable to suppose that overlap of ¢2
with a metal 3d41 orbital will include a contribution from that part
of f, in the vicinity of the carbinyl carbon (see p. 82), This is
the equivalent of a partial bond between the metal and the carbinyl
carbon, and should lead to the observed stereochemical consequences
of such bonding., The importance of this bonding will depend upon
the magnitude of the overlap of the 3dg; orbital with a p-orbital
on the carbinyl carbon, and upon the contribution to the resonance
hybrid of the‘structure utilizing ﬂg for bonding to the metal,

Due to the very qualitative nature of this treatment, and to its

inherent weaknesses (see p. 69), no prediction will be made as to
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which resonanée structure should in fact be the more important one,

A simple picture such as this would account for the stereochemi-
cal results presented in this thesis. Due to bonding to the rear
side of the carbinyl carbon, rotation about the bond to the ring
would be prevented, and solvent collapse should occur from the "upper®
side, Departure of the acetate in the "downward" direction would be
unfavorable, since overlap of the 3dg; 6rbita1 with the incipient
p;norbital on the carbinyl carbon would be prevented in the transi-
tion staté® However, "metal participation" is a questionable term
to apply to this descriptiono Interaction of the metal with the
orbitals of the rings is very significant in both the unionized
acetate and in the carbonium ion, and there is no radical change
in the existing bonding en ionization aside from addition of the
p=orbital on the carbinyl carbon té the conjugated system of the
ring, Thus, it would be very difficult to apportion part of the
carbonium ien stability to delocalization of the charge into the
Cg system, and part to participation by the metal,

A further change in bonding in the carbonium ion might more
aptly be described as metal participation. Whereas a dative bond
from the metal B%tg orbitals to orbitals ¢h and ¢5 of the
cyclepentadienyl rings mekes a relatively small contribution teo
bonding in the parent metallocene (1L18d), the situation might be
considerably different in the carbonium ion. The ¢h orbital of
the fulvene system (fig. ) is only slightly antibonding. While its
symmetry is not precisely that of the 3%t2 orbital, overlap should

still be quite appreciable, Besides, perturbation by the field of



the metal may well bring about mixing of the simple one-electron
LCAC orbitals to produce an orbital of more favorable symmetry.
Therefore, the dative bond in the carbonium ion may be much
stronger, and thus provide a driving force for the sclvolysis, If
overlap with that part of the ¢h orbital in the vicinity of the
carbinyl carbon is appreciable, the‘usual stereochemical
consequences of participation should be observed,

Linnett (1k8e) has shown that the metallocene:molecnlar
orbitals may be rehybridized to yield a picture which is possibly
more readily visualized. In this description, three equivalent
bonds are formed by the metal with each cyclopentadienyl ring.
These would all be quite strongly polarized toward the rings, so
that there would be no charge separation. The reméining six
electrons are placed in three orbitals concentrated primarily in an
equatorial belt about the metal, This description, derived from the
earlier molecular orbital picture, is gquite similar te that
ﬁreposed by Fischer and co-workers (162). In this description, the
carbonium ion might have a similar structure represented by XAVII,
The picture of this sort for the m@tallocgnes themselves is
mathematically equivalent to the molecular orbital description given
earlier in this section. Therefore, such a description of the
carbonium ion might 1ikewiée be equivalent to the molecular orbital

description presented above,
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Additional models for metal participation may be envisioned
which do not require that the carbonium ion be conjugated with
the ring. In the simplest form, a Cf bond might be farmed
utilizing one lobe of a d+2 orbital and one lobe of the carbonium
ion p-orbital as in XXVIII, If the carbonium ion is adjacent to
the ring, this type of participation will be only a partial
picture of the dative bond described previously, since the p-—orbital

should surely be involved in resonance with the ring. The usual

B -1 ®
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stereochemical implications of partiecipation should apply.

Another possibility'woﬁld be a 77:bond to an isolated car-
bormium ion center, as in XXTX, A particularly favorable case would
be a derivative of the bridged alcohol,)(3=hydroxy=1,1‘«trimethylm
eneferrocene, Since bonding of this sort in the transition state
would amount to front side participation, such stabilization of
the carbonium ion might be possible only after departure of the
leaving group. An ion stabilized in this fashion should then
fail to exhibit retention of configuration, despite possible rate

enhancement through initial (j;participaﬁiono

X X1 X

7o Effect of Varying the Metal Atom

The relative solvolysis rates of the methylmetallocenylcar-
- binyl acetates, where the metal is iron, ruthenium and osmium, are

1600 3 1636 3 5,36, Pertinent data are summarized in Table XIT,
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TABLE XIT

Effect of Varying the Metal®

Compound Rel, k3go Z&H (kecal,) Z&S (eou.)
Methylferrocenylcarbinyl 1.00 18.940.6 -13.2
acetate
Methylruthenocenylcarbinyl 1.36 19,3+ 0.3 =11.h
- acetate
Methylosmocenylcarbinyl 5636 18,54 0.7 -11.2
acetate '

#See Table Iv, p;203iin Chapter IIT for complete kinetics results,

The above reactivity sequence may be contrasted with that for
electrophilic aromatic substitution., Competitive acetylation of
férrecene and ruthenocene with acetic anhydride - boron trifluoride
indicates that ferrocene is more reactive by a factor of at least
five (20), and results of Rausch, Fischer and Grubert (L0) clearly
show that more vigorous conditions are required for acetylation of
osmocene than fér the other two metallocenes. Since both the
'solvolysis and the acetylation require a strong release of electrons
by the metallocene nucleus, the diff@reneg in reactivity sequences
should indicate that the mode of electron release differs between
the two reacticns. Thus, for instance, in at least one of these
two reactions, simplé inductivé electron release by polarization of
the ring-metal bonds may be complicated by a second mechanism, such
as direct electron release by the metal.

\Hydrogen bending behavior in the metallocene series exhibits a
similar divergence of trends. Intermolecular hydrogen bonds to
the aromatic 7TLeleetron system of ferrocene are stronger than

those to ruthenocene (163), following the order of reactivity
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toward aeetylaﬁi@ne However, imtramolecular hydrogen bonds of
the methylmetallocenylcarbinols follow the same seguence of
strengths as the solvolysis rates (see p.127, also ref. 163).
These intramolecular bonds are most likely formed to the
central metal atom., Thus, the suggestion might be made that
electron release through the rings is favored im ferroceme, but
that direct release by the metal is more favorable in ruthenocene
and osmocene.” However, geometrical factors may be of considerable
importance in determiﬁing hydrogen bond strengths (see p.128 ),
Furthermore, the energies and electron demands involved in hydro-
gen bonding are so much smaller than in the solvolysis and
acetylation, that such extrapolation is quite risky. Thus, more
electronegative atoms are generally considered to be better
electron doners in hydrogen bond formation (16h, but see also 165),
despite their decreased ability te release electrons inductively
through honds., Protonation of the metallocenes is also reported to
occur on the metal (166). In contrast with hydrogen bonding to the
metal, and in agreement with electrophilic substitution, the order

of basicities iss ferrocene >~ruthenocene >osmocene.

®rpifan (163) proposes that the relative solvolysis rates of
the carbinyl acetates with ferrocenyl- and ruthenocenyl-substitution
may not truly reflect the magnitude of the difference in participa-
tion energy between the two metals, He suggests that the relative
enthalpies of activation might provide a better comparison. However,
Table XIT shows that changes in both the enthalpy and entropy of
activation are constant within the experimental error throughout the
series, and no significant trend is obvious,
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Unfortmhately, several plausible explanations for the
divergent reactivity sequences in solvelysis and acetylation may
be advanced. Therefore, the results obtained cannct previde
convincing proof for the operatien of any single effect. This is
all the more s0, since the differences in solvolysis rates are
really quite small compared to the effects frequently observed in
such reactions., Also, no really quantitative measure of the
differences in reactivity toward acetylation is available, A
portion cf the.differenee'which might be quite difficult to
evaluate realistically could arise merely from slightly different
spacings of the electronic levels of the central metal atom. If
the energy levels of the metal are shifted slightly relative to
the ring energy levels, then changes in bending which occur in the
transition states for the two reacticns will also differ between
the metals, Since the total energy of the ring-metal bonding in
ferrocene is estimated in the vicinity of 160 keal. per ring (148d),
relatively small differences in bonding energy would be reflected
as large '‘changes in reaction rates.

A marked difference between the two reactions under considera-
tion lies in the changes which occur in the conjugated system of
the ring in the transition state. In the solvelysis reaction, the
conjugated system is being extended to an exocyclic carbon atom.
It was shown in the previous section (see p. 82 ) that, in the
ferrbcenylcarbonium ion, overlap of the metal 3d orbitals with the
p=orbital on the carbinyl carbon is not great., In ruthenium or

osmium, the hd and 5d orbitals are more extended, and seo overlap
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with the entire'fulV@ne skeleton of the carbonium ien should be
impreoved relative to overlap with only the cyclopentadienyl ringe
Thus, bonding in the ruthenocenyl- or osmocenylcarbonium ions might
be stronger, and "metal participation" would be greater. In
electrophilic substitution, a pair of electrons is being localized
on one carbon atom, and the cenjugated system is decreased in
extent. Therefore, the more extended ruthenium or osmium orbitals
may offer no advantage, while the more concentrated orbitals of
iron may overlap more favorably with the smaller 7Tlelectr®m system,
In addition, bonding between the metal and the ring may very well
be weakened in the transition state for electrophilic substitution.
Since the ring-metal bonding is probably slightly stronger in
ruthenocene than in ferro?ene‘(lzl); a greater loss in energy
might result in ruthén@cene from this bond weakening. Therefore,
electrephilic substitution of rutheneocene would be retarded.
Furthermore, ruthenium and osmium are more electronegative tham
iren, and so should release electroms less readily through covalent
bonds.to the rings. Combination of the size factor with elther of
these latter two effects could explain the reactivity sequence
observed,

Another explanation would entall some special effects in the
acetylation reaction. Fer"r'c’mce:s:mez‘9 ruthenocene and osmocene are
protonated to give ;peeies in which the added protom is magnetiecally
equivalent with respect to all ten of the ring protons (166).

This result has been interpreted as direct protonatioﬁ of the mebtal.
Similarly, the attacking species may bond directly to the metal in

the intermediate or transition state for electroephilic substitution
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(166). Such bonding would be consistent with the apparent
reactivity of ferrocene toward reagents of differing steric
requirements. Thus, ferrocene is extremely reactive toward
acylation (see p. 1). In the acylonium ion, only two groups are
fastened to the attacking carbon atom. If this carbon atom bonds
first to the metal, the two groups can occupy positions in a plane
parallel with those of the rings as in XXXa in which steric re-
pulsions with the rings will be minimized. However, a trigonal
attacking reagent, sﬁch as a carbonium ion in an alkylation

reaction, will experience greater steric repulsions as in XXXb,

> =il
V=Yed M= G,

@S <1

o _ _ S
X XXa XXXb

and the reaction may be hindered. This appears to be the case for
simple alkylations (see p. 3). In the aminomethylation reaction,
the attacking species is highly stabilized, bul small carboniuﬁ
ion, and the reaction conditions used are reasonably comparable
with those used for the very reactive aromatics sucﬁ as thiophene

(see polt)o
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The tendency of the metal to participate in additional
bonding to an attacking electrophile need not parallel its
ability to release electrons to the rings, since different orbitals
are used and the spacing of the orbital levels may differ between
metals, In particular, the hybrid "equatorial® orbital has been
suggested for use in protonation (166). The relative contributions
of 3dg and s to this hybrid orbital will depend upon the metal
involved and on the distance between the metal and the rings.
This change in hybridization would affect the energy and geometry
of the orbital, and thus the strength of the bond. Another
conbributing factor in both substitution and protonation may be
bonding of the attacking reagent to both rings as well as to
(or instead of to) the metal, The interannular distance in
ferrocene is 3,32lA0 (125a), so quite substantial partial bonds
could be formed to both rings if the reagent were to approach
closely enough to bond to the iron. In ruthenocene or osmocene,
where the rings are farther apart (125b,c), these bonds would be
longer and weaker, It is reasonable that bonding both to the
rings and to the metal would exist if the electrophile were to
approach closely enough for either to occur. Thus, these two

effects may be complementary and not readily separablea*

*rhis suggestion of bonding to both rings in the acetylation
reaction has interesting implications for the acetylation of
1,1'-trimethyleneferrocene, Since the trimethylene bridge has
greater bulk in the region between the rings than a pair of methyl
groups, substitution in the 2-position should be particularly
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Thus, since more than one explanation is available for the two
reactivity series, the results of this section do not constitute
definite proof of metal participation in either reaction. Never-
theless, the results are quite compatible with the presence of
either or both types of direct interaction with the metal, and
iﬁdeed guch participation does provide the most attractive explana-

tione

8. Solvolysis of Methyl(2-ferrocenylvinyl)carbinyl Acetate,

In the trans isomer of methyl(2-ferrocenylvimyl)carbinyl
aéetate XXXT, the ferrocene nucleus is geometrically removed from
the carbinyl carbon, but the positive charge can still be
delocalized into the ferrocene nucleus by resonance. The infrared

spectra of the acetate and the corresponding alcohol and ketone

strongly retarded sterically. However, the two carbon atoms in the
3-position of each ring are pushed farther than the normal distance
apart due to ring tilting, so bonding to both rings during substitu-
tion should be hindered there also, Thus this compound should show
a decreased reactivity relative to ferrocene, as it has indeed been
reported to do (167). Also, from the results of this research,
retarding effects in both positions must be very nearly equal, since
the ratio of 2- to 3-substitution of about 1 : 3 closely approximates
that reported for ethylferrocene (L5).

The importance of bonding to the two rings is also compatible
with the protonation results (166)., If the proton forms a bridge
bond between carbon atoms of the two rings, the hydrogens on these
two carbon atoms should be magnetically different from the others,
However, if rearrangement of the proton from carbon to carbon
were very rapid, all of the ring hydrogens would become equivalent.
Such rearrangement would be favored by the weak C-H bonds, and by
the entropy (5.38 e.u., corresponding to 1610 cal. in free energy
at 30009K) which would be lost if free rotation of the rings were
stopped (121). If splitting of the ring hydrogens by the proton is
transmitted through these weak C-H bonds, then perhaps the lack of
splitting in protonated ruthenocene and osmocene may be due to
longer and weaker proton-ring bonds, rather than to rapid exchange
catalyzed by unprotonated metallocene,
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Fe —C'\"
" CH;
XXXl

from which it was prepared all exhibit infrared absorption at
about 960 cmfl, in the region generally assigned to the oub-of-
plane deformation of the hydrogens on a trans disubstituted
olefin (168), In only the alcchol was there a very weak absorp-
tion about 690 em™t which might be assigned to a cis olefin. The
alcohol showed no hydrogen-bonded hydroxyl absorption, as might be
expected if it had the cis configuration about the double bond
(see po 133). Furthermore, the nuclear magnetic spectra of the
vinyl hydrogens of all three compounds showed a splitting of aboutb
15-16 €¢.p.8., which is in the range customarily reported for
trans olefins (169). Therefore, on the basis of the spectral
evidence, the compounds were all assigned the irans siructure in
which the earbinyi grouping is geometrically isclated from the
ferrocene nucleus,

Methyl(2-ferrocenylvinyl)carbinyl acetate solvolyzes more
slowly than meﬁhylferrocenylcarbinyl acetate by a factor of 0.63,
In sélvolyses of allylic chlorides, methyl substitution produces

comparable effects in either the 1- or 3-position (170). A phenyl
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group in the 3-position is intermediate between one and two methyl
groups in its effect. A general rule is that in solvolyses allyl
chloride corresponds roughly to benzyl or i-propyl, and that
substitution on either terminal carbon produces about the same
effect that the sum of such substitution would produce on benzyl
or i-propyl chlorides. Thus, the vinyl group produces its own
sizeable carbonium ion stabilization, and also transmits effects from
the 3-position with but litile diminution. For example, crotyl
chloride solvolyzes about 10h times as fast as benzyl chloride in
formic acid or 50% ethanol (1h1l, 170). On this basis, we might
expect methyl(2-ferrocenylvinyl)carbinyl acetate to solvolyze more
rapidly than methylferrocenylcarbinyl acetate by a factor of nearly
100, since this is the rate enhancement produced by a phenyl
group in the ferrocenylcarbinyl acetate series, This is about 160
times greater than the observed rate, and this difference could
be ascribed te the loss of participation by the metal at the rear
of the carbinyl carbon.,

Two considerations add some uncertainty as to the magnitude of
this rate enhancement due to metal participation. First, it is
possible that the vinyl group might not be quite so effective at
transmitting the effect of a substituent which releases electrons
as strongly as the ferrocenyl group., Perhaps, alsc, in such
circumstances as these, electron release by the vinyl group itself
Woul& be»somewhat curtailed. These effects would suggest that the
loss in rate calculated above is the maximum due to participation.

Despite the impossibility of overlap of metal orbitals with the
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p-orbital on the carbinyl carbon, the positive charge might yet
receive some stabilization by participation at the 1’Lcarbon of the
allylic system. Anchimeric assistance at the ??;carbon of an
allylic system has apparently not been investigated. In molecular
orbital terms, this would amount to bonding between an iron orbital
and only a portion of one of the molecular orbitals of the conjugated
system. The overlap would, of course, be decreased, bulb perhaps an
orbital of the ring system would be of favorable energy for formation
of a dative bond from fhe metal., This would tend to minimize the
effect of removing the reacting center from the proximity of the
metal,

The solvolysis of methyl(2-ferrocenylvinyl)carbinyl acetate
proceeds with no measurable allylic rearrangement (171). This
result is to be expedted, since it preserves the conjugation of the
double bond with the ring, and possibly also any direct interaction
which might conceivably occur between the metal orbitals and the
vinyl group.

The result presented in this section provides good evidence for
the importance of rate enhancement in solvolyses of substituted
ferrocenylcarbinyl acetates due to direclt participation by the metal
orbitals, Since it is probably unlikely that the large electron
release by the ferrocene nucleus could completely cancel the
stabilizing effect of the vinyl group on the carbonium ion, at
least part of the difference between the expected and observed
rates must be significant, Other similar experiments which might

shed further light on this area would be solvolyses of ruthenocene
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and osmocene énalogs of methyl(2-ferrocenylvinyl)carbinyl acetate
(in which a different balance between participation and cenjugative
stabilization would be expected), and a study of the effect of
ring substitution. Until the two possible conflicting sources of
uncertainty referred to above can be evaluated, the rough estimate
of a factor of 150 due to metal participation might be accepted

tentatively.

9. [3—Ferrocenylcarbonium Tons

Trifan (123) has reported that the tesylate of)£3-ferreceny1—
ethanol solvolyses in 80% acetone at a rate exceeding that of
)K}ﬁphenylethyl tosylate by a factor of 537. This rate increase
might result from partiecipation either by a filled iron orbital or
by the 77:electrons of the ring. A third possibility is that the
solvolysis is anchimerically assisted by hydride migration. The
large degree of stabilization by resonance or metal participation
in the erposition could provide the driving force. This possi-
bility was made particularly plausible by the demonstration (103)
that such a rearrangement occurs on alkylation of ferrocene with
1,2-dichloroethane., Therefore, a sample of‘xg-ferrocenylethyl
tosylate was solvolyzed in refluxing 80% acetone, and the product
was isolated, Within the limits of detection (=~ 2%), the sole
reaction product was the starﬁing alcohol,‘/3-ferrocenylethanola
Therefore, the driving force for the reaction is not rearrangement
to'muaCX—ferrocenyléarbonium ion. The actual magnitude of the

driving force in this reaction due to participation by the metallo-
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cene nucleus cannob be accurately evgiuated, since the inductive
effect of a ferrocenyl grouping is unknown., Generally a rate
decrease by a factor of 10 is attributed to the inductive effect of
a }C}qﬂaenyl group (172),

A derivative of the alcohol‘/3—hydroxy~l,l'—trimethyleneferro—
cene should provide a favorable geometrical arrangement for par-
ticipation by metal erbitals, but prohibitive strain should prevent
participation by the Tl-electrons of the rings. The acetate of
this aleochol was solvblyzed in 60% acetone at L45°, After three
days, no noticeable reaction had occurx'!edo O ~Acetoxy-1,1'=tri-
methyleneferrocene has a half-life of 75 minutes under these con-
ditions,

A sample of the tosylate of [J-hydroxy-l,l'-trimethylene-
ferrocene was prepared which, because of the small sample size
and poor crystallizing characteristics, was quite impure. An
exploratory solvolysis of one portion of the product at 10° in
80% acetone showed the presence of two components., The rate of the
faéter of these exceeded a crudely extrapolated rate for cyclopentyl
tosylate (173) by a factor of about 75, This rate was alsec faster
than that of tosyl chloride under these conditions by a factor of
20, The sole product recovered from the solvolysis was unre-
arranged alcohol, This tentative result suggests that further work
should be done on both the rate and stereochemistry of solvolysis

of this and similar compounds.
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10, Summary of Evidence for Nucleophilic Metal Participation in

Metallocenylcarbinyl Acetate Solvolyses.

Barlier in this thesis, two plausible models for metal par-
ticipation in ermetallocenylcarbonium ions have been proposed
(see p. 89). These models were presented on a strictly gqualitative
basis which suggests quite strongly that the most stable electronic
configuration of an Cxemetallocenylcarbanium ion should include
appreciabie bonding between the carbinyl carbon and the metal., In
addition, overlap of filled metal orbitals with positive centers
not in conjugation with the ring is also reasonable., Since the
presentation was entirely qualitative, no estimate was made of
the magnitude of the stabilization to be gained from such partiecipa-
tioen., During the discussion of the results of this research,
several pleces of experimentél data have been considered which are
most easily explained with reference to the concept of metal
participation. These will now be summarized, and their contributions
in support of this concept will be examined,

The best starting point for such a discussion is the stereo-
chemistry of the solvolysis reaction as illustrated by the solvol-
yses of 2-alkyl derivatives., The large difference in solvolysis
rates between the exo and endo isomers of ({-acetoxy-1,2-
tetramethyleneferrocene (see p. 51) provides the least ambiguous
evidence for direct contribution of electrons to the reaction center
by some other part of the system "below" the plane of the ring., The
distance between the rings, and the corfelation of substituent

effects on the far ring by primarily inductive substituent constants
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(see p, h0) decreases the likelihood that the partiecipation is by
electrons on the second ring. It is then probable that the
direct electron release is from the metal, While sterie factors
may contribute appreciably to the energy difference between the
two transition states, such a grealt energy difference is
difficult to account for without considering the availability of
the metal orbital for back side participation. The different
solvolysis rates within the pairs of open-chain 2-alkyl derivatives
(see p. 56) supports tﬁe specificity of the reaction for departure
of the leaving group away from the metal, This difference is in
the direction to be expected on the basis of the relative
stabilities of the two carbonium ions formed.

Solvolysis products from all of the 2-gubstituted acetates
are formed completely by solvent collapse from the side of the
carbonium ion away from the metal, Such a result is quite con-
sistent with bonding by the metal to the back side of the carbonium
ion, However, it is not unreasonable that purely steric factors
could account for much of the stereospecificity of preduct
formation (see p. 56). Similarly, lack of rotation in the
carbonium ion about the bond between the carbinyl carbon and the
ring is expected from metal participation, but should also resuli
merely from strong conjugation with the ring,

The relative solvolysis rates of the three acetates sub-
stituted with a trimethylene bridge provide good supporting
evidence for metal pafticipation (see p. 75). In particular, the

large difference between the two isomers substituted in the
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2§position is difficult to rationalize on any other basis. The
solvolysis rate of ({-acetoxy-l,1'-trimethyleneferrocene was
originally proposed as evidence for mebtal participation (99).
It was felt that, due to loss of coplanarity with the rings, the
rate should be much smaller than observed. However from the
spectrum of the correspomnding ketone, and from the most reasonable
geometrical model for these compounds, it now appears that the
loss of coplanarity had been overestimated. The rate decrease
probably'is due to an appreciable contribution from the effect of
"squeezing" the metal away from the bridge, as well as from the
i@ss of coplamarityo

The effects of methyl substitution in various positions on
the ferrocenylcarbinyl acetate skeleton are consistent with
direct participation by the metal (see p. 69). The relatively
small effect of ((-substitution and the large effect of 1l'-substitu-
tion suggest that a large portion of the charge is distributed to
the second ring by a process which does not require transmission
of the effect through the conjugated fulvene system. Such a
process could be nucleophilic metal participation. Other
explanations for the observed substituent effect may be advanced,
but they are probably less satisfactory,

The effect of changing the central metal atom of the metallo-
ceme is still quite ambiguous (see p. 95). The opposition of
trends in acetylatién and in the solvolyses is guite consistent
with metal participation in one or both of these two reactions,

but the number of reasonable explanations is too great to allow
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any firm aonciusians to be drawn.

The solvolysis of methyl(2-ferrocenylvinyl)carbinyl acetate
yields an estimate of a factor of 150 in the rate for metal partici-
pation (see p.102). This number is uncertain to the extent that the
vinyl group may fail to transmit a portien of the conjugative
electron release by the ferrocene nucleus, and to the extent that
the metal may participate at the ]r;carbon of the allylic system.
The estimated factor is considerably smaller than that of about
2500 deriﬁed from the solvolyses of the two isomeric ({-acetoxy-1,2-
tetramethyleneferrocenes. However, as noted previously (see Po 52),
the factor of 2500 is probably a maximum for metal participation,
since other effects may be expected to contribute substantially.

‘[3uFerrocenylcarbonium ions appear to receive some degree of
assistance from the metal atom or from the 7T;electrons of the ring,
Jjudging from the results of Trifan (123) and from the rough
solvolysis rate obtained in this research (see p. 107) for the
tosylate of [¢§~hydroxy-l,l'-trimethyleneferrocene., Additional
research, particularly in determining the effects of structure
and the stereochemistry on the solvolysis,will be necessary to
obtain a clearer picture of this participation. Carbonium ions
separated by a leonger carbon chain from the metallocene nucleus
appear to receive less assistance (20).

