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ABSTRACT

Co3(CO) gCCH,C(CH3) 3 (1) was prepared and its hydrogen-
mediated decomposition was studied. 1 reacted with hydrogen in
aromatic solvents (60°C, 2-7 atm H,) to yield three products:
3,3-dimethylbutene (2), 2,2-dimethylbutane (3), and 4,4-
dimethylpentanal (4). The final ratio of alkene to alkane to
aldehyde was approximately 2.5 : 1.5 : 1.0. Kinetic data
collected from both NMR- and vpc-monitored experiments indicated
first order decomposition of starting material 1 and a hydrogen
pressure dependence for the rate of appearance of total products.
Nearly total inhibition of the hydrogenation was observed in the
presence of carbon monoxide (CO:H, 6 3,7:3.7 atm, 60°C). However,
at elevated temperatures (85°), under the same CO/Hp atmosphere,
aldehyde (4) production became the predominant reaction pathway
at the expense of earlier-formed olefin 2. Incorporation of
independently added olefins in the hydrogenation of 1 suggested

the intermediacy of olefin in aldehyde and alkane production.

A polystyrene-attached n5-cyclopentadienyl(tricarbonyl)-
hydridomolybdenum complex (P-6) was prepared and its reactions
with several THF-soluble bases were investigated. Enolates of
PB-dicarbonyl compounds quantitatively deprotonated P-6, giving
polymer-bound salts of the corresponding anion (C)—Cp(CO)3Mo‘,
P-7). Equilibration studies involving polymers P-6 and P-7 and
their soluble monomeric analogues in THF demonstrated that

little change in pKa was induced by binding the molybdenum



hydride to the polymer. Even though the polymer-supported
partners in these experiments were not soluble and therefore
rendered the reactions heterogeneous, the systems adhered
reasonably well to conventional equilibrium behavior, as
exhibited by a simple equilibrium analysis which yielded
effectively constant Keq values. A polymer-bound carboxylic acid
(P-1) and its conjugate base (P-2) also displayed essentially

conventional equilibrium dynamics.
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Chapter 1

Syntheses and Reactions of

Polymer~Bound Molybdenum Complexes



Introduction

Molecules "have been attached to polymers for many purposes,l including
organiczand stereospecific3 synthesis, catalysis,a separation and purification,
and isolation of reactive species.6 In addition, interest in functionalized
polymers has been furthered by their analogy to multifunctional biological
molecule;, e.g., polypeptides and enzymes.7 However, one cannot assume that
the chemistry of a bound species will be identical to that of its homogeneous,
monomeric counterpart. In regarding the polymer that surrounds the affixed
reagent as a primary solvation sphere, one must take into account the
properties of the polymer backboné which might influence the reaction to be
studied. These include the polymer's compatibility with the solvent system,
i.e., solvation of the polymer backbone (hydrophobicity, hydrophilicity),
polvmer morphology (secondary and tertiary structures "directing' effective
dilution of bound species), and electronic stabilization or destabilization
of the affixed functionality's incipient transition states or intermediates
(i.e., whether the backbone '"supports' ionic charge or delocalizes radicals).

Previous treatment of the polymer's influence on the chemistry of affixed
molecules has dealt primarily with kinetic effects. These include frequency

6b,8 affixed reagents'

of site-site interaction$ (intrapolymeric encounters),
mobility,9 prolongatibn of supported reactive intermediate lifetimes,6 and
diffusion of soluble reagents within the polymer.10 Few attempts have been
made to characterize the role of these polymer-~bound species in thermodynamic
equilibria. To this end, we chose to study the acid-base equilibria of
several polymer-bound acids.

Polyprotic molecules have long been of interest in biochemistry. In

particular there has been much discussion over the determination of the pKa



of a particular acidic site as a function of surrounding acidic and basic

sites in varying degrees of ionization. Traditionally, such methods as
ticration11 and ultraviolet spectroscopy12 have been used to observe ionization
equilibria in polyprotic molecules; recently, such sophisticated technigques

as 15N nmr have probed buried active enzymatic sites for informacion leading

to an acidic site's ionization state.13 The approach which we emploved involved
spectrophotometric monitoring of soluble species in equilibrium with polyvmer-
bound acids. An additional impetus to this study was the fact that although

many organotransition metal complexes have been attached to polymers, few such

systems containing charged metal centers (especially anions) are available.

Svnthesis of Starting Materials

Polymer-bound sodium benzoate (E:%) was synthesized as outlined in Scheme
1.14’15 Polymer supports were 3% crosslinked, macroporous, styrenedivinylbenzene
copolymers. The degree of carboxylate functionalization was determined to be 2.3 mM
of acid per gram of polymer by titration of polybenzoic acid resin (E:E) in dioxane
or THF with aqueous sodium hydroxide solutions. Final organic/aqueous ratios of
approximately 2:1 in titration solutions were necessary to achieve reproducible
results. Too high an aqueous component led to low figures for loading, presumably
due to insufficient swelling of the polymer and therefore lack of exposure of all
acidic sites.16 Infrared carbonyl absorbances for resins E:} and E:E are given
in Table I.

The polymer~bound CpMo(CO)3 anion g:z was prepared according to Scheme 2.

Resinocyclopentadiene (P-3) was synthesized by direct lithiation of polystyrene

(macroporous, 3% crosslinked with divinylbenzene) followed by reaction with
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Table |. 1Infrared Cavrbonyl Absorbances

Soluble Compound
-1

Polvmer-bound analogue

-l

cm cm
}@-cooa - 1722 (s), 1610 (=), (THF) @@"COOH - 1722 (s), 1685 (s), (KBr)
1 P-1

——

}@-—cOONa - 1587 (s), 1545 (s),
1400 (s), (KBr)

9
“

OONz - 1600 (s), 1555 (s,br),
1395 (s), (KBr)
P-2

3

CpMo(CO) 3R - 2015 (m), 1932 (s),
2006 (m), 1883 (s,br),

(THF)
(KBr)

Mo(CO),H - 2010 (s),
1930 (s,br) (KBr)

Q)

@e

CpMo(CO),Na =~ 1903 (s), 1798 (s), 1745 (s)(THF)

7~Na

@ @ Mo(CO);Na - 1900 (s), 1840(s),

1730 (w) (KBr)

CpMo(CO)3Li - 1910 (s), 1810 (s), 178% (m),
1718 (s), (THF)
7-L4

~—a

Mo(CO),Li - 1903 (s), 1803(sh),
1775 (s), 1710
(s,br), (KBr)

P-7-L1

.-

(CpMo(CO),)2 - 1958 (s), 1910 (s), (THF)

Mo (CO), - 1954 (s,br),
1904 (s,br) (KBr)

Q@

HO(CO)3

QY

P-4

———

CpMo (CO),CH, - 2014 (m), 1924 (s) (THF)

Mo (CO);CHy - 2012 (s),
1935 (s,br)(KBr)

@e

~——a



cyclopentenone. This method afforded slightly lower loading than published
mechodséb which entailed a bromination step previous to lithiation, but our
resulting polymer (g:g) was free of residual bromine.l7

The conditions of the metallation of cyclopentadienyl polymer E:é
resulted in some dimerization of metal centers on the polymer, as evidenced
by both the charaéteriscic red color and infrared absorbances of the
molybdenum dimer moiety of resin E:é (Table 1). This result contrasted with
that of Gubitosa and Brintzinger,18 who found that 18% crosslinked polystyrene
prevented dimerization of metal centers, presumably due to site-site isolation.
Our results were compatible in view of the decreased rigidity of the polymer
support on decreased crosslinking, resulting in an increase in the probability
of interaction between active sites.

Lithium triethylborohydride converted both the molybdenum hydride and
molybdenum dimer groups in tesing:ﬁ to the molybdenum anion of resin 8:2.19 In
doing so, the borohydride reagent proved sufficiently basic to deprotonate
residual, unfunctionalized resinocyclopen:adiene.zo Two further synthetic
steps were required to generate resin g:z, polymer-bound molybdenum anion free
of polymer-bound cyclopentadienyl anion (in order that the bound cyclopentadienyl
anion not interfere in later equilibrium experiments). Protonation of all
anionic sites on polymer g:é afforded polymer-bound molybdenum hydride (E:Q).
The supported metal hydride was then selectively deprotonated with an alkali
metal salt of diethylmalonate, yielding resin g:z (under these conditions, the
residual polymer-bound cyclopentadiene remained neutralZl). The molybdenum
anion's presence on resin P-7, indicated by IR spectroscopy, was confirmed by

S

treatment of a samplé of P-7 with methyl iodide: an IR spectrum of the resulting

~

polymer-bound complex P-8 showed strong, sharp bands characteristic of an

~ o~

RCpMo(CO)3CH3 moiety (Table 1).



Functionalized resins were analvzed by a combtination of methods
compatible with the resin's insolubility. Infrared absorbances of the bound
metal carbonyls correlated well with those of their homogenecus models (Table 1).
IR spectra were recorded either on KBr pellets or on suspensions of the
insoluble resin in reaction solvents. The latter method avoided the workup
and drying steps in KBr pellet preparation and allowed ¢» sitw observation of

. . 22

the progress of reactions.

Elemental analysis served as a more qualitative than guantitative measure
of loading due to unacceptable irreproducibility in duplicate analyses, a

C,
problem shared by manv researchers in this field. Cyclopentadiene loading on

resin P-3 was estimated by lithium analysis of a sample of resin P-3 which had

-~ -~~~

been previously treated with mechyllithium.éb In the case of resin E:Z, alkali
metal analysis as well as molybdenum analysis was used in estimating the degree
of polymer functionalization (cf. experimental section). Typically, O.6émM of
molybdenum was incorporated in lg of polymer; this corresponds to substitution
of approximately one-eighth of the styrene rwonomers of the polvmer backbone.
Iitra:ion of functionalized polymers provided information about the
number of active sites on a polymer within a certain pKa range. Resin E:é was
assayed for cyclopentadiene loading by titration with a solution of sodium
triphenylmethide, the red color of the titrant serving as the end point
indicator. The titration of bound molybdenum hydride P-6 with sodium
diethylmalonate was monitored by IR for the appearance of the carbonyl absorbances
of the corresponding conjugate acid. All polymer titrations had to be carried
out very slowly over long periods of time (typically, 12 h) because of the slow
diffusion of soluble reactants into the polymer's interstices.

Finally, careful weighing of the polymer before and after each

synthetic step provided information on the degree of functionalization that



had been achieved in each step. These data were in good agreement with

results from the previously mentioned methods of analysis.

Equilibration Experiments

Reactions of éolymer-bouhd acids with soluble bases, and those of
polymer-bound bases with soluble acids, were carried out
in THF solutions of varying concentrations of the soluble component. Typically,
100 mg of resin were equilibraced with 5 or 10 ml of a 0.05 to 0.15 M solution
of the soluble reagent. For example, resin E:é, containing a known loading of
molybdenum hydride, was combined with a specified molarity of CpMo(CO)3-Na *
in a 5 ml volumetric flask. This mixture was then allowed to stir for six hours
to assure complete equilibration of soluble components with all polymeric
sites; lenger reaction times led to decomposition of the species in solution.
Infrared carbonyl absorbanceé were used to measure the ratio of concentrations
of dissolved species: in the above example, of soluble molybdenum hydride
formed to remaining soluble molybdenum anion. Extinction coefficients for
the carbonyl bands of each soluble molybdenum compound in THF were predetermined
from Beers Law plots (cf. experimental section). In the same manner, polymer-
bound molybdenum anion (E:Z) was equilibrated with homogeneous molybdenum hydride:
_the appearance in solution of molybdenum anion was coupled with an equal
decrgase in soluble molybdenum hydride concentration.

Equilibrium experiments were similarly carried out with polymeric benzoic
acid (g:}) and with monomeric p-isopropylbenzoic acid. These reactions, however,
produced quantitatively unreliable data due to the unsupported benzoate salt's

+
limited solubility in organic solvents. Neither substitution of Na by the

more hydrophobic tetraalkylammonium cation, nor addition of crown ether,
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improved its solubllity. Studies on the acidity of the polymeric benzoic
acid (P-1) were successfully carried out with CpMo(CO)3‘Na+ (7-Na) as a soluble

—

base. Reactions between polycarboxylic resin(g:}) and THF solutions of
molybdenum anion were performed both as a function of added scluble molybdenum
anion, and additionally as a function of the amount of added polymer in
equilibrating solutions.

This same method for monitoring equilibria was applied to reactions
between tLhe supported molybdenum compounds and a series of infrared active

organic carbon acids and thelr conjugate bases, in reactions designed to

monitor the proton transfer activity of the functionalized polymer (vide infra).

Equilibrium studies

1. Equilibration of polycarboxylate polymers @D—COOH(P-I) and (@ -COONa(P-2)

o

Bolystyrenecarboxylic acid(g:}) and soluble molybdenum salt Z were
équilibrated in THP (as indicated in the previous section, solubility problems
prevented us from quantitatively examining the equilibration of g:} with
p—isopropylbenzoace(g)). The equilibrium was also approached from the reverse
direction, i.e.,, from equilibration of polystyrenesodium carboxylate(gzg) and
soluble molybdenum hydride f‘ To emphasize that these experiments involve a
polyfunctional acid and a soluble base (or, as in the latter case, a poly-
functional base and a soluble acid), we write the equilibrium as shown in equation
(1). Table 2 summarizes the exact quantities of starting materials used in
each case, and the quantities of soluble molybdenum hydride and anion observed
by IR after the system had reached equilibrium.

The polymer-bound acid Ga —COZH and soluble hydride CpMo(CO)BH appear to
have similar acidities. This may be seen, for example, in the first three

experiments of Table 2 in which increasing amounts of polymeric acid were added

to a constant amount of molybdenum anion. With
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Equation (1)

LU 2

+ CpMo(co)sNa = [()] + CpMo (CO) 3H

COOH COONa

Equation(2)

L1111 L L

g + CpMo (CO)3 M \_._ g CpMo (CO) 3H

Mo(CO)3 H Mo (CO)3:M

Equation(3)

177777777777 7070 000000001000

gg@:g N

Mo (CO)sH Mo (CO);M
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roughly equal amounts of starting acid and base, the soluble anion is less than
half protonated. Addition of more acid does not produce a concomitant amount

of soluble hydride; doubling the amount of acid in solution produces significancly
less than double the initial amount of hydride observed after the first addition.
Similarly, adding sequential amounts of soluble anion to a stationary amount of
polymeric acid produces soluble hydride, but not in quantities equal to the amount
of anion added (experiments 4 through 10). This is just the sort of observation

expected in a weak acid, weak base titracion.

2. Equllibrations of metalated polymers (:)—CpMo(CO)JH(E:E) and C) ‘CPMU(CO)B— M*(E:Z)
Similar experiments were carried out on the polymer-bound molybdenum hydride {and

anion) with soluble molybdenum anion (and its conjugate acid), equation (2). Agein,

to rule out kinetic effects, each equilibrium was approached from both sides. As

can be seen. from Tables 3 and &, polymeric acid C) -CpMo(CO)iH (P-6) and its soluble

analog f have similar acidities: this is shown by the less-than-quantitative proton

transfer between the soluble species of equation (2) (a display of weak acid-weak

base behavior as was observed in the case of CD'-COOH and (:)—COONa). The nearly

identical behavior of the sodium and lithium salts indicates that this behavior is

due to properties inherent in the neutral acids and anions, rather than being

controlled by ion-pairing energetics. In support of this conclusion, addition of

crown ether to preequilibrated solutions of polymers and soluble reagents produced

no dramatic change in the concentrations of the reactants. 1In order to establish

that the polymeric acid C)-CpMo(CO)3H (f:é) could be deprotonated quantitatively

with anions whose base strengths were somewhat stronger than that of CpMo(CO)B‘(Z)

we also subjected P-6 to treatment with enolate anions of diethylmalonate, ethyl-

~

acetoacetate, 2-carboethoxycyclopentanone, and 2-carboethoxycyclohexanone, equation (3).

These were selected not only because they had pKa's in the appropriate range, but also

because the concentrations of each f£-dicarbonyl and its conjugate base could be
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clearly monitored by observing the carbonyl region of the infrared spectrum. In
each of these cases, the equilibrium lay completely on the side of protonated

enolate and deprotonated polymeric hydride.

Discussion

The first question we can now address on the basis of our results 1s: does
the pKa (acidicy) of CpMo(CO)JH change appreciably upon binding to a swellable
polymer? Although there are some important uncertainties in the quantitative
analysis of our results, the qualitative result is clear: the fact that partial
proton transfer is achieved on exposure of CpMo(CO)BH (§) to the polymer-bound
analog of its conjugate base CD-CPMO(CO)3-(E:Z) requires that their effective
acidities be very similar 24,

That solutions of polymer-bound weak acids E:E and E:é and soluble weak bases
behave as buffers 1{s most conveniently demonstrated bv plotting the data given in
Tables 2, 3, and 4 to show how the amount of newly generated soluble species
(anion Z or hyd;ide é) depends upon the ratio (rather than the absolute amounts)
of starting acid and base. Figure 1, for example, combines the data of Table 2 in
one chart. As the ratio of initially "reacted" molybdenum anion to polymeric acid
increases, the amounts of molybdenum anion and hydride observed in solution change
rather weakly, until the amount of anion is high enough to have deprotonated most
of the accessible acidic sites on the polymer. In a similar manner, figures 2 and
-3 present graphically data from Tables 3 and 4.

One difficulty with quantifying this result, that polymer-attached and soluble
acids of similar structure have similar acidities, arises from the problem of
measuring (and even defining) acidities in relatively nompolar solvents such as
THF. Ideally, we would like to have carried out our studies in aqueous or other
highly polar media (e.g., DMSO), in which good pKa data are available for a wide

range of soluble organic acids?5 The use of these solvents was precluded by the
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Figure 3. Dependence of the concentrations of soluble molybdenum species at
equilibrium on the molar ratio of CPMo(CO),H added to @—CpHo(CO)aNa; ¢t

equation (2). [((J) = CpMo(CO),H, (O = CpHo (CO) 4Na) .
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fact that our molybdenum hydride is insoluble {in wacter and unstable in highly
polar solvents such as DMSO, acetonitrile and HMPA. We chose THF as the best
alternative because it swells the polymer and dissolves our moclybdenum compounds
reasonably well.z6

We now wish to concern ourselves with a second, and somewhat move complicated,
question arising from our results: are equilibria between swellable polymers and
dissolved species analyzable in a simple manner; i.e., 1is it possible to write
equilibrium expressions in which the swelled polymeric acids and anions behave as
though they were dissolved species?

It seemed to us the most straightforward way to investigate this problem
would be to write equilibrium expressions for the proton transfer reactioans
examined here, define equilibrium '"constants' in the usual way, and then see
if these K's do in fact remain constant as the total amounts of starting acid
and base are varied.

