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The per cent of enol in diethyl oxaloacetate
neat and of oxaloacetic acid in methanol and in
water was determined by using the integrator on
the CH, and =CH peaks. The per cent of enol of
diethyl oxaloacetate in methanol and the per cent
of enol of oxaloacetic acid in 409, water-methanol
was determined from the CH, and =CH peak
heights and widths, as this method appeared more
accurate than using the integrator because of the
interference of the strong methyl signal from the
solvent.

The large difference between the 799 enol in
neat diethyl oxaloacetate and the 89, enol in
oxaloacetic acid in water solution is in keeping with
the shift towards the enol form of compounds in
the pure state or in nonpolar solvents as compared
with the per cent of enol in water. Acetyl acetone
neat, is 809, enol but only 15%" enol in water.

The NMR spectrum of diethyl fluorooxaloacetate
which was measured neat is of interest in this con-
nection. It contains peaks for the CH,; CH; and

F—(|l——H hydrogens only and indicates the com-
pound is of high purity. It contains no peak for an
enolic hydrogen and the peak for the hydrogen on
the earbon to which fluorine is attached is split into
two peaks which have a separation of 47 c.p.s.
This is the amount of separation in keeping with
what is expected for a spin-spin splitting resulting
from a fluorine atom on the same carbon atom.
The NMR spectrum therefore indicates this
compound is 1009, keto.

(16) J. B. Conant and A. F. Thompson, Jr., J. Am. Chem.
Soc., 54, 4039 (1932).
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It is interesting that substitution of a fluorine
for a hydrogen in diethy! acetoacetate would have
such a large effect that it increased the per cent of
keto from 21 to 1009%,. It is not without precedence,
however, for introduction of a halogen to increase
the per cent of keto in a compound. Introduction
of a bromine into acetylacetone increases the
per cent of keto from 84.5 to 91.99, when both are
measured in water.

Of considerable interest is the finding that
although we start out with what is quite pure
oxaloacetic acid, the NMR spectrum of the water
solution indicates the presence of peaks which
are not accounted for by the enol and keto forms
of oxaloacetic acid. When the total amount of
hydrogen in oxaloacetic acid is measured in deu-
terium oxide using the integrator, about 809, shows
up as HDOQ, indicating it has exchanged, while 209,
is present as some other form that has not ex-
changed. As we used 0.1 g. of oxaloacetic acid in
1.0 g. of deuterium oxide, the number of equiv-
alents of deuterium calculated to be present is
1.0 X 2/20 = 0.1 and the number of equivalents of
hydrogen from the oxaloacetic acid is 0.1 X
4/132 = 0.003. If the exchange takes place on a
purely statistical basis, then (0.003 X 100/0.1
= 39,) only 39, of the hydrogen should show up in
forms other than HDO, The fact that 209, of the
hydrogen has not exchanged indicates appreciable
amounts of other species are present in water
solutions of oxaloacetic acid and their nature is a
matter for further study.

SaN Francisco, CALIF.,
Paro Avro, CALIF.

(17) G. Schwarzenbach and E. Felder, Helv. Chim. Acla,
27,1044 (1944).
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Ultraviolet Spectra of Organometallic Compounds'?
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Evidence is presented for the existence of electronic absorption bands typical of the transition metal-carbon bond. This
evidence is based on a correlative qualitative study of the ultraviolet spectra of organo derivatives of iron, manganese,
chromium, and molybdenum. The characteristic features of these spectra are described.

The discovery of dicyclopentadienyliron (fer-
rocene)? and the subsequent proposal® of the pi-

(1) A preliminary report of this paper was presented at
the Meeting of the XVIIth International Congress of Pure
and Applied Chemistry, Munich, September 1959, see
M. Cais and R. T. Lundquist, Abstracts of Papers, A104;
and the 7th Detroit Anachem Conference, Detroit, Mich..
October 1959.

