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ABSTRACT 

co 3 (C0)g 2c<cH 3) 3 (1) was prepared and its hydrogen~~ 

mediated decomposition was studi 1 reacted with hydrogen in 

aromatic solvents (60°C, 2 7 atm H2) 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 

collected from both NMR-

Kinetic data 

-monitored experiments indicated 

first order decomposition of starting material 1 and a hydrogen 

pressure dependence for the rate appearance of total oductse 

Nearly total inhibition the hydrogenation was observed in the 

esence carbon monoxide (CO:H2, 3.7:3.7 atm, 60°C). However, 

at evated temperatures (85°), under the same CO/H2 atmosphere, 

dehyde (4) production became the predominant reaction pathway 

at the expense of earlier-formed olefin 2e Incorporation of 

independently added 

the intermediacy 

efins in the hydrogenation of 1 suggested 

efin in aldehyde and alkane production. 

A lystyrene attached n 5-cyclopentadienyl(tricarbonyl)-

hydridomolybdenum complex ( was prepared and its reactions 

.with several THF-soluble bases were investigated* Enolates of 

carbonyl compounds quantitatively deprotonated , giving 

polymer ts the cor responding anion ( ®-cp (CO) 3Mo-, 

)e Equilibration studies involving polymers 

their soluble monomeric analogues in THF demonstrated that 

lit e change in pKa was induced by binding the molybdenum 
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dr ide to the lymer. Even though the lymer~supported 

partners in these ex riments were not soluble and therefore 

rendered the reactions heterogeneous, the systems adhered 

easonably well to conventional equilibrium behavior, as 

exhibited by a simple equilibrium analysis which yielded 

feet ly constant Keq 

(P~l) and its conju te 

conven o ili ium 

lymer 

se (P-2) also dis 

ics. 

und car ic acid 

ayed essentially 
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Chapter 1 

Syntheses and Reactions of 

Polymer~Bound Molybdenmn Complexes 
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1 
Holecules'have been attached to polymers for many purposes, including 

and .3 h. 1. 4 5 1c synt es1s, cata ys1s, separation and purification, 

d . 1 . f . . 6 
an 1sc at1on c_ react1ve spec1es. In addition, interest in functionalized 

has been furthered by their analogy to multifunctional biological 

7 
molecules, e.g., polypeptides and enzymes. However, one cannot assume that 

the chemistry of a bound will be ident:lcal 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 

of the polymer b~:tckbone which might influence the react:Lon to be 

studied. These include the polymer's compatibility with the solvent system, 

i.e., solvation of the polymer backbone (hydrophobicity, hydrophilicity), 

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 

(L e,, whether the backbone "supports" ionic 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 

of site-site inten.ction~ (intrapolymeric encounters), 
6

b• 8 affixed reagents' 

9 . 6 
, prolongation of suppor~ed reactive intermediate lifetimes, and 

10 
diffusion of soluble reagents within the polymer. 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, 

molecules have long been of interest in biochemistry. In 

there has been much discussion over the determination of the pKa 
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of a particular acidic site as a function of surrounding acidic and basic 

sites in vary degrees of ionization. Traditionally, such methods as 

. i 11 d 1 1 12 
tltrat on an u travio et spectroscopy have been used to observe ionization 

equilibria in polyprotic molecules; recently, such sophisticated techniques 

1 nmr have probed buried active enz;~atic sites for information leading as 

id ' 13 to an ac ic site s ionization state. The approach which we employed involved 

spectrophotometric monitoring of soluble species in equilibrium with polymer-

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. 

~hesis of Starting Materials 

Polymer-bound sodium benzoate (~:~) was synthesized as outlined in Scheme 

l. 
14

' 15 Polymer supports were 3% crosslinked, macroporous, styrenedivinylbenzene 

copolymers. The degree of carboxylate functionalization was determined to be 2.3 !TIJ'l 

of acid per gram of polymer by titration of polybenzoic acid resin (P-1) 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 P-1 and P-2 are given 

in Table I. 

The polymer-bound CpMo(C0)
3 

anion P-7 was prepared according to Scheme 2. 

R.esinocyclopentadiene <F..:}) was synthesized by direct lithiation of polystyrene 

(macroporous, 3% crosslinked with divinylbenzene) followed by reaction with 
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'!able 1. Infrared Carbonyl Absorbances 

r@-COOH - 1722 (s), 1610 (;;), (THF) 

J 

~OONa- 1587 (s), 1545 (s), 

1400 (s), (Kllr) 

2 

CpHo(CO);H- 2015 (m), 1932 (s), (THf) 

2006 (m), 1883 (s,br), (KBr) 

6 

CpMo(C0) 3Na- !90.3 (s), l/98 (s), 1745 (s)('l'HF 

CpMo(CO)JLi- 1910 (s), 1810 (s), 1785 (m), 

1718 (r;), (THf) 

!CpMo(C0) 3 J - 1958 (s), 1910 (s), (THF) 
2 

CpMo(C0) 3 CH
3 

- 2014 (m), 1924 (s) (THF) 

6 

&@-cooH •. 1722 (s), 1685 (s), (KBr) 