By definition, the equilibrium constant for reaction between a polymer-bound
acid and its polymer-bound conjugate anion, in the presence of a soluble acid and
its soluble conjugate base (equation (4)) 1s given by equation (5), where the
symbols In the first ratio represent activities. For dilute soluble systems, we
would normally replace these activities by concentrations, and the Keq so defined
would remain constant over a wide range of initial concentrations of acid and base.27
In our polymer systems, we define the concentrations of soluble species in the normal
way, using conventional symbolism for these values. We define the 'concencrations”
of polvmer-bound species as the ratio of the number of milliequivalents of polymer-
atrached acid or base in a given experiment to the aumber of ml of solvent used.

Since these are not dissolved species, we use the modified brackets shown in

equation (5) to represent these quantities.
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Equation (4)

//////////////////////////////////I////

BH + AT

AH + B”

Equation (5)

sn 2@ -a” (BH] {® -A"}
g~ 2@ -an (8] {(® -AH}

e

eq
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We first examined the supported molybdenum hydride/soluble molybdenum anion
system to determine whether it adhered to this equilibrium model. The data given
in Table 3 were used to calculate a value of K for several different ratios of
added soluble CpMo(CO)3Na to polymer-bound CpMo(CO)3H (see experimental section for
the method of Keq calculation). A plot of these K's vs. the ratio of soluble to bound
molybdenum shows that they are in fact constant; i.e., the svstem adheres
quite nicely to the equilibrium model. Constructing a similar plot using the data
obtained with the lithium salt of the soluble anion also gives a comstant K, with an
average value very close to that obtained for the sodium salt (figure 4).

This equilibrium was next approached from the opposite side. Data taken from
experiments in which soluble hydride 9 was added to supported anion E:Z§§ (Table &)
were again used to construct a plot of K vs. the ratio of soluble Mo to supported
Mo (figure %). Again a constant K was obtained, although the absolute value did
not quite match that obtained from the experiments which started with soluble base
and supported hydride. The equilibrium was also investigated using the supported
lithium salt EZZEE' In this case, although still in agreement within an order of
magnitude, the absolute value of K differed markedly from that observed in the
first three plots. We believe this is due to the fact that the polymer used to
obtain the Li* data was prepared by a synthetic route different from that used in
the first three runs, The uncertainty in our measurement of the total amount of
active molybdenum bound to the resin (vide supra) probably accounts for this
difference in calculated values of Keq‘

Effective equilibrium constants were obtained for the reactions between
C)-COOH and CpMo(COB)Na (and its reverse reaccion,CD-COONa and CpMo(CO)BH)
from the data of Table 2. The calculated equilibrium constants are once again
essentially constant at varying ratios of staring materials, and, within experimental

error, the same Ke is obtained starting from both sides of the egquilibrium.
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Figure 4. Equilibrium constants plotted as a function of the molar ratios of
soluble to polymer-bound components of equilibrium mixtures. The equilibrium
mixtures result from combination of: (a) @Cp—Mo(Co)3H and CpMo(C.’:)3L1 (O);
() @-CpMo(CO)BH and CpMo (CO) ,Na (@); (© @—CpMo(CO)aLi and CpMo (CO) ,H (0O

(@) @-Cpuo<c0)3ua and CpMo (CO),H (M), (equation (2)).
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In conclusion, we have been able to demonstrate that proton transfer
equilibria between soluble and polymer-bound acids and bases can be effectively
investigated, especially 1if the soluble components are quantitatively analyzable

-

by IR spectroscopy. The reac:ionﬁ of the supported molecules studied behave

analogously to reactions between soluble species, and seem to obey conventional

's of

equilibrium theory. Finally, although we do not feel absolute pKa
these species in THF are very meaningful, it is clear that the acidities of

soluble CpMo(CO)BH and its polymer-bound analog are very nearly identical, and
that this conclusion also applies to the organic acid p-C3H7C6HaCOOH and its

polymer-bound arnalog.
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Experimental Section

General
The 37 cross-linked macroreticular polystyvrene divinylbenzene copolymer
. . . 5¢ : : .
was purified from industrial contaminants by stirring in the following

solvents under the specified conditioms: CB_Cl,, reagent grade, 25°, 2.5h;

2
THF, reagent grade, 50°, 2h; H,0, distilled, 70°, 2h; HC1 (aq.), 1M, 70°,

2k; E,O, distilled, 50°, overnight; KOH (aq.), 1M, 50°, 1lh; H,0, distilled,

2
3 x S min; MeOH, reagent grade, 50°, 2h; benzene, reagent grade, 55°, 2h;
benzene, purified, 55°, 2h; CHZClz, purified, 55°, 2h; Eczc, anhvdrous, 55°,
l1h. The beads were then dried overnight in vacuo.
The use of magnetic stirrers led ro pulverization of the polymer beads.
This was not considered disadvantageous since it was observed that diffusion
rates of soluble reagents into internal polymer sites increascd on reduced
particle size. In addition, the IR bands of mulls of powdered resins were
better resolved than those ¢f mulls made from intact beads.
N-butyllithium (2.2M in hexane), methyllithium (1.45M in diethyl ether) and
lithium triethylborohydride (1M in THF) were used as received. Tetramethylethylene-

diamine (TMEDA) was distilled from CaH, and degassed before use. 2-Cyclopentenone

2
was distilled at reduced pressure immediately prior to its use. Mo(CO)6 and

[MoCp (CO) were used as received. NaH and LiH were rinsed free from mineral

3]2
0il with hexane and stored in an inert atmosphere. P-toluenesulfonic acid

monchydrate was dehydrated by azeotropic distillation with benzene. Diethyl
malonate, ethyl acetocacetate, 2-carboethoxycyclohexanone, and 2-carboethoxy-
cyclopentanone were each fractionally distilled from mclecular sieves (AA) at

reduced pressure, and degassed prior to use.

Tetrahydrofuran (THF), benzene, cyclohexane, diethyl ether, and 1,4 di-
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oxane were purified by distillation from sodium benzophenone ketyl at reduced
pressure and thoroughly degassed. Acetonitrile was distilled from 9205 and
thoroughly degassed.

Unless indicated otherwise, all reactions and routine manipulations were
carried out at 20°C under a nitrogen atmosphere in a dry box. Reactions requiring
heating or cooling were performed on conventional vacuum lines using Schlenk
techniques.

Infrared spectra were recorded on a Perkin-Elmer 283 spectrdphotometer,
using the absorbance mode for quantitative analysis. Proton nuclear magnetic
resonance spectra were recorded on a Varian EM-390 spectrometer.

Elemental analyses were performed by the University of California (Berkeley)
Microchemical Analytical Laboratories. Metal analyses were performed by atomic
absorption spectrometry con resin samples which had been digested in sulfuric

acid and hydrogen peroxide.

Polymer-bound phenyllithiumlha

Polystyrene resin (5g, 47.6 meq in styrene monomer) was stirred in
cyclohexane (30 ml) under argon at 50° for 1 h in a 300 ml Schlenk flask. To
this stirring slurry, TMEDA (11.2 ml, 74.2 mM) was added via syringe over
15 min, followed by a similar addition of n-BuLi (30 ml, 72.6 mM) over 3 min.
The beads rapidly changed from white to tan. The mixture was stirred at 65°
for 7 h during which time the cyclohexane solution changed from yellow to
dark orange. The lithiated polymer was filtered under reduced pressure and
washed with cyclohexane (6 x 30 ml) and THF (3 x 30 ml) until the washings
were clear. The remaining salmon-colored beads were charged with THF (30 ml)

for the following reaction with cyclopentanone.

Polymer-bound cyclopentadiene (P-3)éb

e

To the stirring THF slurry of lithiated polystyrene from the previous
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reaction, cooled in an ice bath, was added cyclopentencne (9 ml, 108 mM) via
syringe. over 4 min. The beads turned from pink to yellow then to white over
the course of the addition. After stirring under argon for 12 h, the cyclo-
pentadienyl polyﬁer was filtered under positive argon pressure and washed
with the following solvents: THF (2 x 30 ml); THF:HZO(l:l, 2 x 30 ml); HZO
G0 ml) (beads changed from light yellow to white); MeOH (2 x 30 ml); benzene
(3 x 30 ml). The resulting polymer was dried in vacuo at 40°. A welght gain
of 1.18 g was recorded corresponding to a 38% substitution of gsytrene monomers
by cyclopentadiene, or 2.95 meq of cyclopentadiene per gram of cyclopentadienyl
polymer. Elemental analysis for lithium oa a sample of cyclopentadienyl
resin (g:}) which had been previously treated with mecHyllithium6b agreed well
with the cyclopentadlenyl substitution percentages derived from weight gain
calculations. The resinolithium cyclopentadienide was prepared by adding to
a slurry of polymer-bound cyclopentadiene (g:g) in THF a diethyl ether solu-
tion of methyllithium (five-fold excess), whereupon bubbling was observed
(presumably methane). After 4 h the resulting light pink polymer was washed
with diethyl ether and THF, and dried in vacuo.

The degree of cyclopentadiene substitution on the polystyryl resin derived
from the above two methods ugrced with a third analysis performed by
titration of resin g:g. A standardized THF solution of sodium triphenylmechide,
prepared by reaction of NaNHz with triphenylmethane, was added slowly from a
buret to a stirring THF slurry of g:} over 12 h. The red color of sodium

triphenylmethide served as an endpoint indicator. The titration required

the lengthy term to assure equilibration with all internmal polymeric sites.
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Mo(CO)3(CHBCN)3

The procedure described in the literacure28 was followed. The reaction was
monitored by IR for disappearance of Mo(CO)6 (1980 en (THF)) over 2 days,
after which time the solvent (CH3CN) was removed at reduced pressure, leaving
a light yellow, powdery residue.

Reaction of polymer-bound cyclopentadiene (P-3) with Mo(CO)3(CH3CN)3

In & representative synthesis of resin P-4, a slurry of polymer-bound
cyclopentadiene (P-3)(1.15 g, ~3.4 weq. in Cp) in THF (40 ml) was combined
with an excess of Mo(CO)B(MeCN)3 (3 g, 9.9 mM) and the mixture was stirred at
70° under argon, 12 h. The resulting beads, red after extensive washing in
THF and drying in vacuo, exhibited infrared bands at 2025 (m), 1948 (s,br) and
1902 (s) cm—1 (KBr). Such a pattern of bands corresponds to a mixture of
monomers of Mon(C0)3H (2006 (m), 1883 (s,br)cm-l (KBr)) and (Mon(CO)3)2
(1900 (s), 1950 (s) cm-l (KBr)). The red color of the resulting beads also
implicates the formation of dimeric ([RCp(CO)BMolz) groups on the polymer.
Elemental analysis of this molybdenum resin P-4 showed approximately 0.8 meq

-~

of molybdenum per gram of polymer (7.77X Mo)}. This corresponds to approxi-

mately 31% of the cyclopentadienyl ligands on the resin being bound to molybdenum.

Reaction of molybdenum resin P-4 with HB(C2H5)3L1

Resin P-4 (0.75 g, ~0.6 meq Mo), containing a mixture of bound CpMo(CO)BH
and bound [CpMo(CO)3]2, was swelled in THF (10 ml), 1 h. Immediately on
addition of HB(CzﬁS)BLi (3.0 m! of a 1M THF solution, 3 mM), a change in the
resins color from red to brown was accompanied by vigorous gas evolution. The

resin was stirred 5 h, filtered, washed with THF, and dried in vacuo. The
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resulting beige polymer P-3 exhibited IR absorptions at 1898 (s), 1773 (s)

o~

and 1703 (s) cm (KBr), characteristic of RCpMo(CO)S Li+.

®-Cpho (CO) JH (P=6)

In a representative acidification of f:é ’ f:é (3.21 g, ~2.6 mM Mo) was
swelled in THF (40 ml) over 1 h. P-toluenesulfonic acid (0.50 g, 2.75 mM)

in THF (20 ml) was added over several hours from an addition funnel to the
stirring polymer slurry. After an additional 6 h of stirring, an aliquot of
the reaction solvent was tested with an indicator for residual acidity to
assure that an excess of protonating reagent had been used. On

confirmation of acidity, the slurry was extensively washed with clesan THF
until the rinses, in contact with the resin for at least an hour, contained
no further acid. The resulting teige resin P-6 was then dried in vacuo.
Infrared absorbances for P-6 are given in Table I. Elemental analysis was

performed on its sodium derivative P-7Na (cf. next section).

@-CoMo(CO) " (B=])

In a representative synthesis of polymer-bound molybdenum anion (P-7),

~ ——

polymer-bound molybdenum hydride ( 2.86 g, ~1.86 mM Mo) was swelled in THF

(20 m1), 1 h. Monosodium diethylmalonate (vide infra) ( 6.59 mM in 35 ml THF)
was added from an addition funnel to the stirring resin over several hours.
After an additional 6 h of stirring, the reaction solvent was checked by IR
for residual sodium diethylmalonate to assure that an excess of the depro-
tonating reagent had been used. The resin was then extensively washed with
clean THF until rinses, in contact with the resin for at least an hour,

concentrated ¢n a rotary evaporator and checked by IR, contained no detectable
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diethylmalonate or 1its sodium salt. The resulting light beige resin P-7Na

-y

was dried in vacuo. IR absorbances for P-/Na are given in Table 1. Elemental

oy e o

analysis of P-7Na gave a molybdenum content of 0.74 mM Mo per gram of polymer,

i e .

slightly higher than that for sodium of 0.64 mM Na per gram of polymer (Mo,

7.08%; Na, 1.47%). The lithium salt of polymer-bound molybdenum anion P-7Li

- iy s

was prepared in an analogous manner using monolithium diethylmalonate as a

base. Elemental analysis of resin P-7Li yields 0.67 mM Mo and 0.49 mM Li per

e g -

gram of polymer (Mo, 6.43%; L1, 0.34Z). IR absorbances of resin P-7Li are

e g

given in Table 1.

Polymer~-bound Organic Carboxylates

14
® -c H,C00H (P-1)

-~~~

Polymer-bound phenyllithium (3g) was prepared as described above, charged
with THF (75 ml), cooled to -78°C, and evacuated. Carbon dioxide was introduced
to the THF solution of resinophenyllithium in the following manner. A 300 ml
flask of dry ice, connected to a vacuum manifold, was subjected to several
freeze-pump-thaw cycles to remove oxygen. The flask was then allowed to warm
to room temperature: gaseous CO2 boil-off was passed through a column of
activated molecular sieves (4 R) and bubbled into the THF resin slurry (now at
ambient temperature) via a gas dispersion stick. The color of the resin
quickly changed from pink to white. The positive pressure in the manifold
was monitored with a mercury bubbler, an increase in pressure (i.e. a decrease
in CO, uptake by the resin) indicating completion of the reaction. After 15

2

min the CO2 uptake was negligible; however, the bubbling was continued an
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additional 2 h to assure exposure of all internal polymeric sites to the COZ'

In the air, the resin was worked up according to the method of Fyles and

LeznofflAb and the resulting resin P-l was dried in vacuo. The degree of

~

carboxylic functionalization was determined by titration (next section). The

infrared carbonyl absorptions of carboxylic acid resin P-1 are given 1in Table I.

~

@ gH,COONa (2-2)

Polymeric sodium benzoate was prepared by titration of (:}CGHACOOH (g:})
with sodium hydroxide. Direct titration of the polymeric carboxylic acid with
the alkaline titrant was tedious because of slow diffusion rates of reactants
into the polymer. For this reason the following back titration method was employed
(in this case, no precautions were taken to exclude air). The aqueous NaOH titranc
(0.09M) was standardized against primary standard potassium acid phrhalate.
The aqueous HCl titrant (0.1l M) was standardized against primary standard sodium
carbonate. Phenolphthalein and bramophenol blue were used as indicators in
titrations for acid and base, respectively. In a typical titration, 100 mg of
polycarboxylic resin g:} was placed in a flask equipped with a magnetic stir
bar, and allowed to swell in THF or l,4-dioxane (10 ml) for ~ 1 h. An amount
of alkaline titrant corresponding to a slight excess relative to the estimated
number of acidic polymeric sights was then added all at once. The slurry was
allowed to equilibrate with stirring overnight. The total solution was then
back titrated with the acid titrant, using standard buret teclniques, until
an endpoint was reached. The loading of carboxylic acid sites on the polymer
P-1, calculated from the net amount of base "consumed' by the resin, was found
to be 2.32 * .06 meq H* per gram of (:%COOH(P-l), Unreasonably low results for

carboxylate functionalization were obtained when the resin P-l1 was not

preswelled in the organic solvent. This is presumably due to the inaccessibility
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of internal polymer sites which rely on solvation by a relatively non-polar
16

solvent for exposure to external reagents. The volume of organic solvent

had to be at least that of the total aqueous titrant introduced during the

titracion. Infrared absorptions for (:}CéﬂaCOONa (P-2) are given in Table 1.

Alkali metal salts of  B~dicarbonyl compounds

Diethylmalonate, ethylacetoacetate, 2-carboethoxycyclopentanone and
2-carboethoxycyclohexanone were converted to their monosodium salts in the
following manner., A THF solution (~ 0.3 M) of the B-dicarbonyl was added from
an addition funnel to a stirred slurry of a slighﬁ excess of NaH in THF (of
approximately equal volume) over 1 h. Rapid gas evolution was observed. The
resulting solution, checked by IR for complete conversion to the moncsodium
salt, was decanted from residual NaH and treated as follows. When the 8-
dicarbonyl sodium salts were to be used in excess as a synthetic reagent
(e.g., in the conversion of P-6 to P-7) the salts were used in situ in their
THF solutions. However, when the f£-dicarbonyl salts were to be used to carefully
monitor proton transfer activity of polymeric hydride g:é, they were first
purified by crystallization. After the removal of THF at reduced pressure
the following anhydrous crystallizing solvents were employed for each salt:

sodium diethylmalonate, hot methylene chloride; sodium ethylaceto-
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acetate, hot diechyl ether; sodium 2-carboethoxycyclopentanone, ethanol;
sodium 2-carboethoxycyclohexanone, ethanocl. Infrared carbonyl absorbances

in THF for each B-dicarbonyl and its conjugate base were as follows:

diethylmalonate: 1750, 1735 cm™l, sodium salc: 1670, 1550 cm‘l, lithium

1

salt: 1660, 1530 cm ; ethylacetoacetate: 1745, 1720 cm-l, sodium salct:

1660, 1510 cm-l; 2-carboethoxycyclopentanone: 1760, 1735 cm-l, sodium

salt: 1665, 1515 cm-l; 2-carboethoxycyclohexanone: 1745, 1717 cm-l,

sodium sale: 1660, 1483 cm-l. The lithium salt of diethylmalonate was

prepared as above, except that LiH was substituted for NaH.

Monomeric molybdenum compounds

CpMo(C0)3H (6), CpMo(CO)-Na+ (7-Na) and CpMo(CO)3CH3 (8) were synthesized
according to literacture mechods.29 CpMo(C0)3-Na+ was also synthesized by
3ubstituting NaBHQ for sodium amalgam in the literature procedure. Infrared

spectral data are given 1in Table 1.