Other evidence for nucleophilic participation of the iron
comes from protonation (163) and hydrogen bonding (166). Direct
protenation of the metal, and intramolecular hydrogen bonding to the

metal are reasonably well established, but the opposition in trends
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with changes in the metal has not been satisfactorily explained.

In summary, it may be stated that very good indicative
evidence for participation by the metal in solvolyses of ({-metallo-
cenylcarbinyl derivatives has been obtained., While much of the
data reported in this thesis may be adequately explained without
reference to participation by the metal, such participation is
strongly supported by some of the evidence, and indeed provides
the most satisfying rationalization for all of the available facts.
Determination of the direct influence of the metal on reactions of

the metallocenes thus remains an area with much promise for

further research,



B. ©Spectra of Ferrocene Derivatives

1, Correlation of Structures of Isomeric Ring-substituted

Ferrocene Derivatives with Infrared Spectra

Beveral correlations have been made between the structures
of isomeric substituted ferrocenes and their infrared spectra.
A génaralizabion implicit in most such discussions is that the
spectrum resulting from one ring and its substituents will be
essentially independent of that from the other ring, except
in so far és interannular electronic effects may pr@duce
minor frequency shifts. OSuch a generalization is quite reason-
able on the basis of the spectral assignments of Lippincott
and Nelson (17}) for ferrocene. According to their assign-
ments, the symmetrical and antisymmetrical ring-metal
stretching frequencies appear at 303 and L78 cmfl, the
corresponding ring-tilting modes are at 388 and k92 em™t, and
the ring-metal bending mode is at aboubt 170 em~t. Since these
absorptions are out of the range of measurements generally made
for gualitative infrared structural studies, their contribution
to the spectra of ferrocene derivatives may generally be
neglected, This rule of the independence of the rings may be
expected to fail in a few instances, as for weak bands due to
combination frequencies (782 cm~! for ferrocene) or to a break-
down of selection rules (1051 and 1088 em™t for ferrocene) .
Other cases may arise whére there is interaction between sub-
stituents on two different rings, such as the double carbonyl
stretching frequenecy due to hydrogen bonding in methyl-

(1'~carbomethoxyferrocenyl)carbinel (see p.13k).
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The most clearly applicable generalizations have been made for
alkyl-acetylferrocenes (Ll h5,175)s However, these generalizations
are not as useful as they might be, since different authors have
cited separate spectral regions as the ones useful for correlations,
and spectra have been reported in different media. Thus, Rinehart
reports his spectra as liquid smears or nujol mulls, which should
lead to the most merked sort of medium dependence. Rosenblum's
spectra of acetylethylferrocenes are reported for carbon tetra-
chloride solutions, while those of acetylphenylferrocenes are in
chloroform solution. In the present work, trimethyleneferrocene,
methylferrocene and dimethylferrocene were acetylated and it was
necessary to securely assign structures to the acetyl derivatives
of the first two compounds. Spectra were taken with some variation
in media, and the results obtained are compared here with previous
correlations. The attempt has been made to consider all spectral
regions which may be of use for structural determinations. Addi-
tional confirmation for some correlations is obtained by consider-
ing the specira of other intermediates prepared in this research.

When a substituént is introduced into one of the rings, changes
of two types will occur in the spectrum., First, the substituent
itself will exhibit its characteristic absorption bands. Of these,
probably the only one of importance for present purpoées is the

aromatic ketone band in the vieinity of 1280 cm™

cited by

Rinehart (Lh)e All available results for this region are summas="
rized in Table XITT, Rinehart's generalization that the 3-subsbi-
tuted derivative absorbs at a higher frequency than the 2-substitubted

isomer extends to all compounds studied in this research.
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However, the actual positions of the peaks are dependent upon the
medium and the substituent. Rosenblum does not report this absorp-
tion, so confirmation for ethyl and phenyl substitution is impossible@

The second type of change involves vibrational modes of the
ring, Several features in the spectra of benzene derivatives are
quite characteristic of the degree and orientation of substitution,
but independent to some degree of the particular substituents (176).
These freguencies correspond tos C-H out-of-plane bending modes,

GNH inplane bending mbdes, C-C stretching modes, and combination
absorptions of the C-H out—of-plane bending modes. Due to stirong
coupling of vibrations, the number of adjacent hydrogen-bearing
carbonatoms appears to be important, and so the oriemtation of
substituents is of major impmrt&née in determining the number and
position of peaks in these regiomns. However, shifts of varying
magnitude are observed, depending on the ability of the substituents
to withdraw or release electrons, while cenjugated substituents are
frequently responsible for a large enhancement in intemsity.
Similar features should be expected in the spectra of substituted
ferrocenes,

In ferrocene itself, strong absorptions associated with ring-
breathing and C-H in-plane bending modes of an unsubstituted ring
appear at sbout 1105 and 1000 cw™ (9 and 10 p). These are quite
independent of the medium, and the presence of both peaks is gen-
erally diagnostic of an unsubstituted ring (177).

1in compounds containing

A weak to medium peak near 1228 cm™
a ring with only a methyl group (1218-123) em™> in substitubed

trimethyleneferrocenes) may be fairly general for a ring bearing
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just an alkyl substituent., A fairly strong peak at 1110-1115 cmfl
is characterisﬁic of a ring containing only an acetyl group. There
may be some room for confusion with the 1105 em~t peak for an
unsubstituted ring, but despite changes in medium, the two ranges
remain distinct. Another peak at about 1110 cm”l, which appears
 in all of the ring-substituted trimethyleneferrocenes, may be
chafacteristic of the unsubstituted bridge. When an acetyl and an
alkyl group are in the same ring, weak absorption appears near

1173 em™

for 1,2-orientation, and medium to strong absorption is
observed néar 1185 @mﬂl for 1,3-orientation. These latter two
sometimes appear as doublets.

Between 1050 and 1000 cmfl there is abgsorption for all of the
compounds studied, but there appears nothing which is very charact-
eristic of the substitution. However, with an alkyl and an acetyl
substituent on the same ring, there is additional absorption at
about 1072 em™,

Rosenblum has proposed a correlation for the region between
880 and 930 em™L based on his study of acetylations of ethyl-
and phenylferrocenes. From the data published by Rinehart for the
acetyation products of dimebthyl- and diisopropylferrocenes,
similar generalizations may be made, These are summarized in
Table XIV, parts A and B, There is a considerable discrepancy
between these two reports fér the 3-alkylacetylferrocenes. The
results obtained im the present work for a somewhat more extended
region of the spectrum are presented in Table XV, They are briefly
summarized in Table XIV-C,

These results agree quite well with those of Rinehart. Since
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TABLE XIV
Spectrél Correlations in Region 1000-860 cm™t
A. Correlations by Rosenblum (hS,175)
only acetyl 892
only phenyl 899
1,2-acetylethyl 921
1, 2-acebylphenyl 913
1,3-acetylethyl 905, 921
1,3-acetylphenyl 897, 905
B. Correlations from data of Rimehart (L)
only alkyl 925
only acetyl 896, 965 |
1,2-alkylacetyl 930
1,3-alkylacetyl 903, 938, 968
C. Correlations based on present research,
only methyl 922 (m)
only trimethylene 95h(w)®, 910(m), 865(w)
only acetyl 958(m)2, 891(m-s)
2-acetylmethyl 972(w), 930(m), (8807%)
2-acetylirimethylene 998(ﬁ0, 92ki(m)2, 883(m)

3-acetylmethyl (9837), 965(m)2, 938(m)
. 905(m), 898(w)a

3-acetyltrimethylene (967(mn~s), 923(w-m), 905 (m)®
899(m), 881(w)@

&s (Considerable solvent dependence.
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the acetylat@d'trimetnyleneferr@cenes studied both have a ring
without an acetyl substituent, it is not possible to decide om
this basis whether the three bands cited arise from the bridge
or from the ring. However, only the one about 910 em™ is
- congistently present in the trimethyleneferrocenes with substi-
tution on the bridge., It may be noted that CHy rocking
frequ@mcies appear at 910 em™ for cyclobutane and at 977, 930 and
890 em™! for cyclopentanes (178), Absence of the 930 em~! band in
C)%ketomlsa'mtetramethyléneferrocem& (although it is a 2-alkyl-
acylferrocene) provides an indication of the limitations of these
correlations., Such a correlation must be applied with a great
deal of caution to any compound other than simple acetylated
alkylferrocenss.

In addition to correlations of acetylalkylferrocenes,
Rinehart (L) ) cites several bands which correspond to a ring
substituted with an ethyl and a methyl group in a 1,2-or 1,3-
orientation. A comparison of these numbers with the spectra of
some carbinols and acebates prepared in this study which have
similarly oriented saturated substituenls gave no correlation.
Therefore, these bands must vary somewhat with the substituent.
Unfortunately, the spectra of these compounds were too complex to

allew satisfactory correlation.
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2, Infrared Carbonyl Stretching Frequency.

The ecarbonyl stretching frequencies of acetylferrocene, acetyl-
ruthenocene and acetyloémaeen@ were determimed (ecallibration against
atmospheric carbon dioxide) in an attempt to find a correlation
with the solvolysis rates of the corresponding carbinyl acetates.

The frequencies found in carbon tetrachloride are as follows:

acetylferrocene 1676 cm™t
acetylruthenocene 1682 cm~t
acetylosmocens 1682 em™t

The shift observed is slight, and is not in the direction
expected from the relative solvolysis rates.

In the alkylacetylferrocenes, the spectra inm carbon disulfide
show é shift of aboub 7 em~L to lower frequencies (from 1778 to
1771 cmfl) with homoannylar alkyl substitution. OSpectra in a nujol

mll or liguid smear are less consistent due to medium effects,

3. Infrared Hydroxyl Stretching Frequencies

Nature of the hydrogen-bonded species. — The role of the

ferrocene nucleus as a hydrogen bond acceptor has been studied by
Trifan and co-workers., In the initial communication of that
work (179), methylferrocenylcarbinel was reported to exhibit two
concentration-independent hydrexyl stretching bands at 3617 and
357& cmﬁl in carbon tetrachloride, The former was assigned as a
free hydroxyl strétching frequency, and the latter as é hydroxyl

group hydrogen-bonded to the ring, Later communications (123,163)
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interpret this compound as being in equilibrium between bonding to
the ring and to the metal, with the bond to the metal being the
stronger of the two.

In the present work, spectra were taken in carbon disulfide,
since this solvent appeared to be most advantageous for other
regions of the spectra, Positions of the bands observed are sum-
marized in Table XVI, Two peaks were generally present, a sharp
one at about 3600-3610 em ™t and a broader one at about 3575 em™t,
4 spectrum of methylférrocenylcarbinol in carbon tetrachloride
had peaks at 3618 and 3578 cm™ . No further resolubtion of the
3618 cmfl band was obtained in either solvent, Since the peak at
higher frequency is assigned by Trifan to hydrogen-bonding to the
ring, the separation between the peaks may not be taken as an
exact measure of the strength of the hydrogen bond to the metal.
This is particularly true in the spectra in carbon disulfide,
éince the higher fregquency band is lowered somewhat relative to
the spectrum in carbon tetrachloride., However, large changes in
the separation of the two peaks, or in the position of the lower
frequency peak, should be signifiéant,.

While Trifan's interpretation readily fits the data, he pre-
sents no arguments to show that the two hydrogen-bonded peaks are
not due to bonding to the two rings., Certainly the hydroxyl
group would be located in a reasonably good position to bond to
the "inside" of the second ring, since this might formally be

considered a six-membered ring (including the hydrogeﬁ)e
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fig. &

Infrared hydroxyl stretching spectra of substituted ferrocenylcarbinols
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Ferrocenylcarbinol bo Methylferrocenylcarbinol
Dimethylferrocenylcarbinol do Methyl(2-ferrocenylvinyl)carbinol

exo-(Aelydroxy=~1,2-tetramethyleneferrocene
endo=}{=Hydroxy=-1,2=-tetramethyleneferrocens

Hethyl=3-(1,1 '=trimethyleneferrocenyl) carbing
Methyl=2-(1,1'~dimethylferrocenyl)carbinol ,'\‘Q-gggg isomer
Methyl-2-(1,1'=dimethylferrocenyl)carbinol, \yaendo isomer
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The results in Table XVI show quite conclusively that the low
frequency ban& is due to hydrogen bonding to the metal. In the
series ferrocenylcarbinol, methylferrocenylcarbinel, dimethyl-
ferrocenylearbinol, the low frequency band increases in relative

magnitude, (See fig. 5, p.126.) Since steric congestion should

R
/ OH
______.C\;RQ ——-—-—-——G{
H ‘{E

XXX XXX

be greater in the region between the rimgsg‘a conformation similar
to XXXIT will become more heavily populated as Ry and R, are changed
from hydrogen to methyl. Since such substitution increases the
magnitude of the 3575-3580 band, the hydrogen bond must be to a
portion of the molecule between the rings. Trifan (163) reports on
the spectra of these same compounds, but makes no mentiom of the
change in intensities. He does note that thel&l/valuea decrease in
this sequence, as expected from the normal hydrogen bond acidity
sequences primary>>secondary>tertiary. Therefore, the shift in the
equilibrium must be due not to the acidity of the proton, but to the
steric factor cited above, The relative magnitudes of the two peaks
in phenylferrocenylearbinol quite closely aspproximate those of
methylferrocenylcarbinel.

.In the series of compounds methylferrocenylcarbinol, methyl-
ruthenocenylcarbinol, methylosmocenylcarbinel, the pdsitiom of the

low frequency band shifts strongly toward lower frequencies. Values
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@f[&ljfbr this series are 2k, 82 and 103 em~t, Trifan reports
values of 48 and 102 fer the first two compounds. Let us consider
the two possibilities that this band is due to hydrogen bonding to
the metal or to the second ring., The interannular distances in
- ferrocene and ruthenocene are 3,32 and 3,68 A® respectively (115a,b ).
Osmocene is reported to be almost identical with ruthenocene (125¢).
Calculations of some distances méy be made on the simple model of
fige. 62, p.129, in which the requisite bond lengths and angles were
obtained from Pauling, "The Nature of the Chemical Bond"(124). The
hydrogen of the hydrexyi group is found to be in the position shown
in fig. 6b, No allowances are made for changes in bond angles and
b@nd lengths which might result from formatiom of the hydrogen bond.

The contribution from a resomance form in which the hydrogen
is bonded covalently to the hydroégen bond acceptor may be calculated
from the distance between the hydrogen and the acceptor (157). For
bonding to the second ring, contributions of 1.7 and 0.5% are
calculated for the ferrocene and ruthenocene cases. Osmocene should
be the same as ruthenocene (150c). If the skew conformation of the
rings is considered, the respective contributions are 0.9% and 0.3%.
These would be very weak hydrogen bonds, and the order of their
étrengths does not correspond to that found experimentally, even if
it is granted that the ferrocene assumes predominatly a staggered
conformation and the ruthenocene an eclipsed conformation, as the
respective metallocenes do in the crystal (150).

For calculations of the bonds to the metal, ccvalént single-
bond radii given by Pauling (158) are used, These are 1,165, 1.2h6

and 1,260 A°® for iron, ruthenium and osmium respectively. Using
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these values, covalent contributions to a hydrogen bond of 7.2, 8.8
and 9.5% may be calculated, Slightly different values obtained using
octahedral radii (158) likewise indicate a weaker bond for iron.
Since the exact hybridizations and strengths of such bonds are not
known, rigorous predictions cannot be made, However, it is important
to note that the results expected merely on the basis of the size of
the metal atom agree with the experiment, while the eppesite result
is predicted for bonding to the far ring. The order of hydrogen bond
strengths for these compounds thus presents a good argument that
the lower freguency band is due to hydrogen bonding to the metal.

Trifan (163), working with ferrocene and ruthemoceme deriva-
tivesg reports szjvalues of 418 and 102 e respectively for the
methylmetallocenylearbinols, while for )C;umetallac@nylethanolsg

similar values are 99 and 171 om™,

Geometrical calculations show
that the hydrogen can approach as close as 1.55 A® to the center
of the molecule in th@)C}mmetall@eenylethanols, so the optimum
hydrogen bond should be possible in both cases. Thus, aside from
the steric factor, the heavier metals are probably capable of
forming a stronger hydrogen bond, This is probably to be expected
from the greater electronegativity of ruthenium and osmium, 2.2 as
opposed to 1.8 for iron (180, but see also 165). Trifan states that,
in contrast, bonding to the ring is weaker in ruthenocene. The
relationship of these results to other metallecene reactions is
discussed on ?pa 95 te 102 of this thesis,

The spectra of the (trimethyleneferrocenyl)carbimols are also
best interpretad if the lower frequency band results from hydrogen-

bonding to the metal. When the bridge is in the 3-positien relative
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to the éarbinoi substituent, the low frequency band is shifted to
3550 cm&le This is about 20-30 cmdl to lower frequency than the
other substituted ferrocenylcarbinols, If the rings are tilted in

these bridged compounds, and the iron atom is "squeezed" away from

the bridge as illustrated in exaggerated fashion in XXXIV, then
H
[ CH3
C\
C | 0
n
C

XXXV

the hydrogen atom should approach the iron more closely, and a stronger
bond should be possible, However, bonding to the other ring should
become more difficult, Evidénce from NMR spectra (see p. 1h7) also
indicates a tilting of the rings, When the bridge is in the 2-
position, the spectrum is quite similar to those of compounds with
2-methyl substitution. If the hydrogen bond were formed to the
second ring, it should be made stronger by this tilting. Rotations
about several of the bonds should be able to minimize weakening of
fhe hydrogen bond. due to displacement of the metal., Thus, results
for these bridged compounds are consistent with hydrogen bonding to
the metal,

Structures of isomeric 2-substituted carbinols. = Establishment of

the steric requirements for formation of the hydrogen bond absorbing at

3575-=3580 cm“l permits use of this portion of the spectrum to assign
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sbructures to the 2-gubstituted carbinol isomers. Such agssignments
are valid whebher the hydrogen-bond accepbor is the metal or the
77;electrons of the second ring. Of the two isomeric (Y-hydroxy-1,2-

tetramethyleneferrocenes, one absorbs at 3561 cmﬁl

s and passes through
the chromatographic columm rapidly. This should be the endo-isomer,

XXXV, which is well suited for the intramoclecular hydreogen bending,

XXXV XXXVI

and in which the hydrexyl group is more hindered from bonding to the
alumina. (The especially low frequency of this band compared with
the substitubed methylferrocenylcarbinols may result from removal of
interaction between the methyl group and the adjacent ring hydrogen.
Such interaction could force the hydroxyl slightly away from the
optimum position for bonding.) The second isomer, assigned the
exo=-structure XXAVI, passes through the chromatographic column more
slowly, and exhibits absorption only at 3610 cm.”le Thers is some
evidence in this case for partial resolution into a free and a ring-
bonded hydroxyl (see fig. 5, p.126 ),

The carbinols with methyl or trimethylene substitution in the
2-position are also separable into two isomersg one moves rapidly
through the column and exhibits mainly metal-bonded hydroxyl, and the

other is retained more strongly by the column, and absorbs at about
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3605 cm . These properties are quite analogous to those feor the

exo and endo isomers of anhydrexywlg2nt@tramethyleneferrecene@

Conformations similar to those illustrated for XXXVII and IXVIIT

probably prevail for the twavisomers, because they minimize steric

OH H
H CH-

XXXV XXXVIII

repulsions by placing the smallest substituent, hydrogen, closest
to the'ring methyl. They may therefore be expected to behave as

pseudo~endo and exo isomers in their chromatographic and hydrogen

bonding behavior. These structures are assigned to the isomers on
this basis.

Other Information from Hydroxyl Stretching Frequencies, = The

trimethyleneferrocenes substituted with a hydroxyl group on the bridge
either in the (- or )fgmpositiem exhihit only free hydroxyl absorp-
tien. This is to be expected, since the hydroxyl group is oriented
away from the remainder of the molecule, even though it is comstrained
to a position between the rings. |
Méthyl(2fferroceny1vinyl)carbinml exhibits absorption only at
3608 em™r. From NMR evidence (see p.180 ) and infrared gands in the
region for double bonds (see p. 103 ), this compound'has been fairly
securely assigned as the trans isomer. The lack of metal-bonded

hydroxyl is negative evidence supporting this assignment, Trifan (163 )
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reports that the saturated analog of this alcohol, 7r;ferroceny1=
propanol, is not in equilibrium with a metal-bonded hydroxyl form,
due to the large loss in entropy that would result, However, with
a double bond in the chain, the loss of entropy would be reduced,
The spectrum of methyl(l'-carbomethoxyferrocenyl)carbinol has
a double carbonyl spectrum at 172L and 1705 cmfle The peak at 1705
cmul disappears when bhe hydroxyl function is blocked by formation
of the methyl ether or acetate. The rather complex hydroxyl absorp- |
tion (see Table XVI) confirms that hydrogen-bonding is responsible
for this anomaly, It is suggested that the 3552 em™t maximum re-
sults from hydrogen bonding to the ether oxygen of the carbomethoxy
group, while the 3508 em™' band is due to bonding to the carbonyl

OXygene

L, Infrared Spectra of Diastereomeric Carbinols

' The infrared spectra of the pairs of 2-substituted carbinols
prepared in this research show slight differences in regions other
than the hydroxyl stretching frequency. The important differences

are summarized in Table XVII,
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TABLE XVIT
Spectral Differences Between Isomeric 2-Substituted Carbinols
Compound V(en™)

Methyl(2-methyl=
ferrgcenyl)carbinol.
=ex0 isomer 1275 1255 958 880
\Vﬂ@ﬂd@ isomer 1280 1246 1130 900

Methyl=2=(1,1 '=dimethyl=
ferrocenyl)carbinol
Y-exo isomer 1275 1255 1226 958 880
\ym“é?”ﬁ‘a?‘o igomer 1280 1250 1226 1135 900

Methyl=2=(1,1'=tri-
methyleneferrocenyl)- )
carbinol, W-exo isomer 1275 1255 985 932 883
\Y-endo “isomer 1275 1257 12i2 1135 895
Q-Hydroxy-1,2-tetramethyl=-
eneferrocenyl)carbinol )
exo=isomer 1250 112k 980 907 880
endo-isomer 1242 1135 990 900 880

In addition, in the region 1100-1050 em™! there are general qualitative
similarities among the fast and slow isomers.

The differences in the mono- and dimethyl cases are of particular
interest, If the spectra of the rings are completely additive, then
the two pairs should exhibit exactly the same differences. However,
if there is some interaction between substituents on the two rings of
the dimethyl compounds, this might show up in the spectra. Such an
interaction might lead to a difference in the ground state energies
in the solvolyses of the corresponding acetates. A hint of such an
interaction appears in the region arcund 1226 cmfl (2 band probably due
to a fing bearing only an alkyl substituent).

The differences observed between the isomers of the methyl carbinols
are considerably greater than those between the isomerie

mehydroxymlﬁ2-t@tramethyleneferr@cenesa This may be due to the
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removal of steric interaction with the adjacent alkyl group in the
cyclic compounds. Unfertunately, there is no consistent difference
extending through all of these psirs which would serve to character—

ize the endo or exo conformation of the hydroxyl group.

5., Ultraviolet Spectra of Metallocene Derivatives

Rinehart (hl) has correlated the positions and intensities of
the ultraviolet maxima of alkylacetylferrocemes in the 225-30 and
270 mp regions with their structures., The results in Table XVIII
confirm and somewhat extend these correlations. Rinehart found that
substitution by methyl or isopropyl in the 3-position of acetylfierro-
cene brings about a slight bathochromic shift and 1little change in the
extinction coefficient, OSubstitutiom in the 2-position leaves the
maxima little changed, but increases the intemsity of absorption.
The present results show nearly the same pattern. Substitution in
the 2-position gives a bathochromic shift of about 1-2 mp in both
regions, while 1'- and 3-substitution give shifts of 2-3 and L mp
respectively, Tﬁes@ shifts are approximately additive. The spectrum
<ﬁ?Cxwket0ml,2»ﬁetramethyieneferracene is almost identical with
that of 2-methylacetylferrocene, indicating that steric factors play
little part in the 2-substituted compounds. The third absorption
maximum, at about 320-3L42 mp, shows a strong bathochromic shift of
about 15 mp in alcohol solvents relative to cyclohexane, This
meximum also appears at slightly longer wave-length for the

1'«= and 3-isomers than for the 2-isomers., The same is true of the
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maximum at 50 mp.

The acetyl 1,1'-trimethyleneferrocenes are somewhat anomalous.
Although the generalizati@n still holds that 3-substitution produces
a larger bathochromic than 2-substitution, these shifts are generally
smaller, except for the maximum at about L50 mp. In the 2-isomer,
this maximum is shifted about 10-12 mp to shorter wave length, while
it is unchanged from acetylferrocene in the 3-isomer., There is a
definite enhancement in the intensity. These anomalies may probably

be ascribed to effects of ring-tilting on the chromophores. The
greatly enhanced intensity for the 3-isomer in methanol may possibly
indicate some direct interaction of the irom with the carbonyl
grouping.

The spectrum of (!}ket@wlglBatrimethyleneferroaene generally
resembles those of the other acyialkylferrmcenes, except for the
reduced intensity of all of its maxima, In particular, the absorptiom
at 225 mp is reduced sufficiently in methanol that it appears only
as a shoulder (see also ref, 181 ). This is the result to be
expected when the carbonyl group is twisted out of the plane of the
ring (132),

Ultravioclet spectra were taken of a number of compounds with
substitution om a trimethylene bridge between the rings. With a
hydroxyl group¥# or no substitution on the bridge, the spectra were
very similar to that of dimethylferrocene. They exhibit maxima at
aboqh kLo and‘32@ mp, and strong end absorption with shoulders. The
LhO mp band was stronger by a factor of 2-3, When the substituent

was uwnsaturabed gljmketoul,l?-trimethyleneferreceneg l,l“u((}@@&fbethoxym

#These compounds were kindly supplied by W. Mock.
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)ﬁ}wket@trimetnylane)ferrocene and their enol acetates)f the relative
intensities of the two peaks were reversed, While insufficient data
are avallable to draw any very useful conclusions, it appears quite
possible that there is interaction between the metal and the unsaturated
grouping.
| An attempt was made to determine the keto-enol egquilibrium
constant of 131”m(C}&carbeth@xywu[3wk@totrimethylen@)ferroceme by
comparison of iﬁs spectrum with that of its enol acetate. However,
any specific enol acetate absorption was sufficlently masked by the
ferrocene end absorption that no conclusion could be drawn.