P~l 

~~~~~-~~~~~ 

~OON;; - 1600 (s)' 1555 (s, br), 

1395 (s)' (KBr) 

l'-2 

t;' ~ ~Mo(C0) 3H- 2010 (s), 

~ 1930 (s,br)(KBr) 

P-6 

~-~Mo(COhNa - 1900 (s), JBI,Q(s), 

\!.,.!~ 1730 (w) (Kllr) 

1}0 1(5\ ~Mo(C0) 3Li- 1905 (s), !803(sh), 

~ 1775 (s), 1710 

( s, br), (KBr) 

Mo(C0) 3 - 1954 (s,br), 

I 1904 (s,br) (KBr) 

Mo (CO)J 

fP' ~ ~Mo(C0) 3 CH; - 2012 (s), 

~ 1935 (s,br)(KBr) 
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cyclopentenone. This method afforded slightly lower loading than published 

6b 
methods which entailed a bromination step previous to lithiation, but our 

resulting polymer (~:~) was free of residual bromine. 
17 

The conditions of the metallation of cyclopentadienyl polymer ~:2 

resulted in some dimerization of metal centers on the polymer, as evidenced 

by both the characteristic red color and infrared absorbances of the 

molybdenum dimer moiety of resin~=~ (Table 1). This result contrasted with 

18 
that of Gubitosa and Brintzinger, 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 resinr:~ to the molybdenum anion of resin P-s. 19 In 

doine so, the borohydride reagent proved sufficiently basic to deprotonate 

20 residual, unfunctionalized resinocyclopentadiene. Two further synthetic 

steps were required to generate resin ~:!• 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 ~:2 afforded polymer-bound molybdenum hydride (P-6). 

The supported metal hydride was then selectively deprotonated with an alkali 

metal salt of diethylmalonate, yielding resin ~:Z (under these conditions, the 

residual polymer-bound cyclopentadiene remained neutral21 ). The molybdenum 

anion's presence on resin P~7, indicated by IR spectroscopy, was confirmed by 
' --~ 

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

polymer-bound complex P-8 showed strong, sharp bands characteristic of an 
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Funcrionalized resins were analyzed by a comtination of mtctllod;, 

compatible w"ith the resin's insolubility. Infrared absorbances of the bound 

metal carbonyls correlated well with those of their homogeneous models (Table l). 

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 ir. situ observation of 

h f ' 22 t e progress o react~ons. 

Elemental analysis served as a more qualitative than quantitative measure 

of loading due to unacceptable irreproducibility in duplicate analyses, a 

5c,23 
problem shared by many researchers in this field. Cyclopentadiene loading on 

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

6b 
been previously treated with methyllithium. In the case of resin ~:2• alkali 

metal analysis as well as molybdenum analysis was used in est:imating the degree 

of polymer functionalization (cf. experimental section). Typically, 0. 6m:t-! of 

molybdenum was incorporated in 1 g of polymer; this corresponds to substitution 

of approximately one-eighth of the styrene rronomers of the polymer backbone. 

Titration of functionalized polymers provided information about the 

number of active sites on a polymer within a certain pKa range. Resin P-3 was 

as 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~=~ with sodium 

diethylmalonate was monitored by IR for the appearance of the carbonyl absorbances 

of the :i.ng 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. 

Fi,nally, careful weighing of the polymer before and after each 

synthetic step provided information on the degree of functionalization that 
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had been achieved in each step. These data were in good agreement 1vith 

results from the previously mentioned methods of analysis. 

~guilibration Experiments 

Reactions of polymer~bound 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 equilibrated with 5 or 10 ml of a 0.05 to 0~15 M solution 

of the soluble reagent. For example, resin ~=~· containing a known loading of 

+ molybdenum hydride, was combined with a specified molarity of CpMo(C0)
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; l~nger reaction times led to decomposition of the species in solution. 

Infrared carbonyl absorbances 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 <!:Z) was equilibrated with homogeneous molybdenum hydride: 

the appearance in solution of molybdenum anion was coupled with an equal 

decrease in soluble molybdenum hydride concentration. 

Equilibrium experiments were similarly carried out with polymeric benzoic 

acid (P-1) 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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its solubility. Studies on the acidity of the polymeric benzoic 

acid ) were carried out with CpMo(C0)
3

-Na+ (7-Na) as a soluble 

base. Reactions between polycarboxylic resin and THF solutions of 

anion were performed both as a function of added soluble molybdenum 

anion, and additionally as a function of the amount of added polymer in 

equilibra solutions. 

This same method for monitoring equilibria was applied to reactions 

between the supported molybdenum compounds and a se>:ies of infrared active 

organic carbon acids and their conjugate bases, :fn reactions designed to 

monitor the proton transfer activity of the functionalized polymer (vide inf~a). 

1. Eq:lilibration of polycarboxylate polymers ® ~COOH(P-1) and ® ~COONa(P-2) ---
Polystyrenecarboxylic acid(P~l) and soluble molybdenum salt 7 were 

equilibrated in THF (as indicated in the previous section, solubility problems 

prevented us from. quantitatively examining the equilibration of P-1 with 

p-isopropylbenzoate(2)). The equilibrium was also approached from the reverse -
direction, i.e •• from equilibration of polystyrenesodium carboxyl~te(P-2) and 

soluble molybdenum 6. 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 ® -co
2
H and soluble hydride CpMo (CO) 

3
H 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 (l) 

+ CpMo (CO) 3Na ;;;::::::::: + CpMo (CO) 3H 

COOH COON a 

Equation(2) 

+ CpMo (C0)3 M + CpMo (CO) 3ll 

Mo(C0)3 H Mo (C0 )3M 

Equation(3) 

LI!LI!!II/!I!!IL 

+ 

Mo(C0)3H Mo(COhM 



r 
Expt 

4 

6 

8 

9 

10 

-=-=-::.::.:::.....::.2. Equilibration of 

Resin 

" 

" 

" 

" 

-

" 

As!!t. of 
Resin 

32 

46 

61 

30 

30 

54 

54 

35 

37 

-

0.074 

0.106 

0.141 

0.070 

0.070 

0.125 

0.125 

0.134 

0.076 

O.O!H 

with CpMo(CO) 

0.080 

0.080 

0.080 

0.076 

O.HS 

0. 121 

0.262 

0.164 

and -COONa with CpMo(CO) 

Components at Equilibr 

CpMo 

(mmoles) 

CpMo(C0)
3

- CpMo(CO) 

(mmoles) (mmoles) 

0.047 0.033 

0.036 0. 04 0 

0.031 0.048 

0.045 0.031 

0.081 0.034 

0.072 0.049 

0. 99 0.063 

0.092 0.012 

0.076 0.037 0.039 

0.074 O.OJf! O.OJf, 

each case, 10 ml THF was used as solvent. b'v titrat!.0n of polymer {in acidic form) by mr (see 

experimental section). by adding sequential a~ounts to the equilibrated solution of the 

previous experiment. by adding sequential amounts of CpHo(C0)
3

- Na+ to the equilibrated solution 

of the previous experiment. 

1-' 
N 
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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 significantly 

less than double the initial amount of hydride observed after the first addition. 

s , 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 titration. 

2. Equllibrutiom; of metalated polymers ®-CpMo(C0) 3HC~:~) Hnd 0 -Cp~lo(C0) 3 - ~:+(J'-7) 

Similar experiments were carried out on the polymer-bound molybdenum hydride (and 

anion) V.'ith soluble rnolybdemnn anion (and its conjugate acid), equation (2). Ag&in, 

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

can be seen.frorr. Tables 3 and 4, polymeric acid {E)-CpMo(C0)
3

H (~=~)and its soluble 

analog 6 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 (V -COOH and (V -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 reaeents produced 

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

that the polymeric acid ® -CpMo(C0)
3

H <::~) could be deprotonated quantitatively 

with anions whose base strengths were somewhat stronger than that of CpMo(C0) 3 -(~) 

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

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

These were selected net only because they had pKa's in the appropriate range, but also 

because the concentrations of each S""dicarbonyl and its conjugate base could be 
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Table 3. Equilibration of 

Resin 

-CpMo 
P-6 

" 

" 

" 

" 
... 
.. 

Resin 

89 

89 

89 

89 

101 

101 

101 

101 

101 

-Cp?-lo with CpMo (CO) 
3
-

.058 .019 

.058 .030 

.058 .042 

. 058 .063 

.066 --

.066 --

.066 --
;oM --
.066 --

and CpMo (CO)~
j 

.I 
CpHo -

(mmol ) 

--

--
--

--
.018 

.033 

.047 

.061 

.O!H 

Components at Equilibrium 

CpMo (CO),- Na+ CpMo (CO).,- u+ CpHo (CO) 
(mmol 

.008 -- . 01 

.m5 -- .015 

.024 -- .OIIl 

.ot,o -- .023 

-- . 007 :011 

-- .011 .016 

-- .\)26 • OZI 

-- .039 .022 

-- .066 .ozie 

3
In each case, 5 rnl THF was used as solvent. by elemental analysis of molvooenum on t'he resin. bv 

adding amounts of CpMo(CO),- to the equilibrated of the previous experiment. by adding 

sequential amounts of CpMo(Co)
3

- to the equilibrated solution of the previous experiment. se in CpMo(CO) 

concentration from previous experiment is probably due to decomposition of the hydride in solution. 

f-' 

*"" 



Table 4. EquUlbratl.on - !h~ - u+ wHh 

!ng Comp0nents at Equil 

Expt Resin Amt.of Resin !Ia+ - u+ 
(mg) on resln 

- Na+ <)4 .060 . 02405 .0158'\ -- . (101120 --
------

2d .. 94 .060 -- . 03477 .01970 -- .01507 

3d " 94 .060 -- • 04556 .02300 -- .02256 

4<1 " 94 .060 -- • 06152 .02662 -- . 03490 

s<~ .. 94 .060 -- . 06682 .02886 -- .03796 

- u+ 100 -- 0495 .02228 -- . 01719 • OOSO<J 

- ._._ ---
7d " !00 -- .049) . 0154 5 -- . 02300 . 0!24 'i 

1-' 
sd .. U1 

100 -- .0495 . 05217 -- .02921 .02314 

9d .. 100 -- .0495 .07225 -- .03)'\9 .011,66 

."''Yn each !:'ase, 5 rnl T'!ff was use-d rllS scdvent. from E>1Plrwntal analvsis of sodium on the rpo:;]nQ P-7-Na. cneterrnlnPd from t~l~'Tnf'nt.1l 
flln,1:lvsls of fthinm nn the rf'sfn~ P-7-LL .1rlrlirw. '-'~·rpw·ntL1l nmmmt'' of to ~<HI ~ ihrato•ri ce>rd~1tl0n nf rr~·vinw-; 1•xn1•rim~'nt. 



16 

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, 

The first question we can now address on the basis of our results is: does 

the (acidity) of CpNo(C0)
3

H change appreciably upon binding to a st.Jellable 

pol~ner? Although there are some important uncertainties in the quantitative 

analysis of our results, the ~alitative result is clear: the fact~ that partial 

proton transfer is achieved on exposure of CpMo(C0) 3H (~) to the polymer-bound 

analog of its conjugate base ® -CpNo(CO) 
3 
-<~:Z) requires that their effective 

acidities be very similar24, 

That solutions of polymer-bound weak acids P~l and P-6 and soluble weak ba~es 

behave as buffers is most conveniently demonstrated bv plotting the data given in 

Tables 2, 3, and 4 to show how the amount of newl~ generated soluble species 

(anion 7 or hydride 6) 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 nonpolar 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 pK data are available for a wide a 
25 range of soluble organic acids. The use of these solvents was precluded by the 
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·I 

lu le Motot ( eq) 

Figure 1. Dependence of the concentrations of solub~e molybdenum species at 

equilibrium on the molar ratio of CpHo(C0)
3

Na added to ®-cOOH; cf. equation (1). 

!( ) "'CpMo(C0)
3

H, <0)"' CpMoC0
3
Na). 
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.0 

-

.0 

~ 

0 

c 
0 .0 

-c 
Q) 

u 
c 
0 

I. 
luble Mo 

1 
(meq) 

Dependence of the concentrations of soluble molybdenu~ species at 
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fact hat our molybdenum hydride .i.s insoluble in war.er and unstable in highly 

polar solvents such as DMSO, acetonitrile and HMPA. ~Je chose THF as the best 

alternative because it swells the polymer and dissolves our molybdenum compounds 

26 rea well. 

We now wish to concern ourselves with a second, and somewhat:: more complicated, 