Cotto (C0) ;L1 ¥ (7-L1) P

To a stirring solution of [CpMo(CO)3]2 (2.0 g, 4.08 mM) in THF (10 ml)
was added HB(C2H5)3L1 (15 ml of a 1.0 M THF solution, 15 mM) from an addition
funnel over 10 min. The solution changed from red to brown over the course
of the addition; an infrared spectrum immediately following the addition
indicated that the reduction was complete. Solvent was removed under reduced
pressure and the lithium salt was crystallized from diethylether/benzene.
‘Yield 1.98 g (75%). Infrared data are given in Table 2. The NMR spectrum of
7-Li indicates that one molecule of THF 1s incorporated into the crystal of

o

Cto (C0) ,Li™ "t MR (acecone-d®) § 4.93 (s, ¢ Hg, SH), § 3.60 (s, THF, 48),

5
8§ 1.79 (s, THF, 4H) ppm).
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Beer's Law Determination of Extinction Coefficlents

Standard procedures for deriving Beer's Law plots were followed. Plots
of € vs. concentration covered the concentration range in which equilibration
experiments were to be run: .0l to .11 M for organic carbonyl compounds and
.001 to .015 for transition metal carbonyl compounds. All extinction coef-
ficient decarmigaticns (and subsequent equilibration reactions) were carried
out in THF, typically in a 5 or 10 ml volumetric flask equipped with a magnetic
stir bar. Infrared spectra were recorded in absorbance units. An electronic
expansion feacuré on the IR spectrophotometer was employed for solutions of
low concentrations. Each spectrum was recorded five times, yielding an
averaged peak height for each band from the five scans at each concentration.
Extinction coefficients for the carbonyl bands of the following compounds were
determined: {compound, CO wavenumber 1in cm—l (extinction coefficient, £)]
CpMo(CO)sﬁ, 2015 (3.20 x 103), 1932 (5.55 x 103); CpMo(CO)B'Na+, 1903 (4.18
x 10%), 1798 (4.50 x 10%), 1745 (3.13 x 107); CpMa(c0),Li", 1910 (2.50 x 107,
1810 (3.10 x 10%), 1785 (1.0 x 10°), 1718 (2.45 x 10°); diechylmalonate, 1750
(5.96 x 102), 1735 (7.01 x 102); sodium diethylmalonate, 1673 (1.67 x 103),

1550 (1.11 x 10°).

Equilibration Reactions

Equilibria between polymer-bound and socluble species were set up aad
monitored as described earlier. Reactions between bound acids and soluble
species of similar pKa were mouitored in the same manner (by IR) as reactions
between bound acids and substrates of greatly differing acidity (e.g., the
reactiouns between(:¥CpMo(CO)3H (g:é) and the 8~dicarbonyl sodium salts).

The former followed weak acid-weak base behavior and the latter behaved

essentially as an acid exchange resin.
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it

"Effective Keq calculations

The numbers for eguation (5) were supplied in the following manner. The
concentrations of scluble species, [B”] and [BH]}, were calculated directly
from IR absorbances using Beer's Law and the above-determined extinction
coefficients. The effective concentration of -@ {@-A'}, was assumed to
be equal to that of BE, in accordance with equation (4). {(® -AH! was then

, and {® -£2. For example,

determined from the difference between {® —Amini:ia

Keq for experiment 1 of Table 3 would be calculated as follows:

¢ . JBH]l (®-at) (011 (01 . 0.3
eq [B=] {(® -aH} (.008) (.058-.011) -




36

References and Notes

1.

Recent reviews of functionalized polymers:

a.

G. Manecke and P. Reuter, J. Polymer Sci., Polymer Symposium 62, 227
(1978).

Israell J. Chem. 17, #4 (1978). An 1issue devoted to polymeric reagents.

J. Molec. Catal. 3, numbers 1-3 (1977). A compilation of articles in

~

the field of functionalized solid supports.

W. Heitz, "Polymeric Reagents, Polymer Design, Scope, and Limitations,"”

Adv. in Polymer Science 23, 1, (1977).
Y. Chauvin, D. Commereuc and F. Dawans, '"Polymer-Supported Catalysts,'

Progress in Polymer Science, Vol. V, 95 (1977).

F.R. Hartley and P.N. Vezey, "Supported Transition Metal Complexes as

Catalysts,' Adv. in Organometallic Chemistry, 15, 189 (1977).

C.C. Leznoff, Acc. Chem. Res., }i, 327 (1978).

D.C. Neckers, Chemtech §, 108 (1978).

R.H. Grubbs, Chemctech 7, 512 (1977).

J.M.J. Frechet, L.J. Nuyens and E. Seymour, J. Am. Chem. Soc. 101I,

~

432 (1979).
R.H. Schwartz and J. San Filippo, J. Org. Chem. 44, 2705 (1979).

C.R. Harrison and P. Hodge, J. Chem. Soc. Perkin I 1976, 2252, 605.

N.M. Weinshenker and C.M. Shen, Tetrahedron Lett. 1972, 3281, 3285.

F. Dawans and D. Morel, J. Molec. Catal., 3, 403 (1978).

G. Wulff, W. Vesper, R. Grobe-~Einsler and A. Sarhan, Makromolec. Chem.

178, 2799 (1977).

~—

S.J. Fritschel, J.J. Ackerman, T. Xeyser and J.K. Stille, J. Org. Chem.

44, 3152 (1979).



d.

37

G.A. Olah, R. Malhotra and S.C. Narang, J. Org. Chem. 43, 4628 (1978).
M. Terasawa, K. Kaneda, T. Imanaka and S, Teranishi, J. Catal. 51,
406 (1978).

C.U. Pittman and Q. Ng, J. Organomet. Chem. 153, 85 (1978).

M.S. Jarrall, B.C. Gates and E.D. Nicholson, J. Amer. Chem. Soc. 100

~

5727 (1978).

P. Buschmeyer and S. Warwel, Angewandte Chem. Int'l. Ed. 17, 131 (1978).

H.W. Gibscn and F.C. Bailey, J.C.S. Chem. Comm., 1977, 815.

G, Cainelli, G. Cardillo, M. Orena and S. Sandri, J. Amer. Chem. Soc.

98, 6737 (1976).

H.M. Relles and R.W. Schluenz, J. Am. Chem. Soc. 96, 6469 (1974).

R. Michels, M. Kato and W. Heitz, Makromolec. Chem. 177, 2311 (1976).

~

G.A. Crosby, N.M. Weinshenker and H~S., Uh, J. Am. Chem. Soc. 97,

2232 (1975).

S. Mazur and P. Jayalekshmy, J. Amer. Chem. Soc. Egl, 677 (1979).

. W.D. Bonds et al, J. Am. Chem. Soc. 97, 2128 (1975).

C.U. Pittman, S.E. Jacobson and H. Hiramoto, J. Am. Chem. Soc. 97,

-~

4774 (1975).

P. Perkins and X.P.C. VYollhardt, J. Am. Chem. Soc. 10Ql, 3985 (1979).

~ o~

G. Wulff and I. Schulze, Israel J. Chem., 17, 291 (1978).
T. Shimidzu, "Cooperative Actions in the Nucleophile-~Containing

Polymers,'" Adv. Polymer Science 23, 56 (1977).

A. Pollack, R.L. Baughn, O. Adalsteinsson and G.M. Whitesides, J. Am.

Chem. Soc. 100, 302 (1978).

~

K. Mosbach, Sci. Am. 26, 225 (1971).



10.

11.

12.

13.

14.

o

38

R. Grubbs, C.P. Lau, R. Cukier and C. Brubaker, Jr., J. Am. Chem.

Soc.

99, 4518 (1977).

J. Rebek and J. Trend, J. Am. Chem. Soc. 101, 737 (1979).

~ o~

()
jae)

D.N: Marquardt, J. Am. Chem. Soc. 94, 1790 (1972).

Ca
o

. Aplin and L.D. Hall, J. Am. Chem. Soc. 99, 4162 (1977).

S.L. Regen and D.P. Lee, J. Am. Chem. Soc. 96, 295 (1974).

S.L. Regen, J. Am. Chem. Soc. 99, 3838 (1977).

H. Molinari and F. Montanari, J.C.S. Chem. Comm., 639 (1977).

R.H. Grubbs and L.C. Kroll, J. Am. Chem. Soc. 93, 3062 (1971).
G.0. Evans, C.U. Pittman, R. McMillan, R.T. Beach and R. Jones,

J. Organomet. Chem. 67, 295 (1974).

C.U. Pittman and R. Hanes, "Frontiers in Organometallic Chemistry,

Ann. N.Y. Acad. Sci. 239, 76 (1974).

~

J.A. Greig and D.C. Sherrington, Polymer 19, 163 (1978).

-~

. Tanford and J.D. Hauenstein, J. Am. Chem. Soc. 78, 5278 (1956).

Katchalski and M. Sela, J. Am. Chem. Soc. 75, 5278 (1956).

.W. Bachovchin and J.D. Roberts, J. Am. Chem. Soc. 100, 8041 (1978).

-~

M.J. Farrall and J.M.J. Frechet, J. Org. Chem. 41, 3877 (1976).

T.M. Fyles and C.C. Leznoff, Can. J. Chem. 54, 935 (1976).

. Collman, L.S. Hegedus, M.P. Cooke, J.R. Norton, G. Dolcetti and

1



15.

16.

17.

18.

19.

20.

39

The figures are drawn with para-substitution for clarity only. Previous
investigations have indicated that lithium substitution in resinophenyl-
lithium is meta and para. C.D. Broaddus, J. Org. Chem. 35, 10 (1970);

D.C. Evans, L. Phillips, J.A. Barrie and M.H. George, Polymer Letters Ed.

12, 199 (1974).

For other examples of the effects of incomplete polymer swelling see,

for example, D.C. Neckers, D.A. Kooistra and G.W. Green, J. Amer. Chem. Soc.

gé, 3984 (1972); R.H. Grubbs, L.C. Kroll and E.M. Sweet, J. Macromoclec. Sci.,
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Pittman, Jr., Inorg. Chem. 18, 928 (1979).

In our hands, resinocyclopentadiene made via the bromination-lithiation
route ylelded a resin of which ~55% of the styrene monomers were
substituted with cyclopentadiene, whereas the direct lithiation route
{Scheme 2) resulted in ~38% substitution of styrene monomers with

cyclopentadiene.

G. Gubitosa and H. Brintzinger, J. Organomet. Chem. 140, 187 (1977).

For homogeneous precedent to this reaction, see J.A. Gladysz, G.M. Williams,

W. Tam and D.L. Johnson, J. Organomet. Chem. 140, Cl (1977).

This was established by treating resinocyclopentadiene E:g with HBEtsLi.
After extensive rinses with clean solvent to insure complete removal of
the borohydride, the resulting resin was exposed to a THF sclution of
diethylmalonate., Appearance of lithium diethylmalonate carbonyl

absorbances in the ir spectrum of the solution above the polymer indicated

to us that lithium cyclopentadienide had been formed on the polymer by
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reaction of HBEC3L1 with resinocyclopentadienide. As a standard, the
above procedure was repeated on unfunctionalized poclystyrene. Those

results indicated that no deprotonation of the polymer backbone was

occurring.

No carbonyl absorbances for diethylmalonate were observed in the ir
spectrum of a THF solution of sodium diethvimalonate which had been in

contact with resinocyclopentadiene P-3.

-~

This method posed some difficulties in that commerical IR cells had to be
specially adapted to handle the slurried samples, and subtraction of

solvent absorptions required a variable pathlength reference cell.
R.J. Card and D.C. Neckers, J. Am. Chem. Soc. 99, 7734 (1977).

a. A referee has indicated some concern about the fact that no direc:t
information is available about the distribution of functionaliries on the
polymers discussed here. 1f we had observed that polymer-attachment caused

a dramatic change in the pKa of the molybdenum hydride, site~aggregation
effects would have to be considered as a possible explanation. However,

the fact that little change in pKa is produced upon polymer actachment makes
it seem quite unlikely that site-site interaction, if it occurs, has a
detectable effect on the acidity of the attached functional groups. Additional
support for this point of view is provided by earlier work from Collman's
group demonstrating that materials prepared by functionalization of preformed
polymers are chemically very similar to those formed by polymerization of
analogously functionalized monomers. Cf. (b) J.P. Collman. L.S. Hegedus,
M.P. Cooke, J.R. Norton, G. Dolcerti and D.N. Marquardt, J. Am. Chem. Soc.

94, 1789 (1972).
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We agree wholeheartedly with a referee's suggestion that an absolute value

of the pKa of CpMo(CO)3H in a solvent such as methanol (in which other
hydride pKa's have recently been measured, cf. ref. 25b above) would be very
useful in general. However, it would be somewhat risky to extrapolate such
a value toc THF, an aprotic solvent of substantially lower dielectric constant

than methanol.

Rys and Steinegger, drawing on an analogy between the insoluble polymeric
matrix and a solid surface, have applied Langmuir Isotherm theory to an
analysis of the acidic activity of a polysulfonated resin., P. Rys and

W.J. Steinegger, J. Am. Chem. Soc. 101, 4801 (1979).

S.A. Keppie and M.F. Lappert, J. Organomet. Chem. £9, P5 (1969).

P.L. Watson and R.G. Bergman, J. Am. Chem. Soc. 101, 2055 (1979) and ref. 4

therein.
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Chapter 2

Hydrogenolyses of an Alkynyl

Cobalt Carbonyl Cluster
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INTRODUCTION

Interest in Fischer-Tropsch hydrocarbon synthesis is
manifested in a wide range of research interests, from studies
on single crystal metal surfaces to gasoline production from
coall'z. Our entry into the field of metal cluster chemistry was
impelled by an interest in a particular proposed stage of
Fischer~-Tropsch catalysis: the mode by which alkyl products leave
the metal surface. Proposing a cobalt trimer as a metal
'surface' model, Co3(CO)9CCH2C(CH3)3 was synthesized to represent
the penultimate site of the alkyl product in the homologation
process.

Molecules of the form Co5(CO)4CR have been covered in
numerous literature reports3 to which the reader is referred for

4 have

background information. Briefly, Seyferth and coworkers
studied the thermolyses and other reactions of Co3(C0)4CX, X = H,
R, SiR3, COR, CHOHR, halides, etc. The photochemically-induced
decompositions of Co3(CO)9CH and C03(CO)9CH3 under hydrogen to
yield CH4 and C,Hg/CoH,, respectively, have been investigated by
Geoffroy and Epsteins. That Co3(C0)¢CPh can serve as a
hydroformylation catalyst is the subject of an article by Ryan,
Pittman and(YConnors. Despite all that has been done with the
tricobalt cluster, still little is known about the actual
machinery of its reactions.

We chose this particular alkyl derivative of the Co5(CO)q

cluster, Co3(CO)9CCH2C(CH3)3 (1), with the hope that reactions
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of its carbynyl carbon with the accessible terminal methyl sites
of the tert-butyl group under thermal hydrogenation conditions
would model a carbyne's reactivity patterns in Fischer-Tropsch
catalysis. Hydrogenations of cobalt alkyl 1 under carefully
controlled conditions have provided information on: 1) product
distribution; 2) kinetics of cluster decomposition; 3) inhibiting

factors; and 4) possible reaction pathways.
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RESULTS

A, Preparation of Materials

In the synthesis of Co3(CO)9CCH2C(CH3)3 (1), the following
modifications were made on the literature procedure7’8 for the
preparation of compounds of the form Co3(CO)gCR (Scheme 1).
Reaction of Co,(CO)g with tert-butylacetylene to form
Co,(CO) g (HCCC(CH3) 3) was complete immediately on dissolution of
the cobalt carbonyl in the acetylene (reaction solvent), as
opposed to the reported7 '‘overnight' reaction time. Subsequent
conversion of the cobalt dimer to trimer 1 did require the strong
acid (HZSO4) and refluxing methanol temperature9 (see Table 1 for
IR absorbances of metal carbonyl species). Crucial for total
reaction of starting material was dilution with a sufficient
amount of methanol to avoid the formation of a lower oily layer
(mostly product) which seemed to trap unreacted cobalt
hexacarbonyl, thereby removing it from the acidic reagent in the
alcohol layer. The most abundant crystal crops of product 1 were
obtained by simply refrigerating the final acidic methanol
solution overnight (as opposed to a lengthy literature work-up).
Syntheses of compounds of the form Co3(CO)¢CR have been reported
with fairly low yields - typically 29 to 49%37+10, 1n our hands,
yields of ~40% of 1 were realized. The liquors remaining from
crystallizations of 1, when concentrated, did not appear to
contain the majority (~60%) of the cobalt introduced to the

reaction. It is the author's belief that the low product yields
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Table 1. Metal Carbonyl Infrared Absorbances

Compound

Coz(CO)8 (mesitylene)
Coz(CO)6(HCECCMe3) (hexane)
Co3(CO)9CCH2CMe3 (mesitylene)
Co4(CO)12 (mesitylene)

-+
CO(CO)4 Na (THF)

- .+
Co(CO)4 Li (THF)

+

Co (CO) 4"PPN (THF)

1

VCO (cm

2006 (s),2038(s),2016(s),1853(m)
2089 (m) ,2060(w) ,2049 (vs),

2026 (vs) ,2016(2) ,2006 (mw)

2098 (w) ,2048 (vs) ,2032(s),2012(w)
2062 (s),2050(s) ,2863 (m)
1890 (s), 1856 (m)

1889 (s)

1890(s),2855(sh)
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and the overall 'disappearance' of metal in this reaction
sequence are due to the generation of a volatile cobalt carbonyl
component during trimer formation. Further discussion of this

hypothesis is the subject of a thesis proposal.