Ultravielet spectra of three carbomethoxyferrocenes are sum-
marized in Table XIX. The reduced intemsity of the 215 mp band of
the hydroxy ester may be due to partial loss of coplanarity of the
ester function with the ring duve to hydrogen bonding.

Table XIX

Ultraviolet Spectra of Carbomethoxyferrocenes

Compound Amex € Amax € Amax € Anax € Amex €

Carbomethoxy- 213 3k,000 26 k500 30k 960 °(335 290) h53 196
ferrocene

Methyl(l'-car- 215 28,000 26k.5 L600 307 10h& P°(337 3L45) Lkh 220
bomethoxy- ’
ferrocenyl)=-
carbinol

seme, acetate 21 34,000 P(260 5000) 302 900 P°(33h 275) hh2 202
8Spectra determimed on a Cary recordimg ultraviolet spectrophotometer
in carbon disulfide,

bShoulder

*This compound was kindly supplied by W. Moeck,
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6, Nuclear Magnetic Resonance Spectra

Substituted ferrocenylcarbinyl acetates. -~ Reduction of a

2-acylalkylferrocene leads to a pair of isomeric alcohols, which in
this work were converted to the corresponding acetates. Two
explanations appear reasonable for this isomerism. The more likely
possibility is that the isomers are diastereomers. Any ferrocene
derivative in which one ring is substituted with twe unlike sub-
stituents will have optical activity. (Indeed, (Q{-keto-1,2-
tetramethyleneferrocen& has been resolved (1227, and the diacetyla-
tion proeduct from 1,1'-dimethylferrocene has been separated into
"meso® and "dl® forms (122b).) In addition to this asymmetrie ring
substitﬁmioﬁ, the carbinyl carbon is an asymmetric center, so two
chemically different isomers should exist, each of which consists
of a pair of enantiomers. Such isomers exist whether the substitu-
ents are situated in the 1,2~ or the 1,3-position relative to each
other., However, when the alkyl substituent is inm the 3-position, it
is sufficiently far removed from the carbimyl carbon that the
- isomers should differ negligibly in their chemical behavior., In
the 2~position,vthomgh, an "ortho" effect should give rise to
observable differences. Thé infréred spectra and chromatographic
behavior of the alecchol pairs have already been discussed on thé
basis of this isomeric relationship (see p. 131), and preferred
conformations for the isomeric carbimols have been suggested
(XXVIT and TXXVIII).

‘An alternative possibility that the secend isomer is formed by
abstraction of a hydride from the adjacent alkyl group has not yet

been excluded, This could occur through & carbonium ion intermediate
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inadvertently formed during preparation of the carbinols

CH
3 /CH3

In this cawe, there wbuld appear to be only two isomers, provided
’the diastereomeric secondary alcohols and acetates showed no dif-
ferences in behavior. ©Such a situation would agree with the chro-
matographic and solvolytic behavior observed, although the infrae
red differences might be somewhat difficult to explain.

The NMR spectra of the isomeric methyl(2-methylferrocenyl)-
carbinyl acetates (fige 8, ps. 150) clearly demonstrate that the
first explanation is the correct one, Bobh isomers show the same
resonance peaks, consistent only with the unrearranged structure,
although the positions differ slightly between isomers, Similar
spectra’were obtained for the other pairs of 2-substituted acetates.

In Table XX are listed the important peaks for a number of
these a.céta,tesﬁ along with their most reasomable assignments. The
hydrogen and methyl groups attached to the carbinyl carbon of the
methylcarbinyl acetates are readily recognized by their splitting
into a guartet and doublet respectively. The splitiings for these
methyl doublets of the methyl(2mmethylferrocany1)carbinyl acetate
isomers were found to be 6.1 coDes. by rapid substitution of a tube

of ethanol, and calibration against the ethanol quartet.
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TABLE XX
Nuclear Magnetic Resonance Spectra of

Substituted Ferrocenylcarbinyl hcetates®

£§ £ §F §F § §Y EE I8
& HR H@ ¢dh ¢ oF ST oH
cggé ® ° 8r g & G2 By &%
® 58 oa&@ = g "
5e 8 dg Bg 2 & ¢ &
.~ e @ ® 23
R ER & 3 3
Compound =~ 5 i o
Methyl(l'-methylferro- 71 188 308 318 331 ©
cenyl)earbinyl ‘
acetate
Methyl(2-methylferro- 68.3 190 320 32k 351.5 pd
cenyl)carbinyl
acevate, slow isomer
Methyl(2-methylferro- 62 200 316 330 338 ad
cenyl)carbinyl
acetate, fast isomer
Methyl-3(1,1'~dimeth~ 76,3 203 32h 321 327 3 B
ylferrocenyl)car-
binyl acetate
Methyl-2-(1,1'-dimeth-
ylferrocenyl)car-
binyl acebate
slow isomer 67 195 320 320 32k 3h7 Al
fast isomer e e 316 320 327 33, ¢od
or
32k
Methyl=-3=(1,1'=trimeth- 75,77 330 330 341,344 B
yleneferrocenyl)-
carbinyl acetate
Methyl-2-(1,1'-trimeth-
yleneferrocenyl) -
carbinyl acetate
slow isomer 70 . 321 353 A
fast isomer : 65 328 339 A
Ol-Acetoxy=1,2~tetra=-
methyleneferrocene
endo (slow) isomer 98,6 189 320 B

exo (fast) isomer 58 197 328 A



= 1h) =

TABLE XX, (conte.)

8Spectra were taken by Dr. P. R. Shafer and Mr. D, Davis
using a Varian Associates nuclear magnetic resonance spectro-
photometer with a super—stabilizer. All spectra were taken at
60 mc. in benzene solvent (this solvent permitted resolution of
peaks which fell at the same place in carbon tetrachloride),

PResonance positions are reported in cycles per second
upfield from the solvent benzene, Three methods of calibration
were useds A, Calibration against side-bands at 125, 260, and
380 copeS. from benzene., The maximum variation observed within
a spectrum was about 1%. B. Calibration against the separation
between benzene solvent and added tetramethyleilane, The maxi-
mum deviation found from the average separation was L%, ©C. Cali-
bration relative to benzene assuming the average scale found in
B. Probable errors for the three methods are as follows: A, 1
CoPeB8es B, 2%; C, L%. While actual resonance positions found
by B and C may be considerably in error, differences between
fairly closely-spaced peaks should be as good as those found by A.

CPosition reperted for strong sharp resonance probably cor-
responding to ring not bearing carbinyl substituent.

dRelative positions of methyl hydrogens determined in a mix-
ture with isomer, so comparison between the two isomers is accurate
to about 1 copese

e . . .
Not determined, since spectrum was run on mixture,
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The splitting %ﬁs the same within the limit of measurement (~ 0.5 CoPoSo)
for all of the other methylecarbinyl acebtates. Good spectra of the
quartets were somewhat more difficult to obtain, sinece they frequently
fell close to the L3¢ satellite of the solvent benzene, and since
,many of the spectra were taken with fairly dilute solutions. However,
in éll cases, this splitiing was of the same magnitude., In the spectra
of the (f~acetoxy-1,2-tetramethyleneferrocenes, the expected triplet
had a splitting of abouﬁ 5 coPeS. Other hydrogens on the saturated
ring were sﬁffici@mtly split that no further deductions could be made
about them,

The acetate and ring methyl groups are somewhat more difficult
to assign. The peak to higher field is tentatively assigned to the
acetate methyl because the acetate absorptions for the isomers of
C)éacetoxy«lg2ntatramethyleneferr@cene and methyl-2-(1,1'-trimethylene-
ferrocenyl)carbinyl acetate appear at the same place and respond
similarly to changes in the configuration about the carbinyl carbon,
Assignment of the ring methyls as homoannular or helercannular in
the three compounds with both types of methyl groups was made
primarily by analogy with the relative methyl group positions of the
other compounds. A trimethylene bridge gives rise to a fairly
complex spectrum when there is a substituent adjacent te it, bub
otherwise it appears as a sharp singlet,

Very little was done to interpret the splitting and position of
the ring protons., GCenerally, the ring bearing the carbinyl carbon
exhibited considerable splitting, while an unsubstituted ring or a

ring with only methyl substitution appeared as a sharp singlet, In



- 16 -
such cases, the absorption due to that ring is recorded in the table,
Despite the rather questionable assignments for the methyl

hydrogens, some further points of interest may be noted., In the
two isomers of (Y=acetoxy-1,2-tetramethyleneferrocene, the endo
compound has its acetate methyl resonance at lower field and its
carbinyl hydrogen resonance at higher field than the exo isomer,
These shifts are probably the resultant of the ring current fields
of the two rings, along with effects due to different proximity to
the iron and to the second ring, The effect upon the acebate reson—
ance is smaller, since its methyl group will be quite far from the
metallocene nucleus most of the time., These same shifts carry over
to the open=chain compounds, and, in addition, a comsistent shift
appears for the carbinyl methyl group resonance, It is therefore
likely that the acetate is in a predominantly endo conformation in
all of the slow isomers, and is predominantly exo in the fast
isomers. Examples of possible conformations are illustrated in
XITIT to XVI (see po L9 ), and in a similar illustration below,

of éonrse, other conformations may make significant contributions,

Ha

CHs

CH,COO
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bul placement of the acebate and methyl groups on the side away from
the ring substituent probably determines the average conformation
of the molecule.

From a picture such as this, shifts of the carbinyl hydrogens
are predicted to be smaller in the open-chain compounds, since their
average positions are closer to the plane of the rings The hydrogens
on the far ring and the homoannular methyl groups also exhibit shifts
between isomers, which are probably due to proximity of the carbinyl
substituents to the other ringe.

Ring tilting in 1,1°'=trimethyleneferrocenes, = Rinehart and co=

workers (167) have reporﬁed evidence from NMRE spectra which indicates
tilting of the rings in a ferrocene derivative in which the rings are
spanned by a two-carbon bridge., While the ring protons of a simple |
alkyl-substituted ring appear as a single sharp peak, in this deriva-
tive they appear as two triplets, This difference is considered due
to the fact that with tilting, the hydrogens in the 2-position rela-
tive to the bridge are closer to the iron, and appear at higher field,
It is also reported that the ring protons of 1,1'=trimethyleneferro-
cene are not split, bubt appear as a single peak, In this research,
however, the spectrum of 1,1'=trimethyleneferrocene in benzene

showed that the ring protons were split into a pair of unsymmetrical
triplets separated by aboub 10 copeSe., and with splittings of aboub

2 CoDeSo Within the triplets, This spectrum is very similar to that
of the protons on the substituted ring of acetylferrocene, in which
the triplets are separated by about 31 cepes. In all spectra of
other substituted trimethyleneferrocenes, the ring protons show

. considerable splitting.
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The interpretation given by Rinehart for such a shift of the
ring protons can be amplified to include the effect of the ring-
current field (182). In ferrocene itself, all ring protons are
in equivalent positions in the field of the other ring., However,
as may be seen from fig. 7a, p. 1h9, tilting removes that
equivalence, and thus subjects protons in the 2- and 3-pesitions
to different resultant fields, This effect will be quite important
also for substituents attached to the 2- and 3-positions of the bridged
ferrocene,

A spectrum which provides further support for this ring tilt-
ing is that of methyl=3-(1,1l'-trimethyleneferrocenyl)carbinyl acetate
(figo 8e , p.151). The hydrégen attached to the carbinyl carbon is
not simply a quartet. Instead, there are two quartets, shifted from
each other by about 3 c.pP.S. The methyl doublet shows similar
doubling with a shift of about 2 c¢.p.s.

This spectrum is explicable on the basis of ring tilting. A
substituent in the 3-position is generally far enough removed that
its effect upon the properties of the diastereomeric alcohols er
acetates is negligible. This is because the immediate environment
of the carbinyl carbon haé essentially a plane of symmetry. However,
when the rings are tilted, a slight element of asymmeiry is introduced
in the viecinity of the carbinyl carbon, To one side, the rings are
further apart, and very possibly the iron has shifted slightly to
one .side. Probably more important for the NMR spectrum, the field due
to the T{-electron system of the other ring no lengér possesses
symmetry in this region. A hydrogen of each isomer will see a

certain field averaged over all of its conformations, If there
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figo 8, cont,

Nuclear magnetie resonance spectra
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were completely free rotation about the bond to the ring, eor if all
conformations had equal weight, then the average fields seen by
hydrogens of the two isomers would be equal, However, if all
conformations are not of equal weight, then different average fields
will be seen by the hydrogens of the two isomers, and a spectrum
such as that observed would be expected. This argument does not
reguire that the conformational equilibrium differ between the
isomers. The small splitting observed indicates that the effect is
quite small, The lack of splitting of the acetate methyl is

probably due to its greater distance from the nucleus,

Other NMR spectra., - The spectrum of the ether of methyl(l'-
methylferrocenyl)carbinol presents another demonstration of
asymmetry at the carbinyl carbon., ©Since there are two asymmetric

carbon atoms, there will be isomers which may be called "meso" and

4 ":c—o
.c—CHs CH3_©

XX XIX

CHy

"d1%, one of which is illustrated (XXXIX). In the spectrum of this
compound, the carbinyl hydrogen appears to be a simple quartet,
However, the doublet due to the carbinyl methyl and the singlet due to

the ring methyl both appear double due to absorption by two isomers,
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with separations of lj and 2.2 cycles respectively., The surprisingly
large effect on the heﬁeroannular methyl group may be due to the ring
current field from the other ferrocene nucleus.

Rotation about the bond between the cationic center and the
' ferrocene nucleus in an (Qf-ferrocenylcarbonium ion is very highly
hindered (see p., 58 )s This is probably a consequence of cen-
jugation with the ring and bonding of the iren. Since acetyl-
ferrocene also contains a somewhalt electron-deficient center adjacent
to the ring, it is concéivable that the same forces which prevent
rotation in the carbonium ion might hinder rotation here also,
However, a spectrum of 2-acetylmethylferrocene showed only single
sharp peaks for the acetyl and ring methyls., Similarly, 2-acetyl-
1,1'-trimethyleneferrocene shows only a single peak for the acetyl
methylo Either rotation around the acetyl-ring bond is quite facile,
or else rotation is hindered, but only one conformation exists in

appreciable concentration in the equilibrium.
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CHAPTER IIT
EXPERTMENTAL

A1l melting points are uncorrected, Analyses were performed
by A, Elek; Los Angeles; Calif, (E), and by Schwartzkopf Micro-
analytical Laboratories; Woodside, N, Y. (S).

A general consideration of the spectra of ferrocene derivatives
is included in Part B. of the Discussion, Therefore, spectral evi-
dence will be mentioned only in connection with compounds whose
structure is not quite satisfactorily determined by the method of
preparation; and other spectra should be assumed consistent with
the assigned structures,

Perrocene was in part donated by the E, I, DuPont de Nemours
Company, in part prepared by the procedure of Wilkinson (183), and
in part obtained commercially,

Acetylferrocene was prepared by acetylation of ferrocene with

acetic anhydride and boron trifluoride according tovthe procedure

of Hauser and Lindsay (L), In contrast to the original report; how=
ever, considerable diacetylation occurred when a molar excess of
acetic anhydride was used, When an equimolar quantity of this reagent
was employed, acetylferrocene was obtained in yields of about 85% in

a mumber of runs (m.p, and 1lit, m,p., 85-86°),

Ferrogenecarboxaldehyda was prepared by formylation of ferroccene

with N-methylformanilide, catalyzed by phosphorous oxychloride, The
variations reported by Graham and co-workers (7) and by Pauson and
co-workers (3) were both utilized, In all cases, there was some dif-

Vficulty in extricating the product by the methods reported, but satis-



- 155 -
factory results were obtained by purification through the bisulfite
addition compound (7) as indicated by Rosenblum (48), m.p. 121-122°
(1it, m.p. 119-20°, 1210; 12L.,5° (3,7,48)).

Ferrocenecarboxylic acid was prepared by oxidation of acetyl-

ferrocene with iodine in pyridine according to the procedure of
Weimmayr (18l). Yields in two runs were 50 and 52% of crude product, or
on the basis of unrecovered starting material, 59%.

Carbomethoxyferrocene, - Crude ferrocenecarboxylic acid was

esterified by refluxing with methanol and sulfuric acid (185), (Re-
peated filtration to remove tarry solid material greatly facilitated
the separation of emulsions during extractions and washings,) Re-
crystallization of the product from hexane yielded about 85% of orange
crystalline product; m.p. 70,5=71° (1it, m.p. 70-71° (185)),

Methylferrocene, - Nesmeyanov and co-workers (186) report the

preparation of methylferrocene by reduction of ferrocenecarboxalde-
hyde, or reduction of ferrocenecarboxylic acid or its methyl ester
with an excess of lithium aluminum hydride, However, when this was
attempted, only ferrocenylcarbinol and bis-ferrocenylcarbinyl ether
were isolated, Reference to the translation of the original article
confirmed the suspicion that the lithium aluminum hydride had been
prepared in situ from lithium hydride and aluminuﬁ bromide,
Carbomethoxyferrocene was treated by the mildest of the three
procedures developed by Nystrom and Berger (187) for reduction with
a mixture of lithium aluminum hydride and aluminum chloride., This
produced methylferrocene in 28% yield, along with éome apparently
polymeric by-product, A small-Scale reduction by the second procedure

of Nystrom and Berger provided methylferrocene in 87% yield, and so
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was repeated on a larger scale,

Lithium aluminum hydride (L. U5 g., 117 mmole,) in anhydrous ether
(300 ml,) was placed in a two-liter flask equipped with a Hershberg
stirrer; a reflux condenser; and an additional fumnel, and provided
with 2 nitrogen atmosphere, Aluminum chloride (1,95 g., 112 mmole,)
in 300 ml. of ether was added with stirring over a period of two
minutes, After 5 min,; carbomethoxyferrocene (18.0 g., 73.8 nmole,)

in 300 ml, of ether was added at such a rate as to maintain gentle

reflux (ca, 15 min,). When the addition was completed, the mixture
was refluxed for 90 min, Ethyl acetate (20 ml,) followed by water
(LO ml,) was added dropwise to decompose the excess hydride; the solu-
tion was filtered through celite; and the residue was washed with ether,
The ether solution was washed twice with wate® and once with a solu-
tion of ascorbic acid in water, and the solvent was distilled; yield=
ing a red-orange oil, This was chromatographed on 500 g. of neutral
alumina with hexane-benzene (10 to 25% benzene)}, Removal of the sol-
vent produced a red-orange oil which crystallized on coqling to =57,
The product consisted of 11.03 g. (95%) of soft orange crystals, m.p,
37.5-38,5°,

Methylacetylferrocenes, - Methylferrocene (13.0 g., 65 mmole,)

- and acetic anhydride (6,62 g., 6L.8 mmole,) were dissolved in methyl-
ene chloride (150 ml,)} in a 200 ml. flask equipped with a stirrer

and a gas bubbling tube, The reaction mixture was cooled to 0° and
saturated with boron trifluoride, Stirring was contimued for 1,25
hrs, at 0°, and the mixture was then allowed to warm to room tempere
ature over a period of 2,75 hrs, The reaction mixture was poured into

an excess of aqueous sodium acetate, sufficient ascorbic acid was



- 157 -
added to reduce the ferricinium ion, and the agueous phase was ex-
tracted several times with methylene chloride, The organic layer
was washed twice with‘saturated agueous sodium bicarbonate and dried
over magnesivm sulfate, Removal of the solvent yielded a red-browm
o0il which was dissolved in benzene-hexane and chromatographed on
1220 g, of acid-washed alumina (52 x 5,5 cm. column), A yellow band
confaining the starting material (0.80 g., 6.1%, m.p. 36-37,5°) was
eluted in fraction 1 with about 1,1 1, of benzene-hexane, Develop=-
ment and elution of the monoacetylated products were carried out with
benzene-ether mixtures, A faster-moving band of light orange par-
tially separated from the major orange band; but no visible resolu-
tion of the larger band appeared to occur, The product was collected
in 25 fractions as indicated in Table I,

The solid fractions and their neighboring semisolid fractions were
worked up by a number of crystallizations to yield pure products, In
this work-up, the products from a small-scale trial run were also in-
cluded, Thus, for‘example; cuts 2 and 3 were recrystallized from hex-
ane to yield 1,013 g., m.p. 62,2-63,2°, Cut L, along with a fraction
of similar purity from the trial run, was recrystallized from liquors
from the previous crystallization to yield 0,515 g.; MeDs 59.5=61,5°,
In a similar fashion, those fractions rich in the second and third
acetylated components were treated to produce as much pure product
as possible,

. Several further chromatograms were performed on portions of the
liquors and liquid fractions which were expected to Ee particularly
rich in one or two of the isomers, The chromatographic procedure

was varied by using neutral alumina, and by trying as eluent mixtures
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TABIE I

Chromatography of Methylacetylferrocenes

% Ether by, of Physical state
P : : elting point
Fraction ~Volume in solvent product or melting p
1 1000 ml, a 0.800 methylferrocene, 36-37.5°
2 2000 0.2 0,830 58,5ugl,5
3 1000 0,2 0.521 59-61
h 900 0,2 0.L5h gummy solid
5 900 0.2 0,110 semisolid
6 900 0,2 0.L52 semisolid
7 1700 0.k 0,898 liquid at =5° o
8 900 0.4-0.6 0.h73 semisolid, m.p. 35
9 100 0.8-1,0 0,795 semisglid, m.p. 35°
10 - 1600 1,0-1,2 0,757 36-h2
11 900 1,2-1,.h 0,678 39,5-11°
12 900 1oh’106 0059h 39.5~’-¥0o50
13 1000 1.6 0,618 semisolid
1k 900 1,6 0,h8L semisolid
15 1000 1,6 0,473 liquid at -5° o
16 1700 1.6 0.738 semisolid at -5
17 900 1,8 0,36k semisolid at -5°
18 900 2,0 0,337 semisolid at -5°
19 1500 2,2-2,8 0,552 semisolid
20 900 3,5-5,5 0,314 semisolid
21 1700 6,5=10,0 0,711 semisolid
22 1600 15 0.729 119-58°
23 1500 15-20 0,797 57-61,5°
ol 500 20 0,262 5he62°
25 a @ meme= tar

Total ketone, 13.3L g. (90.5% based on unrecovered starting material)

8Fraction 1 was eluted with hexane-benzene mixture; fraction 25
was a methanol extract of the lower portion of the column,

bSince the eluent composition was varied irregularly, analysis of
the chromatogram by determining the weight of material per unit
volume of solvent is not walid,
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benzenemchloroform; hexanemether; hexane-chloroform, and hexane-ben-
zene~chloroform, There may héve been some improvement in the separa-
tion due to these variations; but it was not so significant as to have
been readily obvious.,

The structures of the isomers were assigned on the basis of
spectral evidence discussed elsewhere and the relative positions of
the isomers on the chromatégraphic colurm, These assigrments are
listed in Table II, along with the yields, melting points, and ana-
lytical data for each isomer, The 1,2 = and 1,1! - isomers crystal-
lized well as dense prisms and needles respectively with sharp melt-
ing points, However, the smallest melting range that could be ob-
tained for the 1,3 - isomer was 57,5-61,5° after sublimation and seversl
recrystallizations from hexane,

The combined yield of purified monoacetylated material from both
runs is 8,016 g.(52,L%; or on the basis of unrecovered methylferro-
cene, 55,8%),

A mixture of ferrocene-l,l'-dicarboxylic acid and 1'-acetyl-

ferrocenecarboxylic acid was prepared by the procedure of Rosenblum

(LB) in 77% yield of crude mixed acids, The mixture was esterified
with methanol and sulfuric acid snd separated chromatographically

to yield 1,1'-dicarbomethoxyferrocene (59% overall; m.p., 113.7-11L.5°,

1it, m.p. 11&-1150 (372)) and 1'-carbomethoxyacetylferrocene (6.5%
overall, m.p, 100-101°, 1it, m.p, 102-103°(L5)).

1,1"-Dimethylferrocene, - &Lluminum chloride (8,50 8., 6l mmole,)

in ether (150 ml,) was added under nitrogen over a-period of 3 min,
to a stirred suspension of lithium aluminum hydride (2,50 8., 66

rmole,) in ether (250 ml.) in a 1 1, flask equipped in the customary
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mamner, After 5 min, stirring, dicarbomethoxyferrocene (6.38 g.,
21,1 mmole, ) was added, The diester proved insufficiently soluble
in ether to add in a convenient volume, so part was added as a solid.
The mixture was refluxed for L0 min, in addition to the 30 min, re-
quired to add the ester, Lthyl acetate (20 ml,) and water (20 ml,)
were added over a period of 30 min,, the reaction mixture was filtered
through celite; and the ether was distilled to yield an orange oil,
This was chromatographed on 250 g, of alumina with a 50-50 mixture of
hexane and benzene; The major product baend was rapidly eluted, and
the solvent was removed to yield 3,13 g. (69%) of orange solid, m.p.
39-10.5° (Lit, m.p. 32,5-33° (18b)),

A large number of other bands sppeared in the chromatogram indi-
cating several side products, None of these bands was isolated except

for 0.2 g, of starting material, m,p, 110°,

Acetyldimethylferrocenes, - A solution of dimethylferrocene (3,11
g., 1L,6 mmole,) and acetic anhydride (1.50 g., .OL47 mole) in methyle-
ene chloride (90 ml,) was saturated with boron trifluoride at 0°,

The mixture warmed to room temperature during a 3,5 hr, period of
stirring, The reaction mixture was decomposed and a nonucrystalline
red-orange oil was isolated by the usual extraction procedure (see
procedure for acetylation of methylferrocene),

The product mixture was chromatographed on neutral aluminag with
benzene, A fast-moving yellow band of starting material separated
readily, and two orange bands of mono-acetylated material were partly
resolved, After part of the first product had been eluted; the column

was cut into sections, and the alumina was extracted with methanol,
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Fraction  Band Solvent Wt,, g. Physical State
1 I benzene  ,L90 partly crystalline
2 I benzene L LTh partly crystalline at 0°
3 T benzene 370 Jiquid
h IT methanol ,211 liquid
5 II; IIT  methanol s-e- liquid
6 IIT methanol 1,469 M, 5097n52?