question arising from our results: are equilibria between swellable polymers and 

dissolved species analyzable in a simple manner; i.e., is it possible to write 

equUi.brium expressions in which the swelled polymeric acids and anions behave as 

they were dissolved species? 

It seemed to us the most straightforward way to investigate this problem 

tJould be to write equilibrium expressions for the proton transfer react ions 

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 polymt:!r-bound 

acid and its polymer~bound conjugate anion, in the presence of a soluble acid and 

its soluble conjugate base (equation (4)) is given by equation (5), where the 

symbols in the first ratio represent activities. For dilute soluble systems, ~;e 

would normally replace these activities by concentrations, and the K so defined eq 

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 "concentrations." 

of polymer-bound species as the ratio of the number of milliequivalents of polymer-

attached acid or base in a given experiment to the number of ml of solvent used. 

Since these are not dissolved species, we use the modified bracke.ts shown in 

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

d/~#~LL'i/L/J0"////u//// //dd,il/ 
AH + B- -~ BH + A-

Equation (5) 

K 
eq 

fBHJ { (E} -A-} 

IB-] { ® -AH} 
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We first examined the supported molybdt'num hydride/soluble molybuenum 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) to polymer-bound CpMo(C0) 3H (see experimental section for 

the method of K calculation). A plot of these K's vs. the ratio of soluble to bound eq 

enum shovJS that they are in fact constant; Le., the system adheres 

quite nicely to the equilibrium model. Construct a similar plot using the data 

obtained with the lithium salt of the soluble anion also gives a constant K, ~ith 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 ~ was added to supported anion ~=Z~~ (Table 4) 

were again used to construct a plot of K vs. the ratio of soluble Mo to supported 

Mo (figure 4). Again a constant K was obtained, although the absolute value did 

not quite match that obtained from the experiments which started '~>ith soluble base 

and supported hydride. The equilibrium was also investigated using the supported 

lithium salt P-7Li. In this case, although still in agreement within an order of 

magnitude, the absolute value of K differed markedly from that observed i.n the 

first three plots. ~e believe this is due to the fact that the polymer used to 

obtain the Li+ data was prepared 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 K 
eq 

Effective equilibrium constants were obtained for the reactions between 

-COOH and CpMo(C0
3

)Na (and its reverse reaction,~~COONa and CpMo(C0)
3

H) 

from the data of Table 2. The calculated equilibrium constants are once again 

essent 

error, 

constant at varying ratios of staring materials, and, within experimental 

tbe same K is obtained starting from both sides of the equilibrium. 
eq 
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3
H and CpMo (CO) 

3
Na 

(d) ® -CpMo(C0)
3

Na and CpMo(C0)
3

H 

); (c) (E) -CpMo(C0)
3
Li and CpHo(C0)

3
H ( 0 ); 

), (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 

invest , especially if the soluble components are quantitatively analyzable 

by IR spectroscopy, The reactions of the supported molecules studied behave 

to reactions between soluble , and seem to obey conventional 

theory, Finally, although we do not feel 

these species in THF are very meaningful, it is clear that the acidities of 

soluble CpMo(C0)
3
H and its polymer~bound analog are very nearly identical, and 

that this conclusion also applies to the organic acid 

polymer-bound <malog, 
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General 

The 3% cross-linked roacroreticular polystyrene divinylbenzene copolymer 

was purified from industrial contarninants 5c by stirring in the following 

solvents under the specified conditions: CH
2

c1
2

, reagent grade, 25°, 2.5h; 

THF, reagent grade, 50°, 2h; H
2
o, distilled, 70", 2h; HCl (aq.), 1M, 70°, 

2h; H20, distilled, 50°, overnight; KOH (aq.), lM, 50°, lh; H
2
0, distilled, 

3 x 5 min; MeOH, reagent grade, 50°, 2h; benzene, reagent grade, 55°, 2h; 

benzene, purified, 55°, 2h; CH2c1 2 , purified, 55°, 2h; Et 20, anhydrous, 55°, 

lh. The beads were then dried overnight in vacuo. 

The use of magnetic stirrers led to pulverization of the polymer beads. 

This was not considered disadvantageous since it was observed that diffusion 

Futcs of Holuble rengcnts into intern~] polym~r sitcH incrvus~d ''" r~duc~J 

particle size. In addition, the IR bands of mulls of powdered resins were 

better resolved than those of mulls made from intact beads. 

N-butyllithiuro (2.2M in hexane), methyllithium (l.L;SM in diethyl ether) and 

lithium triethylborohydride (1M in THF) were used as received. Tetrarnethylethylene-

diamine (TMEDA) was distilled from CaH
2 

and degassed before use. 2-Cyclopentenone 

was distilled at reduced pressure immediately prior to its use. Mo(C0) 6 and 

[MoCp(C0)
3

]
2 

were used as received. NaH and LiH were rinsed free from mineral 

oil with hexane and stored in an inert atmosphere. P-toluenesulfonic acid 

monohydrate was dehydrated by azeotropic distillation with benzene. Diethyl 

malonate, ethyl acetoacetate, 2-carboethoxycyclohexanone, and 2-carboethoxy-

cyclopentanone were each fractionally distilled from molecular sieves (4A) 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 distillation from sodium benzophenone ketyl at reduced 

pressure and thoroughly Acetonitrile was distilled from P 
2
o

5 
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 

tee 

Infrared spectra were recorded on a Perkin-Elmer 283 spectrophotometer, 

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 on resin samples which had been digested in sulfuric 

acid and hydrogen peroxide. 

l4a 
Pol~er~bound phenyllithium 

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 followed by a similar addition of n-BuLi (30 ml, 72.6 mM) over 5 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. 

'6b 
~ol~er-bound cyclopentadiene (~:~l 

To the stirring THF slurry of lithiated polystyrene from the previous 
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reaction, cooled in an ice bath, was added cyclopentenone (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 polymer was filtered under positive argon pressure and washed 

with the following solvents: THF (2 x 30 ml); THF:H20(l:l, 2 x 30 ml); H2o 

00 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 weight gain 

of 1.18 g was recorded corresponding to a 38% substitution of sytrene monomers 

by cyc~opentadiene, or 2.95 meq of cyclopentadiene per gram of cyclopentadienyl 

polymer, Elemental analysis for lithium on a sample of cyclopentadienyl 

resin 
. 6b 

which had been previously treated with methyllithium agreed well 

with the cyclopentadienyl substitution percentages derived from weight gain 

calculations. The resinolithium cyclopentadienide was prepared by adding to 

a slurry of polymer-bound cyclopentadiene (P-3) in THF a diethyl ether solu-

tion of methyllithium (five-fold excess), whereupon bubbling was observed 

(presumably methane), After 4 h the resul 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 ugrel.!u with 11 t!llrd iltH!lysiM (HT[orlll<'d by 

titration of resin P-3, A standardized THF solution of sodium triphenylmethide, 

prepared by reaction of NaNH with triphenylmethane, was added slowly from a 
2 

buret to a stirring THF slurry of P-3 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 internal polymeric sites, 
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The procedure described in the literature was followed. The reaction was 

-1 monitored by IR for disappearance of Mo(C0)
6 

(1980 em (THF)) over 2 days, 

after which time the solvent (CH
3

CN) was removed at :reduced pressure, leaving 

a light yellow, powdery residue. 

Reaction of polymer-bound cyclopentadiene <~:~) 

ln a representative synthesis of resin~=~· a slurry of polymer-bound 

cyclopentadiene (~:3)(1.15 g, -3.4 rneq. in Cp) in THF (40 rnl) was combined 

with an excess of Mo(C0)
3

(MeCN)
3 

(3 g, 9.9 ~~) 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-l (KB:r), Such a pattern of bands c-orresponds to a mixture of 

-1 
monomers of MoCp(C0)

3
H (2006 (rn), 1883 (s,br)cm (KBr)) and (MoCp(C0)

3
)

2 

(1900 (s), 1950 (s) cm-l (KBr)). The red color of the resulting beads also 

implicates the formation of dimerjc ([l1Cp(C0)
3

MoJ
2

) groups on the polymer. 

Elemental analysis of this molybdenum resin P-4 showed approximately 0.8 mt:q 

of molybdenum per gram of polymer (7. 77% Mo). This corresponds to approxi

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

Reaction of molybdenum resin!:~ with HB 

Resin~=~ (0. 75 g, ~0.6 meq Mo), containing a mixture of bound CpMo(C0) 3H 

and bound [CpMo(C0)
3
J
2

, was swelled in THF (10 ml), 1 h. Immediately on 

addition of HB(C 2H5)
3
Li (3.0 ml of a 1M THF solution, 3 ~4), a change in the 

resin's color from red to brown was accompanied by vigorous gas evolution. The 

resin was stirred 5 h, filtered, washed with THF, and dried The 
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resulting beige polyrner P~S exhibited IR absorptions at 1898 (s), 1773 (s) 

~1 + 
and 1703 (s) em (KBr), characteristic of RCpMo(C0)3 Li . 

<l}CpMo (CO) (P-6) 

In a representative acidif::!.cation of ?:2 , ?:2 (3.21 g, ~2.6 mM Mo) was 

swelled in THF (40 ml) over 1 h. P-toluenesulfonic acid (0.50 g, 2.75 ml1) 

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 clean THF 

until the rinses, in contact with the resin for at least an hour, contained 

no further acid. The resulting b~ige resin P-6 was then dried in vacuo. 

Infrared absorbances for !:j are given in Table I. Elemental analysis was 

performed on its sodium derivative ~=1~2 (cf. next section). 

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 ml). 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 on a rotary evaporator and checked by IR, contained no detectable 
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te or its sodium salt. The resulting light beige resin P-7Na 

IR absorbances for !:Z~2 are given in Table 1. Elemental 

of P-7Na gave a molybdenum content of 0.74 mM Moper gram of polymer, 

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 

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

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

given in Table 1. 

Polymer-bound Organic Carboxylates 

Polymer-bound phenyllithium (Jg) was prepared as described above, charged 

with Tlff (75 ml), cooled to -78°C, and evacuated. Carbon dioxide was introduced 

to the Tiff solution of resinophenyllithium in the following manner. A 300 ml 

flask of dry ice, connected to a vacuum manifold, was subjected to several 

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 A) and bubbled into the THF resin slurry (now at 

ambient temperature) via a gas dispersion sti.ck. 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
2 

uptake by the resin) indicating completion of the reaction. After 15 

min the co
2 

uptake was negligible; however, the bubbling was continued an 
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additional 2 h to assure exposure of all internal poly-meric sites to the co
2

. 

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

14b 
Leznoff and the resulting resin P-1 was dried in vacuo. The degree of 

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

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

(P-2) 

Polymeric sodium benzoate was prepared by titration of ~C6H4COOH (~:t) 

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 titrant 

(0.09M) was standardized against primary standard potassium acid phthalate. 

The aqueous HCl titrant (0.11 M) was standardized against primary standard sodium 

carbonate. Phenolphthalein and bromophenol blue were used as indicators in 