An authentic sample of the experimentally derived aldehyde,
CHO(CH,) oC(CH3) 3 (4), was synthesized by reduction of the
corresponding acid, COOH(CH,),C(CH3)3, with lithium in neat
methylamine (Scheme 2). An elaboration on the parsimonious
literature procedure for this reduction is included in the
Experimental Section. Aldehyde 4 (not listed in Beilstein) was
characterized by IR, NMR, MS, and GC. Its NMR spectrum displays
the expected downfield triplet of the aldehyde hydrogen at 9.35
ppm, a strong singlet at 0.67 ppm for the tert-butyl group, and
two aa'bb' multiplets at 1.21 and 1.83 ppm for the two methylene
groups. Its solution IR spectrum contains the two traits most
characteristic of aldehydesll: a C-H stretch of the CHO group at
2715 cm~1 (weak) and a C=0 band at 1728 cm™l (strong).
Broadening and shifting of the IR bands occurred with thin-film
samples, presumably owing to the hygroscopicity (and therefore
hydrogen bonding) of the viscous, neat samplell. The mass
spectrum of aldehyde 4 (at 10, 15, 20, 30, or 70 eV) displayed
typical aldehyde behavior under the ionizing conditions: lack of
a parent ion and strong ion intensities attributable to
fragmentation of alkyl groups and elimination of water. (It is

of interest to note that aldehyde 4 does not contain the gamma-
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hydrogens necessary to perform the McLafferty rearrangement often
observed in the mass spectra of organic carbonyl compounds, i.e.,
a six-membered transition state in which a gamma-hydrogen is
bonded to the carbonyl oxygen and which breaks down to

acetaldehyde and olefinl2,)

Attempts to synthesize Co(CO),4(CH,) ,C(CH3) 3 independently
(as a model compound for a proposed hydrogenation intermediate,
vide infra) led to the synthesisl3 of several candidates for
agents to alkylate Co(CO)4“. Hydroboration of 3,3-dimethylbutene
(2) generated alcohol 5 which on treatment with methanesulfonyl
chloride yielded mesylate 6 (Scheme 3). No reaction was observed
on treatment of sodium tetracarbonyl cobaltate in THF with
mesylate 6 (as monitored by IR for disappearance of the Co(CO)4‘
carbonyl bands). Changing the counterion from sodium to lithium
or (PhyPIN* (PPN) did not increase the cobalt anion's reactivity
toward the mesylate. Attempts to alkylate the above three salts
of Co(CO) 4~ with the alkyl chloride, (CH3)3C(CH3),Cl, were also
unsuccessful. A third candidate, (CH3)3C(CH2)2I, was synthesized
by treating mesylate 6 with sodium iodide in refluxing 2-
butanone. This alkyl iodide was also an ineffective alkylating
agent under the previous reaction conditions (room temperature,
THF, anaerobic atmosphere) or at 70° in benzene. If time
permits, two more attempts will be made to generate
Co(CO) 4(CH,) 9C(CH3) 3. The first will involve synthesis of and
attempted alkylation with the trifluoromethanesulfonyl alkyl.

The second employs a crown ether to 'activate' the cobalt anion
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for nucleophilic displacement on the alkylating agent. The
resulting tetracarbonyl <cobalt alkyl is not expected to be
stable 14 and therefore might have to be generated in situ under
hydrogenation conditions. Monitoring the reaction of
Co(CO) 4(CH) 2C(CH3) 3 with hydrogen for appearance of products 2
(tert-butylethylene), 3 (neohexane), and 4 (4,4-dimethylpentanal)

might provide information on the mechanism of hydrogenation of 1.

B. Hydrogenation Reaction Conditions

Hydrogenations were carried out either in sealed NMR tubes
or in a high-pressure gas manifold (vide infra and Figure 1). 1In
the former case, the sample was prepared by placing a solution of
cobalt complex 1 (0.023-0.069 M) in an NMR tube on a vacuum line
(<10™4 mm) which was equipped with a mercury manometer for
measuring gas pressure (up to 1 atm). After transferring in an
internal standard (tetramethylsilane) under vacuum, a metered
pressure of hydrogen was exposed to the cooled (-196°C),
evacuated tube and the tube was sealed off (with a torch). This
method for introducing hydrogen to the NMR solution allowed for
incorporation of up to ~ 2.3 atm Hy in the NMR tube (at room
temperature, or 2.55 atm Hy at the reaction temperature, 56°C).
Experiments were monitored either by removing the tube
periodically from a heated constant-temperature bath (56°C) and
recording the NMR spectrum (90 MHz instrument) or by leaving the

tube in a 56°C NMR probe and recording its spectrum at regular
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intervals (180 MHz Fourier Transform instrument). NMR data
provided information on disappearance of the starting material
cobalt complex 1 and appearance of the three organic products,
best monitored in the tert-butyl region (the four species have
distinctly different chemical shifts for their tert-butyl
groups) .

Alternatively, hydrogenation reactions were monitored by gas
chromatography for appearance of organic products. In these
experiments, a high-pressure manifold (stainless steel) with the
following capacities was employed (Figure 1l): 1) a septum inlet
for direct sampling of the reaction mixture (while still under
pressure); 2) a gauge to monitor gas pressure during the
reaction; 3)access to the gas source (lecture bottle) and a
bleeder valve to maintain constant gas pressure throughout the
reaction (some loss of pressure was observed on sampling through
the septum via syringe); and 4) access to a second tank of gas
(for reactions carried out under CO and H,).

For reactions carried out on the high-pressure manifold,
mesitylene solutions of Co3(C0O)gCCH,C(CH3)3 (1) and an internal
standard (benzene) were prepared in a glove box. They were then
'degassed' on the reaction manifold in several hydrogen
pressurization cycles prior to pressurizing the reaction vessel
to the given reaction pressure. The reaction mixture was heated
in an 0il bath and stirred with a magnetic stir bar. Samples
were removed through the septum with a syringe (equipped with a

long needle), transferred to a microliter syringe, and injected
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into the gas chromatograph. Details of the chromatography and

integration conditions are given in the Experimental Section.

The above-described high~pressure manifold was also used to
monitor decomposition of 1 in a CO/H, atmosphere. The manifold
was equipped with a T-joint (see Figure 1) to accommodate a
second gas source (the T-joint was placed between the gas tanks
and the two~stage regulator in order to be able to use the one
regulator to allot both gasses); a one-way valve was inserted
between the two tanks to prevent mixing of gasses in the tanks.
The apparatus was assembled and the reaction was monitored in the
same manner as for the previously described hydrogenations. The
order in which the two gasses were introduced to the reaction
solution (on repressurizing, if needed, after aliquoting) did
not seem to influence the reaction according to the consistency
in GC analyses for appearance of products.

For the hydrogenation in the presence of added olefin (2), a
mesitylene solution of 1, 2, and an internal standard (benzene)
was prepared and hydrogenated as described previously. Early
samples collected at time intervals (@ 10 min) shorter than g.c.
trace times (~40 min) were stored at -20° C in septum-capped,
nitrogen-filled vials until being analyzed by g.c. Negligible
increase in experimental error was observed in the analyses of
these samples - a possible problem if volatile components were
being lost on handling and storing (the boiling points of tert-
butyl ethylene (2) neohexane (3) are 41° and 50° C,

respectively).
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C. Reaction Results and Discussions

Hydrogenations of 1 in hydrocarbon solvents (cyclohexane,
pentane) yielded nearly quantitatively two products: tert-
butylethylene (2) and neohexane (3), in a ratio of ~-4.5 to 1.0
(experiments 1 and 2 of Table 2, and Scheme 4). The identities
of the two organic products were established in previous studies
of the hydrogenation of 1 in these laboratoriesls.
Hydrogenations of 1 under similar conditions in aromatic solvents
(benzene, toluene, mesitylene) resulted in formation of a third
product in addition to the previously observed olefin and alkane
(Scheme 4). This third product, 4,4-dimethylpentanal (4),
appeared as the minor product in the final product ratio of
olefin: alkane: aldehyde, ~2.5: 1.5: 1.0.

This third product was identified after 1isolation by
preparative gas chromatography by comparison with an authentic
sample. Although at first surprising, the appearance of aldehyde
from hydrogenation of 1 in the absence of CO gas has related
precedent in other cobalt carbonyl systems. It has been
reported16 that Co4(C0);, (a suspected product of our
hydrogenations, vide 1infra) causes stoichiometric
hydroformylation of propene under hydrogen pressure, and that
this hydroformylation does not proceed until less polar solvents
are replaced by ethanol as the reaction solvent. Moreover, other
researchers have reported enhancement in hydroformylation rates
on addition of more polar solventsl?. Finally, a report by Ryan,

Pittman, and O'Connor® that Co3(C0O0)gCCgHy catalyzes
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hydroformylation forewarns of the possibility of hydroformylation
activity of our tricobalt nonacarbonyl complex or 1its
derivatives. Paths by which the aldehyde might arise will be
discussed later.

All of the following experiments, including the effects of H,
pressure, CO, and added olefin, were carried out in aromatic

solvents to observe the formation of all three products.

l. NMR-Monitored Hydrogenation
The disappearance of starting material (1) and the
appearance of products were monitored simultaneously by NMR
during the hydrogenation of 1 (exp 3 of Table 2). Figure 2 shows
the time dependence of the appearance of tert-butylethylene (2),
neohexane (3), and 4,4-dimethylpentaldehyde (4) (relative to an
internal standard, TMS). The olefin is the first product to
appear, followed somewhat later by the alkane and aldehyde. A
plot of starting material reacted coincides quite closely to one
for appearance of total products, demonstrating nearly complete
mass balance (Figure 3). Applying first order kinetic analyses18
to the data of Figure 3 yields two straight lines: one for
disappearance of starting material (k = 1.45 X 10 %sec™tatn™ 1)
and one for appearance of total products (k = 0.78 X 10"9gec™!
atm~1). That the rate of appearance of total products agrees
fairly well with that of starting méterial decay confirms our

observation by NMR that no appreciable build-up of intermediate

is occurring. It should be kept in mind that this rate constant
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for total product appearance is descriptive rather than
guantitative since it masks several individual rate constant
components for the three products' formations.

Significantly, the ratio of products does not remain
constant during the reaction (Figure 4). At an early time,
olefin makes up the majority of the product mixture (~83%),
whereas at the completion of the reaction it comprises only -~68%.
Similarly, alkane and aldehyde comprise ~11 and 6% (respectively)
of the total products at t=0.5 h, and grow to ~20 and 11%,
respectively, at the reaction's end. This phenomenon will be
documented again in later reactions. Since the product ratio
data indicate that the three products are not formed from one
common path, it is difficult to compute their rates of formation
from the available data. Conclusions from the NMR-monitored
experiment are therefore limited to the following observations:
1) disappearance of starting material 1 follows first order
kinetics; 2) conversion of starting material to products occurs
nearly quantitatively with no appreciable build-up of detectable
cobalt-containing intermediates; 3) the percentage of each
product in the product mixture changes over the course of the

reaction, perhaps signaling an interconversion between products.
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2, Hydrogen Pressure Dependence

In order to determine the order that hydrogen assumes in the
hydrogenation of 1, the reaction was carried out under three
different hydrogen pressures: 2.5, 5.1, and 6.8 atm (exps 4-6 of
Table 2). Data on the disappearance of starting material 1 were
not provided by the monitoring technique used (g.c.); however,
disappearance of 1 and appearance of metal carbonyl products
were followed qualitatively by IR.

The rate of appearance of total products19 at the three
hydrogen pressures is plotted against increasing hydrogen
pressure in Figure 5. The 'effective' rate constants, 6.28 X
107 5sec™!, 1.09 x 107%sec”!, and 1.34 X 107%sec™! for 2.5,
5.1,and 6.8 atm (respectively), demonstrate a linear dependence
on hydrogen pressure in the pressure range studied. For the

hydrogenation of 1, the following rate expression can be written:
-df11/dt = kj(pHy)™[11"

Under the pseudo-first order conditions of the three
hydrogenations (i.e., an excess of Hj),

- m
kobs = kp(pH))

and

log kypg = m log (pHy) + log ki

On plotting the data from the three hydrogenations in the form of

this last equation, kl and m are obtained: k; = 3.11 X lo'ssec'l

and m = 0.77 (kj is pictured in Figure 5). It can be seen from
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the good agreement between the calculated k; and the line of
Figure 5 (derived from experimental k's) that the calculated
value for k, is consistent with the overall kinetic trend. Given
only these three hydrogenation pressures as data points,
discussion on the value of m (i.e., an order of 0.77 for (pHj))
is restricted. According to literature sources, the limit for
hydrogen saturation in benzene lies above 250 psi (17 atm)21d,
thereby indicating that our three hydrogen pressures are probably
not providing near-saturation levels of hydrogen in solution?7,
The line observed in Figure 5 might indeed not be in the pseudo-
first order region of excessive hydrogen concentration; instead,
its slope might be reflecting a hydrogen-deficient reaction. At
higher pressures one might observe an eventual leveling off in

k which could be attributed to either an arrival at the upper

obs
limit for hydrogen solubility or a departure from the limiting

effect of hydrogen concentration in the rate expression.

The data derived from the hydrogenations at three different
pressures have been plotted to show the effect of hydrogen
pressure on the formation of each of the products, Figure 6. It
can be seen that the effect of hastening product formation to
completion is considerably more dramatic on increasing the
hydrogen pressure from 2.5 to 5.1 atm than from 5.1 to 6.8 atm.
For example, hydrogenation at 2.5 atm requires ~10h for final
product concentrations to level off, whereas at 6.8 atm this
stage is reached within ~6h. This effect was mirrored previously

in Figure 5 which pointed out the consistent dependence of k¢
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on hydrogen pressure for total product formation. Figure 7
contains plots of product ratios during the course of
hydrogenation. As was seen earlier in the NMR-monitored
experiment (Figure 4) the percentage of each product in the
hydrogenation mixture progressively changes with time, a trend
implicating formation from non-common intermediates, or even
interconversion of products. The fact that tert-butylethylene
continues to grow in throughout the reaction detracts somewhat
from the theory that it is the source of aldehyde and alkane
(later experiments were designed to dwell on this point).
However, postulating the transitory presence of some
hydrogenation/hydroformylation reagent which acts at a rate
smaller than olefin formation might account for the observed
simultaneous growth of the three products (vide infra). The
nonobservance of reaction intermediates makes this a difficult
proposition to verify.

Infrared spectra of metal carbonyl products (vgq
(mesitylene): 2062 (s), 2049 (vs), 2032 (m), 2024 (m), 2005 (w),
1864 (m), 1825 (w) cm™1) seem to contain, among the large number
of CO bands, absorbances attributable to Co4(C0)35 (v¢qo
(mesitylene): 2062 (s), 2050 (s), 1863 (m) cm™1), The remainder

of the bands have not been identified.
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3. The Effect of CO on Hydrogenatijion of 1

Photochemical studies of the hydrogenation of C03(CO)9CCH35
have demonstrated inhibition of complex decomposition in the
presence of carbon monoxide. The conclusion drawn was that
dissociation of CO from the parent compound initiated the
photochemically-induced hydrogenation (to ethane and ethylene,
2:1). The lability of carbonyl ligands of some Co5(CO)gCR
complexes has been shown in reactions designed to monitor CO
exchangezz. It was therefore of interest to know the effect of
CO on hydrogenations of 1 (exp 7, Table 2).

After 19.5h, a solution of 1 in mesitylene under Hy (3.7
atm) and CO (3.7 atm) displayed almost no hydrogenation
reactivity. IR indicated that the solution contained essentially
the initial amount of 1 and by g.c. only a trace amount of tert-
butylethylene (2). From these results we concluded that CO
inhibits the thermal decomposition of 1 under hydrogen23. The
reversal of an initial preequilibrium involving loss of CO from 1
probably accounts for this CO inhibition, although a series of
reversible equilibria prior to a CO-inhibited step cannot be
ruled out.

Raising the temperature of the final solution of the
previous experiment by 25° (while maintaining all other
conditions the same) gave dramatic results (exp 8, Table 2).
After 3.5h at 85°C, tert-butylethylene (2) had grown in
(corresponding to ~5% conversion of starting material)

accompanied by appearance of 4,4-dimethylpentanal (4) (-~2%)
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(Figure 8). After 7.5h, aldehyde 4 concentration had doubled
(over the 4.5h concentration) whereas olefin concentration showed
no net change. No neohexane (3) was detected. At 20h a trend
had begun in which olefin concentration dropped off to trace
amounts over the next 26h and aldehyde grew in, accounting for
~87% of the final product mixture. Neohexane was finally
detected at 20h and steadily grew to comprise ~12% of the final
product mixture. Although the reaction was discontinued after
46h, a considerable amount of starting material 1 remained.
This was evident by IR of the metal carbonyl region as well as by
the fact that total product concentration comprised only ~60% of
the original starting material (1) concentration. Production of
aldehyde 4 would probably have progressed further (its trace in
Figure 8 had not yet levelled off) had the reaction been allowed
to continue. It is the author's feeling that more accurate data
on aldehyde formation from 1 under H, and CO would be obtained by
repeating the reaction at higher temperatures and gas pressures
over shorter reaction times.

Examination of Figure 8 reveals that the numerical value for
final aldehyde concentration is never reached by olefin. This
raises the possibility that complexed olefin, once formed in the
presence of the active hydroformylation reagent, does not freely
dissociate into solution before (presumably) being converted into
aldehyde (Scheme 5, path (b)). 1In fact, the final step of olefin
production might be shut down entirely in favor of conversion of

the olefin precursor to aldehyde (path (a) or (b)). If this is
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the case, the final step in releasing olefin to the solution
(path (c)) would most likely have to be reversible to account for
the disappearance of first-formed olefin in experiment 8.

Comparison of an IR spectrum of the resulting metal
carbonyls with one for cobalt carbonyl products from normal
hydrogenation conditions (i.e., no added CO) shows that in
addition to containing the Co,(C0O);, usually observed in
hydrogenation product mixtures, broad bands at 2065, 2033 and
2017 cm~1 might correspond to Co,(CO)g (vpon (mesitylene): 2066
(s), 2038 (s), 2016 (s), 1853 (m) cm~1l). Starting material,
Co3(C0O)gCCH,C(CH3) 3, complicates the product spectrum with CO
bands at 2098 (w), 2048 (s), 2032 (s), and 2012 (w) cem~1.
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4. The Effect of Added Olefin 2 on the Hyvdrogenation of 1

An ideally designed experiment to test for the conversion of
product tert-butylethylene (2) to products neohexane (3) and 4,4~
dimethylpentanal (4) would involve addition of labelled tert-
butylethylene to the hydrogenation of unlabelled 1. Detection of
labelled products 3 and 4, either by 13¢, 2H, or 3H NMR, or by
radiotracer B-scintillation detection of 3H or l4c, would surely
implicate the intermediacy of first-formed product 2 in 3 and 4's
geneses. Given certain time constraints, a modified version of
the above-described experiment was undertaken which in its own
way verified the validity of such a labelling experiment24.

tert-Butylethylene was added to a standard mesitylene
solution of 1 at approximately one-half the concentration of 1
(exp 9, Table 2). This solution of 1 plus olefin was then
subjected to hydrogenation conditions identical to those of exp
6: 6.8 atm Hy, 60°C. The most marked difference in exp 9 from
exp 6 was the nearly immediate appearance and rapid growth of
products 3 (alkane) and 4 (aldehyde) (Figure 9). tert-
Butylethylene concentration steadily increased over the initially
added amount during the first 2h of reaction. At reaction's end,
the concentration of alkane 3 equaled that of exp 6 (Table 2)
whereas the final concentration of aldehyde 4 increased by 50%
over that of exp 6. (A comment on the negative slopes of several
of the traces of Figure 9 from 4h onward is required. For lack
of a better explanation, the author attributes this to escape of

the reaction’s more volatile components. tert-Butylethylene, the
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lowest boiling (bp 41°c sTP), appears to be the major
contributing factor to the negative slopes of the other two
decreasing traces labelled [total products] and {[total products]
- [added olefinl]l}. (During the reaction, loss of pressure did
occur on sampling; repressurizing with Hy to 6.8 atm would not
replace any other lost gasses.) The dramatic loss of olefin
after 4h is probably not due to its conversion to the other
products since a decline is also noted after 4h for {[total
products] - [added olefinl]l} - a figure which essentially serves
the purpose of accounting for reacted starting material. An
indicator of overall mass balance, the trace labelled [total
products], also reflects a spurious depletion of reaction
components. Simply repeating the reaction with tighter (leak-
proof) sampling devices should confirm or negate this
conclusion.) 23

From the results of exp 9, several aspects of the mechanisms
of product formation can be briefly speculated. Preliminary
indication that olefin 2 is involved in alkane (3) and aldehyde
(4) production might be substantiated by a kinetics study in
which the formations of products 3 and 4 are recorded as a
function of initial added olefin concentration. Likewise, the
presence of a yet-undetected cobalt carbonyl hydroformylation
catalyst might be established by experiments in which added
olefin concentration remains constant and the amount of cobalt
introduced to the reaction (in the form of 1) is varied, again

monitoring the appearances of alkane 3 and aldehyde 4. This
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second study does not differentiate between the active
hydroformylation catalyst's being 1 or some later-formed cobalt
by-product; however, the latter is suspected to be the reagent
responsible for aldehyde formation since at the start of rxn 9,
in the presence of excess olefin and when all the cobalt is tied
up as 1, production of 3 and 4 is not immediate. The existence
at reaction's end of large amounts of olefinattests to the
unavailability of a reagent to convert it all to alkane and
aldehyde (despite the availability of hydrogen25) - this
observation, together with the results from exp 8 (predominant
aldehyde production from hydrogenation under CO), further
suggests that the cobalt hydroformylation catalyst requires

external CO to survive beyond several turnovers.