Fraction I was crystallized from methanol to yield ,30L g.
(9.8%) of dimethylferrocene, mepo 38,7-40,5°, Fractions 2-l yielded
three crops of material on crystallization from pentane which totaled
0,77 g. (20,6%), A1l melted over 1 to 1,5° ranges in the vicinity
of 25-26°, Fraction 6 was crystallized from hexane to yield 1.26 g,
(33.8%), m.p. 51,7-53°, Iiquors from the crystallizations were com-
bined with fraction 5 and chromatographed to obtain additional quane
tities of the products, Acid-washed alumina produced completg separe
ation when graded benzene-ether mixtures were used as eluents, The
Same products have been prepared from acetylation with acetyl chloride
and aluminum chloride by '‘Rinehart, Motz and Moon (Ll ), who have
assigned the structures Z—acetyl—l;l'ndimethylferrocene and 3-acetyl-
1,1'~dinethylferrocene respectively (1it, m.p.ts 15-16° and L8,&°
(L)),

Ferrocenylmethyltrimethylsmmonium iodide was prepared by amino-

methylation of ferrocene followed by direct quaternization with methyl

iodide as described by Osgerby and Pauson (27), Two runs provided

vields of 58 and 72%.

£3-Ferrocenylpropionic acid was prepared by two procedures,

A, The reaction of ferrocenyimethyltrimethylammonium iodide with
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the sodium enolate of malonic ester produced the corresponding sub=
stituted malonic ester, This was directly hydrolized and decarbox-
ylated to ferrocenylpropionic acid (@s described by Osgerby and Pauson
(27) in an overall yield of about 30%, m.p, 116-118° (1it, m.p, 115°

(21)). |
Neut, equiv, Calcd, fo? ClBHihOzFe: 259, TFounds: 262, 26hL,

B, In the second route, carbethoxylation of acetylferrocene
catalyzed by sodium or potassium amides (14,88 ) yielded ethyl ferro-
cenoylacetate, The crude keto ester was hydrogenated in acetic acid
over Adams catalyst and hydrolyzed with sodium hydroxide (188) to
produce the desired acid in about 38% overall yield from acetylferro-

cene, m,p, 118-119°,

({=Keto-1,1l'=trimethyleneferrocene, - Trifluorcacetic anhydride
(73 go; 350 mmole,) was added to 250 ml, of carbon tetrachloride
(previously bubbled out with nitrogen for asbout 10 min.) in a 500 ml,
round-bottomed flask wrapped in foil, )CLﬁ@rrocenylpropionic acid
(7.38 g.; 28,6 rmole,) was introduced under a stream of nitrogen,
and the reaction mixture was allowed to stand at room temperature
(30-35°) with occasional swirling for four hours, The contents of
the flask were poured into a suspension of 70 g, (0,83 mole) of sodium
bicarbonate in 150 ml, of water; and the aqueous layer was extracted
with portions of methylene chloride until the extracts were nearly
colorless,' After the organic phase had been washed with saturated
sodium bicarbonate solution and water and dried over magnesium sule
fate, the solvent was evaporated to yield 2 dirty réd-orange solid,
This was chromatographed on 00 g, of slumina with ether-benzene

mixtures (1 to 5% ether), After sufficient separation had occurred,
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the ecolumn was extruded, The product band was separated and extracted
with acetone; and the solvent was removed at reduced pressure to yield
a solid; mgp; 13-141°, Crystallization from heptane produced 4,72 g.
of orange z’ocist,-m.‘s Uy, 5-145,5 (1it, m.p. 1hl-1Lh,5° (181)),

Acidification of the agueous phase with concentrated hydrochloric
acid precipitated 1,10 g. (15%) of starting material, m.p, 117-118,5°,
The yield of bridged ketone was 69%, or 81% on the basis of unrecovered
starting material,

An earlier run with no solvent produced a 66% yield from 3.0 g.
of uferrocenyipropionic acid and 100 g, of trifluoracetic anhydride
(181). Only starting materisl was recovered when the reaction was
attempted in ether, Iater runs showed that the temperature and reaction
time used are the minimum for good conversion to ketone,

1,1'-Trimethyleneferrocene, -(X~Keto-1,1!-trimethyleneferrocene

(5,23 8.5 21,9 mmole,) was hydrogenated over platimum oxide catalyst
at 2-2,5 atm, in 150 ml, of glacial acetic acid, A total of 1,13 g,
of catalyst in two portions was required %o bring about consumption
of the theoretical quantity of hydrogen in a period of 22,5 hrs, The
catalyst was removed by filtration; and some of the solvent was distilled
until a yellow solid had begun to precipitate, The mixture‘was added
to an excess of sodium biecarbonate solution; and the product was ex-
tracted with petroleum ether, This extract was dried and chromato-
graphed on 215 g. of neutral a2lumina, Elution of the major yellow
product band with benzene~hexane (20-80) and removal of the solvent
vielded L, L5 g, (90,5%) of yellow plates; M,Po 106;10709 Successive
recrystallizations from hexane and methanol raised the melting point

to 106,7-107.2° (1it. m.p. 106-107° (189), 105-106° (190)).
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%Eéi; Galcdf for Cy4 lh?e: C, 69,065 Hy 6.2l Fe, 21,70, Found
(s)s ¢, 68,905 H, 6,39; Fe, 2L.71, |
Mol. wt, Caleds: 226, Found (S): 676 (Rast, in camphor), 237
(isothermal distillation),

Acetyl-1,l'-trimethyleneferrocenes, - Several small-scale acetyl-

ations were fi;st performed to determine the procedure which produces
the best yield,
| Acetylation with acetic anhydride-phosphoric acid (7) resulted

in considerable tarnformatione Chromatography produced crude fractions
melting at 70-75° and 91-99°, These were worked up further with
products from the large-scale preparative run,

Silicon tetraacetate - stannic chloride (10) also resulted in
some tar-formation, along with considerable diacetylation, The follow-
ing materials were isolated by chromatography of the product from 1.0
g. of trimethyleneferrocene on 100 g, of acid-washed alumina with

ether-benzene mixturess

Elution
Solvent
Band Fraction (% Ether) Wtey Zo %_ Melting point
I 1 0 098 9.8 99-10L°
II 2 1.5 .1h 11.8  69-76°
ITI 3 8 Sk 11.8  81-91°
L .36 30,4 99,5-101°

v 5 20 .12 9.9 viscous oil
v 6 25 .03 2,2 viscous oil
VI 7 35-4o .07 5.1 fiscous cil

Band I consisted of starting material, Fractions 2 and 3 were

purified further by rechromatography and crystallization from hexane



to yield ,080 g., m.p. 76.7-78.5° and ,081 g., m,p. 98.5-100,5° re-
spectively, The total yields of fairly pure material from bands II
and IIT were ,08 g. (6.8%) and .kl g, (37.L%)., Bands IV, V, and VI»
were probably diacetylated isomers., They could not be crystallized,
and were not further characterized,

Acetic anhydride - boron trifluoride produced the best results
on a small scale, After chromatography on neutral alumins and sub-

limation, the following products were obtained from 1,0 g. trimethyl-

eneferrocene s
Before sublimation After sublimationb

Band Fraction wmf, g. M,p., °C, Wi, 3 g. %  M.p., °C,

I 1 032 102-106

I 22 072 10L-106

II 3 .191 Th.7-77 »118 o 76-77,7

IT L° .08l 7.1 68-7l

11T 5¢ 99-100,5 557 k7.1 98,7-100,5
-035 3.0  86-9L

111 6° .08k 8895 068 5.7  95=99

§Recovered by reduction of ferricinium ion with ascorbic aecid,

Sublimation of the crude fractions was complicated by the simul-

taneous molecular distillation of an oil,

ashed from segments of extruded columm with acetone,
The fractions were purified further with the products from the large-
scale run, The yields here are 17,1% of band IT and 55.8% of band
1II. When recovered starting material is taken into account, the
total yield is 81% of mono-acetylated product,
1,1 t=trimethyleneferrocene was acetylated on a 5,65 g, (25

mmole, ) scale by the usual procedure with acetic anhydride - boron



trifluoride (L), Chromatography on neutral alumina (600 g.) produced
the following products:

Band Fraction Wte, g Melting point

I 1 0.6 103, 5-106°

II 2 0.311 70.5-75°

IT 3 0,870 75-77.5°

II L 0.3L8 7L-76.5°

1T 52 0.208 partly crystalline oil
I 62 3.693 100-100,7°

111 7% 0,420 98, 7-100°

%ashed from portions of extruded column with methanol and chloroform,
The starting material (band I) was sublimed to yield 0,62 g. (11%),
m,p, 101,5-106°, The materials in bands IT and TIT were worked up
further in conjunction with materials from the previous three runs
which appeared to be of about the same purity, Recrystallizations,
sublimations, and rechromatograms of liquors were employed, On the
basis of spectral evidence and the relative position of the isomers
in chromatography, the structures 2-acetyl- and 3=-acetyl-1,11=tri-
methyleneferrccene are assigned to the products of bands II and ITI,
The total product from all four runs is tabulated in Table III along
with the appropriate melting points of fractions and analyses,

l-Acetyl-l'-carbomethoxyferrocens, - Nesmeyanov and Reutov (112)

report the acetylation of carbomethoxyferrocene in 58% yield, An
attempt to follow their procedure led to a 30% yield of the desired
product, along with recovery of 62% of the starting material, Since
the conditions specified appeared to be rather mild, the reaction was

repeated under more vigorous conditions,
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Acetyl chloride (3,67 g@; 17 mmole,) was added to a stirred sus-
pension of powdered aluminum chloride (11,5 g., 86 mmole,) in methyl-
ene chloride (70 ml,) under nitrogen, Over a period of 10 min,, carbo-
methoxyferrocene (8,0 g., 32.8 nmole,) in methylene chloride (80 ml,)
was added, The solution warmed slightly, The reactiqn was stirred
at room temperature for 3,25 hrs, and poured over ice, Sufficient
acid was added to allow separation of the layers, and the product
was extracted into methylene chloride, The combined organic phase was
washed three times with sodium bicarbonate solution and once with
water, After drying over magnesium sulfate; the solvent was removed
to yield a dark red solid; m,P, 99«100,5°Q7 One recrystallization
from heptane produced 8,59 g,'(91,5%); m.p, 101-101,7° (1it. m.p.
102-103° (452), 92,5-9L.5° (112)).

An additional small quantity of identical material was obtained
as a by-product from the hypochlorite oxidation of diacetylferrocenee

Ethyl f-ferrocenylbutyrate was prepared according to the pro-
p

cedure of Thompson (191) by Clemmensen reduction of CrudQ‘Z}nferr0u

cenoylpropionic acid (supplied by D, Garwood), ]f:Ferrocenylbutyric

acid was obtained by saponification of this ester,

CXLKeto-l,Z»tetramethyleneferrocene was prepared by cyclization

of f-ferrocenylbutyrie¢ acid with trifluoreacetic anhydride, The pro-
cedure used was identical with that described earlier for’C!;ketoul,l'-
trimethyleneferrocene, except that the reaction time was reduced to
2,25 hrs, In a large-scale run, most of the product decomposed quite
vigorously when a solution of the crude materiagl waé distilled to an
0il under vacuum on a steam bath, A smaller run performed on acid

(1.01 g., 3.7 mmole,) recovered unchanged from the large run produced
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a yield of d,6h3 g. (68%) of red solid, m,p, 83-8L° (lit, m,p,
85,11-85,7° (181), 8L° (192)). Recrystallization of the product
from hexane raised the melting peoint to 85-85,5°,

Methyl (2-ferrocenylvinyl) ketone, - Ferrocenecarboxaldehyde

(9,07 g,, L2,3 mmole,) and acetone (25 ml., 31,6 g., SlL mmole,)
were dissolved in a mixture of ethanol (LO ml,) and water (20 m1,),
Sodium hydroxide solution (2,0 g,; or 50 rmole, in 10 ml, water)
was added; and the reaction mixture was allowed to stand for L hrs,
at room temperature, Water was added until precipitation occurred
(ggl 30 ml,); and the product was separated by filtration, A deep
red crystalline product, m.p. 77.5-83°, was obtained, which weighed
9.7 g, after drying, From the liqnors; an additional small amount
of low-melting product was obtained., One portion of the product
was recrystallized once from ethanol - water and twlce from hexane
to yield about 1.8 g, melting at 86-87°, One recrystallization from
ethanol - water and sublimation at 65° C, and 1-2 u yielded 0,86 g,
more product melting at 87,2-88°, Other portions of the product were
chromatographed on neutral alumina, and eluted with 3-LZ ether in
benzene, Seversl fractions melbting betwgen ?5 and 85° were collected,
and were further purified by sublimation, After the product had been
almost entirely eluted from the column; the alumina retained a dark
brown or purple color, » 7

Anal, Calcd, for Gy)Hy)OFes C, 66,173 H, 5,553 Fe; 21,98, Found
(S): C, 66,hli; H, 5.68; Fe, 21,91,

The infrared spectrum of the product exhibité absorption at
1692, 1669 and 1630 an™™ in carbon disulfide, Ths second and third

‘of these may be assigned to the carbonyl and double bond stretching
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modes; while the first; which is much weaker than the 1669 peak,
might be due to g carbonyl group which is conjugated with the double
bond, but out of conjugation with the ring due to rotation or to a
cis=-disposition about the double bond, The aliphatic CH stretch
region showed only very weak absorption which might be attributed to
the methyl group, but an inspection of spectra of several substituted
acetylferrocenes showed that such absorption was often lacking there
also, Absorption at 96L or 976 em™t might be attributed to the CH
out-of-plane deformation on a trans-disubstituted double bond, while
absorption is lacking in the 690 cm°1 region, which is generally
assigned to the similar vibration of cis-disubstituted double bonds
(168),

In the ultraviolet and visible regions, the product has )

255 mp (€12,300), Am 298 mp (€16,000), ) oy 365 mp (€2140) 3
Amax 467 mp (€1200) and end absorption with an extinction coef-
ficient of 25,000 at 210 mp in cyclohexane solution,

The nuclear magnetic resonance (MMR) spectrum of the ketone is
shown on p, 157, In addition to aromatic hydrogens,‘the spectrum
¢learly shows the methyl singlet and a quartet due to the vinyl
hydrogens, The coupling constant between the vinyl hydrogens is
found by callibration with sidebands to be 16 c,p,s,; which is in
the range to be expected for splittings by protons located trans-
across a double bond (169 ).

~ On the basis of the infrared and WMR spectra; the product ob-

tained from this reaction is assigned the structure methyl trans-

2-ferrocenylvinyl ketone,

In the purification of this ketone by sublimation, a deep red-
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violet solid remained behind in the bottom of the tube, m.p. 130°%,
In the ultraviolet and visible regions, it exhibits strong end ab-
sorption at 210 mp, a complex peak with maxima at 249, 25L and 261
mp, and peaks at 299 and L8O mi, If molar extinction coefficients
are calculated on the basis of the molecular weight of the major
product;'the extinction coefficient at 210 mp is 40,000, and values
of 8000; 9200 and 1800 respectively are obtained for the peaks,
While this compound was not investigated further, it appears quite
likely that it should be the product of condensation of.'bwo molecules

of ferrocenecarboxaldehyde with one molecule of acetone,

Vinylferrocene was prepared by pyrolysis of methylferrocenyl-
carbinyl acetate as described by Arimoto and Haven (193, and puri-
fied by sublimatioh and chromatography, m.p, 5l =55 (1it. m.p, L8-ho°
(193)), The ultraviolet and visible spectra had Amax L6 mp (€
256), A, 2Th.5 m (€ T660), Aoy 225 (€23,300) ana A
212 T, (€ 2L,700) in cyclohexane, (Reported spectrum;/\ o L2 mp
(€1130) and A 273 mp (€ 76L0) in methanol (193)).

Osmocene, - Osmium tetrachloride was prepared in a mumber of
small batches by passing chlorine gas over finely powdered osmium
metal in o quaftz tube heated to 700-750° (19)), The crude s somewhat
moist product which condensed beyond the heated portion of the tube
was used for the reaction without further purification. .

Sodium sand (3,8 g.:, 165 mmole,) was stirred in 75 ml, of tetra-
hydrofuran ‘(puri;f‘ied by refluxing the commercial solvent over DPO=
tassium hydroxide and distilling from lithiunm aluzzﬁnma hydride) in
a 500 ml, three-necked flask provided with a condenser; a Hershberg

stirrer, a dropping funnel, and a nitrogen atmosphere, Freshly
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crackeé cyclopentadiene (16,1 ml,, 12,8 g., 19l mmole,) was added
dropwise over 15 min.; and the mixture was stirred until the sodigm
had completely reacted (L.5 hrs.). Osmium tetrachloride (12.7 g.,
0.038 mole) was added as a solid, and the reaction mixture was stirred
for 5 days at room temperature., The solvent was removed under re-
duced pressure; and the flask was swept with nitrogen for 8 hrs, A
cold-finger condenser was inserted in the flask, and the product
was sublimed at 95-105° and about 1 mm, pressure, In this manner,
1.25 g, (10.4%) of pale yellow crystalline product was obtained,
m.p. 227-229° (1it, m.p, 229-230° (L0)). In other runs, most of
which led to a lower yield, the osmocene was isolated by contimious
extraction with petroleum ether of the solid residue remaining after
removal of the tetrahydrofuran; followed by chromatography of the

extract. (see ref, 125¢),

Acetylosmocene, - Favorable experimental conditions for the

acetylation of osmocene with acetic anhydride and 85% phosphoric
acid were determined in several 50 mg, runs; and the major portion
was acetylated by this procedure, Osmocene (0,11 g., 1.28 mmole,);
acetic anhydride (L0 ml,) and 85% phosphoric acid (5 ml,) were mixed
in a flask under a nitrogen atmosphere, Nitrogen had previously
been bubbled through the acetic anhydride and phosphoric acid for
at least 20 min, The osmocene dissolved with some evolution of heat;
and the flask was then heated to 80°, fThe mixture soon separated
into two phases, and so it was swirled occasionally during the course
of the heating, After L hrs,, the flask was 0001eé to room tempera-
ture, and the contents were poured into aqueous sodium carbonste

solution and allowed to stand for 1.5 hr, to decompose the acetic
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anhydride, The product was extracted into methylene chloride, the

solution was dried over magnesium sulfate, and the solvent was dis-
tilled to yield a yellow solid, The product was chromatographed on
aluming with benzene, ZElution of the major yellow band and removal
of the solvent yielded 0,385 g. (85%) of yellow crystals, m.p, 129-
129,5°, Sublimation at 70-80° followed by two recrystallizations
from n-heptane raised the melting point to 129,5-130° (lit. m.p.
126° (h0)), A faint; slower-moving yellow band possibly indicating
a trace of diacetylation was not isclated,

Ruthenocene was prepared from ruthenium acetylacetonate and
cyclopentadienyl magnesium bromide according to the procedure of
Wilkinson (195, The product was separated from polymeric side-prod-
ucts by steam distillation, chromatography, and crystallization from
hexane, m,p, 198,5-200° (1it, m.p. 195.5? (195), l99~200° (Lo))Y,

Acetylruthenocene, - Ruthenocene (2,5 g,, 10,8 mmole ), acetic

anhydride (15 ml.) and 85% phosphoric acid (1.5 ml,) were heated on
a steam bath for_lo min, with occasional shaking, The mixture was
cooled to room temperature, poured into sodium bicarbonate solution
and allowed to stand for three hours to decompose the acetic anhy-
dride, The product was extracted into methylene chloride; and the
organic phase was washed with water twice, dried over magnesium sul-
fate, and evaporated to dryness, The product was purified by chro-
matography on 80 g, of alumina with benzene - ether mixtures (1 to
5% ether), The column was extruded; and the major yellow band was
washed from the alumina with methylene chloride aﬁd acetone, Removal
of the solvent yielded 2,55 g, (85%) of a lightmyellow‘product; Mm.D,

112,5-113%, Sublimation (60-70°) and two recrystallizations (hexane)
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raised the melting point to 113,5-114° (1it, m.p, 111-112° (LO)).

Triphenylmethyl chloride (trityl chloride) was prepared by the

method of Bachmann (196), m.p. 111,5-113° (Lit. m.p. 111-112° (196)),

Triphenylmethyl acetate (trityl acetate) was prepared by the

method of Gomberg and Davies (90,197) from trityl chloride and silver
acetate, Recrystallization from petroleum ether and i-propyl ether
gave a product melting at 8L=84,5° (1it. m.p. 83° (90)). This prod-
'uct was found to decompose over a period of time even when stored

in a vacuum desiccatbr, and so was prepared freshly for each series
of kineties runs,

Preparations of metallocenylcarbinols by lithium aluminum hy-

dride reductions, - The majority of the carbinols studied in this

research were prepared by reducing the corresponding ketones (or
aldehyde) with lithium aluminum hydride, Since all of these reduc-
tions followed a fairly standard procedure, a general method will be
outlined, Following this, any minor variations or specific points
will be discussed briefly for each compound,

In the general procedure, the ketone; dissolved in a minimum
volume of anhydrous ether, was added with stirring to an excess of
lithium aluminum hydride suspended in a small quantity of ether, A
considerably larger excess of hydride was used in the smaller runs to
ensure that reaction with traces of moisture would not consume all
of the reagent, Ihis addition was carried out quite rapidly, the
only limitation to this being the vigor of evolution of hydrogen due
to traces of moisture in the ether, After the reaction mixture had
been stirred for the desired period of time; it was decomposed with

E) small amount of water added slowly from a dropper, and the ether
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solutién of the carbinol was decanted from the residue and washed
with water, In the early runs, the reaction was allowed to proceed
for an hour or more under reflux, and the ether solution was dried
over magnesium sulfate and evaporated at reduced pressure on a steam
bath, However, it was found later that this procedure often led to
~the formation of ethers from the more reactive carbinols, and spe-
cifically, the drying over magnesium sulfate was definitely found
to be responsible for ether formation, Therefore; the entire pro-
cedure was made somewhat less vigorous, The reducfion was found to
be complete after about 3 min, stirring, and instead of drying the
solution, it was diluted with benzene and directly evaporated at
temperatures not exceeding 500 on a rotary evaporator, If any drop=-
lets of water were present, benzene was added, the solution was de-
canted to another flask, and the evaporation was repeated,

While chromatography of the alcohels on acid-washed alumina
produced considerable ether-formation, neutral alumina catalyzed no
such reaction, If the alumina was deactivated by allowing a dish
of it to stand in the air for a period of time up to five hours,
development occurred at a convenient rate with mixtures of benzene
and ether containing between 30 and 70% ether; and addition of about
1% of methanol to such a solvent brought about rapid elﬁtion, Such
a. chromatographic procedure produced clean separation of mixtures of
two isomeric carbinols which result from 2-substituted acetylferro-
cenes,

Analyses of the liquid carbinols were generally not satisfac-
tory, either before or after chromatography, Some of the difficulty

may be attributed to a small amount of spontaneous ether formation
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or to undefined forms of decomposition which frequently occur with
liguid ferrocene compounds, An attempt at molecular distillation
of one of the alcohols resulted only in ether - formation, and so
this was not used as a means of purification, However, the acetates
from these alcohols gave quite satisfactery analyses after molecular
’distillation; and such analyses of derivatives of the alcohols were
accepted as proof that no unexpected change in molecular composition
had oceurred,

Preparations of metallocenylcarbinyl acetates, = A standard

procedure was used for the preparation of all of the acetates in

this study, The general procedure is a slight modification of that
used by Arimoto and Haven for methylferrocenylcarbinyl acetate (193),
About 1 g, of the aleohol (li.6 mmole, or less) was placed in a large
side=arm test tube or in a small molecular still, depending upon
whether the acetate was expected to be solid or liquid. Pyridine

(5 ml,) and acetic anhydride (2 ml., 21 nmole,) were added and the
reaction vessel was closed to the atmosphere and allowed to stand
overnight at room temperature, The pyridine; acetic anhydride and
acetic acid were evaporated at room btemperature and sbout 1 mm,
pressure, and the acetate was then either sublimed onto 2 cold finger
condenser or molecularly distilled, usually at about 15-55° and 1-2
Jto Under these conditions, analytically pure acetate was usually ob-
tained, and quite clean separation from bis-ether or unchanged alcohol
usually occurred, (An exception to this latter generalization was

in cases such as dimethylferrocenylcarbinol or EEQg}CX}hydroxy@l;z-
tetramethyleneferrocene, where the aleohol also sublimed, In these

cases, the hydroxyl group is sufficiently hindered that molecular
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association is limited,)

In cases where a large proportion of bis-ether was present after
distillation of the acetate, more acetate could be formed by dis-
solﬁing the molecular still residue in acetic acid with a2 small
amount of acetic anhydride added, and allowing this mixture to stand
at room temperature for several hours, Removal of the acetic acid
followed by molecular distillation usually produced acetate of satis-
factory purity, except that partial isomerization sometimes occurred
with acetates bearing a 2-substituent on the ferrocene ring,

Solid acetates were stored over sodium hydroxide pellets and
paraffin shavings until used, Portions of the liquid acetates of
suitable size for kinetics were sealed into l-ml, ampules under
nitrogen until they were used., Liquid acetate remaining on the con-
denser or in the dropper was generally used immediately for a kinetic

run, or for spectra,

Ferrocenylcarbinol was prepared by reduction of ferrocenecar-

boxaldehyde with lithium aluminum hydride as described by Graham
and co-workers (7)., Material melting at 79.5-80° was obtained by
recrystallization from hexane (1it. m.p. 7h-76° (7), 80-81° (55)).
A small additional quantity of this carbinol was prepared by the
method of Lindsay and Hauser (55), This would probsbly be the pre-
ferred method for further preparations,

The acetate prepared in pyridine melted at 77.2-78° after sub-
limation gnd recrystallization from i-propyl ether.