(2) “Organometallic Studies,” part VI in the Israel
Institute of Technology Series. Part V, M. Cais and M.
Feldkimel, Tetrahedron Letters, 13, 444 (1961).

bonded “‘sandwich’’ structure for this compound has
led to the synthesis of a large number of new com-

(3) (a) Present address: Aerojet-General Corporation,
Saeramento, Calif. (b) Present address: Israel Institute of
Technology, Haifa, Israel, to whom inquiries should be
addressed.

(4) T. J. Kealy and P. L. Pauson, Nature, 168, 1039
(1951).

(5 R.B. Woodward, M. Rosenblum, and M. C. Whiting,
J. Am. Chem. Soc., 74, 3458 (1952).
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pounds containing ditferent types of metal-carbon
bonds. Simultaneously, the application of various
physicochemical techniques to these new com-
pounds has provided data which allowed for the
proposal of chemical structures and which cast new
light on the different theories of the metal-carbon
bonds.

The measurement of the electronic absorption
spectra of this new type of compound appeared to
be a physicochemical method which could provide
useful data ahout the electronie interactions in the
transition metal-carbon bonds. A literature search
yielded few data on the ultraviolet spectra of or-
ganometallics. Therefore, the spectra of representa-
tive types of compounds were measured to provide a
possible basis for structure-spectral correlations.
The compounds studied can bhe roughly divided into
the following groups: metallocarbonyls, substituted
metallocarbonyls (sigma - bonded), substituted
metallocarbonyls (pi-bonded), alkvl substituted
ferrocenes, and phenyl substituted ferrocenes.

EXPERIMENTAL

Absorption spectra between 214 myu and 700 mu were ob”
tained using a Cary Model 10-S recording spectrophotom-
eter. Approximately 15 mg. of sample, accurately weighed,
wag dissolved in 959, ethanol. Appropriate dilutions were
made to obtain transmittances in the range of 10 to 809%.
The spectra were recorded using 1-em. quartz cells with the
solvent in the reference beam.

The molar extinction coefficients and their logarithms were
then determined at intervals of 4 mu using a Burroughs E-
102 digital computer.

RESULTS AND DISCUSSION

The formation of butadieneiron tricarbony! (I)
was first reported by Reihlen et al.,® who suggested
structure A for this compound. Recently, Hallam
and Pauson’ prepared butadieneiron tricarbonyl
and cyclohexadieneiron tricarbonyl (IT).

CH=CH

CH, CH,

\F
e

20N Fe

cO co N
co I >c
A O 4y €O

B

On the basis of chemical evidence structure B was
suggested. Subsequently, Mills and Robinson® de-
termined the structure of butadieneiron tricarbonyl
by X-ray methods. They also concluded that the
bonding, as shown in B, is that of a p7-complex.
Hallam and Pauson reported an intense maxi-
mum for I at 211 mu (in ethanol), log ¢ 4.36, and a

(6) H. Reihlen, A. Gruhl, G. V. Hessling, and O. Pfrengle,
Annalen, 482, 161 (1930).

(7) B. F. Hallam and P. L. Pauson, J. Chem. Soc., 642
(1958).

(8) O. 8. Mills and G. Robinson, Proc. Chem. Soc., 421
(1960).
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maximum for 11 at 207 my, log e 4.36. They com-
pared these data to the maximum at 217 my in the
spectrum of butadiene gas.® They assumed that the
211-mp band was the K-band!® expected of a con-
jugated diene system, which would further confirm
structure B.

In the present study, measurements of the ultra-
violet spectrum of I did not give the maximum at
211 myu because of the limitation of the instrument
used, but did give a highly intense end absorption
at 214 my, log € 4.33. To investigate the effect of the
iron tricarbonyl moiety on the spectrum of T, we
measured the spectrum of iron pentacarbonyl (IIT),
which can be regarded as the parent compound of
1. The spectra of other metal carbonyls, such as
chromium hexacarbonyl (IV) and manganese penta-
carbonyl dimer (V), also were measured.