Unfortunately, a straightforward kinetic model into which
all the data of exps 3-9 can be plugged is not immediately
obvious with the data at hand. At present, computation of the
rates of appearance of aldehyde and alkane is precluded in the
absence of both a detectable intermediate (other than olefin) and
a recognized steady state situation. Ascertaining the laws
governing olefin concentration promises to be complicated due to
its seemingly simultaneous production from 1 and consumption to
form aldehyde and alkane (at a rate likely to be limited by
undetectable species). Probably the most valid approach to
analyzing the kinetics of product formation from hydrogenation of

l is via computer modeling.
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CONCLUSIONS

Preliminary investigations into the reactions of
Co3(CO)9CCH2C(CH3ﬁ3 (1) with hydrogen have provided information
of the mode of organic product formation from alkyl cobalt
carbonyl clusters. Hydrogenation of 1 in hydrocarbon solvents
yielded two organic products, olefin 2 and alkane 3. Use of
aromatic solvents resulted in formation of a third product
identified as aldehyde 4. Hydrogen-mediated decomposition of 1,
found to follow first ofder kinetics (k = 1.45 X 107 9sec™latm™1),
proceeded with nearly quantitative formation of organic products.
CO (external source) inhibited the decomposition of 1 under
normal hydrogenation conditions; however, at elevated
temperatures, hydrogenation of 1 under CO yielded aldehyde 4 as
the major product. This production of 4 from 1 seemed to be in
part at the expense of earlier-formed olefin 2. Olefin added to
hydrogenations of 1 appeared to get incorporated into the
reaction manifold.

In tracing the fate of the carbynyl carbon of 1, we have
observed via the three organic products from hydrogenation of 1
three modes of reaction for the carbyne: 1) addition of two
hydrogen atoms to become the terminal, vinylic CH, group of
olefin 2; 2) total saturation with hydrogen to become the methyl
terminus of alkane 3; and 3) addition of the elements of H, and

CO to become the alpha-methylene unit of aldehyde 4.
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EXPERIMENTAL

General

For preparation of 1, Co,(CO)g was used as received.
Sublimed Co,(CO)g (<10~* mm, 43° bath, 0° cold finger) was used
in the preparations of tetracarbonyl cobaltate. tert-
Butylacetylene, dried over 4A molecular sieves, was transferred
under vacuum from a -25° flask to a =-196° receiver and stored at
-20° under nitrogen. 4,4-Dimethylpentanoic acid and 3,3-
dimethylbutene were dried over 4A sieves. Sodium iodide was
dried under vacuum with heating. Triethylamine was distilled
from CaH, and stored over NaOH. 3,3-Dimethylchlorobutane was
transferred under vacuum from 4A sieves. Monomethylamine was
transferred under vacuum immediately prior to use. Used as
received were mesyl chloride, 2,2-dimethylbutane, hydrogen
peroxide (30% aq), LiBHEt5 (1.0M in THF), BH3°THF (1.0M in THF),
Ho (cylinder), and CO (cylinder).

Methanol was dried over 3A sieves, methylene chloride and 2-
butanone were dried over 4A sieves. Mesitylene, toluene, and
benzene were each purified by a vpc-monitored fractional
distillation from 4A sieves. Tetrahydrofuran (THF) was
transferred under vacuum from sodium benzophenone ketyl.

Except where noted, reaction mixtures were prepared in a
Vacuum Atmospheres nitrogen atmosphere glove box and reactions
performed outside of the glove box used conventional Schlenk

techniques. Reactions requiring high gas pressures (higher than
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1 atm at =-196°) were performed in a stainless steel manifold
(previously described in Results Section, Figure |) assembled in
these labs.

Routine lH NMR spectra were recorded on a Varian EM=-390 (90
MHz) spectrometer. The kinetics-monitored hydrogenation of 1 (exp
3 of Table 2) was carried out in a 56°C probe of a 180.09 MHz
Fourier Transform NMR instrument equipped with a Bruker
superconducting magnet, Nicolet Technology Corp. model 1180 data
system, and electronics assembled by Mr. Rudi Nunlist
(U.C.Berkeley). For this reaction, the digitally interfaced
pulse programmer was programmed to collect spectra every 20min
over a 24h time period. The spectra thus collected were stored
on a disk and later processed for integration on the instrument's
computer terminal. NMR chemical shifts are reported in units of
ppm downfield from tetramethylsilane (0.0 ppm).

Infrared spectra were recorded on a Perkin Elmer 283
spectrophotometer using NaCl solution cells (0.lmm path length)
or NaCl salt plates for neat liquid samples.

Analytical vpc analyses were performed on a Perkin Elmer
Sigma 3 GLC interfaced with a SpectraPhysics Autolab System 1
computing integrator. A 14'x%" 8% OV-1l0l/Chromosorb G-AWDMCS
column (programmed from 30° for 9min to 185° at 6°/min) and 60°
block (injector port and flame ionization detector) were used to
monitor hydrogenations of 1. Preparative gas-1liquid
chromatography was conducted on a Varian Aerograph Model 90-P

instrument using a 15'x%" OV-17/Chromosorb P-AWDMCS column (175°
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injector, 150° column, 155° detector). A helium flow of 60ml/min
and -78°C glass collectors were used to collect the desired
eluants.

Mass spectroscopic and GCMS analyses were performed by the
UCB Chemistry Department Mass Spectroscopy Laboratory on AE1-MS12
and Finnigan 4000 spectrometers, respectively. Both systems are
interfaced with Finnigan/INCOS data systems. MS data are
reported in units of m/e and as percentages of relative ion
current. Where appropriate, major fragments are also reported.

Plots were recorded by a Houston Instruments HIPLOT™ digital
X,y-plotter from data entered into a Northstar Horizon computer
interfaced with a Hazeltine 1420 terminal. Line slopes were
computed with a BASIC Least Squares linear regression program on

the Northstar system.

Preparation of QQQ;CQLQCQHQQLQH1L3'111?8

In a 250ml Schlenk flask, C02(CO)8 (20.0g, 58mmol) was
dissolved in HCCC(CH3)3 (20.0ml, 163mmol) at room temperature
(the reaction also proceeds at 0°C). Rapid bubbling and cooling
(presumably due to solvent evaporation on CO gas evolution and/or
endothermicity) was noted. The solution was allowed to stir 1h
at which time its IR spectrum indicated no residual octacarbonyl.
The solvent (residual t-butylacetylene) was removed under vacuum
leaving a mobile orange oil, Co03(CO)g(HCCC(CH3)3): g nMr (CgDg) :
§ 5.46 (s, 1H), 1.05 (s, 9H)ppm; IR (benzene) v, 2089 (m), 2060
(w), 2049 (vs), 2026 (vs), 2016 (s), 2006 (mw) cm~l. (tert-
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Butylacetylene displays NMR signals at (C6D6)§1.88 (s, 1H) and
1.13 (s, 9H) ppm.) The o0il, diluted with CH30H (70ml), was
treated with Hy804 (10ml conc in 10 ml MeOH) and the resulting
solution was heated at reflux. After 12h, a lower, oily layer
(containing more product 1 than the upper methanol layer by IR
analysis) was removed via cannula into a fresh solution of HyS04
(10ml, conc) in MeOH (100ml). Continued heating at reflux of
both methanol solutions led to complete disappearance of starting
material within 10h. The resulting acidic methanol solutions of
product 1 were refrigerated at -20°C overnight to yield deep red-
black needles which were washed with copious amounts of distilled
water (until well after the washes tested neutral) and dried
under vacuum. A total first crop of 7.7g was realized (40%
yield, based on a stoichiometry of 1 Coy(CO)g ———> 2/3
Co3(C0O) gCCH7C(CH3)3 ), mp 127-8° (under nitrogen)zg; IR (Table
1); 1y NMR (cgDgd 1.06 (s, 9H), 3.75 (s, 2H) ppm; MS (50 ev)
parent ion 512 m/e (0.06 RIC), fragments corresponding to loss of
CO ligands; Anal. Calc'd for CygHj;Co: C, 35.18; H, 2.17; Co,
34.53. Found: C, 35.49; H, 2.37; Co, 34.50.

Preparation of (CH3)3C(CHp)oCHO (4)3°

MeNH, (100ml) was transferred under vacuum from a lecture
bottle to a 250ml Schlenk flask cooled to -196°. The flask
containing the frozen amine was then attached via glass tubing to
an evacuated, -196°, 250ml 3-necked flask <containing
Me3C(CHy) ,COOH (5.0g, 38.5mmol) and lithium wire (350mg, 50mmol).

The amine was allowed to warm to room temperature and to transfer
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quantitatively into the reaction vessel containing the acid. A
deep blue color was observed on contact of the amine with the
lithium wire. The solution was allowed to warm to 0° during
which time an argon atmosphere was applied as soon as a positive
pressure (from MeNH, gas) was noted. The blue solution received
a second dose of lithium wire (740mg, 1l06mmol) and was left
stirring at 0° (under a -78° condensor) 4h, at which time no
carboxyl stretch was seen in the IR. The solution was then
slowly quenched with saturated aqueous NH4Cl (100ml), transferred
to a separatory funnel, and extracted with diethyl ether (2 x
50ml). The organic layer was slowly washed with 10% HCl (1 x
50ml; however the author recommends future use of 5% HCl), 10%
NaHCO3 (2 x 50ml), and H,0 until the agqueous layer tested
neutral. The organic layer was dried over MgSO, and concentrated
on a rotary evaporator to a light yellow liquid, 1.5g (crude
yield 34%). Analytical samples of aldehyde 4 were provided by
distillation at reduced pressure (bp 47°, 33mm): IR (benzene)
2960 (s), 2868 (w), 2715 (w), 1728 (vs), 1462 (br,w), 1366 (m)
cm'l; IR (thin film - care must be taken to record thin film
spectra quickly or with precautions to exclude exposure to the
atmosphere since neat samples of the aldehyde rapidly picked up
water (see Results Section for discussion)) 2958 (vs), 2870
(m,sh), 2715 (w), 1728 (s), 1470 (m), 1408 (m), 1390 (m), 1372
(m) en~l; 1y R (cgdg) & 0.67 (s, 9W), 1.21 (m, 2H), 1.83 (m,
2H), 9.35 (t, 1H) ppm; MS (15 eV) m/e (RIC, suggested fragment)

114 (0, no parent ion (characteristic of aldehydes, see text)),
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99 (1.30, RCHO-{CH3}), 96 (2.27, RCHO-{H,0}), 81 (17.41, RCHO-
{CH3}=1{H,0}), 57 (32.30, C4Hg), 56 (6.44, CyHg or *CH,CH,CHO), 55
(3.35, C4Hy or °CHyCH, - {H}), 43 (12.44, CH3CO or °CH,CHO or
C3H7), 41 (5.22, CHCO or C3Hg); Anal Calcd for CHy40: C, 73.61;
H, 12.38. Found: C, 73.39; H,12.34.

Preparation of (CH3)3C(CHp)-QH (3)

3,3-Dimethylbutanol was prepared from 3,3-dimethylbutene
according to the literature procedure for hydroboration of
olefins3l and distilled as a clear, colorless liquid (bp
61°, 19mm): IR (thin f£ilm) 3350 (br,s), 2958 (s), 2865 (sh,m),
1478 (br, m), 1366 (m), 1037 (m), 991 (m) cm~1; 1y NMR (CC14)5
0.93 (s, 9H), 1.46 (t, 2H), 2.52 (s, 1H), 3.59 (t, 2H) ppm. IR
and NMR data are in agreement with Aldrich's pﬁblished spectra of

5.

Preparation of (CH3)3C(CH)>080-CH3 (6)

In a 100ml, nitrogen-purged, ice-cooled, 3-necked flask was
placed 3,3-dimethylbutanol (5) (422mg, 4.14mmol), mesyl chloride
(593mg, 5.18mmol), and CH;Cl, (12ml). Triethylamine (922mg,
9.11mmol) was added slowly from an addition funnel to the
stirring solution over 0.5h. Much white precipitate (NEt3HCI)
was formed over the course of the addition and an additional 20ml
CH,Cl, was required to maintain stirring. The ice bath was
removed and after 1h at room temperature an IR of the solution

contained no hydroxyl absorbance. The solution was filtered,
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combined with an equal volume of H,0, and washed successively
with H,0, 10% HC1l, H,0, 10% NaHCO3» and finally repeatedly with
H,0 until the aqueous layer tested neutral. The organic layer
was dried over MgSOy4 and reduced on a rotary evaporator to a
light yellow o0il, 550mg (yield 74%): IR (thin film) 2960 (s),
2875 (m), 1478 (m), 1350 (vs), 1175 (vs), 972 (s), 950 (vs), 890
(m), 847 (m), 800 (m) cm™!; 1 NMR (cClpf1.0 (s, 9H), 1.67 (t,
2H), 2.88 (s, 3H), 4.18 (t, 2H) ppm. The mesylate was used

without further purification in subsequent reactions with NaI and

Co (CO) 4~ -

Preparation of iﬁﬁiilgigﬂglgl ()

3,3-Dimethylchlorobutane did not react with NaI (l.4fold
excess) in acetone at room tempe:ature. At reflux, the reaction
was still sluggish (monitored by gc). The alkyl chloride was
then replaced with the mesylate (6) as the alkyl substrate. 3,3-
Dimethylmesylbutane (6) (30mg, 0.l16mmol) and NaI (38mg, 0.25mmol)
were combined in d6 acetone (0.5ml) in an NMR tube, heated at
40°, and monitored by NMR (after filtration from NaOSO,Me).
After 24h 75% of the mesylate had been converted to the alkyl
iodide, (CH3)3C(CH32)5I (7) (re:NMR t-butyl chemical shifts of
0.96 and 0.90 ppm for 6 and 7, respectively). Due to this slow
rate of substitution, the reaction was repeated on a preparative
scale using 2-butanone as solvent, thus allowing a higher
reaction temperature. 3,3-Dimethylmesylbutane (6) (5.0g, 28mmol)

was placed in 2-butanone (50ml) in a 250ml flask outfitted with a
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reflux condensor and N, purge. NaI (10g, 67mmol) in 2-butanone
(25ml) (the slurry took on a light orange color) was added to the
mesylate solution and heated to reflux with stirring. Within
5min, copious amounts of precipitate (NaOSOpMe) had formed and
more solvent (125ml) was added to facilitate stirring. The
reaction was monitored by tlc (Et,O:hexane, 1:1) for 4h (during
which time the solution assumed a deep orange color). Filtration,
followed by removal of solvent on a rotary evaporator, yielded a
deep orange oil which was then taken up in Et,0 (50ml). The
ether solution was washed sequentially with H,0, 5% NayS,03 (the
color of the organic layer lightened to a pale yellow), Hy0, 5%
NaHCO3, and finally H,0 until the aqueous layer tested neutral.
After drying over MgSO,, the organic layer was reduced on a
rotary evaporator to a light yellow liquid, 2.54g (crude yield
30%). The alkyl iodide, (CH3)3C(CH3)3I (7), was purified by
distillation at reduced pressure (bp 47°, 8mm): IR (thin £ilm)
2958 (s), 2868 (m), 1467 (m,br), 1392 (w), 1377 (m), 1325(w),
1245 (m), 1215 (w), 1164 (m) cm™l; lu NMR (cc1,§0.9 (s, 9H),
1.85 (m, 2H), 3.03 (m, 2H) ppm. Anal. Calcd for CgHy31I:
C, 33.98; H, 6.19; I, 59.83. Found: C, 34.24; H, 6.21; I, 59.58.
The colorless alkyl iodide was stored over copper wire, free from

light, at 20°C.

Preparation of Q_QJQQLA-M+I M = Na, Li., PPN
Lithium tetracarbonylcobaltate was prepared by treating a
solution of Co,(CO)g (91mg, 0.27mmol) in THF (2ml) with HBEt3Li1

(0.5ml1 of a 1.0M THF solution, 0.5mmol). IR of the metal
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carbonyl bands indicated that reaction was immediate and complete
(Table 1)32,

Solutions of sodium tetracarbonylcobaltate were afforded by
combining Coj(CO)g (40mg, 0.12mmol) and Na/Hg amalgam (0.65%,
2.0g, 0.5mmol in Na) in THF (1ml) (cf. Table 1 for IR data).

[Ph3PNPPh3]+[Co(co)4]‘ was prepared by treating the above
THF solution of NaCo(CO), with an equivalent of ppNtC1”,
Filtration (from NaCl) provided a THF solution of [PPN1Co(CO)4

(IR data in Table 1).

Attempted Preparation of Co(CQ) ,(CH-)-C(CH3)3 (8)

Several attempts to synthesize 8 from Co(CO)4 and alkyl
electrophiles were not successful. Neither chloro-, iodo-, nor
mesyl-3,3-dimethylbutane reacted with Co(C0)4~ (sodium, lithium,
or PPN salts) in THF at 20°C under a nitrogen atmosphere.
Attempts to alkylate the cobalt anion (sodium salt) with the
alkyl iodide in benzene at 70°C also did not proceed, at least in
part due to the anion's insolubility in benzene. In all the
above cases, unreacted starting material was the only observed

component of the reaction mixtures.