Anal, Caled, for Cy3Hy)O,Fe: C, 60.493 H, 5.47, Found (E)s

C, 60,173 H, 5.lk.

Methylferrocenylcarbinol prepared by reduction of acetylferro-
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cene with lithium aluminum hydride melted at 78a2-78.7° after re-
crystallization from hexane (lit, m.p. 73-75° (193)),
The acetate melted at 70,2-71° after sublimation and recrystal-
lization from i-propyl ether (lit, m.p., 67-68° (193)).

Dimethylferrocenylcarbinol was prepared by G, Thler from acetyl-

ferrocene and methylmagnesium bromide, m.p, 6l,5-65°,

Anal, Caled, for G, 5t 4OFe: C, 63,963 H, 6,613 Fe, 22,88, Found
(S)s C, 6L,01; H, 6,69; Fe, 23,39,

A by=product from this reaction, m.p, 6&-660, was assigned the

structure l-methyl-l-ferrocenylethylene,

Anal, Calcd, for Gq-HcFe: C, 69,05: H, 6.24s Fe, 24,70, Found
13915 3 5 My s 9

(s): C, 69,305 H, 6,1Ls Fe, 24,53,

An attempt to prepare dimethylferrocenylcarbinyl acetate by the

pyridine procedure resulted only in sublimation of the starting alco-
hol, The alkene was treated for two hours with acetic acid in g
molecular still; but no product distilled to the condenser over a
period of 8 hrs, at 75° and 1-2 p,

Phenylferrocenylcarbinol was prepared by reduction of benzoyl-

ferrocene by V. Engleman, m.p. 80,5-81,2° (lit, m.p. 81-82° (53},
80,3-80,5° (198)),

The acetate was prepared in pyridine and sublimed slowly at 65°
to yield a yellow crystalline product, m.p, 103-103.7°, Recrystal-
lization of unsublimed residue from i-propyl ether produced additional
material qf the same purity.

Anal, Caled. for CyoHpO,Fe: C, 60.28; H, 5.13; Fe, 16,71

~ Found (8): C, 68,303 H, 5,663 Fe, 16.63.,

Methyl (trans-2-ferrocenylvinyl)carbinol was prepared by reduction
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(3 min, stirring) of methyl trans-2-ferrocenylvinyl ketone (1,)3 g,;
5.5 mmole,) with 1ithj.um aluminum hydride (0,60 g,,, 16 mmole,), The
orange solid obtained, m,p, 90,2-920, was chromatographed in the
customary fashion, A fast-moving fore-run (possibly an ether) rapidly
separated, but a faint red band (possibly starting material) failed
to separate completely from the major yellow-orange product band,
Therefore, the column was extruded, and the center portion of the
product band was washed from the alumina with methanol-benzene, Re-

moval of the solvent vielded a product melting at 91-92°,

Anal, Caled, for Cp)HygOFes C, 65.65; H, 6,303 Fe, 21,81, Found

(8): C, 65,555 H, 6,113 Fe, 21,61,
The ultraviolet spectrum h;d ).max LL8 mp (€ 293); /\m oy 278 T
(€ 9100) and /\max 228 mp (€ 22,600), which is quite similar to
vinylferrocene, In the NMR spectrum, the vinyl hydrogens split each
other by about 15 c.p.s.; indicating a trans-disubstituted double
bond (169). The infrared absorption had only one hydroxyl stretch-
ing frequency at 3609 cm"l., In the fingerprint region, strong ab-
sorption at 961 emt weak absorption at 680 om™t might correspond
to hydrogen deformations on trans- and cis-double bonds respectively,
The acetate was prepared in the customary mammer from 0,50 g.
of the carbinol; and was molecularly distilled at 55-60°, The prod-
uct crystallized during transfer to ampules, m.p. 69-700. The ultra-
violet and visible spectrum hadbkmax L7 mp (€ 316), Ama.x 276 mp
(€9500) and A max 229 TP (€ 22,900), In the NMR spectrum, the vinyl
hydrogens split each other by about 15 C.P.Se, indicating a trans-

disubstituted double bond, In the infrared, there was a strong peak

at 960 cm"'l, and no absorption in the 690 n™* region. (168),
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Ansl, Calcd? for GqgHyg0oFe: C, 6&,&5; H, 6,08; Fe, 18,73,
Found (S): C, 6L,77; H, 6.08; Fe, 20,7k,

Methyl (1'-methylferrocenyl)carbinol from reduction of 1t-acetyl-

methylferrocene was a cloudy orange oil, Molecular distillation was
attempted, but no distillate appeared until a pot temperature of
150-160° was reached, The distillate was a clear red-orange oil which
lacked infrared absorption in the vicinity of 3600 cm”l, The ultra-
violet and visible spectrum was that of an alkyl-substituted ferro-
cene(}&nax at LhLo and 322 mp, with e%tinction coefficients of about
12} and 112 calculated for a single ferrocene residue), The anal-
ysils was consistent with the structure Eigfmethyl(l'-methylferrocenyl)
carbinyl gther.

Anal, Celed, for Gy 0Fe,: C, 66,115 H, 6,43, Found (E):

C, 66,2Ls H, 6,15,

A portion of this substance was hydrolized in acetone-water
solution with added acebic acid to a product mixture which was shown
on chromatography to contain some alcohol,

The acetate was prepared in pyridine, using carbinol from re-
duction (15 min, reflux) of 1l'-acetylmethylferrocene (1,00 g., L.1l
mole, ) with lithium aluminum hydride (0,20 g., 5.3 mmole,), It is
a clear; red-orange oil,

Anal, Caled, for CicHjgOpFe: C, 62,965 H, 6.3k; Fe, 19.52.

Found (S): C, 63.17; H, 6.51; Fe, 19,78,
Additional acetate was obtained by treating the still pot resi-

due with acetic acid for 6 hrs,

Anal, Caled, for CyglygOpFes C, 62.96; H, 6.3Ls Fe, 19.52,

Found (8): C, 63.19; H, 6.L9; Fe, 19.75,
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Methyl(3-methylferrocenyl)carbinol was prepared by reduction

(L5 min, reflux) of 3-acetylmethylferrocene (1,085 g., L.L9 mmole,)
© with lithium aluminum hydride (0.10 g., 2.7 mmole,). The acetate
was prepared directly from the crude alcohol in pyridine, and addi=-
tional acetate was obtained by treating the still pot residue with
acetic acid,

Anal, Calcd, for CygHygOpFe: C, 62,965 H, 6.3k; Fe, 19.52,
Found (S): C, 62.98; H, 6.L3; Fe, 19,51,

A mixture of thevtwo isomeric methyl(2-methylferrocenyl)car-

binols resulted from reduction (1 hr, reflux) of 2-acetylmethylferro-
cene (1,00 g,, L.1ll mmole,) with lithium aluminum hydride (0.19 g.,

5 mmole,), An acetate mixture was prepared from the crude alcohol
in pyridine,

Anal, Calcd, for CygHjgOoFe: G, 62.965 H, 6,3L; Fe, 19.52.

Found (S): C, 63,135 H, 6.37; Fe, 19,38.

Treatment of the still pot residue with acetic acid for 8 hrs,
produced additional acétate mixture,

Anal, Caled, for clSHl802Fe; C, 62,965 H, 6.3L; Fe, 19,52,

Found (S): C, 63.2Ls H, 6,433 Fe, 19,22,

Tn a subsequent preparation (from 0,56 g, ketone, 5 min, reflux),
scetate from the treatment in pyridine was found by NVR to be a mix-
ture of two isomeric acetates in the ratio l:l, Solvolysis of this
sample showed the slower of the two isomers to predominate by a ratio
of 3,38:1, Acetate from acetic acid treatment of the residue partly
crystallized, and a small sample of solid isomer purified by recrys-
tallization melted at 550, The NMR spectrum of the isomer mixture

showed that the relative proportions of the isomers had been reversed,
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and that the other isomer predominated by a ratio of about 0.8:1,
Solvolysis results indicated also a slight predominance of the faster
isomer,
The product of a third reduction of 0,61 g. (2,5 mmole,) of
ketone with 0,20 g, (5,3 mmole,) of lithium aluminum hydride (3 min,
stirring at room temperature) was chromatographically separated into

the two isomeric methyl(2-methylferrocenyl)carbinols, The first

band on the chromatogram yielded 0,289 g, (L7%) of an alcohol which
crystallized, m.p. 55.56°, An unrecrystallized ssmple analyzed
slightly high for carbon and hydrogen, The acetate was a liquid,
and was the slower of the two isomers in solVOlysis,

Anal, Caled, for 015H1802Fe: C, 62,965 H, 6,3i; Found (S):
C, 63,19 H, 6.5L,

The second band on the chromatogram yielded 0,300 g, (L9%) of
a liquid alcohol; which was converted to a solid acetate, m.p. 5h-
55,29 after recrystallization from hexane, This product was iden-
tical with the solid acetate isolated on the previous run, end was
the faster of the two isomers in solvolysis,

Anal, Calcd, for ClSHiBOZFeg c, 62,965 H, 6,3li, Found (S):

C, 63.285 H, 6,16,

A mixture of (Y-hydroxy-1,2-tetramethyleneferrocenes was ob-

tained by reduction (7 min, stirring) of Qf-keto-1,2-tetramethylene-
ferrocene (0,50 g,, 1.8 mmole,) with lithium aluminum hydride (0,17
g., L5 mmole, ),

A small-scale trial chromatogram indicated a prédominance of
an isomer which passed through the column guite rapidly, The infra-

red spectrum had a strong pesk at 3562 em™T and weak absorption at
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about 3610 cm™T,

A mixture of acetates was prepared by the pyridine method, Kin-
eties run on this mixture indicated about 7% of an isomer which re-
acted rapidly and 93% of a slower isomer,

Anal, Calcd, for CjgHqgOoFes C, 6l 1i55 H; 6,08 Fe, 18,73,
‘Found (S): C, 6L.,L3; H, 6,293 Fe, 18,95,

The alcohol preparation was repeated (0,3 g, of ketone and 0,13
g, of lithium aluminum hydride, with 3 min, stirring), and the al-
cohol was treated with acetic acid for 15 hrs, Part of the product
was molecularly distilled, The residue and distillate had nearly
identical infrared spectra; with absorption at both 1735 and 3565
cm'l, which indicates the presence of both acetate and alcohol, Sol-
volysis of this mixture indicated that only about 25% of the product
Was acetate; and that most of this was the faster isomer,

A third batch of mixed alcohols was prepared (0,L8 g, of ketone
and 0,18 g, of lithium aluminum hydride, 3 min, stirring), and sep-
arated chromatographically into two isomers, The first band eluted
from the column yielded 0,L35 g. (87%) of a liquid alcohol which
had infrared sbsorption at 3562 ent,

Anal, Caled, for CthléoFe: ¢, 65.65; H, 6,303 Fe, 21,81,
Found (S): C, 65.Llis H, 6.47; Fe, 21,61,

Solvolysis of acetate prepared by the pyridine method from this

alcohol showed the presence of only the slower isomer,

The second alcohol was eluted from the column by adding a trace
of methanol to the solvent, This fraction weighed'o.ohé g. (9.2%),
and crystallized as a yellow solid, m.p. 70.5-72° (1it. m.p. Tl.5-

72,5° (123)). Additional alcohol obtained by recovery of products
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from solvolyses was combined with this alcohol to prepare acetate,
Both pyridine and acetic acid preparations were found necessary,
Recovered alcohol from solvolyses of these acetate preparations
provided further material for another acetate sample, This last
time, the acetate crystallized; m,p. 68.5-69,5° (Lit, m,p, 6Li=65°
(123)).

Methyl-3-(1,1'-dimethylferrocenyl)carbinol was prepared by re-

duction (3 min, stirring) of 3-acetyl-l,l'-dimethylferrocene (0,75
8., 2,9 mmole,) with lithium aluminum hydride (0,15 g.; L,0 mmole, ),
The acetate was prepared directly in pyridine in 8LZ overall
yield from the ketone, ‘
Anal, Caled, for Cq.H, 0.Fe: C, 6l1,02; H; 6.72; Fe; 18,61,
Found (S): C, 6L.25; H, 6.83; Fe, 18,60,

Methyl=3=(1,1!=trimethyleneferrocenyl)carbinol was prepared by

reduction (3 min, stirring) of 3-acetyl-l,l!-trimethyleneferrocene
(0,60 g.; 2,2 mmole,) with lithium aluminum hydride (0,10 g.; 2,7
mmole, ).

The acetate was prepared in pyridine from the crude alcohol, and
was molecularly distilled at 75° to yield a clear orange oil,

Anal, Caled. for Cl7H2002Fe: c; 65,105 Hy 6,465 Fe, 17.89,
Found (S): C, 65.50; H, 6,683 Fe, 18,0L,

In an earlier preparation of the alcohol, in which less care
was taken to prevent ether-formation, the ether was almost the sole
product, Some acetate was prepared by treatment with acetic acid and

molecular distillation at 700, but the product gavé a poor analysis,

and solvolyses of the product from this acid-catalyzed acetate-forma-

tion gave inconsistent results, A large portion of the material
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Tailed to distill, and was found to be a hard brown resin,

& mixture of two isomeric methyl-2-(l,1!'-dimethylferrocenyl)-

carbinols was prepared by reduction (3 min, stirring) of 2-acetyl-
1,1'»dim@thy1ferrocene (0,71 g., 2.6 mmole,) with lithium aluminum
hydride (0,17 g., L,5 mmole,), Chromatography yielded two alcohol
bands,

The first isomeric alcohol eluted from the column was 0,271
g. (38%) of a cloudy orange oil, which exhibited hydroxyl absorption
in the infrared at 3578 cm'l, and a possible weak peak at 3607.5 cm“l,

The acetate was prepared directly from the crude alcohol in
pyridine, However; only a small amount of acetate distilled, so the
remainder in the still pot was treated with acetic acid to produce
additional acetate, The acetate from the acid-catalyzed preparation
was found by NMR to consist of a mixture of isomers, The more abun-
dant acetate isomer corresponded to the alcohol from which it was

prepared, A poor analysis was obtained for this acetate, Alcohol

recovered from solvolyses had a reasonably satisfactory analysis,

Anal, Caled, for Cy)H gOFe: C, 65,13 H, 7.03; Fe, 21.6L,

Found (S): C, 65.2h; H, 6,943 Fe, 22,06,
Additional acetate was prepared from this recovered alcohol,
The second élcohol eluted from the column was a cloudy oil
weighing 0,366 g. (51%), The infrared spectrum had a peak at 360L,5
em™t with a weaker peak at 3582 em™t,
The acetate was prepared in the usual manner in pyridine.
tnal, Caled, for CjcH,0,Fe: C, 64.02; H, 6.72; Fe, 18,61,

Found (S): C, 63.96; H, 6.62; Fe, 18,91,

A mixture of the two isomeric methyl-2-(1,1'-trimethyleneferro-
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cenyl)éarbinols was prepared by reduction (3 min, stirring) of 2-
acetyl-1,1'-trimethyleneferrocene (1,11 ge; 1,0 mmole,) with 1ithium
aluminum hydride (0,21 g., 5,5 mmole,), Chromatography produced
separation into a fore-run of ether and two alcohol bands,

The first alcohol to be eluted (0,70 g., 63%) crystallized to
a yellow solid, m.p, 80-810, which had a strong hydroxyl absorption
in the infrared at 3575 ecm™+ and a very weak peak at 3608.5 cm-l.

Anal, Caled. for CygHygOFe: C, 66.69; H; 6,71y Fe, 20,67,
Found (S): C, 66,95; H, 6,50; Fe, 20,65,

The acetate was prepared from 520 mg, of the alecohol in pyri-
dine, C(ne sample crystallized to a solid, m,p, 60-61°,

Anal, Caled, for Gy HpgOoFes C, 65.L03 H, 6.L6; Fe, 17,89,

Found (8)s C, 65,13 H, 6,413 Fe, 18431,

The second alcohol weighed 0,18 g. and melted at 160-161,5°,
waever; alcohol recovered from solvolyses melted first at 90-91°
and resolidified; melting finally at 160°, A sample of this recovered
alcohol recrystallized from hexane as yellow needles melting at
161-162°,

Anal, Caled, for 015H180Fe: C, 66.69; H, 6,713 Fe; 20,67,

Found (S): C, 66,553 Hy 6.5535 Fe, 20.686

Both alcohol samples had infrared hydroxyl absorptions at 3603
cm-l; and only minor intensity differences where noted in a few weak
peaks in the fingerprint region, Acetate prepared from a small sam-
ple. of recovered alcohol solvolyzed at a rate about 15% lower than
that observed for the original acetate (run 138), but for such a
small sample; this is within the 1limit of the expected error, The

double melting point may be due to the existence of two crystalline
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forms, or to loss of water to form the ether on heating (although
no condensed moisture was noted near the top of the melting point
capillary),

Preparation of the acetate was attempted in the customary fash-
ion in pyridine; but the alcohol appeared to be only slightly soluble
in the reaction mixture; and failed to dissolve after standing for
about 20 hrs, Only 0,045 g, of orange oil distilled, This product
had strong carbonyl absorption and very weak hydroxyl absorption in
‘the infrar@d; while the solid residue remaining in the pot had neither,
The residue in the still pot dissolved in acetic acid, and the acetate
product obtained in this manner crystallized to a yellow-orange solid;
n.p. 7h,7-75.7%

Anal, Celed, for CyoHy0pFe: C, 65,105 H, 6,165 Fe, 17,89,

Found (S): C, 65,193 H, 6.39; Fe, 18.12,

Methylruthenocenylcarbinol was prepared by reduction (2 hrs,

reflux) of acetylruthenocene (2.21 g., 8.02 mmole, ) with lithium
aluminum hydride (0,30 g.; 7.9 mole,), The crude product, m.p.
60-630; was recrystallized from heptane to produce two crops: 0.96
g. (MB%);‘m.p, 6h=61,2° and 0,61 g. (27%), m.p. 63f63.5°.

Anal, Caled, for CypHy)ORu: C, 52,233 H, 5.11, Found (E): G,

52c16§ H, 50169

The acetate was prepared in pyridine and sublimed at 50° to
yield a solid product which melted at 61-61,5° after recrystalli-

zation from irpropyl ether or hexane,

fnal, Caled, for Cp)Hg0nRus C, 52,883 H, 5.07, Found (E):

C, 53,013 H, 5.03,

Methylosmocenylcarbinol was prepared by reduction (L5 min,
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stirring) of acetylosmocene (0,548 ge; 1,51 mmole,) with 1ithium
aluminum hydride (0.10 g., 2,6 mmole,), The crude product melted
at 72,5-7&0, and after two recrystalligzations from heptane melted
at 74-74.5°, The analysis was unsatisfactory,

The acetate prepared in pyridine and sublimed at 50° melted
‘at 6L-66,5°, Two crops from recrystallization from i-propyl
ether - heptane had m.p., 67.2-67.7°,

Anal, Caled, for Cq)Hyg0,0s: C, L1.37; H, 3.97; Os; L6.79.
Found (S)s: C, L1.22y H, L.17; Os, L7.16, 16,38,

Methyl (1!-carbomethoxyferrocenyl)carbinol, - A solution of 1f-

carbomethoxyacetylferrocene (1,15 g., L.0 mmole,) in methanol (75
ml,) was stirred in a beaker, To this was added solid sodium boro-
hydride (1.0 g,; 26,5 mmole,) over a period of about 30 sec, The mix-
ture was stirred for 3 min,, and 7 ml, of acetone was added, The
solution was poured into water, and ammonium chloride was added un-
til the mixture was only slightly basic, The product was extracted
from the aqueous methanol phase with several portions of methylene
chloride, The organic solution was washed a number of times with
water; and once with sodium bicarbonate solution, After the solu-
tion had been dried over magnesium sulfate, the solvent was removed
to yield an orange oil, This oil was chromatographed on 30 g, of
neutral alumina with bengene - ether mixture as development solvent
(1 to 12% ether), The major band was isolated by extruding the col-
umn and washing with acetone, Some of the product was too strongly
adsorbed to be removed in this fashion, The acetone was distilled
to yield an oil which slowly crystallized to an orange solid, m.p.

55.58°, This was crystallized from hexane to yield two crops of
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crystals: 0,65 g. (56%), m.p, 57.5-58,7° and 0,20 g, (17%)5 mop. 56,5~
58.2°,

Anal, cglcd, for glhﬁléoBFeg G, 58,455 H, 5.60; Fe; 19,37,
Found (S): C, 58,373 H, 5.6h; Fe, 19,59,

The infrared spectrum exhibited two bands in the carbonyl re-
‘gion at 172L and 1705 cm’l which did not change in relative intensity
on recrystallization or dilution,

The methyl ether was prepared for the purpose of spectral com-

parison by refluxing the alcohol (0,1 g., 0,35 mmole,) with 25 ml,
of methanol and one drop of glacial acetic acid overnight, It was
isolated as an orange oil by extraction and chromatography on aluminaje
The infrared spectrum exhibited carbonyl absorption only at 1722 cm"lg

A small sample of the hydroxyester was saponified to a poorly
characterized acid; and lactone-formation was attempted unsuccess-
fully with toluenesulfonic acid in benzene,

In a larger scale preparative run, the excess hydride was decom-
posed by addition of glacial acetic acid, This probably cabtalyzed
ether—formation; which greatly hindered the product isclation, A
sufficient quantity of material for further work was obtained by a
combination of recrystallization, sublimation, chromatography and
hydrolysis of the ether in aqueous acetone; catalyzed by acetic acid,

The acetate was prepared from 3 g. of the alecohol by the pyri-
dine procedure and distilled in a larger molecular still (S&; 10 enm,
in dismeter and 7 em, path length) at 110°, The product was an oil,
nD2SO 1.5721, The infrared spectrum exhibited carbonyl absorption
at 1720 cmml with a shoulder at about 1725‘cm“1.‘

Anal, Caled. for CygHyg0)Fe: C, 58,203 H, 5,49, Found (E): C,
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58.133 H, 5,6l,

O{-Hydroxy=-1,1'=trimethyleneferrocene, - A suspension of

Ofketo-1,1!-trimethyleneferrocene (1,32 g., 5.L45 mmole,) in 250
ml, methanol was stirred while sodium borohydride (3 g,; 79 mmole, )
in methanol (50 ml,) was added quite rapidly. The color of the solu-
tion immediately lightened, and the suspended ketone dissolved,
After a total of 10 minutes'! stirring the solution was cooled to
(‘)Os and acetone (10 ml,) was added to destroy the excess hydride.
Water (SOO ml,) was added; and the product was extracted from the
aqueous methanol phase with methylene chloride, The organic solu-
tion was washed with water three times, dried over magnesium sulfate,
and evaporated to a yellow-orange solid, m.p. 153-155,5°, The prod-
uct was chromatographed on 90 g, of alumina with benzene followed by
5% ether in benzene as development solvent, A small quentity of
material rapidly passed through the column, The column was extruded,
and the main product was washed from the alumina with methylene chlor-
ide and acetone, Removal of the solvent yielded a yellow solid, m.p.
156,5-157.5°, Analysis of this alcohol was unsatisfactory, but the
acetate gave an acceptable analysis.

The acetate was prepared in pyridine, and sublimed at 56=100°.
Two crops of product which melted at 135-136, 2 were collected,

Anel Calcd, for 615H1602Fe C, 63.h1; Hy 5,68, Found (E): C,

63.503 H, 5.65,
B-Hydroxy—l 1t-trimethyleneferrocene, m,p, 18, 5-11;,9 , Was pre-

pared by W, Mock, The acelate was prepared in pyrld:me, and two crops

O
of product were cbtained by sublimation at 15-80°, m.p, 12L-125

and 125-125.5°,
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é&éé; Calcdf for ClgﬂiéozFb: C, 63,l1; H, 5,68, Found
(E)s Cy 63,255 4, 5,7k,

The tosylate was prepared in ‘7:collidine. )Czaﬂydroxy;l,l’-
trimethyleneferrocene (0,260 g., 1,06 mmole,) was dissolved in 2
ml, of f-collidine (distilled and dried over barium oxide) in a
S-ml, volumetric flask, and p-toluenesulfonyl chloride (0,20l oy
1.06 mmole,, m,p. 68-69°) was added. The flask was stoppered and
wrapped in aluminum foil, After 7 hrs, at room temperature, a large
quantity of salt had precipitated, After =2 total reaction time of
26 hrs,, the mixture was poured into an excess of dilute sulfuric
acid, and the product was extracted into methylene chloride, The
organic phase was washed with dilute sulfuric acid, with water, and
wice with saturated sodium chloride; and the solvent was evaporated
to yield a gummy orange solid, The crude product had infrared ab-
sorption at 1180 and 1192 cm"'1 (also observed in p-toluenesulfonyl
chloride and cyclohexyl tosylate) and weak hydroxyl absorption at
3610 cm”l, With the exception of a peak appearing at 1100 em™t in
the product and sbout 1084 en™t in tosyl chloride, the spectrum
could be represented to a good approximation by a superposition of
the spectra of the two starting materials, However; several peaks
present in Q{-hydroxy-l,l'-trimethyleneferrocene were absent,

The crude product was dissolved in ether, and pentane was added
until the solution began to turn cloudy, A precipitate formed when
the solution was cooled to -70° and did not dissolve when warmed to
0°, A yellow product weighing 0,056 g, was collected by filtration
ahd dried over sodium hydroxide pellets and paraffin shavings, It

darkened at about 1100, and partially melted over the range 115-120°

L]
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This recrystallized product and the material remaining in the liquors
had essentially identical infrared spectra, The liquors were con-
centrated and an additional crop of product weighing 0,073 g, was
collected, which darkened slowly on heating, but had not melted at
160°, & portion of this second crop was analyzed,

- Anal, Caled. for CpgHpn03FeS: C, 60.61; H, 5,09 Fe; 14,095 S,
8,09, Found (S): C, 62,173 H, 5,10; Fe, 22,61; S, 7,08, No Cl was
found,

There is probably some error in this =nalysis, since only 3%
is left for oxygen,

An attempt to purify a small portion of the tosylate by chroma-
tography on neutral deactivated alumina produced a trace of partially
solid yellow product whose infrared spectrum had a number of strong
bands (including strong absorption between 1700 and 1800 cm'l) not
present in any of the other materials of this series, This material

was not identified,

Kinetic procedure, - Most of the solvolyses were performed in

an "80%" acetone mixture, This solvent was prepared by diluting

200 ml, of boiled distilled water (measured at 25°) to 990 ml, with
purified acetone (at 25°) and equilibrating a 99-ml, aliquot (meas-
ured at room temperature) of this stock solvent to the reaction
temperature in a 100 ml, volumetric flask, A small tube which con-
tained a weighed sample of substrate dissolved in 1 ml, of acetone
was added to start the reaction, Acetone used was reagent grade sol-
vent further purified by the procedure of Kochi and Hammond (199).
After a number of runs had been completed, this procedure was altered

to further standardize the solvent composition by measuring the 99



- 194 -
ml, aliquots at a constant temperature, The temperature chosen was
30° to most nearly duplicate the composition used for the earlier
runs, The "82%" acetone solution was similarly prepsred by dilution
of 18 ml, of water for each run, while early runs were performed in
a solvent containing 60 ml, of acetone and L0 ml, of water,

The density of a typical "80%" acetone preparation was deter-
mined at 250 in order to define its composition more exactly, Cal-
culation based either on the volume of solution per volume of water
or on the equation rélating density to composition (200) indicates
that the solvent is 76,65% acetone by weight, or that it has the
composition of a mixture made up of 80,7 ml, of acetone and 19,3
ml, of water,

At suitable intervals after the reaction had been started, a
5 ml, aliquot was removed and titrated with standard sodium hydroxide
(standardized against potassium acid phthalate and constant-boiling
hydrochloric acid), The titrations were carried out in the follow-
ing mammer, Approximately 10 ml, of a quenching solution (85% reagent
acetone - 15% boiled distilled water) was run into a test tube equipped
with a two-hole rubber stopper and containing a Teflon-covered mag-
netic stirring bar, This was cooled on an ice bath or ice-salt bath
while nitrogen was bubbled through it, After at least five minutes
(the minimum time necessary for sharp reproducible end points), an
aliquot of the reaction solution was added while the gas-bubbling
tube was raised to 2 position slightly ebove the surface of the solu-

tion, The time when the pipette was half empty was recorded as the

time for the point, This was read from a clock or stopwatch, depend-

ing on the rate of the reaction, After addition of the sample, the
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burette was lowered through a hole in the stopper; and its capillary
tip was allowed to extend just below the surface of the solution for
the titration, In this manner, duplicate titrations (as, for in-
stance, infinity titers) could customerily be reproduced within
003 ml, or better out of a total volume of 0,700 ml.