titrations for acid and base, .respectively. In a typical titration, 100 mg of 

polycarboxylic resin P-1 was placed in a flask equipped with a magnetic stir 

bar, and allowed to swell in THF or 1,4-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 ncid titront, using st:nmlnrd buret teclmiquea, until 

an endpoint was reached. The loading of carboxylic acid sites on th~ polymer 

!:!• 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-1). Unreasonably low results for 

carboxylate functionalization were obtained when the resin P-1 was not 

in the 
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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 

-2) are given in Table 1. 

Diethylmalonate~ ethylacetoacetate~ 2~carboethoxycyclopentanone and 

2~arboethoxycyclohexanone were converted to their monosodium salts in the 

folloWing manner, A THF solution (- 0.3 M) of the S~icarbonyl was added from 

an addition funnel to a stirred slurry of a slight 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 monosodium 

salt, was decanted from residual NaH and treated as follows. When the S~ 

dicarbonyl sodium salts were to be used in excess as a synthetic reagent 

(e.g., in the conversion of P-6 to ~:Z) the salts were used in situ in their 

THF solutions, However, when the S~dicarbonyl salts were to be used to carefully 

monitor proton transfer activity of polymeric hydride ~=~· 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 chloridei sodium ethylaceto~ 
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acetate, hot ether; sodium 2-carboethoxycyclopentanone, ethanol; 

sodium 2-carboethcxycyclohexanone, ethanol. Infrared carbonyl absorbances 

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

diethylmalonate: 1750, 1735 cm-1 , sodium salt: 1670, 1550 cm-1 , lithium 

salt: 1660, 1530 -1 -1 em ethylacetoacetate: 1745, 1720 em , sodium salt: 

1660, 1510 cm-1 ; 2-carboethoxycyclopentanone: 1760, 1735 cm-1 , sodium 

salt: 1665, -1 -1 1515 em ; 2-carboethoxyeyc1ohexanone: 1745, 1717 em 

sodium salt: 1660, 1483 em -l. The lHhium salt of diethylmalonate was 

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

~onomerie molybdenum compounds 

- + CpMo(C0) 3H (6), CpMo(CO) Na <Z:~~) and CpMo(C0) 3cH 3 (~)were synthesized 

29 - + according to literature methods, CpMo(C0)
3 

Na was also synthesized by 

substituting NaBH4 for sodium amalgam in the literature procedure. Infrared 

spectral data are given in Table 1. 

To a stirring solution of [CpMo(C0) 3] 2 (2.0 g, 4.08 mM) in THF (10 ml) 

was added HB(C2H5) (15 ml of a 1.0 M THF solution, 15 roM) 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 is incorporated into the crystal of 

- + 1 6 CpMo(C0) 3 Li ( H NMR (acetone-d) 8 4.93 (s, c
5
H

5
, 5H), 6 3.60 (s, THF, 4H), 

6 1.79 , THF, 4H) ppm). 
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's Law Det of Extinction Coefficients 

Standard for deriving Beer's Law plots were followed. Plots 

of r. vs. concentration covered the concentration range in which equilibration 

were to be run: .01 to .11 M for organic carbonyl compounds and 

.001 to .015 for transition metal carbonyl compounds. All extinction coef~ 

ficient determinations (and subsequent equilibration reactions) were carried 

out in THF, typically in a 5 or 10 ml volumetric flask equi.pped with a magnetic 

stir baro Infrared spectra were recorded in absorbance units. An electronic 

expansion feature 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 in cm-l (extinction coetficient, €)] 

3 3 - + CpMo(C0)
3

H, 2015 (3.20 x 10 ), 1932 (5.55 x 10 ); CpMo(C0)
3 

Na , 1903 (4.18 

'3 3 3 - + 3 
X 10 ), 1798 (4.50 X 10 ), 1745 (3.13 x 10 ); CpMo(CO)J Li , 1910 (2.50 x 10 ), 

. 3 3 3 
1810 (3.10 x 10 ), 1785 (1.0 x 10 ), 1718 (2.45 x 10 ); diethy1malonate, 1750 

.96 x 102), 1735' (7.01 x 102); sodium diethylmalonate, 1673 (1.67 x 103), 

1550 (1.11 X 103), 

~uilibration Reactions 

Equilibria between polymer-bound and soluble species were set up and 

monitored as described earlier. Reactions between bound acids and soluble 

of similar pK were monitored in the same manner (by IR) as reactions a 

between bound acids and substrates of greatly differing acidity (e.g., the 

reactions between ®-CpMo(CO) 3H (~:~) and the 8-dicarbonyl sodium salts), 

The fo:rmer followed weak acid-weak base behavior and the latter behaved 

as an acid exchange resin. 
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The numbers for equation (5) were supplied in the following manner. The 

concentrations of soluble species, IB-) and [BH), were calculated directly 

from IR absorbances using Beer's Law and the above-determined extinction 

coefficients. The effective concentration of QV {®-A-}, was assumed to 

be equal to that of BH, in accordance v:ith equation (4). { ® -AH} was then 

determined froo the difference between {@ -AH}
1 

.. 
1 

and {®-B. For example, 
n:ttla 

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

K 
eq 

!BH) {@)-A-} 
IB-) { (!) -AH} 

(. 011) (. 011) 0.32 
(.008) (.058-,011) 
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IN'rRODUCTION 

Interest in Fischer-Tropsch hydrocarbon synthesis is 

manifested in a wide range research interests, from studies 

on single crystal metal surfaces to gasoline production from 

coal1 ' 2• Our entry into the field met clu r chemistry was 

im lled by an interest in a particular proposed stage of 

Fis r-Trops catalysis: the mode by which kyl products leave 

the metal surface. Proposing a cobalt trimer as a metal 

the nultimate site of the alkyl product in the homologation 

ocess. 

Molecules of the form co 3 (CO) 9cR have been covered in 

numerous literature r rts 3 to which the reader is referred for 

background information. Briefly, Seyferth and coworkers4 have 

stu ed the thermolyses and other reactions of co3 <co> 9cx, X = H, 

R, SiR3 , COR, CHOHR, hal ides, etc. The photochemically- induced 

com sitions of Co 3 (C0) 9CH and Co 3 (CO)gCH 3 under hydrogen to 

yi d 4 and c 2H61c2H4, respectively, have been investi ted 

Geoffroy and Epstein 5• That co 3 <co>gCPh can serve as a 

hydr ormylation ca lyst is the subject of an article by Ryan, 

Pittman and 0 1 Connor 6• Despite all that has been done with the 

tricobalt cluster, still little is known about the actual 

rna inery its reactions. 

We chose this rticular alkyl derivative of the co 3 ccol 9 

cluster, o 3 C >9ccH 2c<cH 3>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 1 s reactivity patterns in Fischer-Tropsch 

catalysis. Hydrogenations of cobalt alkyl 1 under careful 

controlled conditions have provided information on: 1) product 

stribution; 2) kinetics cluster decomposition; inhibiting 

factors; and 4) possible reaction pathways. 



45 

RESULTS 

In the synthesis of co 3 cco> 9ccH 2C(CH 3 > 3 (1), the following 

modifications were made on the literature procedure 7 ,a for the 

pre ration of compounds of the form co 3 (CO) 9cR (Scheme 1). 

Reaction of co 2 <co> 8 with tert-butylacetylene to form 

Co2(C0) 6 (HCCC(CH3> 3> was complete immediatly on dissolution of 

the cobalt carbonyl in the acetylene (reactio-n solvent), as 

opposed to the reported 7 'overnight 1 reaction time. Subsequent 

conversion the cobalt dimer to trimer 1 d require the strong 

acid (H 2so4> and r luxing methanol temperature9 (see le 1 for 

IR absorbances of metal carbonyl species}. Crucial for total 

reaction of starting material was dilution with a sufficient 

amount methanol to avoid the formation 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 s opposed to a lengthy literature work-up). 

Syntheses of compounds 

fairly low yields 

the form co 3 <co> 9cR have been reported 

typically 29 to 49%7,10. In 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 

r ion. It is the author 1 s belief that the low product yi ds 
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Scheme I 
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Table 1. Metal Carbonyl Infrared Absorbances 

co 2 (co) 8 (mesitylene) 

Co 2 (CO) 6 (HC;;::CCMe 3 ) (hexane) 

co4 (C0)
12 

(mesitylene) 

~ + 
Co(C0) 4 Na (THF) 

Co(C0) 4 (THF) 

~1 
vco (em ) 

2 0 0 6 ( s) , 2 0 3 8 ( s) , 2 016 ( s) , 18 53 (m) 

2089(m) 1 2060(w) ,2049(vs), 

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

2098 (w), 2048 (vs), 2032 (s), 2012 (w) 

2062 (s) ,2050 (s), 2863 (m) 

1890 (s), 1856 (m) 

1889(s) 

1890 (s) 1 2855 (sh) 
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and the overall 'disappearance' of metal in this reaction 

s uence are to e generation of a v atile lt carbonyl 

com nent during trimer formation. Further discussion of this 

hypothesis is the subject of a thesis proposal. 

An authentic sample the experiment derived al hyde, 

CHO(CH 2 > 2c<cH 3 > 3 (4), was synthesized by reduction of the 

corresponding acid, COOH(CH 2> 2c<cH 3>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 

racteriz by IR, NMR, MS, and 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 aldehydes11 : a C-H stretch of the CHO group at 

2715 cm-1 (weak) and a C=O band at 1728 cm-1 (strong). 

Broade ng and shifti the IR bands occurred with thin-film 

samples, presumably owing to the hygroscopicity (and therefore 

hydrogen bonding} of the viscous, neat samplell. The mass 

s ctrum of aldehyde 4 (at 10, 15, 20, 30, or 70 eV) displayed 

cal dehyde behavior under the ionizing conditions: lack of 

a parent ion and strong ion intensities attributable to 

fr entation 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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Scheme 2 

4 

Scheme 3 

~OH 

HOCH2CH2C(CH 3)3 

5 

Ms~Et5 
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hy ogens necessary to perform the McLafferty rearrangement often 

o erved 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 ol inl2.) 

Attempts to synthesize Co( > 4 <cH 2> 2cCCH 3>3 independently 

s a model compound for a oposed hydrogenation interm ate, 

vide infra) led to the synthesis 13 of several candidates for 

nts to kylate (CO) 4-0 Hydrobora on of 3,3 imethylbutene 

(2) generated alcohol 5 which on treatment with methanesulfonyl 

oride yielded mesylate 6 (Scheme No reaction was observed 

on treatment of sodium tetracarbonyl cobaltate in THF with 

mesylate 6 (as monitored by IR for disappearance of the Co(C0) 4-

carbonyl bands). Changing the counterion from sodium to lithium 

or (Ph 3P)N+ (PPN) did not increase the cobalt anion's reactivity 

toward the mesylate. Attempts to kyla the above three salts 

of (C0> 4- with the alkyl chloride, (CH3> 3c<cH 2>2Cl, were also 

unsuccessful. A third candida , (CH 3> (CH 2> 2r, was synthesized 

by treating mesylate 6 with sodium iodide in refluxing 2-

tanone. This alkyl de was so an ineffective alkylating 

r 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 CcH 2>2C(CH3> 3• The first will involve synthesis of and 

attempted alkylation with the trifluorornethanesulfonyl alkyl. 

The second em oys 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 er ore might have to be generated in situ under 

hydrogenation conditions. Monitoring the reaction of 

> 4 CCH2>2CCCH3) 3 with hydrogen for appearance of oducts 2 

er tylethylene), 3 (ne ne), and 4 (4,4-dimethylpentanal) 

might provide i ormation on the mechanism of hydrogenation of 1. 

Hydrogenation Reaction Conditions 

Hydrogenations were carried out either in sealed NMR tubes 

or in a high-pressure gas manifold ide infra and Figure 1). In 

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 essure (up to 1 atm). After tran erring in an 

internal stan rd (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 H2 in the NMR tube (at room 

temperature, or 2.55 atm H2 at the reaction temperature, 56°C). 

Experiments were monitored either by removing the tube 

riodical 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 



k I 

1 . Steel Pressure 

perpendicular to of page) 

I Gas 
re 

nk 

U1 
I\.) 



·I 

53 

intervals 080 MHz Fourier Transform instrument). Nr·1R data 

ovi d i ormation on disappearance the starting rna ter i al 