The spectra of Figure 1 show highly intense end

4.8 ’-‘V\*“’ R Rl S e e
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Fig. 1. Metal carbonyls

I. (1,3-Butadiene)iron tricarbonyl
III.  Iron pentacarbonyl

IV. Chromium hexacarbonyl

V. Manganese pentacarbonyl dimer

absorption for III and V in the region of 210-230
my and a well defined maximum for 1V (Ama.x 230
my, log e 4.73). Furthermore, all compounds con-
taining the metal-carbonyl moiety were found to
exhibit this highly intense end absorption. The ex-
perimental conditions - and results obtained—
namely, the instrument used, the reproducible
results with concentration variations, and the in-
tensity of the end absorptions—preclude the possi-
bility that these maxima are due to scattered light.
Consequently, assignment of structures such as B
to eompounds of type I on the basis of the short
wave length bands is of doubtful validity.

The spectrum of butadieneiron triearbonyl (I,
showed an absorption band of much lower inteunsity
{log € 3.39) at 278 mu; this band was not reported

(9) A. Smakula, Angew. Chem., 47, 657 (1934).

(10) A. E. Gillam and E. 8. Stearn, “Electronic Absorp-
tion Spectroscopy,” Edward Arnold Ltd., London, 2nd Ed.,
1957, p. 128.
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by Hallam and Pauson.” A band of similar intensity
(log ¢ 3.58) in the form of an inflection at 282 my
was shown by iron pentacarbonyl (ITI) and a more
intense absorption (log ¢ 3.97) at 280 mu was shown
by chromium hexacarbonyl (IV) (Fig. 1). Similar
bands were observed in the absorption spectra of all
the organometallic compounds studied. These
bands may appear over a wide range of the spec-
trum and both the wave length maxima and the in-
tensities of ahsorption vary with the type of organic
moiety as well as with the metal atom. It is sug-
gested that these bands may be due to electronic
transitions involving the transition metal-carbon
bond and consequently could be a characteristic
feature of all compounds containing such bonds.
For convenience, these bands will be referred to as
MC (metal-carbon) bands. This study was limited
to the longer wave length MC-bands. The highly
intense end absorptions of the carbonyl derivatives
very likely are also MC-bands, but their properties
were not studied as the instrument and techniques
used were not suitable for measurements below 214
mg.

MC-bands in the spectra of methylmanganese
pentacarbonyl (VI), (tri-fluoromethyl)manganese
pentacarbonyl. (VII), acetylmanganese pentacar-
bonyl (VIII), and (trifluoroacetyl)manganese pen-
tacarbonyl (IX) are shown in Fig. 2. Replacement of
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Fig. 2. Substituted manganese pentacarbonyl derivatives
VI. Methylmanganese pentacarbonyl
VII. (Trifluoromethyl)manganese pentacarbonyl

VIII. Acetylmanganese pentacarbonyl
IX. (Trifluoroacetyl)manganese pentacarbonyl

the electron-releasing methyl group in VI by the
strongly electron-withdrawing group in V11 causes a
hypsochromic shift of the MC-band from 278 my to
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270 mu. A smaller hypsochromic shift, from 278
mp to 274 my, is observed when the methyl group
of V1 is replaced by the electronegative carbonyl
group in VIIL

The introduction of a carbonyl group between
the alkyl radical and the manganese pentacarbonyl
moiety causes a noticeable increase in the intensity
of the MC-band. This effect suggests that the addi-
tional ketonic carbonyl group takes on, at least
partially, the same character as the other five metal-
carbonyl groups in VIII and as such it has a similar
effect in increasing the intensity of the MC-band.
Tracer studies!! of the reaction:

CH;Mn(CO); % CH;COMn(CO);

support this suggestion and one could envisage a
resonating structure!? such as:

CHsz-----—= (6]0]
2
OC——Mn Cco
1N
oC CO-
20

Fig. 3 shows the spectra of cyclopentadienyl-
manganese tricarbonyl (X), (methyleyclopenta-
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Cyclopentadienylmanganese tricarbonyl and
derivatives
X. Cyclopentadienylmanganese tricarbonyl

Fig. 3.