For runs at temperatures higher than L5°, a sealed ampule tech-
nique was used, The solution was made up in the customary fashion
in a 100 ml, volumetric flask, and samples of approximately 6 ml,
were transferred to constricted 10 ml, pyrex culture tubes which
had been carefully washed snd dried, Thése tubes were then sealed
and equilibrated in the constant temperature bath at the desired
temperature, Ampules were removed from the bath st suitable time
intervals, quenched by immersion in ice water, and opened after
being wiped free of oil and brought to a constant temperature, A
5-ml, sample was pipetted out of the ampule and titrated in the
usual manner, Generally, the results from the sealed ampule runs were
considerably poorer than the other results, 4 fair amount of this
difficulty resulted from a decrease in the sharpness of end points,

The kinetics runs were performed in constant temperature baths
which maintained the temperature to within about 0.03% of the stated
temperature, The thermometers used were checked against an NBS
calibrated thermometer, and temperatures were corrected wherever
necessary,

Depending upon the reaction rates, various runs were followed
less than 50% or grester than 90% to completion, Génerally, in at
least one run with any particular compound, the reaction was followed

through at least two to three half-lives to be certain that no sig-
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nificant deviation from first-order kinetics was suggested, After
a time estimated as equal to or greater than ten half-lives, dupli-
cate infinity titers were taken,

Calculation of rate constants, - The reaction rate constant

was calculated using the standard integrated first-order rate equa-

tion (201):

log(a-x) = “2"1%’('53’". log a

where a is the infinity titer, x is the titer at time t, and k is
the first-order constant, Rough values of the rate constant were
determined by plotting (a-x) vs. t on semi-logarithmic graph paper
and drawing what appeared to be the best straight line, The half-
life was estimated from this line, and the rate constant was calcu-
lated from the equation (202):

in 2 _ 0,693

k = =
t% p%

@

Final values of the rate constants were calculated on a Burroughs

220 computer by a weighted least squares technique similar to that
proposed by Roseveare (203}, These generally agreed with rate con-
stants estimated from the slope within 2%, The program was set up
by N, Jones of California Institute of Technology, In one case, in-
correct data were punched on the data tape, Rather than repeating
the computer work, the rate constant estimated from the slope was
used,

~According to‘statistical theory; a weighting factor should be
chosen which is inversely proportional to the variance (square of
the standard deviation) for the points (20L), If the standard de-

viation is constant for all points, then the weighting factor will
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likewise be constant; and an unweighted least squares treatment

is called for, In the present case, this would correspond to a con-
stant deviation in Jog(a-x) for any point, or a constant fractional
error in (a-x), Also, as pointed out by Roseveare; this type of
treatment can be used for small errors in the time; since during
~any small increment of time the reaction which occurs is propor-
tional to the amount of material which has not yet reacted; or to
(a=x), In 21l kinetic runs performed in this study, the error in
measurement of time was probably never more than 1% of one half-
life, and was generally far less than this, It can be calculated
from the equations given above that this corresponds to less than
0,7% of the total titer at any given time; and is thus probably less
than the error in the measurement of volumes for most cases, There
is; however, a source of error which falls into this category, and
would therefore have this type of a weighting factor, In reactions
run at temperatures removed from that of the room, the sample is
removed with a pipette at a temperature different from that of the
solution; and so the solution temperature is slightly changed for

a short period of time during transfer of the sample, Then the titer
will include a small error due to the change in reaction rate which
occurs during this time, The error should be proportional to the
amount of material which has not yet reacted, and should vary in a
random manner with the time which is teken to transfer the sample.
Such an error should be particularly noticeable for a fast reaction
run at a low temperature and high concentration, A similar type of

error would occur if the delivery volumes for the pipettes used vary

by a percent or so,
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The most obvious type of error present is an error in measur-
ing the amount of standard sodium hydroxide used to titrate the ali-
quot, In this case, the error is not proportional to (a-x), but is
a constant increment in (a-x), Since the error becomes a larger
fraction of the quantity (a-x) for points toward the end of the
reaction, a weighting function should be used which gives less
weight to deviations of these points in determination of the least
squares line, Such a function may be derived in the following man-
ner, If d(a-x) is £he error in (a—x); and if

¥y = In(a-x),
then in the limit,

&y = d(n(ax)) = H&E)
For small errors, the standard deviation of log(a-x) should then be
proportional to the standard deviation of (a-x) divided by (a-x).
If this staendard deviation is a constant, the weighting factor will

then be inversely proportional to (a—x)z. If the standard deviations

due to the two types of errors are combined, one obtains the weight-

ing function:
WS —s o2 5
me % p=/(a-x)*®

where m is the constant error in log(a-x) and p is the titration

error, An inspection of the plots for a number of runs suggested

that both types of errors were signifiCant; but in different pro-
portions for different runs, Rather than attempt to balance these

two factors differently for every run, a compromise was adopted whereby
the contributions from the two types of error beca@e equal at one
nalf-life, If the titration error is estimated as 0,002 ml,, and the

substitution z = a-x is made, one can arrive at such an equation:
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w e 5 1 =
.00l + 002 ©
7 7

where z, is the value of (a=x) for the first point., Such a weight-
ing function as this cannot be expected to give the best estimate

of the proper weights for every run, but it is more justifiable than
an unweighted least square treatment or one in which only titration
errors are considered, At the wnrst; in the absence of systematic
error affecting principally the initial points, it can only increase
the standard deviatibn calculated for the slope, and place unwar-
ranted weight upon some points in determination of the rate constant,

Two systematic errors which might serve to produce deviations
between duplicate runs are immediately apparent, The strong depend-
ence of the rate upon the solvent composition leads to a strong possi-
bility of error due to variations in the solvent preparation, A
variation of only 0,1% in the composition of the solvent might well
result in an error of 2% in the rate, Therefore, this type of error
may account for much of the deviation observed between runs,

An error in the infinity titer will produce a percentage error
in the rate constant at least as great as that in the titer, RHe-
sults were ecaleculated for run L0 by unweighted least squares using
the observed infinity titer; and also with infinity values high and
low by 2%, These artificially introduced errors resulted in a slight
noticesble curvature in the graph for the reaction, and errors of
sbout L% in the calculated rate constants, With the weighted least
squares; errors of this sort may be minimized, but fhey must remain
greater than that in the infinity titer, Because of the relative

sensitivity of the rate constant to such errors, the observed infine
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ity values were discarded in several cases; and the values based on
the weight of the acetate solvolyzed were used, Such an alteration
of the data was never made uniess most of the following conditions
were mets (1.) The observed value was too high, as would be expected
if evaporation of solvent or absorption of carbon dioxide from the
air had occurred, (2,) Rate constants for duplicate runs differed
by more than the expected error. (3,) End points for the infinity
titer were not sharp, (L.) The corrected point for the temperature
in question would fall closer to the activation energy plot defined
by runs 2t other temperatures. (5,) Other solvolyses of the same
batch of acetate had infinity titers close to the predicted values,
(6,) There was reason to believe that the sample had been contam-
inated during the run, Such cases as thesé will be specifically
noted in discussions of the kineticsbfor individual compounds,

Errors in the rate constants due to variations in temperature
are probably negligible, For a reaction with a 20 kcal, energy of
activation, an error in the temperature of 0.,1° corresponds to an
error in the rate constant of only about 1% at the temperatures
used for these solvolyses., This approximates the magnitude of errors

to be expected from other sources,

The equations used for calculation slope, rate constant and
their standard deviations are (205):
oy Lty - Lwt Ly
2 2
PRI T (Zwiti)

k= _ 2%392 b (sec™t)
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where s is the log(a-x) value for the iEE point, t; is the time

, . - 2303
3 Oy =5 O,

for that point, n is the number of points, and summations are all
taken over the n points, |

Rate consténts for all runs performed are tabulated in Table
IV, along with other information pertaining to the run, In the last
column, the averages of duplicate rate constants are listed, The
- standard deviations are obtained by adding the average variance
within the runs to the variance from the mean value of k, While
the standard deviation within a run provides a good estimate of the
error expected from scatter, the deviations from the mean value of
k are a poor estimate of the systematic errors between runs; due to
the small number of duplicate runs performed, Therefore, the listed
standard deviations are not to be taken too seriously, When only
one run was performed at a certain temperature, no standard deviation
is listed in the last column, Rate constants indicated in paren- |
theses were not used for further calculations,

Activation parameters were calculated from the usual equation

(206) ¢ -
ZXS ZSH¢

Tog(k/T) = 1 K
0g (/T = Log( ¥ 5 30m  2.303r

When the kinetics were observed at two or three temperatures, Z&H

was calculated between the extreme temperatures by the modified
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equation:

Ae? =

2,303 RT1 T
-1

[log (kl/Tl) - log (kg/Tg)]

In such a calculation, Z&H¥ may be considered a function of the rate
constants at the two temperatures, and so the vaeriance of this esti-
mate ofl& H¥ is the same function of the variances of kl and k2
(207), In the approximation of small error, this reduces tos

O/AH i = 2,303 I4":"11"]32 Ukl) 61{2)
TS

vhen duplicate determinations of kl and k2 were not available, the
standard deviations were generally assumed for this calculation to
be twice those calculated from scatter within the run, so as to allow
for systematic errors, If the kinetics were observed at three tem-
peratures, the rate constant for the middle temperature was calcu-
_lated from the activation parameters, If this calculated value
agreed within gbout one standard deviation with the experimentally
observed value, agreement was considered satisfactory, In one case
this was verified by a least squares calculation of the standard
deviation irx[&ﬂ%, The deviation obtained in this manner was small
with respect to that due to inaccuracies in the rate constants at
the extreme temperatures, When the rate constant at the middle tem-
perature did not fall close to the 1ine, a least squares calculation
(weighted or unweighted) was performed to obtain an estimate of the
variance due to this error, and the total variance used was the sum
of those from the two sources, |

When the kinetics were observed at four temperatures, ZXH

was calculated from the least squares slope, weighted or unweighted
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Notes to TABLE IV,

8Results in "80%" Acetone unless otherwise noted.

PTnitial concentration of substrate if weighed guantity was
used. Figures in parentheses estimated from infinity titers.

CAverage of runs under identical conditioms.
dgee body of experimental section for discussion of this value.

®Run consecutively on same sample; see body of experimental
section,
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depending on' the relative accuracy of the rate constants, The var-
iance obtained in this manmner was generally combined with that cal-
culated between the extreme points; or the two which received the
largest weight in the least squares calculation,

In all cases , A S# was determined for each temperature as an
internal check for errors, The average value is recorded in the
table,

It is realized that the confidence limits obtained in this
mamner are extremely brude; and their wvalidity probably varies quite
widely between compounds, Nevertheless, they do provide as impartial
an estimate of the reliability of the activation parameters as may
be obtained simply, and so they may be at least partially justified
on this basis,

Activation parameters, rate constants ab 30° and relative rate
constants at 30° are tebulated in Table V, Following this; any ir-
regularities or points of note in the kinetics are discussed, and
the method used for the activation parameter calculation is mentioned
for each compound,

Typical kinetic data from three runs are given in Tables VI-

VIII,

Ferrocenylcarbinyl acetate, - Activation parameters were cal-

culated by unweighted least squares, The standard deviation in
Z&H% was obtained by combining that from the least squares treat-
nent (0,52 kecal,) with that calculated from the deviations of the
rate constants at 15 and U5° (0,25 keal,), -

Methylferrocenylecarbinyl acetate, - One run each at O and 30°

were discarded due to large deviations within the runs and from the
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mean, The activation energy was determined by the weighted least
squares treatment, primarily because of the large deviation (5%)
in the rate constant at 35°, The standard deviation was estimated
by combining that from the least squares calculation (0,5 kcal,)
with that calculated between the rate constants at 0 and 30° (0,18
keal, ),

Solvolyses in "82%" acetone with added sodium acetate or sodium
perchlorate showed good kinetic behavior and reproducibility., How-
ever; the runs with added sodium hydroxide curved strongly upward,
and the infinity titers were larger than the expected values by about
20%, The initial slopes led to rate constants of 12,8 and 15,4 x
10“Ssec,’1e Rate constants after completion of half of the reaction
were 6,6 and 7,2 x l()"'ssec":L respectively, The upward curvature and
high infinity values were partly due to uptake of atmospheric carbon
dioxide by the alkaline solvolysis solution; and so the data were
plotted again using theoretical infinity values, This time; rate

5

constants of 21,2 and 19,1 x 10 ”sec™  were obtained for the first
few points, and the plots showed a less pronounced upward curvature,
Since these rate constants would include also the rate of uptake of
carbon dioxide by the solution, they must be considered maximum

values for the initial rate,

Phenylferrocenylcarbinyl acetate gave good straight line plots

which agreed well between duplicate runs,

Methyl (2-ferrocenylvinyl)carbinyl acetate, = For run 142 at

300, a mistake was made on the computor data tape, and so the rate
constant determined graphically from the half life was used, No

large error is anticipated from this, since a similar rate constant
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for the duplicate run agreed with the least squares value within
about 1%, The activation energy was calculated between 10 and hZQSO;
with a standard deviation of 1,5% assumed for run 1Ll at 42,5°, The
rate constant of 10,Lk x 10~ sec™t at 30° caleulated from the acti-
Vation parameters agreed exactly with run 141, and was 2,2% (0,7

standard deviation) from the average observed value,

Methyl (3-methylferrocenyl)carbinyl acetate, - Infinity titers

for runs with material prepared in pyridine (run 81 at 003 run 80
at 10° and run 77 at QOO) were low by at least 15%, Infinity titers
were slightly low also for material prepared with acetic acid, on
which a satisfactory analysis was obtained, However, since these
two batches of acetate solvolyzed with essentially identical rates,
it may be assumed that the primary impurity present was the alcohol
or the ether; neither of which should affect the kinetics, The rate
constant at 10° calculated from the activation parameters is 6,93

x 1ogssec"lg which agrees within 2% (0,7l standard deviation) with
the experimental value,

Methyl(1l'-methylferrocenyl)carbinyl acetate, - Activation pa=

rameters were calculated from runs at O and 20° (assuming a devia=-
tion of 1% for run 78 at 20°), The calculated rate constant of

5

3,560 x 10 sec™T gt 10° sgreed with the experimental value within

CoT%.
Methyl(2-methylferrocenyl)carbinyl acetate, - Mixtures of the

two stereoisomeric acetates were first solvolyzed at‘BOo in runs
872 and b, The rates of the two compounds were readily resolved
by extrapolation of the later points to the log(a-x) axis (208,

The titers for the faster isomer were determined by the difference
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between observed titers and those indicated by the line, The line
for the slow isomer was adjusted so as to minimige deviations from
both lines, The intercepts with the log(a-x) axis showed that the
slow isomer accounted for 77,1 and 1i8,.9% respectively of the two
samples, Since 21l rate constants were evaluated graphically, no
standard deviations were obtained, However, the rate constants for
the faster isomer were much more sensitive to variations in the
extrapolated line, Since this constant fell very close to the line
for log k/T vs. 1/T, bobh constants are probably reasonably accurate,

Separated isomers were used for the remainder of the runs, The
activation parameters for the slower isomer were calculated by the
unweighted least squares procedure, Standard deviationSAZSH# of
about 0.L0 kcal, obtained both from the least squares and from the
standard deviations of the 10 and L5° constants were combined to
obtain the tabulated standard deviation,

Runs for the fast isomer showed slightly more than the usual
amount of scatter; and two points in run 115 at 0° were discarded,

Activation parameters obtained from rate constants at 0 and 300

. for lOO, which

5 -1

sec .

were used to calculate a value of 6,97 x 10_Ssec"
agrees within 1% of the experimental value of 6,90 x 10~

endo-(Qf-Acetoxy-1, 2-tetramethyleneferrocene, - All runs except

#105 at L5° were performed in sealed ampules, This run was discarded
because of inconsistency with the rest of the data and since a large
amount of solvent evaporation should be expected, During run #109,
some difficulty was experienced with the constant tehperature bath,
As a result; the reaction was followed for three periods of time,

and values of log(ééﬁ) for all periods were plotted against t, In
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this way, the reaction was followed 70% to completion, Run 107 at
80° was performed on a mixture of the two acetates, and was followed
after the exo isomer had completely reacted, The infinity titers
for this run were not reproducible, and were somewhat higher than
expected, so the theoretical infinity value was used, Activation

parameters were calculated by the weighted least squares procedure,

exo-(Y-Acetoxy-1,2-tetramethyleneferrocene, - hRun 106 was per-
formed on a mixture of the two diastereomeric acetates prepared in
acetic acid, Due to the difference in rates, the solvolysis of the
exo isomer proceeded to completion in a period of time in which no
reaction of the slower endo isomer could be detected, The other
runs were performed on pure exo acetate, Acetate for run 1l3 was
prepared from alcohol recovered from runs 139 and 140, The activa-
tion parameters calculated by least squares reproduce the rate con-
stants with an average deviation of 1.5%, and a maximum deviation
for run 1L0 at 25° of 3.5%, indicating a fairly high degree of ac-

curacy.

O{-hcetoxy-1,1!=trimethyleneferrocene, - Run Ii5a at 15° can

provide only a very crude estimate of the reaction rate at that
temperature, since the reaction was followed to such a low degree
of conversion, Run L6 was interrupted after about 25% reaction

and then continued the following day as run 47, Since the observed
infinity titers agreed well with the predicted values for these

two runs, the theoretical infinity titers were used for runs 53 and
5),, Only the points for 30 and L5° were used for caleulation of
the activation parameters,

Mﬁthyl—B-(1,1'-dimethylferrocenyl)carbinyl acetate gave good
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straightlline plots, but differences between duplicate runs were
about 3%, Activation parameters calculated from the points at 0
and 21,3° yield a value for the rate constant at 10° of 12,57 x

lO"Ssec"l

, which agrees within 0,6% with the observed value of 12,6k
-5 . .
x 10 “sec le A devigtion of 3% was assumed for run 97 in estimating

the error limits of ZSH#.

Methyl-3-(1,1'~trimethyleneferrocenyl)carbinyl acetate, - Of
three runs (88-90) performed on acetate prepared in acetic acid; two
showec. a strong driftnlate in the reaction, and all three failed to
give‘good agreement with runs performed on material prepared in pyri-
dine, For these reasons, and because a large amount of resin was
formed in the preparation in acetic acid, these runs were not in-
cluded in further calculations, Also run 91 at 100, which was per-

formed on too small a scale to allow accuracy, was disregarded, Even
when these runs were discarded, agreement between duplicate runs was
good only to sbout 3%, probably due to the rapidity of the reaction,
For these reasons, the values of AH# and AS# which were oblained
must be considered with reservation,

Methyl=2-(1,1'-dimethylferrocenyl)carbinyl acetate, - In run

12, at 0°, the first point was discarded due to a large deviation
from the line. There appeared to be a possible slight upward curva-
ture in the plot, The activation parameters were calculated by the
unweighted least squares procedure, and the standard deviation in
Z&Hﬁ was estimated by combining equal values of 0,48 from the least
squares and from the standard deviations of the rate'constants.

Methyl-2-(1,1'-dimethylferrocenyl)carbinyl acetate, fast iso=-

mer, - Good kinetic plots were observed for this compound in all runs




, - 220 -
at both 0 and 10°,

Methyl-2-(1,1!~trimethyleneferrocenyl)carbinyl acetate, slow

isomer, - Good kinetic plots were obtained for the runs at 300, but

a slight upward curvature raises some doubt about the values observed
at 15°, The run at 70.32° (#130) was performed in sealed ampules,

and showed quite large scatter, Activation parameters were calculated
by the weighted least squares procedure, and the standard deviation
obtained in this manner (0.Lli kecal,) was combined with that calculated
between 30 and L5° (0,68 keal.) to obtain the tabulated value,

Methyl-2-(1,1'~trimethyleneferrocenyl)carbinyl acetate, fast

isomer, - Run 138 at 300, which was performed roughly on a small

sample to check the identity of a recovered alcohol, was not included
in further calculations, Activation parameters calculated between

0 and 30° (with assumed 2,5% standard deviation for the rate constants)
vielded a value of 5,158 x 10'5590’1 for the rate constant at 10°,

This agrees with the observed constant within 1,5%,

Methyl (1!-carbomethoxyferrocenyl )carbinyl acetate, - Results

for this compound showed somewhat greater scatter and deviations be-
tween runs than most of the compounds, probably due to the slowness

of the solvolyses, The runs at 63.5° were performed in sealed ampules,
while 211 other runs were done by the usual aliquot technique, Due

to evaporation of solvent, the theoretical infinity velues were used
for runs at L5, A point included in calculations for run 87 led to
an excessively large deviation within the run, so the rate constant
estimated from the half-life was substituted, 4 fourth run at L5°

was discarded entirely due to its scatter, Activation parameters

calculated from the rate constants at 35 and 63,5° reproduced a value
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. x 10 “sec™™ for L5, which agrees within 0.4% (2bout 0,2
standard deviations) with the experimental constant, An attempt to
follow the reaction in 60% acetone failed due to decomposition or
precipitation during the run,

Methylruthenocenylearbinyl acetate gave good straight line plots

for all runs, Points for all temperatures fall on the least squares

line with a miximum deviation of less than 1%,

Methylosmocenylcarbinyl acetate gave straight line plots in all

three runs, but consi&erably greater scatter was observed for the 300
run, due to the rapidity of the reaction, In a plot of log(k/T) vs.
l/T, the 150 point fell off the line determined by the other two tem-
peratures by about h#%, Therefore, the weighted least squares treat-
ment was used to obtain activation parameters, To estimate the
standard deviation in Z&Hf; the value from the least squares treat-
ment (0.36 keal,) was combined with that estimated using twice the
deviations observed within the kinetic runs at 0 and 30° (0.57 keal,),

Trityl acetate, - The activation parameters were determined by

the unwelghted least squares procedure,

Product recovery from hydrolyses, - Products were isolated from

the solvolyses of several of the carbinols by a standard procedure,
The portions of solvolysis solutions used for the titrations and the
portions remaining in the volumetric flask were diluted with several
hundred milliliters of water, and the product was extracted from the
aqueous phase with methylene chloride, The organic solution was
washed with water three to five times, and where quaniities of car-
binol were small; the aqueous washes were again extracted with methyle-

ene chloride. The methylene chloride was evaporated at reduced



Run 51, Solvolysis of Methylruthenocenylearbinyl Acetate,

Titration

1

(2NN £ U - V%)

=3
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TABLE VI

"80%" Acetone, 0° C,

Sample: 0,1122 g,

Initial concentration: 0.00362 m/l.

Titer, (x mle
0.0359 N NaOH)

0.018
0,022
0,042
0,052
0,076
0,136
0,218
0,238

0,267

Titer of

unchanged acetate t (mine)
0,497 16
0,493 38
06473 169
00L:63 227
0,439 342
0,379 750
0,297 143
0.277 1616
0,248 1902

Infinity titerss 0,515, 0,516 ml,

Theoretical infinity titer: 0,519 ml.

% Followed to completion: 52

Rate constant:

6.2l x 1@mésec'l (unweighted least squares)

s

(66116 %0,0Lk) x 10 Csec™ (weighted least squares)
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TABLE VIT
Run 95, Solvolysis of Methyl=3-(1,1'-dimethylferrocenyl)carbinyl
Acetate, "80%" Acetone, 10° C,
Sample: 0,109 go

Initial concentration: 0,00366 m/1,

’ Titer, (x mle Titer of
Titration C.0368 N NaCH) unchanged acetate t (min,)
1 0,013 0.L%h 365
2 0,068 0,439 1845
3 0,111 00396 32,0
L 00152 0,355 16,0
5 0,195 0,312 63,0
6 00260 002k7 9260
7 0,301 0.206 1160
8 0,320 0,187 1300
9 . 0349 0,158 1510
10 0376 0,131 177.0
11 0,405 0,102 20700

Infinity titerss 0,506, 0,510, 0,506 ml,

Theoretical infinity titers 0,509 ml.
% Followed to completions 80
Rate constant:

1,28 x lmhsecml (esto from plot)

(1.243%0.007) x lmhsecwl (weighted least squares)



- 22l =
TABLE VIIT
Run 102, Solvolysis of Phenylferrocenylcarbinyl Acetate,
"80%" Acetone, 10° C,
Samples 0,158 g.