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 

0 ) 0 

ternatively, hydrogenation reactions were rn tored by gas 

rornatography for appearance of organic products. In these 

e rirnents, a high-pressure manifold (stainless steel) with the 

following capacities was employed (Figure 1): 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 essure throughout the 

reaction (some loss pressure was observed on sampling through 

the septum via syringe); and 4) access to a second tank of gas 

reactions carried out under 

For reactions carried out on the high-pressure manifold, 

mesitylene solutions of 

s d (benzene) were prepared in a glove box. They were then 

1 d assed' on the reaction manifold in several hydrogen 

pressurization cycles prior to pressurizing the reaction vessel 

to e given r on pressure. The reaction mixture was heated 

in an oil bath and stirred with a magnetic stir bar. Samples 

were removed through the septum with a syringe (equi d with a 

needle), transferred to a rnicroli r 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 abov scribed high-pressure manifold was also used to 

monitor composition of 1 in a CO/H2 atmosphere. The manifold 

was equi d with a T-joint (see Figure 1) to accomodate a 

se and 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 sses); a one-way valve was inserted 

between the two tanks to prevent mixing of gasses in the tanks. 

The ratus was assembled and the reac on 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 oducts. 

For the hydrogenation in the presence of added ol in , a 

mesitylene solution of 1, 2, and an internal standard (benzene) 

was e red and hydrogenated as described eviously. Early 

samples lected at time intervals (@ 10 min) shor r than 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 ssible oblem volatile components were 

being lost on handling and storing (the boiling points of tert

butyl ethylene (2) neohexane (3) are 41° and 50° C, 

res ct ely). 
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Reaction Results Discussions 

Hydrogenations of 1 in hydrocarbon solvents (cyclohexane, 

ntane) yielded nearly quantitatively two products: te:rt 

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 

e two organic products were established in previous studies 

of the hydrogenation of 1 in these laboratories 15 • 

Hydrogenations of 1 under similar conditions in aromatic solvents 

(benzene, toluene, mesitylene) resulted in formation 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: LS: 1.0. 

This third product was identified after isolation 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 

reportedl6 that co 4 < >12 (a suspected product of our 

hydrogenations, vide infra) causes stoichiometric 

hydroformylation of propene under hydrogen pressure, and that 

this hydroformylation s not proceed until less polar solvents 

are r aced by ethanol as the reaction vent. Moreover, other 

researchers have reported enhancement in hydroformylation rates 

on tion of more polar solventsl7. Finally, a report by Ryan, 

Pittman, and 0 1 Connor6 that co 3 (CO) 9cc 6 H5 catalyzes 
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hydroforrnylation forewarns of the possibility of hydr orrnylation 

activity of our tricobalt nonacarbonyl complex or its 

derivatives. Paths by which the aldehyde might arise will be 

discussed later. 

All of the following experiments, including the effects of H2 

essure, CO, and added olefin, were carried out in aromatic 

s vents to observe the formation of 1 three products. 

N~1R-MoJ1i toreQ MJ.~~~~~~" 

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 tert-butylethylene (2), 

neohexane (3), and 4,4-dimethylpentaldehyde (4) (relative to an 

internal standard, TMS)o The ol in is the first product to 

appear, followed somewhat later by the alkane and aldehyde. A 

ot of starting material reacted coincides quite closely to one 

for arance total oducts, demonstrating nearly complete 

mass balance (Figure Applying first order kinetic analyses18 

to the data of Figure 3 yi ds two straight lines: one for 

disappearance starting material (k = L45 X l0- 5sec-1atm- 1) 

and one for appearance of total products (k = 0.78 X 10-Ssec 

atm- 1). That the rate of appearance of total products agrees 

fairly well with that of starting material decay confirms our 

ervation by NMR that no appreciable build-up intermediate 

is occurring. should be kept in mi th this rate constant 
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for total product appearance is descriptive rather than 

quantitative since it masks several individual rate constant 

components for the three oducts 1 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%), 

eas at the com etion of the reaction it comprises only -68%. 

Similarly, kane and dehyde comprise 11 and 6% (respectively) 

of the total products at t=O"S h, and grow to -20 and 11%, 

respectively, at the reaction's end. This phenomenon will be 

cumented again in later reactions. Since the product ratio 

data indicate that the three products are not formed from one 

common path, it is d ficult to compute their rates of formation 

from the available data. nclusions from the NMR~monitored 

riment 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 rcentage of each 

product in the product mixture changes over the course of the 

rea on, rhaps signaling an interconversion between oducts. 
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Hydr_ogen Dependence 

In or r to rm the or r that hy ogen assumes in the 

hydrogenation of 1, the reaction was carried out under three 

different hydrogen pressures: 2o5, 5.1, and 6o8 atm (exps 4~6 of 

Table 2)o Data on the disappearance of starting material 1 was 

not ov ided by e monitoring technique used c.); however, 

di ranee of 1 and appearance metal carbonyl products 

were followed qualitatively by IR. 

The rate of appearance of total oductsl9 at the three 

hydrogen pressures is plotted against increasing hydrogen 

pressure in Figure 5. The 6 effective' rate constants, 6.28 X 

l0- 5sec-1 , 1.09 X l0- 4sec-1 , and 1.34 X l0- 4sec-1 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, e following rate expression can be written: 

-d [ 1] 

Under the pseudo first order conditions of the three 

hydrogenations eq an excess of H 2>, 

kobs = kl{pH2}m 

and 

log kobs + 

otting the data from the three hydrogenations in the form of 

this last equation, k 1 and m are obtained: k1 = 3.11 X 10 5sec-l 

and m = 0.77 (k 1 is pictured in Figure 5). It can be seen from 



'-

l. 75 

1.50 

1.25 

1.0 

~ I IJl I (J'\ 

"""' ~ 
0 .75 
rl .._., 

0~~--~----~--~~--~-----L----~----~--~~--~-----L----~--~ 

5. Rate of total prodl.lCt appearance vs presm.rre, 
------~--

== exps 

(see • l atm = 14.7 • 



65 

the good agreement between the calculated k1 and the line of 

Figure 5 (derived from ex rimental k 1 s) that the calculated 

ue for k1 is consistent with e overall kinetic trend. G n 

only these three hydrogenation pressures as data points, 

discussion on the value of m (i.e.u an order of 0.77 for ( 2 >) 

is restricted. According to literatur(;; sources, the limit for 

drogen saturation in benzene lies above 250 psi (17 atm)2ld, 

er ca t our three 0 essures are 

not ovi ng l'H?arw~sa tur a tion levels hydr n in sol uti 7 

'l'he line :rved in gure 5 might ed not be in the pseu 

first or r r ion excess e hydr n concentration; inst 

its 0 might re ecting a hy icient :reaction. 

higher essures one might observe an eventual leveling off in 

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

limit for hydrogen solubility or a departure from the limiting 

feet 

The ta 

ogen concentration in the rate expression. 

r from e ogenations at three fferent 

essures have en otted to show the effect of hydrogen 

essure on e formation the products, Fi re 6. 

can be seen that the effect of hastening product formation to 

com etion is consider ly more dramatic on increasing the 

hydrogen 

For exam e, hydrogenation at 2.5 atm r uires -lOh for final 

educt concentrations to level off, whereas at 6.8 atrn this 

s is reached within -6h. This feet was mirrored previously 

in Figure 5 which pointed out the consistent de ndence of kobs 
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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 rcentage of each oduct in the 

hydrogenation mixture progressively changes wi time, a trend 

implicating formation from non-common intermediates, or even 

interconversion of products. The fact that rt-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 reaction intermediates makes this a difficult 

sition to verify. 

Infrared spectra of metal carbonyl products <vco 

(mesitylene): 2062 (s), 2049 (vs), 2032 (m), 2024 (m), 2005 (w), 

1864 (m), 1825 (w) crn-1) seem to contain, among the large number 

of CO bands, absorbances attributable to Co4(C0)12 <vco 

(mesitylene): 2062 (s), 2050 (s), 1863 (m) cm-1}. The remainder 

the bands have not been ident ied. 
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o ernie stu es the hy nation 5 
3 

have demonstrated inhibition of complex decem sition in the 

esence of carbon monoxide. The onclusion drawn was that 

rent compound initiated the dissociation of from the 

ochemical induced drogenation (to ethane and ethylene, 

carbonyl ligands of some co 3 (CO) gCE 2: 1). The lability 

com exes has been shown in reactions designed to monitor CO 

exchange22. It "'as therefore interest to know the effect of 

on drogenations of 1 (exp 7, Table 2). 

ter 19.5h, a solution of 1 in mesi lene under H2 (3.7 

atm) and CO (3.7 atm) displayed almost no hydrogenation 

reactivity. IE indicated that the solution contained essentially 

the initial amount of 1 and by g.c. only a trace amount of tert 

bu !ethylene (2). From these results we concluded that 

inhibits the thermal decomposition of 1 under hydrogen23. The 

rever an i ti uil ium inv v loss CO from 1 

obably accounts for this CO inhibition, although a series of 

reversible 

rul d ou 

uilibr a prior to a co~inhibited step cannot be 

Eaising the temperature of the final solution of the 

previous experiment by 25° (while maintaining all other 

conditi ns the same) gave dramatic results (exp 8, Table 2). 

l-tfter 3.5h at 85°C, tert butylethylene (2) had grown in 

(corresponding to ~5% conversion of starting material) 

accom nied by a arance of 4,4~dimethyl ntanal (4) (~2%) 



70 

-Cll 
~4 ' 

] 00 

\ ~ -
Q) 

\ i -~ ,~ 

.w ou 
\ 0 

Ln 

I .. 
I 0 

\ u 
4-1 

' 0 \ 
\ Q) 

\ ~ 
\ 

'Cil 
Q) 

~ 
\ 

\ 
0 :B «') 

.~ 

§ 

\ 
·ri .w 

~ 

\ 8' 

0 
]: 

[J\ f'il 8 
4-1 

\ Cll 

ti 

t 
4-1 
0 

0 Q) - ~ 

l 
oi:C 

. 
00 

Q) 

0 
-~ 
ILl 

0 

(W) UO"f:ft?.::r.:tm::mQJ 



71 

(Figure 8). 

(ove 4. 

After 7 Sh, aldehyde 4 concentration had doubled 

concentration) whereas olefin concentration owec:l 

no net change. No neohexane (3) was detected. At 20h a trend 

had begun in whi ol in concentration dropped off to trace 

am unts over e next 26h and aldehyde grevJ in, accounting for 

87% of the final educt mixture. Ne exane ~tJas finally 

teet d at 20h and steadily grew to comprise -12% of the final 

product mixture. though the reaction was discontinued after 

46h, a considerable amount of starting material 1 remained. 

is was evident by IR of the metal carbonyl region as well as by 

e fact at t educt concentr~tion comprised only -6 of 

origi starting material (1) concentration. Production of 

aldehy 4 would probably have progressed further {its trace in 

Figure 8 had not yet levelled f) had the reaction been lowed 

to continue. It is the author • s feeling that mare accurate data 

on aldehyde formation from 1 under H2 and CO would be obtained by 

r a ng the reaction at higher temperatures and gas pressures 

over ter reac times. 

Examination Figure 8 reveals that the numerical value for 

final aldehy 

raises the 

concentration is never reached by olefin. This 

ility that complexed olefin, once formed in e 

r , does not freely 

ssociate ution before (presumably) being converted into 