XI. (Methyleyclopentadienyl)manganese tricarbonyl
XII.  (Acetyleyclopentadienyl) manganese tricarbonyl
XIII. (Benzoyleyclopentadienyl)manganese tricarbonyl

dienyl)manganese tricarbonyl (XI), (acetyleyclo-
pentadienyl)manganese tricarbonyl (XII), and
(benzoylcyclopentadienyl)manganese  tricarbonyl
(XIII). The appearance of the MC-band is well
illustrated by these spectra. A comparison of these
spectra with those of the manganese pentacarbonyl
derivatives in Fig. 2 shows two interesting effects:

1. A marked decrease in the intensity of absorp-

(11) T. H. Coffield, J. Kozikowski, and R. D. Closson,

Chem. Soc. Spec. Publ., No. 13, 126 (1959). _
(12) P. L. Pauson, Proc. Chem. Soc., 303 (1960).
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tion. This effect might be ascribed to the smaller
number of carbonyl groups attached to the metal
atom (three instead of five). It is apparent that the
number of carbonyl groups attached to the metal
atom has a direct influence on the intensity of ab-
sorption of the MC-band.

2. A large bathochromic shift of the MC-band,
from about 280 mu to about 330 mu. This shift
might be ascribed to the conjugative effect of the
aromatic cyclopentadienyl moiety. The bathochro-
mic shift of the MC-band is analogous to and of
similar magnitude to the bathochromic shift of the
R- and K-bands® in such cases. The magnitude of
the bathochromie shift of the MC-band is further
affected by additional conjugative effects of sub-
stituents on the cyclopentadienyl ring, as illustrated
in Table I. These effects will be discussed further in
counection with the spectra of ferrocene derivatives.

TABLE I
BatgocHroMIC SHIFT OF MC-BAND FROM INCREASED
CONJUGATION
MC-Band
)\mnx,
Compound my ¢
(CO)sMnCsHs 328 1120
0
|
(CO)gManH.é—CHg 338 1640
0
(CO)sMnCngg—Csrls 348 2040
(CO)sMn-indenyl 375 1415
CngFGCsHls 325 49
0
CEH5FGC,§H4LCH2 337 1713

Fig. 4 shows the spectra of several sulfur deriva-
tives.!® The sulfonyl group has ouly a slight effect on
the position of the MC-band of cyclopentadienyl-
manganese tricarbonyl derivatives. The spectra in
Fig. 5 agree with recently published!* ultraviolet
spectral data for several arylchromium tricarbonyl
derivatives. Spectra of mesitylenechromium tricar-
bony! (XVI) and mesitylenemolybdenum tricar-
bonyl (XIX) are compared in Fig. 6. These spectra
exhibit similar features but the molybdenum deriva-
tive shows slightly lower intensities.

From the data discussed above it becomes ap-
parent that in all compounds containing a metal-
carbonyl moiety, the effect of the latter predomin-
ates in the wave length region below 300 my, ir-
respective of whether the organic moiety is a con-
jugated diene, a cyclopentadienyl ring, or a benzene
ring.

Several authors®®*— have discussed the spectra of

(13) M. Cais and J. Kozikowski, J. Am. Chem. Soc., 82,
5667 (1960).

(14) R. Ercoli and A. Mangini, Ricerca Sci., 28, 2135
(1958).

(15) G. Wilkinson, M. Rosenblum, M. C. Whiting, and
R. B. Woodward, J. Am. Chem. Soc., 74, 2125 (1952).
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Fig. 4. Sulfonyl derivatives of cyclopentadienylmanganese
tricarbonyl

X. Cyclopentadienylmanganese tricarbonyl

XIV.b {( I\{Iethylsulfonyl) cyclopentadienyl]manganese tri-
carbon,

XXXII. [(Chlorosulfonyl)cyclopentadienyl]manganese
tricarbonyl

XXXIIIL  [(p-Tolylsulfamoyl)cyclopentadienyl]manganese
tricarbonyl

XXXIV. (Sulfinoeyclopentadienyl)manganese tricarbonyl
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Fig. 5. Benzenechromium tricarbonyl and derivatives
XV. Benze_mechromium_tricarbongl
Mesitylenechromium tricarbonyl