Initial concentrations 0,00473 m/1.

Titer, (x mle Titer of
Titration 0,0368 N NaOH) unchanged acetate t (min,)
1 0,05k 0,597 1ok
2 | 0,127 0.52L 11.5
3 0,201 0650 23,5
L 0,262 | 0,389 3he3
5 0,319 06332 4649
6 06373 0,278 6069
7 0.hi2k 0,227 7565
8 0455 0,196 ' 8709
9 0,186 0,165 101.7
10 0,515 0,136 118,5
11 05h7 0,10k 13962

Infinity titers: 00,651, 0,652 ml,
Theoretical infinity titers 0,66k ml,
% Followed to completions 8l
Rate constant:
=l =L
2011 x 10 "sec”— (est, from plot)

(2,13+0,01k) x l-'hsec"l (weighted least squares)
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pressure on a water bath which did not exceed a temperature of 50°,
Benzene was added, and the evaporation was repeated to yield an oil
or a solid, This residue was then freguently chromatographed as
described previously for the preparations of the carbinols (see P.
176). It was observed that about 1 mg. of 2 carbinol could be de-
tected quite readily as a band in the chromatogram, Product recoveries
from solvolyses of the various carbinols are briefly discussed below,

Methylferrocenylcarbinyl acetate, - A sample of 0,153 g, (0,56

mmole,) of the acetate was solvolyzed in "80%" acetone at LO-15°,
The crude product without chromatography weighed 0,096 g, (75%) and
melted at 75-77,5° (m.p. pure, 79,5-80°), Recrystallization from
hexane raised the melting point to 77.5—78.50, with a recovery of
52% of the total theoretical yield, None of the ether was noted

on chromatography of a portion of the crude product, On another
occasion, the visible spectrum of a solvolysis solution was observed,
The spectrum was identical with that of the carbinol or the acetate
(Amax LLho mp, € 100) and did not show any shift to longer wave
length or enhancement in intensity such as might be expected for
vinylferrocene (in this solvent, )\max L8 mp, € 2L6). No attempt
was made to ascertain whether vinylferrocene is hydrated under these

conditions,

Fhenylferrocenylcarbinyl acetate, - About 65% of crude alcohol

was recovered from the remnants of the hydrolyses. 7This alcohol had
mepo 75-79° (m.p, pure, 80,5~81.2°). A portion chromatographed as

usual showed only one band,

Methyl(2-ferrocenylvinyl)carbinyl acetate, - The solvolysis

product melted at 86-89° before chromatography (previous melting
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point, 91-92°; mixed m,p. 89-91°), On chromatography, a faint band
which was not visible on the column passed through rapidly, A weak
red-orange band preceding the main band contained no hydroxyl absorp-
tion in the infrared, The major orange product band was collected
in three fractions, All had infrared spectra identical with the

original alcohol,

Methyl(2-methylferrocenyl)carbinyl acetate, - Solvolysis solu-

tions for the fast isomer were worked up in the usual manner, Only
one band appeared in fhe chromatograms; infrared spectra of the first
and last portions of this band were identical and the same as that
of the corresponding alcohol,

Solvolysis solutions for the slow isomer were similarly treated.
Since the alcohol corresponding to this acetate is the faster-moving
one on chromatography, only the last traces of product leaving the
column were investigated by infrared spectroscopy., This spectrum
was identical with that of the alcohol corresponding to the acetate,

O{-Acetoxy-1,2-tetramethyleneferrocene, - Solvolysis solutions

from pure endo (slow) acetate were treated in the customary fashion,
The material recovered contained some acetate and ether, which passed
rapidly through the column, There was only one alcohol present, and
this was shown to be the exo alcohol on the basis of infrared spectrum
and solvolysis of acetate prepared from it, On the basis of the
quantity of recovered alcohol and the limits of detection in chrome-
tography, the alcohol product was at least 99% exo. 1In a control

run, 0,068 g, of the endo alcohol was heated for 2L nrs, at 80° in
sloys acetoné with an equimolar amount of acetic acid, Of this, 0,050

g, was recovered after chromatography. The last fraction of about
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0,004 g, was shown by its infrared spectrum to comsist partly of exo
alcohol, The remainder was pure endo aleohol, On this basis it may
be estimated that about 6% of the starting alcohol isomeriszed under
these vigorous conditions.
A product study of the exo acetate solvolysis showed the pres-
ence of only exo alcohol,

Methyl-2=(1,1'~-dimethylferrocenyl )carbinyl acetate, - Solvolysis

of each acetate resulted only in the corresponding carbinol, as shown
by infrared spectra of the product from chromatography.

Methyl—2-(l,1'-trimethyleneferrocenyl)carbinyl acetate, - The

solvolysis solution from the slow acetate yielded on chromatography
a small amount of ether or acetate, and only one alcohol, m,p, 78-
79,59, fhe corresponding alcohol melted previously at 80-81°,

The solvolysis product from the fast acetate yielded no ether,
and only a single alcohol, m.p. 90—910. The infrared spectrum was
identical with that of the alcohol corresponding to this acetate,
but that alcohol melted at 160-161,5°, It was later shown that the
alcohol melts or undergoes a transition at about 90°, and melts
finally at about 160°,

Methyl(1'-carbomethoxyferrocenyl)carbinyl acetate, - The sol-

volysis product was isolated before chromatography as an orange oil
which slowly crystallized under a small amount of pentane, The yield
of recovered product is estimated as 75% of theoreticel, m.p, 57.2-
58,79 (previous m,p, and mixed m.p, 57,5-58,7°), No indication of

lactone-formation was noted,

Methylosmocenylcarbinyl acetate, = Solvolysis solutions were

worked up after several weeks'! standing at room temperature, Ace-
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tate was prepared from the crude alcohol in the usual manner in pyri-
dine and acetic anhydride. The product melted at 63,5-65,5° (previous
m.p, 67,2-67,7°), and had an infrared spectrum identical with pre-
viously prepared materisl, After one recrystallization from i-propyl
ether, the product analyzed properly for carbon, hydrogen snd osmium
(see p, 189 ).

Alecholysis of methylferrocenylcarbinyl acetate, - In a prelim-

inary trial, 0.,1L5 g. (0,63 mmole,) of acetate was refluxed in methanol
(25 ml,) for 3 hrs, iﬁe solvent was removed under vacuum, 50 ml, of
benzene was added, and the solvent was again removed to yield an
orange oil, The infrared spectrum of this substance exhibited no
stretching frequencies in the regions expected for hydroxyl or car-
bonyl, 1In a control run, some of the carbinol was treated similarly,
The infrared spectrum of the material recovered was similar to that

of the starting carbinol,

A more complete study was made of the ethanolysis products,
Methylferrccenylearbinyl acetate was found to hydrolyze at least
partially on an alumina column, regardless of the grade of alumina
used, Milder adsorbents (magnesium sillicate, calcium carbonate and
magnesium oxide) were unsatisfactory due to insufficient retention,
The carbinol underwent some ether formation on acid-washed alumina,
but on Merck chromatographic alumina which was not designated as
acid-washed, the carbincl and its ethyl ether were cleanly separated
by elution with a 50-50 mixture of benzene and ether, This procedure

was used subsequently to isoclate the ether,

L sample of the ethyl ether of methylferrocenylcarbinol was pre-

pared by passing hydrogen chloride gas slowly for sbout 20 sec,



- 229 =
into a solution of methylferrocenylcarbinol (1,65 8., 1.2 mmole,)
in absolute ethanol (100 ml,), The mixture was allowed to stand for
1 hr, in a stoppered flask at room temperature, and then poured into
an excess of dilute aqueous sodium.acetate. The product was extracted
into methylene chloride, the organic phase was washed several times
with water, and the solvent was removed at reduced pressure, leaving
an orange oil, The oil was chromatographed as described above on
30 g. of alumina, and the product in the major yellow band was trans-
ferred to a Hickman_type molecular still, After distillation at 50°

‘ 220
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and about 5-10 p, the product had n 1,57L3, The infrared spectrum

was quite consistent with the structure of the ether, and showed no
hydroxyl stretching band,

Anal, Calcd, for Gy H oOFe: C, 65,1ty H, 6,98, Found (E): C,
65,125 H, 7.06,

Methylferrocenylcarbinyl acetate (1.5 g., 5.5 mmole.) was sol-
volyzed in 300 ml, of refluxing absolute ethanol for 3 hrs, The
ethanol was distilled to a small volume, 200 ml, of benzene was added,
and again the volume was reduced, The mixture was chromatographed
directly as sbove, Most of the product passed swiftly through the
column, leaving behind a small band of the alcohol, After distilla-
tion in a Hickman molecular still, the product had ngso 1.57h1, and an
infrared spectrum identical with that of the authentic ethyl ether,

In a control run, a sample of methylferrocenylcarbinol (0.5 Zos
2.2 mmole,) was treated for an equal period of time in an ethanol
solution containing 0,062 ml, (1 mmole,) of acetic acida Work-up as
before by chromatography yielded predominantly the ethyl ether,

i sample of methylferrocenylcarbinyl acetate (0.10 g., 0.37 mmole, )
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was refluxed in absolute ethanol (50 ml,)., After 1,5 and 6 hrs,,
10 ml, aliquots were removed, poured into water, and titrated with
0,0376 N sodium hydroxide, Both titrations required an amount of
base 5% in excess of the expected amount (2,00 ml,)., TIn a control
run, methylferrocenylcarbinol (0,1 g,, 0,43 mmole,) was similarly
refluxed with methanol (50 ml,) and ethyl acetate (0.03 g., .35 mmole,).
After 6 hrs,, titration of a 10 ml, aliquot required 0,07 ml, of base,
as compared with the indicator blank of 0,05 ml,

Ethanolysis of (Y -acetoxy=-1,1'-trimethyleneferrocene, - A sample

of (X-acetoxy-1,1!'-trimethyleneferrocene (0,035 g,, 0,12 mmole,)

was heated at reflux in 50 ml, of absolute ethanol for 2 weeks, Ti-
tration of a 10 ml, aliquot recuired 0,018 mmole, of base, 75% of the
theoretical quantity., The end point was quite sharp, and changing
from cresol red (pH 7,.,2-8,8) to thymol blue (pH 8,2-9,6) gave a neg-
ligible change in the titer, so it may be safely assumed that the
titer was not due to absorbed carbon dioxide,

The remainder of the solution was concentrated to dryness at
reduced pressure, and the residue was chromatographed on alumina
with 50-50 bengene - ether, 0Only a fast-moving band of ether was
present, and no alcohol was detected,

Solvolysis of tosylate of [}-hydroxy-l,l'atrimethyleneferrocene. -

Solvolyses were performed on two crops of tosylate (see p. 192},
The first of these (first crop from recrystallization, decomposed to
tar at 115—1200, not analyzed) was solvolyzed in "80%" acetone at

10° by the usual kinetic procedure, The kinetic plot was consist=

5

- =1
ent with solvolysis of a slow component (k = 1,20 x 10 “sec ) and

a faster component (k = 7.1 x lO'Ssec'l), although the precision of
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the data was insufficient to test this very critically, The rate
constant for the slower component is particularly crude. The total
acid formed was 65% greater than the amount predicted on the basis
of pure tosylate,

The second solvolysis (second crop from recrystallization, dark-
ened with no melting to 1600, analyzed poorly for the tosylate, but
showed no chlorine) was performed in "70%" acetone at 10°, The infin-
ity titer was about 70% of that expected, but the kinetic plot gave a
fairly straight line (k = 12 x 10 sec ),

For comparison with the solvolysis rates of the two tosvlate
crops, p-toluenesulfonyl chloride was solvolyzed in "80%" acetone
at 10°, (Tosyl c¢hloride solvolyzed was commercial material, purified
by washing a benzene solution with acqueous sodium hydroxide, followed
by drying the solution over potassium carbonste, concentrating to a
small volume and allowing the product to crysiallize, m.p. 68-69°),
Since the reaction was quite slow, it was followed less than one half
life, and the final titer was estimated from the weight of compound

solvolyzed, The rate constant estimated from the slope was 0,3L x

10"Ssec'1.

The product from the two tosylate solvolyses was isolated by
extraction in the customary manner, A solid product was obiained,
m.p. 135.,5-138,5°, Chromatography revealed only one yellow band of
alcohol, m,p, 1L5-147° (m.p, of [S-hydroxy-1,1'-trimethyleneferrocene,
149-150°; mixed m.p., 147.5-149°). The infrared spectrum was identical
with that of p—hydroxy—l,l'-trimethyleneferrocene, aﬁd differed
markedly from that of (f-hydroxy-1,l'-trimethyleneferrocene,

Preparation and solvolysis of tosylate of [}d@rrocenylethanol. -
[ 4
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A mixture of;/}uferracehylethanol% (0,22 g., 0,96 mmole,), p-tolu-
enesulfonyl chloride (0,18 g., 0,95 mmole,) and pyridine (3 ml,)
was allowed to react for 2l hrs, at OO, The solution was poured
into excess 2 N sulfuric acid, and the product was extracted into
methylene chloride, The organic solution was washed with dilute
sulfuric acid, water, and saturated aqueous sodium chloride, The
solvent was removed to yield an oil which crystallized, Recrystalli-
zation from ethyl acetate - hexane produced 0,1L7 g, (LOZ) of orange
crystals, m.p. 76-77°, The infrared spectrum lacked hydroxyl ad-
sorption, bul possessed bands consistent with a tosylate,

Anal, Caled, for CigHyn03FeS: C, 59,395 H, 5.25; Fe, 1L,5k,
Found (S)s: C, 59.993 H, 5.323 Fe, 14.50,

The tosylate was solvolyzed in two portions, In the first,
0.105 g, of the tosylate was heated at 50° in 80 ml, of 50-50 ace-
tone - water for 12 hrs, In the second, 0,020 g, of the tosylate
was heated for a similar time in & ml, of the same solvent, with
0,030 g, of solid barium carbonate added, In both cases, the only
product isolated was‘/3~ferrocenylethanol. In the former case, this
was shown by the identity of the infrared spectra of the first and

last traces of materisl in the single band of the chromatogram.

%Kindly furnished by D, Garwood,



- 233 =

REFERENCES

1, T, J. Kealy and P, L, Pauson, Nature, 168, 1039-10L0 (1951),

2, S, A, Miller, J, A, Tebboth and J, F, Tremaine, J, Chem, Soc,,
1952, 632-635,

3. G. D, Broacdhead, J, M, Osgerby and P, L, Pauson, J, Chem, Soc,,
1958, 650-656,

L. G, R, Hauser and J. K, Lindsay, J. Org. Chem., 22, L82-485 (1957).

5. J. R.hgillelea and H, G, Lindwall, J, Am, Chem, Soc,, 70, L28
(19L8). , -

6. J, V. Heid and R, lLevine, J, Org, Chem,, 13, L09-L12 (19L8),

7. P. J, Graham, R, V, Iindsey, G, W, Parshall, M, L, Peterson and
G, I, Whitman, J, Am, Chem, Soc., 79, 3k16-3L20 (1957).

8, H, D, Hartough and A, I, Kosak, J, Am, Chem, Soc,, 69, 3093-3096
(1947). -

9. V, Weimmayr, J, 4m, Chem, Soc., 77, 3009-3011 (1955).

10, A, N, Nesmeyanov, E, G. Perevalova, R, V, Golovnya and 0, A, Nes-
meyanova, Doklady Akad, Nauk SSSR, 97, L59-L61 (195k).

11, J, H, Simons and S, Archer, J. Am, Chem, Soc., 60, 2952-2953 (1938),
12. R, Hiemschneider and D, Helm, Chem, Ber,, 89, 155-161 (1956),

13, M. Vogel, M, Rausch and H, Rosenberg, J., Org. Chem,, 22, 1016~
1018 (1957). -

1, A, N, Nesmeyanov and N, S, Kochetkova, Doklady Akad, Nauk SSSR,
109, 5L3-5L5 (1956).

15, A, N, Nesmeyanov and N, S, Kochetkova, ibid,, 11k, 800-802 (1957).
16, A, N, Nesmeyanov and N, S, Kochetkova, ibid., 117, 92-9L (1957).

'17. A. N, Nesmeyanov and N, S, Kochetkova, Izvest, Akad. Nauk S5SSRE,

1958, 2L2

18, J. F, Norris and D, Rubinstein, J, Am, Chem, Soc,, 61, 1163-1170
(1939).

19, M. Rosenblum and J, O, Santer, J. Am, Chem, Soc., 81, 5517-5518
(1959).

20, D, Garwood, unpublished results, California Institute of Technology,



- 23L -
21, G, Jutz, Tetrahedron Lett., No., 21, 1-L (1959),
22, C, Jutz, Chem, Ber,, 91, 850-861 (1958),

23, H, D, Hartough, J. W, Schick and J, J, Dickert, J, Am, Chem, Soc, ,
12, 1572-1577 (1950),

2h. L. F. Fieser, J, L, Hartwell, J, B, Jones, J, H, Wood 2nd R, W,
Bost, Org, Syntheses, 20, 11-13 (19L0),

25, W, J, King and F, F. Word, J, Org, Chem., 13, 635-6L0 (15L8),
26, C. R, Hauser and J, K. Lindsay, ibid,, 22, 12L6-1250 (1957),
27, J. M, Osgerby and P, L, Pauson, J, Chem, Soc,, 1958, 656-660,

28, H, D, Hartough, S, J, Iukasiewicz and E, H, Murray, Jr., J. Am,
Chem, Soc,, 70, 11Lh6-11L9 (19L8),

29, R, F, Holdren and R, M, Hixon, ibid,, _6_(% , 1198-1200 (19hL6),
30, a. G, J. Schmidle and R, C., Mansfield, ibid., 77, 1636=-1638 (1955),

b, S, L. Niersel, J, J, Dickert, Jr, amd H, D, Hartough, ibid,,
78, L782-i783 (1936).

31, M, Rausch, M, Vogel and H, Rosenberg, J, Org. Chem,, 22, 900-
903 (1957).

32, H, Gilman, Organic Chemistrys; An Advanced Treatise, John Wiley

and Sons, Inc,, New York, N, Y. (19L3), V. I, P. 551,

33, G, Roeder and W, Blasi, Chem, Ber,, L7, 27Lh8-2752 (191L),

3L, G. R, Knox and P, L, Pauson, J, Chem, Soc,, 1958, 692-696,

35. A. N, Nesmeyanov, E, G, Perevalova and S, S, Churanov, Doklady
Akad, Nauk SSSR, 11k, 335-338 (1957); Chem, Abstr,, 52, 368
(1958),

36, L. A, Kagitsyna, Chem, Abstr,, L2, 3751 (19k8).

37, a. R. B, Woodward, M, Rosenblum and I, C, Whiting, J. Am, Chem,
Soc., Th, 3L58-3L59 (1952).

b, E, 0, Fischer and R, Jira, Z, Naturforsch., 8B, 1-3 (1953).

c. A, N, Nesmeyanov, B, G, Perevalova and 0, A, Negmeyanova, Dok=
lady Akad, Nauk SSSR, 100, 1099-1101 (1955).

38, E, M, Acton and R, M, Silverstein, J, Org. Chem,, 2L, 1h87-1L90
(1959).



- 235 =

39. M. D, Rausch, E, O, Fischer and H, Grubert, Chem, and Ind,, 1958,
756"7570

Lo, M. D, Rawsch, E, 0. Fischer and H, Grubert, J, Am, Chem, Soc,,
82 76-@2 (1960).

L1, ¥, Fuson, M, L, Josien and E, M, Shelton, J, Am. Chem. Soc,, 76,
2526-2533 (195L).

k2, J, Tanska and S, Nagakura, J. Chem, Phys., 2h, 311-315 (1956),

L3, L, J, Bellmy, The Infrared Spectra of Complex Molecules, John
Wiley and Sons, Inc,, New York, N, Y., (1950), PP. 137-138

Lli, X, L, Rinehart, Jr., K, L, Motz and S, Moon, J, Am. Chem, Soc,
179, 27h9- 2751 (1957).

L5, a, M., Rosenblum, Ph,D, Thesis, Harvard University, August, 1953,

b, M, Rosenblum and R, B, Woodward, J, Am, Chem, Soc., 80, 53~

5hh9 (1958).
L6, See p, 122 of this thesis,

Li7. Infrared Data of the Petroleum Research Institute, Project Ll
Socony=Vacuum Laboratories,

li8., M. Rosenblum, Chem, and Ind,, 1957, 72,

49, S. Gronowitz and A, Rosenberg, Arkiv, Kemi, Min, Geol., 8, 23-27

(1955).

50, G, D, Broadhead, J., M, Osgerby and P, L, Pauson, Chem, and Ind,,
1957, 209,

51, A, N, Nesmeyanov and N, A, Vol'kenau, Doklady Akad, Nauk SSSR,
111, 605-608 (1956).

52, K, Schlbgl, Monatsh,, 88, 601-621 (1957).
53, N, Weliky and E, S, Gould, J. Am, Chem, Soc., 79, 27L2-27L6 (1957).

5h. A, W, Nesmeyanov, E., G, Perevalova, L, S, Shilovtseva and Y, A,
Ustynyuk, Doklady Akad, Nauk sss& 12h, 331-33L (1959).

55, J, K. Lindsay and C, R, Hauser, J, Org, Chem,, 22, 355-358 (1957).
56, H, H., Law and H, Hart, J., Org. Chem., 2k, 280-281 (1959).
57. D, A, Brown and R. F., Hudson, J, Chem, Soc., 1953, 883-887,

£, D. A. Brown and R, F, Hudson, ibid,, 1953, 3352-3360,



59,
60,

61,

62,
63,
6k,

65.

66,

67,

68.
69,
70,

71.

72,

73.
Th,
75,
76,
7.

78.

19,

- 236 -

K, L. Rinehart, Jr., K. L, Motz and S. Moon, J, Am, Chem, Soc,,
79, 27b9-275L (1957).

H, D, Hartough, Thiophene and Its Derivatives, Interscience Pub-

lishers, Inc,, New York, (i1952), p. 375,

H. G, Brown, D, H, McDaniel and O, H4flinger in Determination of
Organic Structures by Physical Methods, E, A, Braude and F, T,
§achod, eds,, Academic Press, Inc,, lew York, N, Y, (1955), p.

a8,

J, K.SKochi and G, S, Hammond, J, Am, Chem, Soc., 75, 3LL5-3451
(1953)., —

J. N, E, Day and C, K, Ingold, Trans. Faraday Soc., 37, 686 (19l1).

C. X, Ingold, Structure and Mechanism in Crganic Chemistry, Cornell
University Press, lthaca, N. Y. (1953), PP. (52-10L,

M, S, Newman in Steric Effects in Organic Chemistry, M, S, Newman,
ed,, John Wiley and Sons, inc,, New York, N, Y. (1956), pp. 218-
225,

E. 5, Gould, Mechanism and Structure in Organic Chemistry, Henry
Holt and Co,., Inc., New York, N, Y. (1959), PP. 339-3L5,

J. Hine, Physical Crganic Chemistry, McGraw-Hill Book Co., Inc,,

Wew York, N, Y. (1956), po, 266-200,
M, L. Bender, Chem, Revs., 60, 53-113 (1960),
A, G, Davis and J, Kenyon, GQuart, Revs, (Iondon), 9, 203-228 (1955),

A, R, Olson and R, J, Miller, J, Am, Chem, Soc,, 60, 2687-2692
(1938).

C, G, Swain and C, B, Scott, ibid,, 75, 1h1-147 (1953),

J. ¥, Bunnett, M, M, Robinson and F., C, Pennington, ibid,, Zg,
2378-2381 (1950),

C. C, Price and W, J. Belanger, ibid,, 76, 2682-268L (195L),

M. L. Bender and R, S, Davey, ibid,, 78, 317-319 (1956),

C. C. Price and R, H, Michel, ibid,, Tk, 3652-3657 (1952).,

H; L. Goering, T. Rubin and M, S, Newman, ibid., 76, 787-791 (195L).
R, Barthel, Chem, Ber,, 76, 573-57h (1943).

L. P, Kuhn, J. Am, Chem, Soc,, 71, 1575-1577 (1949).

J. A. Leisten, J. Chem, Soc,, 1956, 1572-1577,



80,

81,
82,

83,

8L,

86,
87,

88,

890

- 237 =

S.(G.Ic§hen and A4, Schneider, J, Am. Chem, Soc,, 63, 3382-3388
1941), =

C. A, Bunton and J, L, Wood, J, Chem, Soc., 1955, 1522-1525,

C. 4, Bunton, E, D, Hughes, C, X, Ingold and D, F, Meigh, Nature,
166, 680 (1950),

W, von E, Doering and H, H, Zeiss, J, Am, Chem, Soc,, 75, L733-
h738 (1953)., —

a, V. R, Stimson and E, J, Watson, J, Chem, Soc., 195L, 28L8-2852,

i
=
=

. Stimson, ibid., 1955, 2010-2013,
c. V, R, Stimson, ibid,, 1955, 2673-2675,
d. V, R, Stimson, ibid,, 1955, L020-Lo21,
e. G, J. Harvey and V, R, Stimson, ibid,, 1956, 3629-3631,
£, J, G, Hawks and V, R, Stimson, ibid,, 1956, L676-L67T,

¥, P, Balfe, E, A, W, Downer, A, A, Evans, J, Kenyon, R, Poplett,
C. E, Searle and A, L, Tarnoky, ibid,, 1946, 797-803,

A. G, Davies and A, M, White, ibid., 1952, 3300-3303.
a. D, I, Duveen and J, Kenyon, ibid,, 1936, 621-623,
b, J. G. Anderson, M, P, Balfe and J, Kenyon, ibid,, 1951, 385-386,

M. P, Balfe, M, A, Doughty, J. Kenyon and R, Poplett, ibid., 1sh2,
605-611,

G, S, Hammond and J, T, Rudesill, J. Am, Chem, Soc,, 72, 2769-
2770 (1950).