dehy (Scheme 5, th (b)). In fact, the final step of olefin 

ction might be shut down entirely in favor of conversion of 

the olefin precursor to aldehyde ( th (a) or (b)). If this is 
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the case, the final step in releasing olefin to the solution 

(path )) 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 

hydro nation conditions (Le., no added CO) shows that in 

addition to containing the co 4 <co> 12 usually observed in 

hydrogenation product mixtures, broad bands at 2065, 2033 and 

2017 cm-1 might correspond to co 2 <co> 8 <vco (mesitylene): 2066 

(s), 2038 (s), 2016 (s), 1853 (m) cm-1). Starting material, 

co 3 <co> CH2CCCH3)3, complicates the product spectrum with CO 

bands at 2098 (w), 2048 (s), 2032 (s), and 2012 (w} cm-1. 
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Qll the Hydrogenation 

An ideally signed experiment to test for the conversion of 

oduct tert-butylethylene ( to products neohexane (3) and 4,4-

dimethylpentanal (4) would involve addition of labelled rt~ 

butylethylene to e hydrogenation of unlabelled 1. Detection of 

labelled products 3 and 4, either by 13c, 2H, or 3H NMR, or by 

r iotracer B-s ntillation detection of 3H or 14c, would sur y 

implicate the intermediacy of first-formed product 2 in 3 and 4's 

geneses. Given certain time constraints, a modified version 

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 

subject to hydrogenation conditions identical to those of exp 

6~ 6.8 atm H2 , 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 initial 

added amount during the first 2h 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 6. (A comment on the nega slopes sever 

of the traces of Figure 9 from 4h onward is required. For lack 

of a better explanation, the author attributes this to escape 

the reactio s more volatile components. ter utylethylene, the 
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lowest boiling (bp 41°c STP), appears to be the major 

ontributing factor to the negative slopes of the other two 

creasing traces labelled [total oducts] and {[total products] 

- [added olefin]}. (During the reaction, loss of pressure d 

occur on sampling; repressurizing with H2 to 6.8 atm would not 

replace any other lost sses.) The dramatic loss of olefin 

after 4h is probably not due to its conversion to the other 

oducts since a decline is also noted after 4h for {[total 

pr cts] - [added olefin]} - 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 reaction 

components. Simply r ating the reaction with tighter <leak

proof) sampling devices should confirm or negate this 

conclusion.> 25 

From the results exp 9, several aspects of the mechanisms 

product formation can be briefly speculatede Preliminary 

indication that olefin 2 is involved. in alkane (3) and aldehyde 

(4) eduction 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 4a This 
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second study does not differentiate between the active 

hy oformylation ca 1 s being 1 or some later~formed cobalt 

b product; however, the latter is suspected to be the reagent 

responsible for aldehyde formation since at the start of rxn 9, 

in presence of excess olefin and when 1 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 olefin atests to the 

unavailability of a reagent to convert it all to alkane and 

aldehyde (despite the availability of hydro~en26) - this 

observation, together with the results from exp 8 (predominant 

aldehyde production from hydrogenation under CO), further 

suggests that the cobalt hydroformylation catalyst r uires 

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 e data at hand. At present, computation of the 

rates of 

ence 

arance of aldehyde and alkane is precluded in the 

bo a tectable intermediate ther than olefin) and 

a recognized stea state situation. Ascertaining the laws 

erning in concentration promises to be complicated due to 

s seemingly simultaneous production from 1 and consumption to 

form aldehyde and alkane (at a rate likely to be limited by 

un tectable species). Probably the most valid approach to 

analyzing the kinet of product formation from hydrogenation of 

1 is via computer modeling. 
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SIONS 

Preliminary investigations into the reactions of 

3(C0) (CH 3) 3 (1) with hydrogen have provided information 

of the mode of organic product formation from alkyl cobalt 

car nyl clusters. Hydro nation of 1 in hydrocar n s vents 

yielded two organic products, olefin 2 and alkane 3. Use of 

aromatic solvents resulted in formation of a third product 

identifi as aldehyde 4. Hydrogen-m iated composition of 1, 

und to follow first order kinetics (k = 1.45 X 10 sec-latm-1), 

oce d wi nearly quantitative formation organic products. 

(external source) inhibited the decomposition of 1 under 

normal hydrogenation conditions; however, at elevated 

temperatures, hydrogenation of 1 under CO yi ded aldehyde 4 as 

the major producL This production of 4 from 1 seemed to be in 

part at the expense of ea ie ormed ol in 01 in added to 

hydrogenations of 1 appeared to get incorporated into the 

reac on manifold. 

In tracing the fate of the carbynyl carbon of 1, we have 

erved via the three or nic products from hydro nation of 1 

three modes of reaction for the carbyne: 1) addition of two 

hydrogen atoms to become the terminal, vinylic CH 2 group of 

2; sa ration with hydrogen to become the methyl 

rminus kane 3; 3) tion the ements u2 and 

to become e methylene unit 
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EXPERH1ENTAL 

For preparation of 1, Co 2 <co> 8 was used as receivede 

Sublimed co 2 <co> 8 (<10-~ mm, 43° bath, 0° cold finger) was used 

in the preparations of tetracarbonyl cobaltate. tert~ 

Butylacetylene, dri 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 sievese Sodium iodide was 

dried under vacuum with heating. Triethylamine was distilled 

from H2 and stored over NaOH. 3,3-Dimethylchlorobutane was 

transferred under vacuum from 4A sieves. Monomethylamine was 

transferr under vacuum immediately prior to use. Used as 

received were mesyl chloride, 2,2-dimethylbutane, hydrogen 

peroxide (30% aq), LiBHEt 3 (LOM in THF), BH 3"THF (l.OM in THF), 

H2 (cylinder), and CO (cylinder). 

Methanol was ied over 3A sieves, methylene chloride and 

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 kety 

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 

reviously descri d in Results Section, F'igure 1) assembled in 

these 1 

Routine lH NMR spectra were recorded on a Varian EM 90 (90 

MHz) s c ometer. The kinetics-monitored hydrogenation of 1 (exp 

3 of Table 2) was carried out in a 56°C probe of ~ 180.09 MHz 

Fourier Transform NMR instrument equipped with a Bruker 

supercondu ing magnet, Nicolet Technology r model 1180 data 

system, and electronics assembled by Mr Rudi Nunlist 

(U.C.Berkeley). For this reaction, the digitally interfaced 

pulse pr ammer was ogrammed collect spectra every 20min 

over a 24h time riod. The spectra thus collected were stored 

on a sk and later processed for integration on the instrument's 

computer terminal. NMR chemical shifts are reported in units of 

ppm downfi d from tetramethylsilane (0.0 ppm). 

Infrared s ctra were recorded on a Perkin Elmer 283 

s ctr ometer using NaCl s ution cells (0 lmm path length) 

or NaCl t ates for neat liquid samples. 

Analytical vpc analyses were rformed on a Perkin Elmer 

Sigma 3 G interfaced with a SpectraPhysics Autolab System 1 

computing integrator. A 14'x~" 8% OV-101/Chromosorb G-AWDMCS 

column rammed 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-liquid 

romatography was conducted on a Varian Aerograph Model 90-P 

romosorb 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 

uants. 

Mass spectroscopic and GCMS analyses were performed by the 

UCB Chemistry Department Mass Spectroscopy Laboratory on AEl~MS12 

Finni n 4000 spectrome rs, re ively. Both systems are 

interfaced with Finnigan/INCOS data systems. MS ta are 

reported in units of e and as percentages of relative ion 

current. Where appropriate, m or fragments are also reported. 

ots were recorded by a Houston Instruments HIPLOTrn digital 

x,y-plotter from ta 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. 

!&J.lk.Ql.2.~2~lll ill2 8 

In a 250m! Schlenk flask, co 2 cco> 8 (20.0g, 58mmol) was 

diss ved in HCCC(CH 3 >3 (20.0ml, 163mmol) at room temperature 

(the reaction so oceeds at 0°C). Rapid bubbling and cooling 

esumably due to s ve ration on CO gas evolution and/or 

en do mici ty) was noted. The solution was allowed to stir lh 

at w ch time its IR spectrum indicated no residual octacarbonyl. 

The vent (resi t-butylacetylene) was removed under vacuum 

leav a mob e orange oil, 2 (CO) 6 (HCCC 

b 5.46 (s, lH), 1.05 (s, 9H)ppmu IR (benzene) VCO 2089 (m), 2060 

(w}, 2049 (vs), 2026 (vs), 2016 (s), 2006 (mw) cm-1 • (bert-
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Butylacetylene displays NMR signals at <C 6D6>J L88 (s, lH) and 

Ll3 (s, 9H) ppm.) The oil, diluted with CH 30H (70ml), was 

treated with H2so4 (lOml cone 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 H2S04 

(lOml, cone) in MeOH (lOOm!). Continued heating at reflux of 

both methanol solutions led to comple disappearance starting 

material within lOh. The resulting aci c methanol solutions of 

product 1 were r ri ated at -20°C overnight to yield ep red~ 

ack 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% 

y i e 1 d , b a s e d o n a s t o i c h i o m e t r y o f 1 C o 2 ( C 0 ) 8 ~~~~ > 2/ 3 

3(CO)gCCH2C(CH3)3 ), mp 127-8° (under nitrogen) 29 ; IR (Table 

1); lu NMR (C 6D6>fL06 (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 c 15 u11 co: C, 35.18; H, 2.17; Co, 

34.53. Found: c, 35.49; H, 2.37; Co, 34.50. 

0 

MeNH 2 OOOml) was transferred un r vacuum from a lecture 

bottle to a 250ml Schlenk flask cooled to -196°. The flask 

containing the frozen am was then attached via glass tubing to 

an evacuated, -196°, 250ml 3-necked flask containing 

Me (CH 2>2cooH (S.Og, 38.5mmol) and lithium wire (350mg, SOmmol). 

e amine was allowed to warm to room temperature and to transfer 
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quanti ta ti vely 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 appli as soon as a positive 

essure (from MeNH 2 gas) was noted. The blue solution received 

a second dose of lithium wire (740mg, 106mmol) 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 NH 4cl (lOOml), 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% 

NaHco 3 (2 x 50ml), and H2o until the aqueous layer tested 

neutral. The organic layer was dried over Mgso 4 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) 11 1462 (br,w), 1366 (m) 

cm-1; 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) cm-1; lH NMR <c 6n6> 0.67 (s, 9H), L21 (m, 2H), L83 (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, RCHQ~{CH3}), 96 (2.27f RCHQ~{H20}), 81 <17.41, RCHO 

{CH 3 }~{H 2 0}), 57 (32.30, c 4 Hg), 56 (6.44, c4 H8 or "CH 2 CH 2 CHO), 55 

(3.35, C4H7 or "CH 2CH 2 - {H}), 43 (12.44, CH 3co or "CH 2 CHO or 

c 3 H7>, 41 (5.22, CHCO or c 3 H5); Anal Calcd for C7H 14o: C, 73.61; 

H, 12.38. Found: c, 73.39; H,l2.34. 

3,3-Dimethylbutanol was epared from 3,3-dimethylbutene 

according to the literature procedure for hydroboration of 

olefins31 and distilled as a clear, colorless liquid {bp 

61°, 19mm): IR (thin film) 3350 (br,s), 2958 (s), 2865 (sh,m), 

1478 (br, m), 1366 (m), 1037 (m), 991 (m) cm-1; 1 H NMR (CC1 4 )~ 
0.93 (s, 9H), L46 (t, 2H>, 2.52 (s, lH), 3 .. 59 (t, 2H) ppm. IR 

and NMR 

5. 

ta are in agreement with Aldrich's published spectra 

In a lOOml, nitrogen-purged, ice-cooled, 3-necked flask was 

placed 3,3-dimethylbutanol (5) (422mg, 4.14mmol), mesyl chlori 

(593mg, 5.18mmol), and CH 2c1 2 (12ml). Triethylamine (922mg, 

9.11mmol) was added slowly from an addition funnel to the 

stirring solution over 0.5h., Much white precipitate (NEt3HCl) 