L I L L I

1
310 330

XVI
XVII.  Anilinechromium tricarbonyl
XVIII. N,N-Dimethylanilinechromium tricarbonyl

ferrocene and some of its derivatives. In discussing
the electronic structure of ferrocene, Jaffé®® attri-
butes the longest wave length absorption band (440
myu) to a charge-transfer transition, and explains

(16) L. Kaplan, W. L. Kester, and J. J. Katz, J. 4m.
Chem. Soc., 74, 5531 (1952).

(17) K. L. Rinehart, K. L. Motz, and Sung Moon, J.
Am. Chem. Soc., 79, 2749 (1957).

(18) H. H. Jaffé, J. Chem. Phys., 21, 156 (1953).
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Fig. 6. Maesitylenemetal tricarbonyls
XIX. Mesitylenemolybdenum tricarbonyl
XVI. Mesitylenechromium tricarbony!

that the low intensity (e 87) is due to a forbidden
transition that occurs only because the symmetry is
distorted by vibrational motion. He further sug-
gests that the second absorption band (Apm.. 326
mu, € 50) may be of the same nature as the first
band, it also being a forbidden transition.

Our data show that the two cyclopentadienyl
rings in ferrocene tend to absorb independently.
Thus only the 326-mu band occurs in the spectrum
of cyclopentadienylmanganese tricarbonyl, which
contains only one ring. Furthermore, the intensity
of this band in the spectrum of cyclopentadienyl-
manganese tricarbonyl is much higher (¢ 1120,
compared to ¢ 50 for ferrocene). This significant
change in the intensity of absorption which occurs
when the —M(C¢H;s) moiety is replaced by —M-
(CO);3 suggests that for ferrocene and its derivatives
the 326-mu and 440-mu maxima are associated with
electronic transitions in the metal-carbon bonds
between the cyclopentadienyl rings and the iron
atom. The assumption that each ring in ferrocene
tends to absorb independently is supported by the
data in Table II. Both the 325-mu and 440-mpu

TABLE II

ErrecT oF UNSATURATED AND PHENYL RING SUBSTITUENTS
LoNg WAVE LENGTH BANDS oF FERROCENE

Amax, Amax,
Compound?® mu € mu €
F—H 325 49 440 91
F—COH 342 1339 464 590
F—COCH;, 337 1713 456 544
F—COOH (342) 361 445 223
F—CH=CHCH,0OH (345) 470 449 315
F—COCH=CHC,H; 383 1960 488 1660
F—CH=CHCOCH, 387 3120 490 2970
F—C,H; (327) 1264 450 380
F—CsH,NO. 395 2835 503 2690
F—C,H,CO:Et 362 3100 456 1180
05H505H4F905H405H5 (346) 1674 451 617

SR = C.H.FeC.H..

bands of ferrocene are shifted bathochromically
when unsaturated alkyl groups are substituted on
the cyclopentadienyl ring. There does not appear to
be any particular regularity about this batho-
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chromic shift. The intensity of the 325-myu band,
however, always increases much more than that of
the 440-mu band.

Irregularities in the bathochromic shifts of the
325-mu and 440-mu bands were also observed for
some phenyl-substituted compounds (Table II).
Spectra of some of the ferrocene derivatives are
given in Fig. 7 and 8. The data in Table I show that
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300 340 380 420 460 500
WAVE LENGTH, mu
Fig. 7. Dieyclopentadienyliron and some alkyl derivatives
XX. Dieyclopentadienyliron .
XXI. Cyclopentadienyl(forinyleyclopentadienyl)iron
XXII. Cyclopentadienyl{acetylcyclopentadienyl)iron
XXIII. Cyclopentadienyl(carboxycyclopentadienyl)iron

540
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340 380 420 460
WAVE LENGTH, mu