C, A, Bunton and A, Konasiewicz, J. Chem, Soc,, 1955, 1354-1359,
Reference 6l, pp, 315-350,

a. B, Grunwald and S, Winstein, J, Am, Chem, Soc., 70, 846-85L (19L8).
b, A. H, Fainberg and S, Winstein, ibid,, 78, 2770-2777 (1956).

S, Winstein, A, H, Fainberg and B, Grunwald, ibid., 79, 116 (1957).

C. G, Swain, R, B, Mosely 2nd D, E, Bown, ibid,, 77, 3731-3737
(1955).

. C. G. Swain, C, B, Scott and K, H. Lohmann, ibid,, 75, 136-1L0

(1953).



- 238 -
96, E, Tommila and C, N, Hinshelwood, J, Chem, Soc,, 1938, 1801-1810,

97. R, T. Myers, A, R, Collett and C, L. Lazzell, J, Phys, Chem,, 56,
14611163 (1952) -

98, a, S, S, Danyluk, H, Teniguchi and G, J, Janz, ibid,, 61, 1679-
1681 (1957), B

b. T, Shedlovsky and R. L, Kay, ibid., 60, 151-155 (1956),

99. J. H, Richerds and E, A, Hill, J, Am, Chem, Soc., 81, 3L8L-3L85
(1959). -

100, C. Jutz, Tetrahedron Iett,, No, 21, 1-L (1959).
101, G, R, Birell, B, McEwen and J, Kleinberg, ibid., No, 5, 16-18 (1959).
102, G, Ihler, unpublished results, California Institute of Technology, (1960),

103, XK. L. Rinehart, Jr,, C, J. Michejda and P, A, Kittle, J, Am, Chem,
Soc., 81, 3162-3183 (1959).

10k, M, Levenberg, unpublished results, California Institute of Tech-
nology (1960),

105, P. L. Pauson, Quart, Revs, (Londom}, 9, 391-lik (1955),

106, a, J, D, Roberts and W, T, Moreland, J, Am, Chem, Soc.,, Z§3 2167=
2173 (1953).

b, J. D, Roberts and R, A, Carboni, ibid,, 77, 5554-5558 (1955),
107, R, A. Benkeser and L., W, Hall, Jr,, private communication,

108. a, L., P, Hammett, Physical Organic Chemistry, McGraw-Hill Book
Co,, Inc,, New York, N, ¥, (19L0), p. 18L,

b, D, H, McDaniel and H, C, Brown, J, Org, Chem., 23, L20-L27 (1958),
109, R, W, Taft, Jr, in reference 65, pp., 556-665,

110, J. D. Roberts znd C, M, Regan, J. Am, Chem, Soc., 76, 939-9L0
(195k).,

111, J. D, Roberts, B, A, McElhill and R, Armstrong, ibid., 71, 2923-
2926 (1949).

112, A N, Nesmeyanov and O, A, Rewtov, Doklady Akad, Nauk SSSR, 115,
518-521 (1957); Chem, Abstr,, 52 5393 (1958).

113, a, D, Bublitz, G, Hoh and T, Kuwana, Chem, and Ind., 1959, 635-636,

‘b, T, Kuwana, D, E, Bublitz and G, Hoh, private communication,



- 239 -

11k, a, H, C, Brown, J, D, Brady, M, Grayson and W, H, Bonner, J, Am,
Chem, Soc., 79, 1897-1903 (1957).

b, H, C, Brown and ¥, Okamoto, ibid., 79, 1913-1917 (1957),
115. J. Kochi and G, S. Hammond, ibid,, 75, 3Lh5-3L51 (1953).
116, V. J. Shiner, Jr. and C. J. Verbanic, ibid., 79, 369-373 (1957),
117, W, N, Iichtin and M, J, Vignali, ibid., 79, 579-583 (1957).

118, a. N. G, Deno, J, ¥, Jaruzelski and A, Schriesheim, ibid,, 77,
304h-3051 (1955), -

b, N, C. Deno and A, Schriesheim, ibid,, 77, 3051-305k (1955),
¢, N, C, Deno and W, L, Evans, ibid., 79, 580L-5807 (1957).
119, H, C, Brown and G, Marino, ibid,, 81, 5611-5615 (1959),
120, a, S, Winstein and R, Heck, ibid,, 78, LB01-h806 (1956),
b, R, Heck and S, Winstein, ibid,, 79, 3105-3113 (1957),
121, E, R, Lippincott and R, D, Nelson, ibid,, 77, L990-L993 (1955),
122, a, K, L. Rinehart and X, L, Motz, Chem, and Ind,, 1957, 1150,
b, J. B, Thompson, Tetrahedron Lett,, No., 6, 26-27 (1959),
123, D, S, Trifan and R, Bacskai, ibid., No. 13, 1-8 (1960),

12k, L, Pauling, The Nature of the Chemical Bond, Cornell University
Press, Ithaca, N, ¥, (1960), pp. 106-116, 221-230, L53,

125, a, J. D, Dunitz, L. E, Orgel and A, Rich, Acta. Cryst., 9, 373-
375 (1956).

b, G, L, Hargrove and D, H, Templeton, Acta Cryst,, 12, 28-32
(1959).

¢, B, 0, Fischer and H, Grubert, Chem, Ber., 92, 2302-2309 (1959),
126, Reference 121, p, 260,
127, HReference 124, pp. 386-392,

128, a, S, Winstein, B, Grunwald and H, W, Jones, J. Am, Chem, Soc.,
73, 2700-2707 (1951).

b, A, Streitwieser, Jr., Chem, Revs,, 56, 571-752 (1956).

129, W. G, Dauben, G, J, Fonken and D, S. Noyce, J. Am, Chem, Soc,,
78, 2579-2562 (1956).



- 2L0 -

136, W, G, Young, S, H, Sharman and S, Winstein, J, Am, Chem, Soc, ,
82, 1376-1382 (1960).,

131, Reference 61, pp. 603-605,
132, E. A, Braude and F, Sondheimer, J, Chem, Soc,, 1955, 375L4-3766,
133, G, Baddeley and J, Chadwick, ibid,, 1951, 368,

13k, a, N. N, Lichten, E, S, Lewis, E, Price and R, R, Johnson, J, Am,
Chem, Soc,, 81, L520-L523 (1959).

b, B, D, Hughes, C, K, Ingold and A, D, Scott, J, Chem, Soc.,
1937, 1201-1208,

c, B, S, Lewis, R, B, Johnson and G, M, Coppinger, J. Am, Chem,
Soc,, 81, 31h0-3143 (1959).

135, Reference 128b, pp, 638-6L0,

136, C, G, Swain and C, B, Scott, J. Am, Chem, Soc,, 75, 2h6-2h8 (1953),
137, A. H, Fainberg and S, Winstein, ibid,, 79, 1597-1602 (1957),

138, Heference 128b, pp, 622-623,

139, Reference 6L, pp. 32L-325; reference 128b, pp. 614-615,

140, L. C. Bateman and E, D, Hughes, J., Chem, Soc., 1940, 9L5-9L8,

U, A&, G. Evans and S, D, Hamann, Trans, Faraday Soc., 47, 25-30 (1951).

142, Reference 128b, p, 616,
143, A. M. Ward, J, Chem, Soc,, 1927, 2285-2295,

1ll. A, C. Nixon and G, E, K, Branch, J, Am, Chem, Soc., 58, L92-Lo8
(1936).

1h5, J. W, Baker, J, Chem, Soc,, 193L, 987-992,

16, C. W, L, Bevan, E, D, Hughes and C, K. Ingold, Nature, 171, 301~
302 (1953).

147. L. C. Bateman, M, G, Church, B, D, Hughes, C, K. Ingold and N. A,
Taher, J, Chem, Soc,, 1940, 979-1011,

108, a. H. H, Jaffee, J, Chem, Phys., 21, 156-157 (1953).

b, D, P, Craig, &, lMaccoll, R, S. Nyholm, L., E, Orgel and L, .
Sutton, J. Chem. Soc., 195k, 332-353,

c. W, Moffitt, J, Am, Chem, Soc,, 76, 3386-3392 (1954},



-2l -
- d., J. D, Dunitz and L. E, Orgel, J, Chem, Phys., 23, 95L-958 (1955),
e, J, W, Iinnett, Trans. Faraday Soc., 52, 90L-912 (1956).
f. D, &, Brown, J, Chem. Phys., 29, 1086-1090 (1958),

g. A, D, Liehr and C, J, Ballhausen, Acta Chem, Scand,, 11, 207-
218 (1957). o

h, R, E, Robertson and H, M, McConnell, J. Phys, Chem,, 6L, 70-
77 (1960). ““

149, a. C, A, Coulson and H, C, Longuet-Higgins, Proc., Roy, Soc.,
A191, 39-60 (19L7),

b, B, Pullman and A, Pullman, Les Theories Electroniques de la
Chimie Organique, Masson et Cie,, Paris (1952), pp. 178-201,

¢, E, Hickel, Z, Physik,, 70, 20L-286 (1931).

d. D, Dandel, R, Lefebvre and C, Moser, (uantum Chemistry, Methods
and Applications, Interscience Publishers, Ltd,, London (1959},
ppo )—‘-8‘700 !

150, A. Streitwieser, Jr,, J. Am, Chem, Soc,, Th, 5288-5290 (1952),
151, ¥, J. S. Dewar and R, J, Sampson, J, Chem, Soc,, 1957, 29L6-2952,

152, C, A. Coulson and H, C. Longuet-Higgins, Proc, Roy. Soc., 4192,
16"’32 (19“7)0

153, C. 4. Coulson and G, S, Rushbrooke, Proc, Camb, Phil, Soc., 36,
193-199 (19L0).

154, H. C. Longuet-Higgins, J. Chem, Phys,, 18, 283-291 (1950).
155, H. C. Longuet-Higgins, ibid,, 18, 265-27L (1950).

156, K, Fukui, T, Yonezawa, C. Nagata and H. Shingu, J. Chem. Phys.,
22, 1h33-1Lk2 (195L).

157, Reference 12k, pp, 255-256,
158, Reference 12li, pp. 226, 2h9, 256-257, L17-L18,

159. K. C. Dewhirst and D, J, Cram, J, Am, Chem, Soc., 80, 3115-3125
- (1958).

160, a., R, 8, Malliken, C, A, Rieke, D, Orloff and H, Orloff, J, Chem,
Phys., 17, 12L8-1267 (19L9).

b. H, H, Jaffee and G, O, Doak, ibid., 21, 196-200 (1953},

c. H. H. Jaffee, ibid,, 21, 258-263 (1953).



- 2h2 -

161, J, D, Hoberts and A, Streitwieser, Jr,, J, Am, Chem, Soc,, 7l,
L723-0725 (1952), -

162, E. O, Fischer and R, Jira, Z, Naturforsch,, 8b, 217-219 (1953).,

163, D, (S,é"?lxan and R, Bacskal, J, Am, Chem, Scc,, 82, 5010-5011
1960) -

16, Reference 12k, p, L52,

165, P, von R, Schleyer and R, West, J. Am, Chem, Soc., 81 31643165
(1959). -

166, T. J. Curphey, J. 0, Santer, M, Rosenblum and J, H, Richards, J.
Am, Chem, Soc,, Qg 52h9- 5250 (1960),

167, K, L, Rinehart, 4., K, Frerichs, P, A, Kittle, L, F, Westman, D, H,
Gustafson, R, L. Pruett and J. B. McMahon, 1b1d., 82, 1111-
la1e (1960)

168, Reference 13, pp. Lh=52,
169, E, O, Bishop and R, E. Richards, Mol, Phys., 3, 1lh-12L (1960),
170. a, C. A, Vernon, J, Chem, Soc,, 195L, L23-L28,
b, Reference 128b; pp. 616, 650-653,
171. R. H, Delolfe and W, G, Young, Chem. Revs., 56, 753-901 (1956).

172, 8, Winstein, B, K, Morse, E, Grunwald, C. K, Schreiber and J,
Corse, J, " im, Chen. Soc., Th, 1113 (1Q52)

173, W, Huckel and K, Tomopulos, Amn,, é}g 78-105 (1957).

174, B, R, Lippincott and R, D, Nelson, Spectrochim, Acta, }9 307-
329 (1957).

175, M., Rosenblum, J, Am, Chem, Soc.; 81, L530-L536 (1959).
176, Reference h}; pp. 6L-8lL,

177. M, Rosenblum, Chem, and Ind,, 1958, 953.

178, Reference hB; pp. 29-31.

179, D, S. Trifan, J, L. Weinmann and L, P, Kuhn, J. Am, Chem, Soc.,
79, 6 66-(567 (1957).

180, Reference 12&, p. 93.

181, K. L, Rinehart, Jr, and R, J. Curby, Jr., J. Am, Chem. Soc., 79,
 3290-3291 (l°§7).



182,

183,
18l
185,

186,

187,
188,

189,
190,
191,
192,

193.
19L,

195.
156,
197.
198,

199,

200,

- 23 -

J. A, Pople, W, G, Schreider and H, J, Bernstein, High-resolution
Nuclear Magnetic Resonance Spectroscopy, McGraw-Hill Book Co.,
Inc., New York, W, ¥, (19597, pp. 180-183,

G, Wilkinson, Org, Syntheses, 36, 3L-35 (1956).
V. Weinmayr, U, S, Patent 2;683,157; Chem, Abstr., L9, 1036L (1955),

R. A, Benkeser, D, Goggin and G, Schroll, J. Am, Chem, Soc., 76,
025-4026 (195L).

a. A, N, Nesmeyanov, E, G. Perevalova, L, S, Shiloviseva and
4, #. Beinoravichute, Doklady Akad, Nauk SSSR, 121, 117-118
(1958) (Eng. transl., p. 521),

b, A, W, Nesmeyanovf E, G, Perevalova and Z. A, Beinoravichute,
ibid., 112, L39-Lho (1957).

R, F, Nystrom and C. R, A, Berger, J. Am, Chem, Soc., 80, 2896~
2898 (1958).

K. L, Rinehart

Jr., R, J, Curby, Jr, and P, E, Sokol, ibid,,
79, 3h20-3h2l,

(1957).

A, Littringhaus and W, Xullick, Angew, Chem,, 70, 438 (1958).
K. Schl'éél and H, Seiler; }?Eonatsh.; 2, 79-91 (1960),

J. B, Thompson# Chem, and Ind,, 1959, 1122,

As N, Nesmeyanov, N, A, Vol'kenau and V, D, Viltchevskaya, Dok-
lady Akad, Neuk SSSR, 118, 512-51L (1958),

F, 5. Arimoto and A, C, Haven, Jr., J, Am, Chem. Soc., 77, 6295-
6297 (1955).

Gmeling Handbuch der Ancrganischen Chemie, Verlag Chemie, G, M,
B. H., Berlin (1939), V. 66, p. 55,

G, Wilkinson, J. Am, Chem, Soc., 7h, 6146-61L7 (1952),
W, E, Bachmann, Org. Syntheses, 23, 100-102 (1943).
. Gomberg and , Davies, Ber,, 36, 392L-3927 (1903).

M. Rausch, M, Vogel and H, Rosenberg, J. Org. Chem,, 22, 903-906
- (1957).

J. Kochi and G, S, Hammond, J. Am, Chem, Soc,, 75, 3L52-3L58 (1953).

International Critical Tables , McGraw-Hill Book Co., Inc,, New
York, N, Y. (1928}, v. 3, pp. 111-113,




- 2hh -

201, A. A, Frost and R, G, Pearson, Kinetics and Mechanism, John Wiley
and Sons, Inc,, New York, N, Y, (1956), p. 13.

202, Reference 201, p. Lo,
203, W, E, Roseveare, J, Am, Chem, Soc., 53, 1651-1661 (1931),

20L, A, G, Worthing and J, Geffner, Treatment of Experimental Data,
John Wiley and Sons, Inc,, New York, N, Y, (19L3), pp. 109-20L,

205, Reference 20k, pp. 2L9-250,
206, Reference 201, p., 96.
207, Reference 20k, pp. 205-207,

208, Reference 201, pp, 1L9-151,



@2235 -
PROPOSTITIONS

Lo A study is proposed to investigabte possibilities for anchimeric
assistance at the (f=position in solvolyses of allylic derivatives.
This case is vinylogous to the carefully studied neighboring group
participation observed forjﬁgaalkyl or‘/3maryl groups in saturated
systems (1), Solvolyses of such compounds as I would be involved

in such a studyg In @articularly favorable cases, rearrangement

to the homoallylic isomer might be anticipated,

Hz
C-CH=CH-CH5X

C
H3

26 A study comparing the effects of substituents on solvolyses
and eleétrophilic substitution reactions is proposed in a series of
derivatives of an electron-rich aromatic system such as thiophene,
This study could produce useful results in several areas, First,
the solvolyses shouid proceed through carbonium ions of stability
comparable to the trityl cation, but with less bulky substitution
about the seat of the reaction. Second, in an aromaﬁic system which
is so effective by itself in supplying electrons to a deficient
center, the quantitative effects of substituents might well be al-

tered markedly. ILittle comparative data has been obtained which
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permits a satisfactory evaluation of substituent effects, Third, a
sufficient measure of success has been observed in correlation of
electrophilic reactions in benzene derivatives (2) that it would be
of interest 1o determine the applicability to another systeme The

study proposed would provide a severe test for such a correlation.

36 Studies of solvolyses of o-biphenylearbinyl derivatives are
proposed, ‘Several results might be anticipated., First, nucleo=
philie participatien by the o=-phenyl group might be observed, with
the production of fluorenes, Perhaps a carbonium ion so favorably
situated sterically might succeed in displacing 2'=substituents such
as bromine or carboxy, With 2,6-dimethyl substitution on the second
ring, intramolecular hydride abstraction would be sterically favored.
Steric and electronic effects on such a rearrangement could be in-

vestigated by introduction of suitable substituents,

ho An o-substituted acetophenone or benzaldehyde may exist in
either of two coplanar conformations., Interconversion between these
two forms will be hindered by conjugation of the carbonyl function
with the ring, which introduces a degree of double bond character to
the bond joining the carbonyl group to the ring., The position of
cequilibrium will depend upon the bulk and polar nature of the sub-
stituents, both in the o-position and on the acetyl methyl group.
The rate of interconversion will depend also upon the conjugative
and inductive effects of substituents on the ringe. An NMR study of
such ketones or aldehydes at reduced btemperatures could determine

the position and rate of the equilibration (3). The barrier thus
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observed to rotation would be a direct measure of the conjugation
between the ring and the carbonyl group, and substituent effects
might cast light on the magnitude of direct conjugation between the

substituent and the carbonyl group through the ring.

Se Several experiments concerning acid-catalyzed decompositions
of diazo-compounds are proposed,

A rate~determining proton transfer has been established for
the reaction of diphényldiazomethane in ethanol with strong acids,
and for at least a portion of the same reaction with weak acids by
determination of the isotope effect in partially deuterated ethanol.(hab)e
The diazonium ion thus formed subsequently loses nitrogen to produce
a carbonium ion. The remainder of the reaction with weak acids may
proceed through an ion pair or through simultaneous reaction of both
the oxygen and hydrogen of the acid with the diazo=compound. Since
different isotope effects would be expected for these latter two
meéhanisms, determination of the isotope effect for both reaction
paths with weak acids in deuterated ethanol would be instructive.
Identity of the isotope effect for the two reaction paths would sup-
port the ion-pair mechanism., Rearrangement of the carbon skeleton
during decomposition of a diazo compound can provide evidence for a
carbonium ion intermediate {e), Comparison of the isotope effects in
reactions proceeding with rearrangement with those of similarly con-
stituted diazo-compounds which do not rearrange may allow assignment
of a carbonium ion mechanism to other decompositions; Finally, the
variation of the isotope effect with changes in the diazo compound,

with changes in the nature of the proton-donating acid or with changes
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in the medium may provide an indication of the nature of the transi-~
tion state in the proton=transfer process,

Although decomposition of diphenyldiazomethane probably
occurs by a rate-determining proton transfer, decomposition of diazo-
acetic ester proceeds through reversible protomation followed by
rateudetermining loss of nitrogen (5), The difference in mechanism
may probably be ascribed to destabilization of a carbonium ion by
the carboxy group, While diphenyldiazomethane is decomposed more
rapidly by acid than bhenyldiazomethane, a phenyl group increases
the decomposition rate of diazoacetophenone (6). Therefore, this
compound may be intermediate between the two extremes in reaction
mechanism, By varying substituents on the two phenyl groups of this
or similar compounds, it may be possible to change the rate deter=
mining step of the reaction., Then by extrapolation of the substituent
effects into the region where neither step is ratewdetermining, a
rough separation of the rate constants for both steps might be ob-
tained, along with an estimate of the driving force which carbonium

ion stability gives to the step in which nitrogen is lost,

6o The question as to whether electron release by an alkyl group
has a favorable or unfavorable influence on an SN2 reaction has not
been properly resolved. The accelerating effect of :r;substituents
on reactions of allylic systems (7) or of p-alkyl substituents on
reactions of benzylic systems (8) has been cited as evidence that
electron release may stabilize the S 2 transition state (9)e However,

the suggestion has also been made that the rate enhancement in these

systems is due to a large degree of "SNl—like" character in the SN2
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transition state (10), An electron-withdrawing substituent such as
benzoyl or carbomethoxy in the Q{=position of such systems should
greatly decrease the tendency toward reaction through a carbonium
‘:i_cm,g and thus reduce the ”Smlmlike" character of the transition
states The effect observed for ]r? or p=alkyl substituents should
then be a measure of the effect of electron release or withdrawal
upon a reaction of more exclusively “SNZ character", in which bond=

making supplies the predominant driving force,

To The SNlmechanism has never been clearly demonstrated for the
hydrelysis of quaternary ammonium salts. A kinetic study of the hy-
drolyses of such reactive salts as grammine methiodide (ll), ferro=
cenylmethyltrimethylammonium iedide or thienylmethyltrimethylammonium

iodide is proposed to determine whether such a mechanism exists.

8o Treatment of a pyridine-l=oxide with a carboxylic acid anhydride
results in rearrangement to the corresponding 2-pyridene (12), If

an alkyl group is in either the 2= or h-position, the product is
instead the acetate of the corresponding 2= or h-pyridylcarbinel
(13)s In the rearrangement of h-methylpyridine-l-oxide, some 3=
hydroxy-h-methylpyridine was isolated (1), The mechanism of the re=
arrangement of 2-methylpyridine-l~oxide has received some attention.
It has been found (15) that free radicals are present in the reaction
15:1'.}:1;‘1911"{2‘9 but that trapping the free radicals does not decrease the
yield of the reaction, Also, an added carboxylate ion doés not enter
the product. These results have suggested that rearrangement of the

anhydro base Il occurs either intramolecularly or via an ion or radi-
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cal pair mechanism,

7~

\Che %0 @)
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The rearrangeﬁent to the 2-pyridone might be investigated for
free radical intermediates and for intermolecularity by the same gen-
eral techniques as those used for thé rearrangement to the 2-=pyridyl-
carbinols, The course‘of the reaction when the 2- and 6-positions
are both blocked (possibly by halides) might also be investigated.

Rearrangement to the pyridyl carbinols could be looked into
further., Competition between 2= and l=methyl groups would be of
interest. Also, the question as to whether proton=removal to form
the anhydro base is rate-determining could be investigated by labeling
the methyl group with deuterium and perforﬁing the reaction in the
presence of a proton source, The intramolecularity of the rearrange-
ment to the L-=pyridylcarbinol should also be investigated,

In both rearrangements, a probable intermediate is the salt III,
Subsequent rearrangement in either instance may proceed by a cyclic
mechanism or by caged ions or radicals, Determination of the dispo
sition of the two oxygen atoms of the cation of the salt by labeling

h 180 is proposed, If the two oxygen atoms are equilibrated in

wit
the final product, the cyclic mechanism must then be eliminated, If

they are not equilibrated, then €ither a cyclic mechanism or a tightly
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oriented ion or radical pair is indicated. This experiment would
be of particular interest in the rearrangement of l-methylpyridine-

1"“0Xide @

9e An activated cyclopropane molecule, férmed either by colli~
sional activation or by reaction of a carbene (methyleme) with an
olefin, can decompose by cleavage of a C~C ring bond and shift of a
hydrogen to form an olefin (16,17). Although this reaction has been
studied gquite extensively, its mechanism is still not securely de-
termined, The’near identity of the reaction products from methyl-
cyclopropane from several sources suggests that the excess energy of
the activated molecule is transferred between the normsl vibrational
modes., In this connection, the reaction of vinylcyclopropane with

CDy from deuterated diazomethane would be of interest. S8ince the two
rings of the activated bicyclopropyl molecule would be distinguish~
able, it should be pessible to estimate the extent to which energy is
transferred between the rings by the fraction of the deuterium re-
maining in the cyclopropane ring of the products (after subtraction

of the imsertion products). Alsé of interest might be the kinetiecs

of the thermal decomposition of bicyclepropyle If the kinetics could
be followed at a sufficiently low pressure to observe the change from
first- to second-order kinetics, further imformation could be obtained
about the transfer of energy between normal modes (16). (The infrared
and Raman spectra should be examined to determine the extent of coupling
of vibrations between the two rings.) Activation enérgies for the
decomposition of bicyclepropyl and of vinyleyclepropane, along with

the product distributions from these pyrolyses, could be determined,
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These results might provide information as to the driving force
supplied by the second cyclepropane ring or by vinyl conjugation

with a forming free radical,

10, A study of the electron exchange between ferrocene and ferri-
cinium ion, or between this system and other redox couples is pro-
posed, This reaction might be followed by the magnetic resonances
of the ring protoms, or by the hyperfine EPR splitting of the odd
electron of the ferricinium ion. The dependence of this rate upon
the bulk of alkyl substituents or upon bridging might provide in-

sight inte the manmer in which the electron is transferred.
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