was formed over the course of the addition an additional 20ml 

CH 2c1 2 was r uired to maintain stirring. The ice bath was 

removed and after lh at room temperature an IR of the solution 

contained no hydroxyl absor nee. The solution was filtered, 
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ombined with an ual volume of H2o, and washed successively 

with H2o, 10% HCl, H2o, 10% NaHco 3 , and finally repeatedly with 

H20 until e ueous layer tested neutral The organic layer 

was dried over Mgso 4 and reduced on a rotary evaporator to a 

light yellow oil, 550mg (yield 74%): IR (thin film) 2960 (s), 

2875 (m), 1478 (m), 1350 (vs), 1175 (vs) 1 972 (s), 950 (vs), 890 

{m), 847 {m), 800 (m) cm~l; lH NMR (CC1 4>l 1.0 (s, 9H), 1.67 (t, 

2H), 2.88 (s, 3H), 4.18 (t, 2H) The mesylate was used 

equent reactions with Nai and without further purif 

(C0)4~. 

tion in s 

3,3 Dimethylchlorobutane did not react with Nai (1.4fold 

excess) in acetone at room temperature. At reflux, the reaction 

was still sluggish (monitored by gc). The alkyl chloride was 

n r aced with the mesylate (6) as the alkyl substrate. 3, 

methylmesylbutane (6) (30mg, 0 6mmol) and Nai (38mg, 0.25mmol) 

were combined in d6 acetone (0.5ml) in an NMR tube, heated at 

40°, and monitored NMR (after filtration from Naoso 2Me). 

After 24h 75% the me late had been converted to the alkyl 

iodide, (CH3) 3CC 2> 2I (7} (re:NMR t-butyl chemical shifts of 

0.96 and 0.90 ppm for 6 and 7, res ctively). Due to this slow 

rate substitution, the reaction was repea 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 condenser and N2 purge. 

(25ml) (the slur took on a li 

Nai ClOg, 67mmol) in 2~butanone 

t orange color) was added to e 

me late solution and heated to reflux with stirring. Within 

5min, copious amounts of precipitate (Naoso 2 Me) had formed and 

more solvent 025ml) was added to facilitate stirring. The 

reaction was monitored by tlc (Et 2o:hexane, 1:1) for 4h (during 

which time the solution assum a deep or color). Filtration, 

f lowed by removal s vent on a rotary evaporator, yielded a 

deep orange oil which was then taken up in Et 2 o (50ml). The 

ether s ut n was washed s uential with H20, Na 2s203 (the 

color of the organic layer lightened to a pale yellow), H2o, 5% 

NaHco 3 , and finally H2o until the aqueous layer tested neutraL 

ter drying over Mgso 4 , the organic layer was reduced on a 

rotary evaporator to a light yellow liquid, 2.54g (crude yield 

30%). The alkyl iodide, (CH 3 >3cccH 2 > 2 r (7), was purified by 

distillation at reduced pressure (bp 47", Bmm): IR (thin film) 

2958 (s), 2868 (m), 1467 (m,br), 1392 (w), 1377 (m), 1325(w), 

1245 (m}, 1215 (w), 1164 (m) cm-1; la NMR 1 4>S 0.9 (s, 9H), 

1 a 8 5. ( m , 2 H ) , 3 • 0 3 ( m , 2 H ) ppm • 

C, 33.98; H, 6.19; I, 59e83. Found: C, 34.24; H, 6.21; I, 59.58. 

The orless alkyl iodide was stored over copper wire, free from 

light, at 20"C. 

Lithium tetracarbonylcobaltate was epared by treating a 

solution Co2 (CO) 8 (9lmg, 0.27mmol) in THF (2ml) with HBEt3Li 

(0.5ml of a l.OM THF solution, 0.5mmol). IR of the metal 
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th reaction was immediate and complete 

utions f so urn tetracar nyl ltate were afforded by 

combining co 2 <co> 8 (40rng, 0.12rnrnol) and Na/Hg amalgam (0.65%, 

Og, O.Smrnol in Na) in THF <lrnl) (cL 'l'able 1 for IR ta). 

e red by treating the above 

THF solution of NaCoCco> 4 with an equivalent of PPN+Cl-. 

Filtration (from NaCl) ovid d a THF solution of [PPN]Co(CO)d 
' 

(IR ta in 'l'able 1). 

Several attern s to nthesize 8 from ) 4 ~ and alkyl 

[ iles were succes ul. Neither 

:me 1 ,3 ethyl ne reacted with (CO) 4- (sodium, lithium, 

or PPN s lts) in THF at 20°C under a nitr en atmosphere. 

tern s to alkylate the cobalt anion (sodium salt) with the 

1 in so did not oceed, at least in 

rt due to the anion 1 s insolubility in benzene. In all the 

above cases, unreacted starting material was the only observed 

nent e reac on mixtures. 

Hydrogenation 

The e the sample for exp 3 of Table 2 is 

ese as an e a cal NMR-monitored hydr nation. 

A rd, equipped with a 14/20 ground glass 

joint was loaded with 1 (5.6mg, 10.9umol) and topped with a 

stop ock. e 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 

Ctetramethylsilane internal standard) was then transferred in 

un r vacuum. While mersed in a 1 uid nitro bath, tu 

was filled with a known pressure of H2 and sealed off (with a 

tor rnatively, the NMR tube u itted with ground glass 

joint) could be charged by weighing in 1, internal stan rd 

(e.g., ferrocene), and s vent. In this procedure, the solution 

then had to be thoroughly degassed prior to introduction of 

hy o n on the vacuum line. 

emical shifts for mixtures of starting material and 

produ s hydr nations in NMR tubes f low. 

In cyclohexane~al2(ppm): 1 L07 (s, 9H), 3.75 (s, 2H); 2 

0.92 (s, 9H), 4.72 (q, 2H>, 5.65 (q, .lH); 3 0.77 (s, 9H>, alkyl 

region cur by t~butyl and solvent peaks. 

In benzene-d6 (ppm): 1 1.04 (s, 9H), 3.72 (s, 2H); 2 1.0 (s, 

9H), 4.94 (t, 2H), 5.83 (q, lH); 3 0.88 (s, 9H) u alkyl region 

obscured by other aliphatic hydrogens; 4 0.70 Cs, 9H), 9.30 (t, 

1 kyl r ion obscured. 

e rimental procedure for pr ration and execution 

hy nations on the high-pressure manifold is described in the 

Results s ion. 



·i 

89 

Data from the NMR·-monitored reaction (exp 3, Table 2) were 

ocessed and plot d using r tive concentration terms for each 

component (relative to internal standard TMS)e The 

concentrations ~monitored reactions were measured against an 

internal standard (benzene) and then converted to absolute 

concen ations oduct response factors were comparable within 

rirnental error) 0 A least uares linear regression program 

was used conjun n with an x,y~plotter to calculate and plot 

kinetic ta@ 
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PROPOSITION 1 : The Formation of Tricobalt Nonaca 

Complexes from Cobalt Carbonyl and Alkynes 

scussion. 

nyl Methy l 

A Me anistic 

Metal clusters have become a popularly studied class of 

compounds, rticular since an analo to metal surface 

chemistry is often drawn to reactions of their rivatives. 

Claiming that a multinuclear metal mi display rites 

similar to an active m lie surface 1 , resear ers have come up 

with clusters whose catalytic behavior models important 

industr i processes, e.g., the Wacker 2 , Oxo 3
, water-gas shift 4 , 

Fischer-Tropsch 5 processes. One class these compounds is 

based on trinuclear methynyl derivatives Group VIII transition 

metals: M3LnCR 6
• One of th r most interesting features is the 

. carbynyl carbon which is ly shar between sever me s, 

ce mimicking a carbon atom sit ng on a met surface. The e 

trinuclear metal carbynes have arisen from several synthetic 

preparations' using mono~, di-, or trimetallic starting 

materialso Formation of a 3(CO)gCR complex from a dinuclear 

t carbonyl and an unsymmetric alkyne will subject 

this pr sition, with rticular emphasis on mechanism and 

reac on interm 

In a typical synthesis of co 3 (CO)gCR 1 (2)~, 2(C0)6(HCCR) 

(1) (formed on combining co 2 <co> 8 and HCCR) is heated in an 

acidic (H2S04) methanol solution, to give, on crystallization, a 
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34% yield of 2 (R 0 cH 2R>. No comment on the whereabouts of the 

other -.66% of e cobalt starting material is included. Similar 

yields are reported other authors 9 , again with no mention of 

the fate of the rest of the cobalt. Therefore, a study of 

co 2 cco> 6 CHCCR) and its reactions would aid in elucidating the 

formation ay its 1 rivative 1
, co 3 (CO)gCR 1 (2). 

To start, in order to derive a trimetallic cluster from a 

dimetallic one~ some sort of disproportionation must be 

occurring. es of plausible initiation pathways are (Scheme 

1) a) combination of 2 co 2 cco> 6 <HCCR) to form a tetracobalt 

c i e s which 1 ate r f 1 s apart to trim eta 11 i c 2; b) an in it i a 1 

fragmentation of 1 to two mononuclear cobalt species, one (or 

h) whi then combines with a dimeric starting compound to 

yield trimer; or c) dissociation of the alkynyl ligand and 

homolysis of the resulting Co2(CO) 6 group. Pathway (a) is 

unlikely, based on evious work involving similar cobalt 

treati Co ( 4 

unds 

>12 with 

r ily to binu ear 1 

additional alkyne). This 

the form 

CR' Cat 20° or 90°C) and decompose 

being heated to 70° in the presence of 

composition from a tetramer to a 

dimer does not appear to be reversible since heating 1 does not 

p r o d u c e a tetra mer o Instead , heating Co 2 ( ) 6 ( R c CR 1 ) ( 1) 1 e ads 

to organic products rived principally from the alkynyl ligands 

(Scheme 2) 11 • Furthermore, heating 1 in the presence of another 

alkyne results in analagous organic products which have 
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incorpora the new a lJ~yne in addition to the complex's original 

The arance of pro cts arising from alkyne excha e 

E~me 2) supports e proposed dissociative uilibrium between 

1 and free alkyne, path (c) of SchemeL 

If thway (c) of Scheme 1 is the first step in conversion 

of 1 to 2, an unsatura Climer, 2 (CO) 6 (6), is being genera tea 

un r acidic conditions (H 2so4> in a ligating solvent (MeOH). 

Alcohol, as one of a class of 'basic' (oxygen-containing) 

vents, has the potential to interact with cobalt carbonyl in a 

redox r ion 1· 2 , viz 

2 <co> 8 + 2n B: ---> 2 [Co(C0) 4-J 2 £CoBnl+2 + 8CO 

eq ( 1) 

(In ct, the above equation, followed by protonation with strong 

acid, outlines a popular preparative method for hydridocobalt 

tetracar nyll2a,b.) Such a redox process could be occurring 

with 6, ultimately yi ding a cobalt carbonyl hydride (8) in the 

highly acidic rea n medium: 

\!J i s 

2(C0)6(Me0H)2 + 12MeOH --> [Co(C0)3(MeOH)-]2[Co(MeOH)6] 
+ 8CO 

6 1 eq ( 2) 

6 is writ 

HCo(C0) 3 (MeOH) 
8 

with its open coordination sites saturated 

nt rnolec es, MeOH.) Sugges ng the presence of cobalt 
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ocarbonyl in solution ns up many mech stic possiblities. 

e action hy odo t car bony 1 8 on 2 (CO) 6 Cl'1eOH) 2 m i t 

lead to formation of Co 3 (CO)gH (9) (Scheme 3). balt cluster 9 

has been shown to react with ace lene, yielding an example of 

The reaction is 

ubtfully so straightforward as to be a simple bimolecular 

reaction between 9 and an kyne. Since co 3 (CO)gH ( is known 13 

to decompose to co 4 (CO) 12 (and HCo (CO) 4 under CO), the 

possibility presents itself that the served reaction of 

Co3CCOlgH with ace ene to produce 3CCO)gCCH3 proceeds through 

the mono~ and/or dinu ear cobalt fragments from decomposition of 

9 (S erne 4). The mechanism in Scheme 4, proposed here to 

justify Fachinetti 1 s results, perha applies to the general 

class of reactions under study: 1 -~-->2. Substituting 

HCo (CO) 3 (MeOH) for HCo (CO) 3 and Co 2 (CO) 6 (HCCR) for Co 2 (CO) 6 (HCCH) 

of Scheme 4 ovides Scheme 5 1 ~. 

The following experiment(s) could be rformed to support 

the mechanism outlined in Scheme 5. HCo(C0) 4 (as prepared in ref 

12c) is introduced to a methanol sol uti on of Co 2 { ) 6 (HCCR) (1) 

s ed in r s 8 and 10). The reaction can be monitored by 

IR or by NMR for appearance of co 3 (CO)gCCH 2R. Reaction 

t rature will depend on the results of first combining the two 

reagents at low temperature (anticipating HCo (CO) 4
1 s instability 

at ambient tern ratures). Raising the reaction temperature 

and/or inclusion of strong acid (to in the cobalt hydride, a 
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Scheme 5 
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strong acid itself) might be required. Alternatively, a 

rivative HCo(C0) 4 might be used as a means of introducing a 

cobalt hydride to co 2 (C0) 6 (HCCR), e.g., HCo(C0) 3 (PX 3) 15
• Use of 

HCo(C0)3(PX3) would both increase the longevity of the cobalt 

hydride and more closely model the reaction sequence of Scheme 

Finally, addition of 2 <co> 8 to the reaction mixture might 

increase yields of 2 as a result of the higher cobalt to alkyne 