Fig. 8. Dicyclopentadienyliron and some pheny!
derivatives

XX. Dicyclopentadienyliron

XXVII. Cyclopentadienyl(phenyleyclopentadienyl)iron
XXVIIL. Cyclopentadienyl{(p-nitrophenyl)eyclopenta-
dienyl}iron

XXIX. Cyclopentadienyl{(p-ethoxycarbonylphenyl)eyclo-
pentadienyl]iron

XXX. Bis(phenyleyclopentadienyl)iron

500 540

B

the 325-mu band of both ferrocene and cyclopen-
tadienylmanganese tricarbonyl is affected similarly
by substitution of an acetyl group on the ring.

The high intensity bands in the ultraviolet ab-
sorption spectra of phenyl-substituted ferrocenes



1172

(Fig. 9-11) show several interesting effects. Two
such bands (Mmex 238 mu, ¢ 18,190 and A... 278
my, ¢ 11,370) appear in the spectrum of cyclopen-

4.0
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¥ig. 9. Some phenyl derivatives of dicyclopentadienyliron
XXIV. Bis[(a,a-dimethylbenzyl)eyclopentadienyl]iron
XXVI. Bis(benzyleyclopentadienyl)iron

XXX. Bis(phenyleyclopentadienyl)iron
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Some phenyl derivatives of dicvclopentadienyliron
< Bis[( «,a~dimethylbenzyl) cyclopentadienyl]iron
XXVI. Bis(benzyleyclopentadienyl)iron
XXVII, Cyclopentadienyl(phenylcyclopentadienyl)iron

XXX. Bis(phenyleyclopentadienyl)iron

Fig. 10.
XXIV,

tadienyl(phenyleyclopentadienyl)iron® (XXVII);
these bands are very slightly displaced, though of
higher intensity, in the spectrum of bis(phenyl-
cyclopentadienyl)iron?® (XXX), Auax 240 mp, €
24,190 and Auax 279 myp, € 16,315). On the other
hand, bis(benzyleyclopentadienyl) iron (XXVI),
in which the benzene chromophore is insulated from
the ring by a methylene group, has essentially a
ferrocene spectrum (Fig. 10).

Thus it appears that each phenyleyclopenta-
dienyl chromophore absorbs as an entity and the

(19) P. L. Pauson, J. Am. Chen. Soc., 76, 2187 (1954).
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Fig. 11. Some phenyl derivatives of dicyclopentadienyliron
XXV, Bis(1,3-diphenyleyclopentadienyl)iron
XXX. Bis(phenyleyclopentadienyl)iron
XXXI. Bis(1,2,4-triphenyleyclopentadienyl)iron

presence of two such chromophores, connected
through the iron atom, as in XXX, causes mainly
an additive effect on the intensity of these bands.
Consequently, one may conclude that although the
iron atom might have some effect in increasing the
conjugation on connecting two phenylcyclopenta-
dienyl moieties, this effect is a small one. Compare,
for example, the strong bathochromic shifts in
passing from CeH;COCeHz (Amax 253 my, ¢ 18,600)%
through p-CeHs-CeHCOCeHs (Meax 291 my, e
23,200)20 to p-CsHs—CeH‘;COCeH;CeHs-p ()\max 333
my, € 56,230)2! where the bipheayl moieties are con-
nected through a carbonyl group. This is an impor-
tant point because it has been shown chemically %22
that substitution in one ligand has a definite effect,
which is transmitted through the metal atom, on the
second ligand of “sandwich” type compounds.

As is to be expected, the two high intensity bands
in the spectra of his(1,3-diphenylcyclopentadienyl)-
iron?® (XXV) and of bis(1,2,4-triphenyleyclopen-
tadienyl) iron?® (XXXI) (Fig. 11) are shifted to
longer wave lengths.

It should be interesting to study the absorption
spectra of phenyl-substituted ferrocenes with dif-
ferent substituents on the phenyl groups to ascer-
tain whether these bands are predominately benze-
noid-type absorptions or displaced ferrocene bands.
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