Preparation and Procedure of Monitored Hydrogenation Reactions
The preparation of the sample for exp 3 of Table 2 is
presented as an example of a typical NMR-monitored hydrogenation.
A standard, thin-walled tube equipped with a 14/20 ground glass
joint was loaded with 1 (5.6mg, 10.%9umol) and topped with a

stopcock. The tube was then placed on the vacuum line,
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evacuated, cooled, and deuterobenzene was transferred in under
vacuum, A known (manometrically) amount of TMS
(tetramethylsilane internal standard) was then transferred in
under vacuum. While immersed in a liquid nitrogen bath, the tube
was filled with a known pressure of Hqy and sealed off (with a
torch). Alternatively, the NMR tube (outfitted with ground glass
joint) could be charged by weighing in 1, internal standard
(e.g., ferrocene), and solvent. In this procedure, the solution
then had to be thoroughly degassed prior to introduction of
hydrogen on the vacuum line.

Chemical shifts for mixtures of starting material and
products of hydrogenations in NMR tubés follow.

In cyclohexane—dlz(ppm): 1 1.07 (s, 9H), 3.75 (s, 2H); 2
0.92 (s, 9H), 4.72 (g, 2H), 5.65 (g, 1H); 3 0.77 (s, 9H), alkyl
region obscured by t-butyl and solvent peaks.

In benzene-df(ppm): 1 1.04 (s, 9H), 3.72 (s, 2H); 2 1.0 (s,
9H), 4.94 (t, 2H), 5.83 (g, 1H); 3 0.88 (s, 9H), alkyl region
obscured by other aliphatic hydrogens; 4 0.70 (s, 9H), 9.30 (t,

1H), alkyl region obscured.

The experimental procedure for preparation and execution of
hydrogenations on the high-pressure manifold is described in the

Results Section.
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Data Handling

Data from the NMR-monitored reaction (exp 3, Table 2) were
processed and plotted using relative concentration terms for each
component (relative to internal standard TMS). The
concentrations of gc-monitored reactions were measured against an
internal standard (benzene) and then converted to absolute
concentrations (product response factors were comparable within
experimental error). A least squares linear regression program
was used in conjunction with an x,y-plotter to calculate and plot

kinetic data.
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Propositions
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PROPOSITION 1 : The Formation of Tricobalt Nonacarbonyl Methynyl
Complexes from Cobalt Carbonyl and Alkynes - A Mechanistic

Discussion.

Metal clusters have become a popularly studied class of
compounds, particularly since an analogy to metal surface
chemistry is often drawn to reactions of their derivatives.
Claiming that a multinuclear metal group might display proper ties
similar to an active metallic surface!, researchers have come up
with clusters whose catalytic behavior models important
industrial processes, e.dg., the Wacker?, Oxo?, water-gas shift?},
and Fischer~Tropsch® processes. One class of these compounds 1is
based on trinuclear methynyl derivatives of Group VIII transition
metals: M3LnCR‘. One of their most interesting features is the
carbynyl carbon which is equally shared between several metals,
hence mimicking a carbon atom sitting on a metal surface. These
trinuclear metal carbynes have arisen from several synthetic
preparations’ using mono-, di-, or trimetallic starting
materials. Formation of a Co3(CO)gCR complex from a dinuclear
cobalt carbonyl and an unsymmetric alkyne will be the subject of
this proposition, with particular emphasis on mechanism and

reaction intermediates.

In a typical synthesis of Co3(CO)gCR' (2)?, Co,(CO)g4(HCCR)
(1) (formed on combining Co,(CO)g and HCCR) is heated in an

acidic (H,S04) methanol solution to give, on crystallization, a
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34% yield of 2 (R'=CHpR). No comment on the whereabouts of the
other ~66% of the cobalt starting material is included. Similar
yields are reported by other authors?®, again with no mention of
the fate of the rest of the cobalt. Therefore, a study of
C02(C0)6(HCCR) and its reactions would aid in elucidating the

formation pathway of its 'derivative', Co3(C0)gCR'(2).

To start, in order to derive a trimetallic cluster from a
dimetallic one, some sort of disproportionation must be
occurring. Examples of plausible initiation pathways are (Scheme
1) a) combination of 2 Co,(CO)g(HCCR) to form a tetracobalt
species which later falls apart to trimetallic 2; b) an initial
fragmentation of 1 to two mononuclear cobalt species, one (or
both) of which then combines with a dimeric starting compound to
yield trimer; or c) dissociation of the alkynyl ligand and
homolysis of the resulting Co,(CO)g group. Pathway (a) is
unlikely, based on previous work involving similar cobalt
tetramers®®: compounds of the form Co4(C0);,(RCCR') are made by
treating Co,(C0);, with RCCR' (at 20° or 90°C) and decompose
readily to binuclear 1 (on being heated to 70° in the presence of
additional alkyne). This decomposition from a tetramer to a
dimer does not appear to be reversible since heating 1 does not
produce a tetramer. Instead, heating Co,(C0O)g(RCCR') (1) leads
to organic products derived principally from the alkynyl ligands
(Scheme 2)!!, Furthermore, heating 1 in the presence of another

alkyne results in analagous organic products which have
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incorporated the new alkyne in addition to the complex's original
alkyne. The appearance of products arising from alkyne exchange
(Scheme 2) supports the proposed dissociative equilibrium between
1 and free alkyne, path (c¢) of Scheme 1.

If pathway (c) of Scheme 1 is the first step in conversion
of 1 to 2, an unsaturated dimer, Co,(CO)g (6), is being generated
under acidic conditions (H,S04) in a ligating solvent (MeOH).
Alcohol, as one of a class of 'basic' (oxygen-containing)
solvents, has the potential to interact with cobalt carbonyl in a

redox reactiont?, viz

3Co,(CO)g + 2n B: —> 2 [Co(CO)4 150C0oB 172 + 8CO

eq (1)

(In fact, the above equation, followed by protonation with strong
acid, outlines a popular preparative method for hydridocobalt
tetracarbonyllza'bd Such a redox process could be occurring
with 6, ultimately yielding a cobalt carbonyl hydride (8) in the

highly acidic reaction medium:

3Co., (CO) ¢ (MeOH) 5 + 12MeOH —> [C0(CO) 3 (MeOH) ~1,[Co (MeOH) g1 +2
2 6 + 8CO 3 2 6
6 7 eq (2)

7 + H,S04 = HCo(CO)3(MeOH)
8

(Cop(CO)g is written with its open coordination sites saturated

with solvent molecules, MeOH.) Suggesting the presence of cobalt
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hydrocarbonyl in solution opens up many mechanistic possiblities.
The action of hydrodocobalt carbonyl 8 on Co,(CO)g(MeOH), might
lead to formation of Co3(CO)gH (9) (Scheme 3). Cobalt cluster 9
has been shown to react with acetylene, yielding an example of
title compound 2, Co53(C0O)gCCH3 (10)**. The reaction is
doubtfully so straightforward as to be a simple bimolecular
reaction between 9 and an alkyne. Since Co3(co)9H (9) is known?!?
to decompose to Co,u(CO)j9 (and HCo(CO), under C0), the
possibility presents itself that the observed reaction of
Co3(CO)gH with acetylene to produce Co3(CO)gCCH3 proceeds through
the mono- and/or dinuclear cobalt fragments from decomposition of
9 (Scheme 4). The mechanism in Scheme 4, proposed here to
justify Fachinetti's results, perhaps applies to the general
class of reactions under study: 1 ———>2. Substituting
HCo(CO) 3(MeOH) for HCo(CO)3 and Co3(CO)g(HCCR) for Coy(CO)g(HCCH)

of Scheme 4 provides Scheme 5%'°*,

The following experiment(s) could be performed to support
the mechanism outlined in Scheme 5. HCo(CO), (as prepared in ref
12¢) is introduced to a methanol solution of Co,(CO)g(HCCR) (1)
(as prepared in refs 8 and 10). The reaction can be monitored by
IR or by NMR for appearance of Co3(C0O) gCCH3R. Reaction
temperature will depend on the results of first combining the two
reagents at low temperature (anticipating HCo(CO),'s instability
at ambient temperatures). Raising the reaction temperature

and/or inclusion of strong acid (to sustain the cobalt hydride, a
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Scheme 4
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HCCH / HCCH

(CO) 3Co/& Co4Q0) ¢ (HOCH)
Co, (C0) ¢ \ /HCo(co)3
(CO) 4Co M
(CO) 4 c::'i"‘c:: (CO) 4
H” “H

o
10



101

Scheme 5
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strong acid itself) might be required. Alternatively, a
derivative of HCo(CO), might be used as a means of introducing a
cobalt hydride to Co,(CO) g(HCCR), e.g., HCo(CO)3(PX3)**. Use of
HCo(CO) 3(PX3) would both increase the longevity of the cobalt
hydride and more closely model the reaction sequence of Scheme 5.
Finally, addition of Co,(CO0)g to the reaction mixture might
increase yields of 2 as a result of the higher cobalt to alkyne
ratio (vide infra).

Several concluding remarks are due on the literature's low
yields for preparations of compounds of the form Co3(CO)4CR' (2)
from Co,(CO)g(HCCR) (1) in refluxing acidic methanol. In
separate studies on the reactivity of dicobalt hexacarbonyl
alkyne adducts!?, the following results have been reported.
Heating Co,(CO)g(HCCCMe3) with two equivalents of HCCCMes in
petroleum ether (90-100° cut) at reflux for 3h yields two cobalt
products, Co,(CO)4(HCCCMe3)3 and Co,(CO) g(HCCCMe3)y4*®, and
several organic products, including 1,2,4-tri-tert-butyl benzene,
a diketone with an empirical formula of (HCCCMe3) 3(CO) 5, and
cyclopentadienone!?’, Similarly, a Co,(CO) 4(HCCCF3) 3 complex was
isolated from heating Co,(CO)g(HCCCF3) to 110° in pentane (sealed
steel bomb) for 15h (Co3(CO)gCCH5CF3 was also obtained)?!®.
Finally, Hubel et al!? isolate a 15% yield of stilbene on heating
Co0,(C0)g(PhCCPh) in acidic (H2SO4) methanol for 3h. The above
three examples, in addition to the plausible loss of a cobalt
hydride species from volatilization, suggest pathways for

consumption of 1 competitive with the desired formation of 2. As
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mentioned earlier, addition of C°2(CO)8 to the acidic medium for

rearrangement of 1 to 2 might increase yields of 2 at the expense

of Co,(CO)4(alkyne)3, having increased the cobalt to alkyne ratio

in the reaction mixture!®.

REFERENCES

1. a. E.L.Muetterties, Bull. Soc. Chim. Belg., 84, 959 (1975).
b. ibid, 85, 451 (1975).
c. E.L.Muetterties, Science, 196, 839 (1977).

2. T.H.Whitesides and R.A.Budnick, J. Chem. Soc. Chem. Commun.,
87 (1973).

3. R.C.Ryan, C.U.Pittman and J.P.0O'Connor, J. Am. Chem. Soc.,99,
1986 (1977).

4. R.M.Laine, R.G.Rinker, and P.C.Ford, J. Am. Chem. Soc., 99,
252 (1977).

5. L.Kaplan, U.S.Patent 3,944,588 (1976).

6. a. C.U.Pittman and R.C.Ryan, Chem. Tech., 170 (1978) and refs
37 and 20 therein.
b. E.L.Muetterties and J. Stein, Chem. Rev., 79, 479 (1979)and
refs 32-37 therein.

7. a. G.Palyi, F.Piacenti, and L.Marko, Inorg. Chim. Acta Rev.,
4, 109 (1970) and refs therein.
b. G.Schmid, Angew. Chem. Intl. Ed. Eng., 17, 392 (1978) and
refs therein.

8. R.Markby, I.Wender, R.A.Friedel, F.A.Cotton, and
H.W.Sternberg, J. Am. Chem. Soc., 80, 6529 (1958).

9. Organic Synthesis via Metal Carbonyls, Vol 1, . Wender and
P.Pino, Eds., (1968), Interscience, New York, p.307 and refs therein.



104

10.U.Kruerke and W. Hubel, Chem. Ber., 94, 2829 (1961).

ll.a. C.Hoogzand and W.Hubel, Tet. Lett., 18, 637 (1961).
b. E.M.Arnett, M.E.Strem, and R.A.Friedel, Tet. Lett., 19, 658
(1961) .
c. The second equation of Scheme 2 is an unpublished
experiment of W.Hubel.

12.a. A.J.Chalk and J.F.Harrod, "Catalysis by Cobalt Carbonyls"
in Adv. in Organomet. Chem. vol 6 (1968), p.138 and refs 64,
66, 88, and 158 therein.

b. H.W.Sternberg, I.Wender, R.A.Friedel, and M.Orchin, J. Am.
Chem. Soc., 75, 2717 (1953).

c. I.Wender, H.W.Sternberg, and M.Orchin, J. Am. Chem Soc., 74
1216 (1952).

13.G.Fachinetti, S.Pucci, P.F.Zanazzi, and U.Methong, Angew. Chem.
Int. Ed., Engl., 18, 619 (1979).

14.1f Co4(CO)12 is produced in the decomposition of 1, either by
dimerization of two Co,(CO)g fragments or as a
Co,4(CO) 5. (MeOH) , derivative, it is reasonable to suppose
that thé ‘conditions generating hydridocobalt carbonyl from the
dinuclear cobalt precursor (eq (2)) might also generate it
from the tetranuclear cobalt carbonyl.

15.F.Piacenti, M.Bianchi, and E.Beneditti, Chim. Ind. (Milan), 49
245 (1967).

16.The dicobalt hexacarbonyl tetraalkyne product 1is
unsatisfactorily described as a ketone complex-+V.

17.U.Krueke, C.Hoogzand, and W.Hubel, Chem. Ber., 94, 2817 (1961)
and ref 10. Information on the yields of this reaction is
very confusing.

18.D.A.Harbourne and F.G.A.Stone, J. Chem. Soc. (A), 1765 (1968).
See also ref. 11.



105

PROPOSITION 2 : Determination of Transition Metal Hydride

Acidities wvia Negative Ion Mass Spectrometry .

Negative Ion Mass Spectrometry has garnered increased use in
the recent past as refinements on technique and instrumentation
have improved 1its utilityl. Concurrently, organometallic
compounds are being seen with increased frequency as substrates
in (positive ion) mass spectrometry, for purposes of molecular
identification as well as in studies of metal-ligand bonding
interaction2. The combination of these two lines of study,
negative ion M.S. and organometallics, has received little
attention3. This is surprising since negative ion M.S. has
produced molecular ions in some cases with greater success than
conventional (positive ion) M.S.4, and therefore would appear to
be particularly amenable to organometallic systems where parent
ions are unattainable (e.g., multinuclear complexes which
fragment to yield mononuclear species as the highest positive ion
mass detected in the mass spectrum). In the following
proposition, several methods are suggested for establishing a

relative ordering of neutral metal hydride gas-phase acidities

based on ion-pair formation in the negative ion mass spectrum.

Information presently available on the acidity of transition

metal hydride complexes is scant. Data from solution equilibrium
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studies® as well as gas—-phase proton affinities of cationic metal
hydridesGImve been published. Relative pKa's determined in
solution carry the qualification that the ordering is solvent (or

solvent-type) specific:

1

AH(solvated) AT (solvated) + HY(solvated)

or
solvent

AH + B: &= A~ + BH'
Dielectric constants and dipole moments, among other solvent
effects, affect the dissociative equilibrium between a neutral
acid and its conjugate anion, thereby rendering pKa's a function
of the particular solvent. Gas-phase techniques, as they have
been applied to organometallics up to now, analyze the proton
affinity of a positively charged metal complex, mut, generated
(for example) in an ICR ionizing chamber. Extrapolation of these
data for positively charged species to neutral metal complexes
(MH) 1is questionable. The use of negative ion M.S. should
provide acidity data whichare both independent of solvent effects
and valid for a neutral metal hydride molecule. Two alternative
approaches are presented for the determination of relative pKa's
of metal hydrides wvia negative ion M.S.: A) direct observation of
the conjugate anions (M”) of the acids under study and B)
analysis of metastable transitions from anionic bridging-hydride
mixed metal dimers formed in the ionization chamber of a reverse

geometry mass spectrometer.

A. The direct observation of anionic conjugate bases of
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acids by negative ion M.S. has precedence in organic systems.
Aplin et al’ have ionized formic, acetic, propionic, butanoic,
and iso-butanoic acids with 70eV electrons. Their ordering of
gas-phase acidities, based on the relative abundances of the
carboxylate anions in the negative ion mass spectrum, roughly
parallels the ordering of the acids' strengths in aqueous
solution ionic dissociations: HCOOH >> CH3COOH > (CH3),CHCOOH >
CH3CH,COOH > CH3CH,CH,COOH.

Dawson and Nibbering8 use chemical ionization negative ion
M.S. (the primary reactant ion is 0°, generated from nitrous

oxide) with organic nitriles to derive their conjugate bases:

RCH,CN ————jz———ﬂ— RCH™CN
That the base abstracted a proton exclusively from the alpha-
position was found from deuterium labelling experiments.
Subsequent proton transfer reactions of these nitrile anions with
other nitriles, alcohols, diazo compounds, H,0, and aldehydes
yielded an ordering of gas-phase acidities of the organic
molecules (too numerous to list here).
The carboxylate and nitrile anions of the above two studies
are not necessarily generated in the same manner. Use of a
chemically ionizing base (0*7) in the latter study most likely
assures that nitrile anions are the products of proton
abstraction by 0. In the absence of an independently generated

base, the carboxylate anions of the former study could have
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arisen from two mechanisms (at the ionizing potentials used): a)
ion pair production, AB + e~ —> A~ + BT + e, or b) dissociative
electron capture, AB + e ——> A~ + B*. By increasing the
carrier gas pressure, one should be able to determine.which of
these two mechanisms is primarily operative in carboxylate
production since in the rate expressions for mechanisms a and b,
enhancing (carrier) gas pressure is first order in the former and
second order in the latter?/10, For the purposes of this
proposition, it is the abundance of anion produced by mechanism
a, ion pair production, which is of interest. Therefore, from
the experience of the above researchers, two means for
dissociating a metal hydride to its conjugate metal anion and a
proton are offered, using similar or updated instrumentation:
chemical ionization as in reference 8, or the primary ionization
process of ion pair formation as in reference 7. Recording the
negative ion M.S. of a series of metal hydrides of interest (vs
an internal standard) and comparing relative abundances of the
deprotonated M™ signal arising from ion pair formation should
give rise to an ordering for the relative ease of deprotonating
each metal hydride:

MH + e —> [MH]® + egq (eg = inelastically scattered
electron)

(ME1® —> M~ + ut

Among the growing number of transition metal hydridesll there

should be no lack of suitable substrates for this study.
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An important consideration left unattended in this treatment
is the correlation between the acidity of a ground state metal
hydride (MH) and its electronically excited counterpart (MH¥).
In the above reaction scheme outlining ion pair formation, the
charged products are derived from an excited parent molecule,
MH*, and possibly also from excited precursors M~* ang HT*.
Therefore, in establishing a relative order for the acidities of
metal hydrides by the above method, the assumption is made that

their excited state acidities follow the same order.

Application of the data generated in the above-proposed
experiments to a calculation of free energies of deprotonation is
made feasible by the pioneering work of Kebarle and Brauman.
Kebarle and coworkersl? have performed an extensive series of
gas—-phase acidity measurements on organic substrates using pulsed
electron beam high ion source pressure mass spectroscopy. To
briefly summarize their methods and theory, equilibrium constants

were obtained from the proton transfer equilibria

= A;" + AH eq. 1

AlH + A2

between a standard acid (HC1, A,H) and the acid under study
(AjH). The anions A5 and Ay~ are generated by deprotonation
with F™, the fluoride ion having been produced in the electron
capture reaction of NF3 in the ion source (NF3, AjH, and ApH are
introduced simultaneously in methane buffer gas to the ion
source). The experimentally derived equilibrium constants

provide AG° for equation 1 from AG° = -RT1nK, From this AG®°

q.
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(for reaction temperatures of 500-600°K), AH® and AG® of
deprotonation at room temperature are calculated, based on
extensive entropic considerations and heat capacity adjustments.
The thermodynamic cycle (below) ties together the properties
'controlling' these experiments: bond dissociation energy (BDE),

electron affinity (EA), 1ionization energy (IE), and proton

BDE (AH)
AH » A°* + H-*
PA (A7) l l -EA (A°)
EI (H*)

AT + HH e——o AT + H°

Since AHgeprot® = BDE (A-H) - EA (A*) + IE (H*), and methods for
determining electron affinities are available and reliablel3,
reasonable numbers for M-H bond dissociation energies can be
expected (given an IE for H* of 313.6 kcal/mol) from an analogous

application of the above methodology to metal hydride systems.

B. The second proposed technique of using metastable
transitions from charged p-H dimers has no precedent in negative
ion M.S. The relative base strengths of substituted amines has
been documented in the gas-phase of positive ion M.S.14: dimers
of the form (RH,N-H-NH,R"™¥, created in the ion source (of a

chemical ionization positive ion mass spectrometer) in the
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secondary reaction of RHZNH+ with R'HoN, undergo metastable
decomposition to a protonated and a neutral monomer. The

resulting protonated amine presumably is the stronger base.

Evidence for proton-bound anionic dimers in negative ion
M.S. has been provided in a couple of literature reports.
Winkler and Stahll?® present negative ion metastable spectra of
cis and trans-1,3-cyclohexanediols in which stabilization of the
cis isomer is provided by hydrogen bonding between the two
negatively charged oxygens. In their study of gas-phase
(negative ion M.S.) proton transfer equilibria of acids, McMahon
and Kebarlel® detect substantial quantities of AHA™. 1Indeed,
detection of metastable transitions in negative ion M.S. is well-
documentedl7, even being detected in an organometallic systemlB.
That organometallics are amenable to study by negative ion
M.5.3s18, together with the above citations of anionic proton-
sharing dimerslsvls, leads to the postulation of (M-H-M")~
formation in the chemical ionization negative ion mass
spectrometer ionization chamber. The proposed experimental
procedure would entail co-ionization of the two different metal
hydrides in a reverse geometry mass spectrometer, documenting
their metastable transitions from (M'-H-M)~. A reverse geometry
mass spectrometer offers the advantage of detecting daughter ions
from a specific metastable transition, in this case, specifically
those daughter ions from (M'-H-M)", Relative abundances of
detected metal anions should reflect preferential dissociation of

(M-H-M')" to MH + M'" or to M'H + M”. The metal complex more
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often found protonated could then be designated the weaker acid.

In summary, two approaches in negative ion mass spectroscopy
are offered for ordering transition metal hydride complexes
according to relative acidities. The first relies on direct
observation of the metal hydride's conjugate base while the
second uses metastable transitions of the molecular ion.
Discussion is extended to include determination of metal complex

proton affinities and M-H bond dissociation energies.
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PROPOSITION 3: The Synthesis, Utility, and Advantages of a

Polymer-bound, Soluble Reducing Agent: poly-naphthalide.

The application of polymer supports to organic synthesis has
been the subject of several review articlest. Affixing organic
synthetic reagents to a polymer support assures facile
purification of the desired organic substrate: simple filtration
removes the bound reagent from the reaction mixture, often
leaving behind a one-component system of the desired product. Of
use to the organic chemist is a polymer-bound reducing agent, yet
only two examples have appeared in the literaturez, each with
considerable drawbacks. Two syntheses of a polymer-bound
reducing agent, resino-naphthalide radical anion (sodium or
Ychium), are proposed. This reagent should offer both ease in
the work-up of its reactions and facile regeneration to its
reduced state.

Weinshenker and coworkers2d prepared an insoluble polymer-
bound n-butyl tin dihydride which is active in the reduction of
halides to hydrocarbons and in the reduction of aldehydes and
ketones to alcohols. An excess of polymeric dihydride reagent
(typically three to four equivalents) is required to effect
conversion. Attempts to regenerate active tin hydride on the
once-used resin with LiAlH, failed. The authors attribute this
to the affectively irreversible formation of tin oxides, Sn-Sn,

Sn-0-Sn, or divalent tin derivatives on the polymer during the
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reduction-hydrolysis sequence. The polymer-bound tin hydride,
although effective as a reducing agent for one turnover, 1is
limited in practicality by its rapid deactivation.

A second polymer-bound reducing agent in the literature is
coordinated borohydride, BH,~ 2P. Gibson and Bailey have
cleverly coordinated BH,” to a solid support by stirring an
aqueous solution? of NaBH4 with an anion exchange resin of a
bound quaternary ammonium salt. This cation exchange, sodium for

tetraalkylammonium, affords an active bound reducing agent:
WAAAAASTVVY

+ -

The insoluble beads reduce benzaldehyde at 65 to 72% of their
calculated capacity. The authors mention neither the
regenerability of active borohydride sites nor the possibility of
solution contamination by leached boron derivatives. The ionic
nature of attachment of the boron moeity to the polymer raises
the question of exchange at cationic sites on the pdaymer between
anionic borane complexes and free alkoxide (from solvent)®, such
an exchange could lead to borane contamination in the solution of
reduced organic substrate.

The advantages of a covalently bound sodium (or lithium)
naphthalide on a soluble plymer are multiple: 1) Generation and
indefinite regeneration of the active reducing agent, sodium (or
lithium) naphthalide, is effected by simply stirring a solution

of polymer-bound naphthalene over elemental sodium (or lithium)8,
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Filtration from remaining metal leaves a homogeneous solution of
polymeric reducing agent which can then be used in situ for the
reduction of organic substrates. 2) The traditional problem of
naphthalene contamination in reduced organic substrates is
obviated by precipitating and filtering the polymer-bound
naphthalene from the reaction solution containing the desired
organic product. 3) Leaching of naphthalene from the polymer
support should not occur since the naphthalene is covalently
bound through a carbon-carbon sigma bond to the polymer backbone.
4) The soluble naphthalene polymer is amenable to several
analytical techniques which insoluble polymers are not qualified
for (due to their insolubility) in quantitatively determining its
degree of functionalization.

An abbreviated list of reactions for which monomeric sodium
or lithium naphthalide is used as a reducing agent is given in
Table 17.

Two synthetic routes are feasible for arriving at polymeric
naphthalene: functionalization of a preformed commerical polymer
with naphthalene moieties or copolymerization of vinyl-
naphthalene with another monomertl, both of which will be
discussed. Among the methods available for quantitative analysis
of resino-naphthalene are UV and esr. The ultraviolet spectra of
polystyrene (a comonomer in the proposed synthesis) and
polyvinylnaphthalene exhibit large differences in extinction
coefficients at 279 and 320.5 mpg. Because of this difference,

it is possible to use UV spectroscopy to determine the weight
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Table I - Reductions with sodium and lithium naphthalide

+ -
. Na Npth- ~
(C6H5)2CHCN = (CGHS)zgsg (77%) ref 7a
5

C2H58r

Na+Npth?/THF

R-OTs RCH (95-100%) ref 7b

R = cyclohexyl, phenyl, exo-norbornyl, etc.

1)Li*Npth™ R R
HC=CH > R"'——C=C —+—R" ref 7c
2)RC(O)R', R'C(O)R"" o OH
H o .
—c1 Na Npth ., (80%%) ref 7d
1)Li Npth” -
OO0 > CH., (CH.,) COOH
% 2)CHy (I, ) CHO 3% 6%20*2
(80%) ref 7e
Na ' Npth™
CH,=C(CH,)QH=CH, + HN(CH), = (CH,),C-CHCHN(C,H,),
(95% ref 7f

N ) B
Li Npth’
R R
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fraction of each component, styrene and vinyl-naphthalene, in
the product polymerlo.

The first proposed synthesis is the less complicated of the

two approaches for making poly-naphthalene (Scheme 1).

. QO™
2> 00

1 65°, 4h 2 24° 2.5 h

SCHEME 1

The first step, lithiation of the phenyl rings of polystryene
(1), is well precedentedlz. Soluble polystyrene is widely
available in a range of polymer chain lengthslB. Reaction of the
phenyllithium polymer 2 with bromonaphthalene14 should proceed
without difficultylzc. Precipitation from the benzene solution
with methanol followed by filtration completes the preparation of
naphthalene-substituted polystyrene.

The advantage of this route for producing resino-naphthalene
is that the details of polymerization technology are left to the
suppliers. The drawbacks include limited control over both the
extent of functionalization (substitution) and the polar nature
of the polymer backbone. For example, 50% substitution of
styrene monomers by naphthalene leads to a polymer which is
approximately 65% styrene in composition; although not
necessarily detrimental, a dominant styrene character will govern
the polymer's compatibility with future solvents and

substratesls.
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Alternatively, copolymerization of vinylnaphthalene offers
greater control in regulating the concentration of naphthalene in
the final polymer. In choosing a comonomer, two factors are
taken into consideration: polarity and ability to polymerize.
First, the hydrophilic/hydrophobic nature of the polymer can be
varied according to the composition of the polymer backbone.
Incorporation of a nonpolar comonomer such as styrene or 2,3-
dimethylbutadiene extends the hydrocarbon nature established by
the naphthalene monomer, whereas methyl methacrylate or
vinylpyridine comonomers would render a more polar polymeric
environment. In anticipation of the wide ranges of
functionalities that will be present in organic substrates to be
reduced by the naphthalide polymer (cf. Table 1), a styrene or
butadiene copolymer avoids the problem of hetercatom involvement
arising from the polymer backbone in the reduction process. On
the other hand, the solubility of a methyl methacrylate copolymer
in polar organic solvents broadens its applicability to systems
where more polar solvents are required. Both copolymers are
worthy of pursuing.

The second factor, the requirements of a comonomer, is a
function of r, e, and Q values. The polymer industry has
developed empirral parameters for characterizing the reactivities
of monomers toward polymerizationls. Briefly, for a monomer pair
M; and M,, four reaction rate constants are possible (shown for

free radical polymerization):
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The reactivity ratios, r; for My and r, for M,, are defined as
r; = ky/ks and rp = k3/ky4

That is, r is a relative measure of a monomer's preference to
react with its own radical or with the other monomer's radical.
The Q-e scheme, at best, is an empirical approach at quantifying
monomer reactivity. Q; describes the resonance effects in
monomer and radical Mj; e; describes the polarity of monomer and
radical M;. The three parameters are drawn together in the

following relation:

Iy = Q1/Q; expl-ej(eyj-ej)]

(and an analogous expression with the appropriate substitutions
for r,). The practical value these parameters carry is the
ability to predict the compatibility of two monomers. Applied to
the system at hand, i.e., vinylnaphthalene and a second monomer,
the following values for r, e, and Q are provided in the
literaturel?+19 (also included below are the parameters of the

well-known styrene-divinylbenzene copolymerization for
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comparison):

Monomer I £ Q
My = 2-vinylnaphthalene 1.4 +/- 0.1 -0.2 1.35
M, = styrene 0.5 +/~- 0.1 -0.8 1.0
My = 2-vinylnaphthalene 1.0 +/- 0.15 -0.55 1.25
M, = methyl methacrylate 0.4 +/- 0.05 0.4 0.74
M; = styrene 0.651%

My = divinylbenzene 0.60**

note: e and Q are unitless, relative to the arbitrarily chosen

styrene reference of e = -0.8 and Q0 = 1. Values are for 60°C.

The conclusion that 2-vinylnaphthalene should easily
copolymerize with either styrene or methyl methacrylate is seen
in the favorable reactivity ratios (r) of the two components.
That slightly more vinylnaphthalene than styrene will be
incorporated in the polymer can also be deduced from these
ratios.

Knowing the e and Q values of several monomers which
successfully copolymerize with 2-vinylnaphthalene, a list of
additional eligible monomers can be drawn up on the basis of

similar e and Q valueszo' 21:

M £2 Q2
Styrene -0.8 1.0
Methyl methacrylate 0.4 0.74
N-phenyl methacrylamide -0.78 0.85
alpha-Acetoxystyrene -0.65 0.82
2-Methyl-5-vinylpyridine -0.58 0.99
4-Vinylpyridine -0.20 0.82
N,N-Dimethylacrylamide -0.5 1.08
Dimethyl-4-vinylphenylsilane -0.04 0.97

CH3(CH2)4_9methacrylate -0.32 to -0.14 0.70 to 0.97
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These monomers, while having suitable parameters for
copolymerization with vinylnaphthalene, must also be considered
for their reactivity toward organic substrates that the sodium
(or lithium) naphthalide polymer will reduce. As seen from Table
l, esters, ketones, and amines remain intact under reduction
conditions. Hence, any of the suggested comonomers are eligible
on the basis of inertness. For each pair of comonomers, several
trial polymerizations should be performed to determine their
reactivity ratios (as outlined in ref 19). If conditions require
a polymer consisting totally of carbon and hydrogen, then
copolymers of vinylnaphthalene and styrene or butadiene?2 fulfill
this requirement.

The vinylnaphthalene radical copolymerization should proceed
with azobisisobutyronitrile (AIBN, [(CH3),(CNICN=],) as initiator

at 60° in benzene,

In summary, a soluble polymer containing naphthalene units
is proposed as an advantageous and regenerable reducing agent for
synthetic chemistry. Two methods for synthesizing the polymer
are proposed: naphthalene functionalization of a pre-existing
commercial polymer or copolymerization of 2-vinylnaphthalene.
The product naphthalene polymer is converted to the active
reducing agent, sodium or lithium naphthalide radical anion, by
stirring over elemental metal. The characteristic deep green
color of monomeric sodium naphthalide should carry over to the

polymeric analogue. Once used, the polymer is quantitatively
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removed from reaction mixtures by precipitation, leaving behind a
solution of only organic substrate. The shelf life of polymeric
naphthalene should be indefinite. Regeneration of the active
sodium (or lithium) naphthalide moieties is achieved from a
solution of the polymer and sodium( or lithium) metal prior to

its use.
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: the concentration of the copolymer in g/l in the sample
cell,

: sample cell path length,

: the UV spectrum of the copolymer with the total
extinction coefficient (Ey,¢) at 279 mu and 320.5 mu,

Then the weight fraction of polystyrene (X) is given by:
Etot(279mp) = (0.13)}( + (l"‘X)B0.0

and again by
Brot(320.5mu) = (0.03)X + (1-X)(2.29).

11.A polymer made solely from vinylnaphthalene monomers would
lead to such a high density of naphthalene that steric and
electronic problems are anticipated in subsequent reductions
and oxidations. However, its potential as a conductor is
worthy of consideration.
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l2.a. C.H.Brubaker et al., J. Am. Chem. Soc., 97, 2128 (1975).
b. N.M.Weinshenker, G.A.Crosby, and J.Y.Wong, J. Org. Chem.,
40, 1966 (1975).
c. M.R.Farrall and J.M.Frechet, J. Org. Chem., 41, 3877
(1976) .

13.See, for example, the catalogues of BioRad Laboratories, Poly-
sciences Inc., and Aldrich Chemical Corp.

14.1- and 2-bromonaphthalene are available from Aldrich Chemical
Company.

15.N.Takaishi, H.Imai, C.Bertelo, and J.Stille, J. Am. Chem. Soc.,
100, 264 (1978) and refs 11-19 therein.

16.Suggested texts and references:

a. G.0dian, 'Principles of Polymerization', McGraw Hill Co.,
New York, 1970.

b. W.R.Sorenson and T.W.Campbell, 'Preparative Methods of
Polymeric Chemistry', Interscience Publishers, New York,
1968.

c. 'Polymer Handbook', J.Brandrup and E.Immergut, Eds., Inter-
science Publishers, New York, 1966.

17.See ref 16c, Tables on ppII-270, 358, and 359. See also ref 9.

18.r7 is the monomer reactivity ratio of styrene relative to
vinyl in divinylbenzene, and r, is the monomer reactivity
ratio of the vinyl group in divinylbenzene relative to
styrene.

19.r7 and ry were determined experimentally by analyzing
%e percent compositin of polymers derived from seven
different ratios of monomers. Given M; = mole fraction of
comonomer 1 and M, = mole fraction of comonomer 2, then the
copolymerization equation (derived on p.367 of ref l6a from
equilibrium expressions and steady state assumptions) is:

amy) . IMy) (ry 0y & QML)
SMLT © DA CThy e teaD)

where d[My]1/d[My] is the ratio of rates at which the two
monomers enter %he polymer (= copolymer composition).

ry and ro are calculated by plotting the rearranged
copolymerization equation as a straight line with r; as the
abscissa and r, as the ordinate, and obtaining their res-
pective 1ntercepts. Q and e for 2-vinylnaphthalene were de-
rived using previously known Q and e values for styrene and
methyl methacrylate and the above-determined r values.
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20.See ref 16c, Tables on pp.II-340-362.

21.Q and e values can vary considerably for a single monomer,
depending on its comonomer (an inherent deficiency in the
Q-e scheme). Not only are steric factors disregarded in
this scheme, but assigning the same e value to a monomer and
its corresponding radical is inaccurate.

22.A vinylnaphthalene-butadiene copolymer is cited by C.E.Schild-
knecht in 'Vinyl and Related Polymers', John Wiley and Sons,
New York, 1952, p.160, for use in tire manufacture (PB 11,193

and PB 16,714).
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PROPOSITION 4 : Migrations of Alkyl Ligands to Cyclopentadienyl
Ligands in Organometallic Complexes - A Literature Overview,

Mechanistic Possibilities, and Substantiating Experiments.

Alkyl ligands in some organometallic complexes have been
known to 'migrate' from the metal to a second ligand in the
complex: R-M-L ——> M-L-R. One of the most frequently noted of
these rearrangements is migration of an alkyl group to a metal-
bound col, creating an acyl ligand (also referred to as CO
‘insertion' into a metal-alkyl bond): RM(CO) —> M(COR). Less
widely observed, yet now backed by numerous examplesz, is the
migration of an alkyl ligand to a cyclopentadienyl (Cp) ligand:
RM(CgHg) ———> M(CgH4R). This too can be viewed as a net
insertion of the cyclopentadienyl carbon into a metal alkyl bond.
However, in most cited cases, in addition to an alkyl group's
having 'moved' from metal to ring, the net transformation also
involves loss of a hydrogen from the cyclopentadienyl ring. To
date, a proposed intermediate for the alkyl migration, M(CgHgR),
has been observed only twice2?®r9d, This proposal focuses on
mechanisms and supporting experiments for the migration of an

alkyl to the cyclopentadienyl ring in organometallic compounds.

In some CpMR systems, migration of an alkyl group to the
cyclopentadienyl ring has been observed to require assistance
from external ligands. Fachinetti?® and coworkers treated

CpyV(CgHg) with CO to yield a vanadocene analogue which contained
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a phenyl-substituted Cp:

_Q0 25
V-Ph —————p Vi T —P V-CO  + CO+ kH,
toluene
A N >

-
(LN

The assignment of the endo position for the phenyl group on the
cyclopentadiene was on the basis of an exo-cyclopentadienyl C-H
band3 in the IR spectrum of 2 (for the cyclopentadienyl hydrogen
geminal to the phenyl). Compound 2 rapidly evolved CO (1 eq) and
Hy (1/2 eq) at room temperature to yield 3.

Another ligand-assisted alkyl-to-Cp migration was reported
by Benfield and GreenZ29, It too produces an isolable
intermediate 5 in which the Cp ligand has five hydrogen atoms in

addition to the newly aquired alkyl:

+ BF4
Z QND’& PR, 80? :I HEt - - '
S S S B »«»E:
@ NS A{E
4 3 ]

A unique feature of Benfield and Green's system is that the

migration was observed to be 'reversible'; treatment of 5 with
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thallium tetrafluoroborate regenerated a molybdenum ethyl
compound (6) (I cautiously quote the author's use of the term
reversible since strictly speaking, the reaction 4 —> 5 has not

been reversed in the production of 6).

Wilkinson?) and Pittman?f have reported similar molybdenum
chemistry in which alkyl substitution on Cp occurs without the
assistance of added ligand. In both cases, solid samples of 7 on
thermolysis produced Cp-substituted metal dimers with two, one,
or no alkyl substituents on the Cp ligand:

Ra,0

(CO) o —— Mo (CO) 4

" B

Rj = Et 8 R(l'O)
2f -

R =(3§Ph

@ 100°
(Co) o-R —_—
7

Only one citing 23 reports trace amounts of hydrogen while both

detect alkyl coupled products, R-R, under certain conditions.

An example from our labs?2 js a cyclopentadienyl cobalt
alkyl in which the cobalt-bound methyl exhibits migratory

aptitude either with or without added ligand4:
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@ @-C}I
110°, L 3

/:i :H3 Benzene
hp 0

3

Jos! + CH, + C.H
Phf L 4 2°6

P

W

g 10
Methane produced in this way from da2l-9 (perdeuterated methyl and
PPh3 groups) in deuterated solvent was mostly CD3H, implicating
the CgHg ligand as the source of methane's fourth hydrogen.

A second example of ring substitution from our labs?h arose

from a mild solution thermolysis:

> N S
(CO)fWY{H3 e “xn3MO-—-MD«x»3 + (CO%?D EE?PD(sz
@-(C}i3)1'0 @—(%)LO

+ CH3CHO

Thermolyses in which either the methyl or the Cp were labelled
with deuterium indicated that the aldehydic hydrogen was being

provided at least in part by the Cp ring.

Finally, Boekel and coworkers2d, through use of isotopic

labelling, present informative results from an alkyl vanadocene

system:

i 50°

V-Ph —
solid

a%,al,ad,48

< gii 4 < giE 7~Ph
0 14
a4+ le d +d

+ d
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(no reported yields)
From the location of deuterium in the products, it can be
postulated that alkyl migration is intramolecular, whereas

benzene formation can occur intermolecularly.

The existence of one unifying mechanism for the above seven
systems is unlikely. In proposing experiments to test suggested
mechanisms, consistent results from one system to the next are
not expected, owing to the wide range of metals and ligands
involved. In fact, differing results from the various systems
might be due to the relative predominances of kinetic and
thermodynamic effects. That is, lack of consistency in results
from one system to the next might be a case of a common mechanism
masked by different Keq's and rate constants. With these
reservations, it is still deemed worthwhile to probe any number

of these systems for mechanistic information on alkyl migration.

The net transformation that occurs in moving an alkyl to Cp
can be viewed as a reductive elimination from the metal:
RMT(CgHg) —> Mn'z(CSHSR). Four (at least) major alternative
mechanisms are seen for moving an alkyl to the Cp ring:

A) concerted intramolecular migration; B) homolysis to a radical
pair (M* + R°) followed by cage attack by R* on Cp (cage

disproportionation); C) homolysis to a radical pair (M* + R°),



133

cage escape, and subsequent free radical attack by R* on a Cp
ligand; and D) a bimolecular mechanism in which two metal centers
are involved in the transition state for alkyl transfer. Of
these four alternatives, no single pathway is expected to
predominate; a combination of two or more probably determine

final product distributions.

Proposed pathway (A), concerted intramolecular migration,
should occur with inversion of stereochemistry at the migrating

carbon, viz

| e

M~CRR'R" ——b Mo FREL L

For total inversion to have occurred, two assumptions about the
migrating process can be made: that migration proceeded endo (as
two researchers have observed?®s9) and that no ring exchange or
racemization of the tetrahedral carbon took place. 1In order to
test for stereospecificity in the migration, the metal starting
complex, CpMC*RRJR", would have to be synthesized from an
optically active alkyl precursor in a stereochemically ‘faithful’
reaction. The following reaction schemes are suggested.

Synthesis of the alkylating agent:
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. CH . QH Qs
LialD resolving MsCl R—C—H
RCHO 4  R—C—H R—C—H
———— —_— —_—>
agent ») D
R,S-11 R-11 R-12
R = CH3, CMe3, cr Ph

Synthesis of the starting metal complex:

- . . 5a M 5{
oM+ R-12 inversion > IS_H

S-13

The stereoselectivity of the migration could be checked by

cleavage of the Cp ligand from the metal compex:

A
s_13 _migrate with >®<§-D cleave ®—§~D

inversion I

R-15 could be compared with an independently synthesized model:
NaCp + s-12 —> R-15

Steroechemical purity in the cleaved Cp ligand would serve as

strong evidence for a concerted alkyl migrationG. While these
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syntheses appear straightforward on paper, syntheses of optically
active substrates and their subsequent stereospecific reactions
are often complicated and 'challenging', especially in

organometallic systemss.

The next two mechanistic possibilities (B & C) both arise
from metal-carbon bond homolysis and will be treated together.
There has been much interesting discussion and experimental
evidence recently on homolysis of transition metal-alkyl bonds’.
The convincing evidence of Halpern et al.’2 for homolysis of
metal-alkyl bonds to produce alkyl and metal-centered radicals
facilitates proposing that the first step in alkyl migration
might be homolysis to a radical pair, M* + R*. This pair can
either remain within a cage or escape to two free radicals.
Should they take the former path, two (at least) reactions can
ensue: recombination to form the original molecule or attack by
the alkyl radical on another part of the metal complex
(disproportionation), e.g., attack on the Cp ligand to yield a

new alkyl-substituted cyclopentadiene on the metal:

R
— _ In-2
cage ,/”Jr Mn 16
<:zz;z:7 <:Z§F§:7 disproportionation —
N /

R-M" no|
Sﬁammnatkm Re - \\\\\ cage
escape
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The same product 16 could result from attack by free radical
R* on an unsubstituted Cp8; however, such an attack would
probably proceed exo for steric reasons3¢C, Whether alkyl
substitution is occuring via free radicals or cage recombination
is easily probed by a crossover experimentZd: tagging both the
alkyl and Cp ligands of the metal complex (with 2y, 3, 13¢, or
l4c) and allowing it to react in the presence of its unlabeled
analogue. This crossover reaction is valid only if starting
material ligands are not labile and do not exchangeza. Mass
spectral analysis of the products should reveal if the two
labeled ligands have remained confined to the same molecule,
i.e., that the migration has proceeded intramolecularly.

If instead scrambling of labels has occurred, intermolecular
interaction can be assumed, having possibly proceeded via
mechanism (C) or (D): free radical attack or a dimetallic
intermediate (or transition state). These two alternatives
should be experimentally distinguishable. If the scrambling has
resulted from free radical attack, it is likely that other
products of free radicals will be observed: R-R, M-M, R-H, etc.
An effective way to test for free radicals is by addition of a
radical trap or initiator to the reaction medium. Nitrosodurene
is an effective scavenger9 in this way of both metal and alkyl
radicals, and the resulting aminyloxides are characterized by
ESRID. The effect of radical chain initiators, e.g.,

azoisobutyronitrile (AIBN), on reaction rates and product yields
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can also support the involvement of free radicals in the studied
reactions. In fact, it 1is possible3d that primary reaction
products can themselves homolyze, producing radicals which then
catalyze the reactions suspected of proceeding via radical
mechanisms (autocatalysis). Therefore, the product metal dimers
which often result in the above-cited alkyl migrations might also
serve as radical initiators in reactions being tested for radical
mechanisms.

Variation of the alkyl ligand can aid in establishing the
presence of radicals. For example, R itself can contain a moiety
which is capable of reacting in an intramolecular fashion with
the radical generated on the alpha-carbon, by cyclizing or ring-
opening. Several examples of such R ligands are l-hexenylls,
allyloxyethyllg, or methylcyclopropylcarbinylzo. Otherwise,
variation of the alkyl ligand can also serve to stabilize (or
destabilize) the incipient R*, this stabilization being reflected
in reaction rates and product yields. For example, a benzyl
radical’s being ~ 35 kcal mole™! more stable than a phenyl
radicall0 might result in faster reaction rates or more products
from radical precursors from a MCHzPh complex than from a MPh
complex under similar conditions. In experiments of this kind,
however, caution must be taken to differentiate between
thermodynamic (e.g., radical stability) and kinetic (e.qg.,
reaction rate) control. Lack of response in changing the nature
of the alkyl ligand does not necessarily imply that the reaction

does not involve radicals; rather, it most likely indicates that
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the rate-limiting step does not involve radicals.

Thermolysis carried out in an ESR probe would provide
convincing evidence for the presence of radical speciesll. Using
either literature values for g9b' 12¢, or ones derived from
independently generated standards of the organic12c and metal-
centereddP radicals, quantitative information on the relative
predominance of radical species in the studied reaction could

also be provided by ESR.

Another spectrometric method of determining radicals is NMR-
monitored CIDNP (Chemically Induced Dynamic Nuclear
Polarization)il, CIDNP offers the advantage (over esr) that
radical cage escape processes can be differentiated from radical
cage combination. Although CIDNP of organometallics is
relatively new and the number of literature examples are fewl3,
in principle it is capable of providing useful information on
degradative pathways for metal complexes. Briefly, CIDNP is
observed as enhanced absorptions or emissions (or a combination
of the two) in the NMR spectrum of products arising from
reactions which involve a radical pair. These spectral features
arise from the dependence of the electronic spin state on the
nuclear spin states of the coupled nuclei in the radical pair.
The method can be used to distinguish: singlet from triplet
radical pairs (m), cage combination from cage escape products
(E), the radical pair's relative g-values (Ag), and the sign

of the electron-nuclear coupling constant (a). For the purpose
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of probing the mechanism by which an alkyl ligand moves to the Cp
ligand, 13¢c or 1y cIDNP of the migrating alkyl is hoped to
provide a distinction between cage combination and free radical
attack (mechanisms B and C). Given Kaptein's formulal® for CIDNP
net effects, I = nEAga, a prediction for the NMR spectrum of the
alkyl ligand can be made. For the thermally induced homolysis, p
(singlet/triplet) can be assigned a negative sign (singlet
precursor)l3b; the electron-nuclear coupling constant parameter,
a, will be negative for a carbon centered radical and positive
for the proton attached to the carbon radicall5; and the
difference in g values between the metal-centered and alkyl
radicals, Jdalkyl ~ 9metalr ©an be postulated as negative, based
on previous literature reportsl3b' 17,  Whether net enhancement
or net emission will be observed depends then on E, the symbol
for cage escape/cage combination. According to Kaptein's formula
and the sign assignments made above,I}, = pEAga= (=) (+) (=) (=)=(-),
the proton NMR of the migrating alkyl should show either net
emission if substitution is occurring via cage combination or
conversly net absorption should the path involve free radical R-.
The 13¢ NMR should show the opposite effect (opposite sign in

parameter a). Naturally, lack of any CIDNP effect could imply

the absence of a radical mechanism.

Finally, mechanism (D) (a binuclear transition state for
alkyl transfer) could be tested against a concerted unimolecular
mechanism (A) by multiple dilution experiments (in addition to

evidence from crossover experiments presented earlier). Running
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the experiment under high dilution should disfavor the formation
of binuclear species (for entropic reasons), reflected 1in
reaction rates or in a redistribution of products arising from

competing pathways. Such a transition state,

might account for anomalously 1low barriersl3b or high
selectivity2d for M-R bond dissociation observed in other

systems.

In summary, an overview of literature reports of alkyl
migration to cyclopentadienyl ligands in organometallic complexes
has been presented. Proposed are mechanistic possibilities and
experiments designed to distingquish between them. The mechanisms
include concerted, radical, and bimolecular pathways. The
methods include isotopic labelling, substituent effects, radical

detection (ESR and CIDNP), and dilution effects.
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PROPOSITION 5 : B-Keto Esters from Ester Enolates: Mechanism and

Supporting Experiments.

Ester enolates 2 differ markedly from ketone or aldehyde
enolates in their tendency to self condensel, ultimately yielding

B-keto esters 3:

| LiNR | * | |
HC-COOR ——2— Lic-CooR —15 s w4 Eooor
' -78° ,THF l 25° P
1 2 3

The mechanism of formation of 3 has been difficult to elucidate
owing to the fleeting nature of reaction intermediates. In this
proposal, a mechanism involving a ketene intermediate is
presented, .together with experiments designed to observe and trap
the ketene.

Several interesting examples of ketene intermediates are
given below. The reaction of silver and copper ketenides with
electrophiles? presumably proceeds through a ketene intermediate
in which the attacking electrophile has replaced the two metal
atoms (e.g., Br,C=C=0 for the case where the electrophile is
Bry): 0
Ag,C=C=0 + Mel ——> )<§>c<

BrCEBr

Ag,C=C=0 + Br, —> 3

Cu,C=C=0 + EtOH —_— CHsgo.Et
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The trimethylsilyl derivative of a ketene, Me35iCHCO (4),
has served as a reactive yet reasonably stable intermediate in

the acylation of alcohols3:

0
Tf*if{\/@c:o + ROH ——>> ROCCH,TS

A mechanism involving nucleophilic attack on the central ketenic
carbon, followed by protonation at the alpha position, is
supported by the catalytic effect of added BF3 etherate.

Allenes have been afforded from the combination of

triphenylphosphonium ylids and ketene4:s3;

R'RC=P¢)3 + R”2C=C=O _— R'RC=C=CR”2

R =H, Me, ¢
R' = Me, COOEt, COMe, CO¢
R' = H, ¢

Isolation of a stable intermediate 5 (below) as a crystalline
solid in this Wittig reaction confirmed the mechanism of
nucleophilic attack on the central carbon atom of the ketene by
the electronegative carbon of the Wittig reagent, aided by
electronic interaction between the resulting phosphorous and
oxygen:

¢ 3%—('}18 2 _/\_ ; ¢ 3%)'?‘48 2

<0-C=C¢, O=C—g$2

Ester enolates are generated6 by addition of base (e.g.,

lithium amide) to a THF solution of the ester maintained at -78°.
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The ester enolate thus formed is indefinitely stable at -78°.
Warming to room temperature, followed by quenching with acid?,
produces condensation product 3. A possible reprotonation of the
enolate by HNR, to give ester which then condenses with a
molecule of enolate to give the observed product 3 cannot account
for all of 3 since solutions of enolate which have been separated
from amine’P also yield some condensation product 3. An
alternative mechanism for the formation of condensation product 3

from the ester enolate 2 is given in Scheme 1.

Scheme 1

| | /O@ \ o
{:e(l:—coorz > g-c\OR:] = £=C=0 + R

2
= qj; ,
=

+
>m—8—c:—COOR <_H____. {}é‘g\ic _COOR <——>)c=c\c;,coor<
3

Support for the proposed ketene intermediate should result
from the following experiments.

Low temperature IR spectra taken during the conversion of 2
to 3 should contain bands corresponding to the ketene8s? at ~2100
cm~l. The reaction should be performed by slowly warming a
solution of 2 in a low temperature IR cell from -78° to room
temperature (as in the literature preparation6'7 of'3), and
monitoring for disappearance of the enolate bands of 2,
appearance of ketene bands (vide supra), and finally appearance

of product 3's B-keto ester bands (on addition of acid). A
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similar experiment could be carried out in a variable temperature
NMR probe as well, monitoring the 13¢ spectrum for chemical
shifts accompanying the transitions from enolate 2 to ketene to
p-dicarbonyl 3.

Additional evidence for a ketene intermediate can be
obtained by chemical trapping. Addition of an imine acceptor 6
(e.g., benzyl analine) to solutions containing ketene should
result8® in formation of the [2 + 2] adduct, 7 (the

stereochemistry of a similar addition has been found to be a

function of the order of addition of the reactantst):
| 0
N u —c—”
C=C=0 + SoN-Ph ——e 'Fl"l“’
e Ph Ph ~ Ph

6 7

The reaction could be performed under the same conditions as the
previously described reaction, i.e., slowly warming a solution of
2 and 6 from -78° to room temperature in an IR cell or NMR probe.
In this way, ketene would be generated in the presence of the
imine acceptor 6, and the appearance of adduct 7 could be
monitored spectrometrically. The identification of 7 should be
completed by its isolation from the reaction mixture and thorough
characterization. Ample information on compounds of its general
type is available in the B-lactam literature.

Another means for probing ketene formation involves reversal

of the equilibrium which led to its formation. Addition of an
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alkoxide to a solution suspected of containing ketene should

result in production of enolate ester 2':

or® +or'
o CCWR = 000 = & C—COOR!
|
2 2

The new enolate ester 2' could be detected by above-described
means. This proposed initial equilbrium between enolate 2 and
ketene could also be ‘'observed' by performing a crossover

experiment between two different enolates:

[~ S —_— (=] =
MeCH-COQMe  +  EtCH-COCEt < MeCH-COOEt +  EtCH-COQMe

8 2

Detection of 8 and 9 would support the initial reversible

equilibrium in ketene formation from enolate 2 (Scheme 1).

In summary, a mechanism involving ketene formation 1is
presented to account for the formation of B-keto esters from
ester enolates. The proposed experiments to support this
mechanism include variable temperature spectroscopy, chemical

trapping, and substitutent scrambling studies.
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