ratio (vi i :ra). 

Several concluding remarks are on the literature's low 

yields for pr ations of compounds the form co 3 (CO)gCR 1 

from Co 2 <co> 6 CHCCR) (1) in refluxing acidic methanol. In 

separate studies on the reactivity of dicobalt hexacarbonyl 

alkyne adducts 10 , the following results have been reported. 

Heating Co2(C0)6(HCCCMe3) with two equivalents of HCCCMe 3 in 

troleum ether (90 00° cut) at r lux for 3h yields two cobalt 

oducts, Co2CC0)4(HCCCMe3)3 and Co2(C0)6(HCCCMe3) 4
16

, -and 

several organic oducts, inclu ng 1,2,4~tr :rt~butyl benzene, 

a diketone with an empirical formula of (H Me 3> 3 <co> 2 , and 

opentadienone 1 7 • milarly, a Co2 ( ) 4 (HCCCF3) 3 complex was 

is a from ting co 2 <co> 6 <HCCCF3) to 110° in pentane (se ed 

steel bomb) for 15h (Co 3 (CO) 9ccH 2cF 3 was also obtained) 18 • 

Finally, Hubel et al 10 isolate a 15% yi d stilbene on heating 

Co2(C0)6(Ph in acidic (H2S04) methanol for 3h. The above 

three exam es, in addition to the plausible loss of a cobalt 

hydride species from volatilization, suggest pathways for 

consumption of 1 competitive with the sired formation of 2. As 
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mentioned earlier, addition of co 2 <col 8 to the acidic medium for 

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

Co2(C0)4(alkyne)3, having increased the cobalt to kyne ratio 

in reaction mi 
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Determination of Transition Metal Hydride 

tive Ion Mass Spectrometry ® 

tive Ion Mass Spectrometry has garnered increased use in 

recent st as r inements on technique and instrumentation 

have improved its utility 1 • ncurrently, organometallic 

ds are ing seen with increased frequency as substra s 

in sitive 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. of 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 (posi ve ion) M.Se'~, and therefore would appear to 

par arly amenable to organometallic systems where parent 

ions are unattainable (e.g., multinuclear complexes which 

fr nt to yi d mononuclear species as the highest positive ion 

mass detected in the mass spectrum). In the following 

o sition, several methods are suggested for establishing a 

relative ordering of neutral metal hydride gas~phase acidities 

based on io ir formation in the negative n mass spectrum. 

ormation esently available on the acidity of tran tion 

exes is scant. Data from solution equilibrium me hydri 
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stu es5 as well as gas~phase oton finities of cationic metal 

drides6 has been published. Relative pKa's determined in 

solution car the qualification that the ordering is solvent Cor 

solvent-type) specific: 

AH(solvated) A~(solvated) + H+(solvated) 

or 

AH + B: 

Dielectric constants and di le moments, among other solvent 

effects, affect the dissociative uilibrium between a neutral 

acid 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, MH+, generated 

(for example) in an ICR ionizing chamber. Extrapolation of these 

ta for sitively charged species to neutral metal complexes 

(MH) is questionable. The use of negative ion M.So should 

provide aci ty which is both independent solvent fects 

and valid for a neutral me hydride molecule. Two alternative 

oa s are esented for the determination of relative pKa's 

me hy ides via negative ion M.S.: A) direct observation of 

the conjugate anions (M-) of the acids under study and B) 

a 

mi 

is metastable transitions from anionic bri ing-hydri 

metal dimers formed in the ionization amber of a reverse 

ometry mass spectrometer. 

A. The direct observation of anionic conjugate bases of 



·I 

107 

acids by negative ion M.S. has precedence in organic systems. 

lin et a1 7 have ionized formic, acetic, propionic, butanoic, 

and i utanoic acids with 70eV electrons. Their ordering of 

gas~phase acidities, based on the relative abundances of the 

carbo late anions in the negative ion mass spectrum, roughly 

ra1lels the or ring of the acids' strengths in ueous 

s u on ionic 

CH 2COOH > CH3CH2CH2COOH. 

Dawson and Nibbering8 use emical ionization negative ion 

M.S. (the primary reactant ion is o·-, generated from nitrous 

oxi ) wi or nic nitriles to derive their conjugate bases: 

o· 
·~~~ RCH-CN 

at the base abstracted a proton exclusively from the a-

position was found from deuterium labelling experiments. 

Su uent proton tran er reactions these nitrile anions wi 

other nitriles, alcohols, diazo compounds, H2o, and aldehydes 

yielded an or ring of gas-phase acidities the organic 

mole es (too numerous to list here). 

The car late trile anions of the above two studies 

are not necessarily generated in the same manner. Use of a 

emical ionizing base (0• ) in the latter study most likely 

assures that nitrile anions are the products of proton 

trac on by In the absence of an independently generated 

basev the car xylate anions of the former study could have 
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arisen from two m anisms (at the ionizing potentials used): a) 

ion ir eduction, AB + -> + B+ + e, or b) dissociative 

electron capture, AB + e ~~> A~ + B·. increasing the 

carrier gas pressure, one should be able to determine which of 

these two mechanisms is primarily operative in carboxylate 

ction since in the rate expressions for mechanisms a and b, 

e ing (carrier> pressure is first or r in the former and 

second order in the latter9,100 For the pur ses of this 

o si on, it is the abundance of anion oduced by mechanism 

a, ion pair production, which is of interest. Therefore, from 

the experience of the above researchers, two means for 

dissociati a me by ide to its conjugate metal anion and a 

proton are offered, using similar or updated instrumentation: 

em 1 ionization as in reference 8, or the primary ionization 

process of ion ir formation as in reference 7e Recording the 

negative ion MoS. 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 or ring for the relative ease of deprotonating 

metal hy i 

MH + e -~~> 

* [MH] ~. ~) 

[MH]* 

M~ + 

+ = inelastically scattered 
electron) 

Among the growing number of transition metal hydridesll there 

uld no lack suitable substrates for this study. 
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An impor consi r on left unattended in this treatment 

is the correlation between the acidity of a ground state metal 

hydride (MH) and its electronically excited counterpart (MH*l. 

In the above reaction s erne outlining ion ir formation, the 

charged products are derived from an excited parent molecule, 

MH* p and ssibly also from excited ~* ..::1 +* ecursors M anu H • 

r ore, e i i a r ~ve order for the acidi es 

met ri s by above method, the assumption is made that 

their exci state aci ties follow the same order. 

lication of the ta generated in the above- oposed 

e riments to a calcul ion free energies deprotona on is 

made feasible the pioneering work of Kebarle and Brauman. 

Kebarle and coworkers12 have performed an extensive series of 

s-phase acidity measurements on or c substrates u ng pulsed 

electron beam high ion source pressure mass spectroscopy. To 

i ly summarize their methods and theory, uilibrium constants 

were ined from the pr on transfer equilibria 

H + ® 1 

between a stan rd acid (HCl, A2H> and the acid under study 

nerated by deprotonation 

with F , the fluoride ion having been oduced in the electron 

capture reaction of NF3 in the ion source CNF3, A1H, and A2H are 

introduced simultaneously in methane buffer gas to the ion 

source). •rhe experimentally derived equilibrium constants 

ovi 
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(for reaction temperatures of 500 600°K), bH 0 and 6G" of 

deprotonation at room temperature a e calculated, based on 

ex tens entropic considerations and heat capacity adjustments. 

The thermodynamic cycle (below) ties together the properties 

'contr ling 1 these riments: bond disso ation energy (BDE), 

electron affinity (EA), ionization ener (IE), and proton 

finity (PA, PA ""' 

BDE (AH) 
AH A• + H" 

PA (A-) ! ! -EA (A •) 

EI (H •) 
A- + H+.,. A- + H• 

S i nee !J, Hdepr at 0 = BDE H) - EA (A") + IE (H"), and methods for 

termining electron affinities are available and reliablel3, 

reasonable numbers for M-H bond dissociation energies can be 

cted n an IE for H• of 313.6 kcal/mol) from an anal s 

ication the above methodology to metal hydride systems. 

B. The second pro sed technique of using metastable 

ansitions from charged 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. 1 4: dimers 

of the form (RH 2N-H-NH 2R1 )+, created in the ion source (of a 

chemical ionization positive ion mass spectrometer) in the 
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secon ry reaction of RH 2NH+ with R'H2N, undergo metastable 

decom sition to a protonated and a neutral monomer. The 

res ting otonated amine presumably is the stronger base. 

Evidence for oton~bound anionic dimers in negative ion 

M.S. has been provided in a couple of literatdre reports. 

Winkler and StahllS present negative ion metastable spectra of 

cis trans-1,3 xane s in whi stabilization the 

cis isomer is provided by hydrogen bonding between the two 

negatively charged oxygens. In their study of gas-phase 

tive ion M.S.} oton transfer equilibria of acids, McMahon 

and Kebarle16 teet substantial quantities of AHA-. Indeed, 

de ion of metastable transitions in ne tive ion M.S. is wel 

cument 17, even being detected in an organometallic system18 • 

That organome llics are amenable to study by negative ion 

M.s.3,18, together with the above citations of anionic proton

sharing dimers15,16, leads to the postulation of (M-H-M')

formation in the chemical ionization negative ion mass 

s ctrometer ionization chamber. The proposed experimental 

e would il co-ionization of the different metal 

hydrides in a reverse geometry mass spectrometer, cumenting 

eir me s e ansitions from (M'-H-M)-. A reverse geometry 

mass rome r rs the advantage detecting ughter ions 

from a cific m e ansit , in s case, c i ly 

those daughter ions from (M'-H-M)-. Relative abundances of 

cted me ons should reflect preferential diss a tion of 

(M H-M 3 )- to MH + M1 - or to M'H + M-. The metal complex more 
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ten found protonated could en be designated the weaker acid. 

In summary, two approaches in ative ion mass spectroscopy 

are offered for ordering transition metal hydride complexes 

according to relative acidities. The first relies on direct 

observation of the metal dride's conjugate base while the 

se ond uses metastable transitions of the molecular ion. 

Discussion is extended to inclu termination of met complex 

oton finities and M~H bond dissociation energies. 
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PROPOSITION 3: The synthesis, utility, and advantages of a 

polymer-bound, soluble reducing agent: naphthalide. 

The ication of polymer supports to organic synthesis has 

been subject 

synthetic reagents 

the 

several review articles1
$ 

to a polymer support 

fixing organic 

assures facile 

sired orga c substrate: simple filtration purification 

removes the und reagent from the reaction mixture, ten 

leavi behind a one-component system of the desired product. Of 

use to the organic chemist is a polymer-bound reducing agent, yet 

on two examples have appeared in the literature 2 , each with 

considerable drawbacks. Two syntheses of a polymer-bound 

reducting agent, resino-naphthalide radical anion (sodium or 

1 thium), are oposed. This reagent should offer both ease in 

the work-up of its reactions and facile regeneration to its 

r d 

nshenker coworkers2a epared an insoluble polymer-

und 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 uivalents) is required to affect 

conversion. tern s to regenerate active tin hydride on the 

once-used resin with LiAlH4 iled. The authors attribute this 

to affectively irreversible formation of tin oxides, Sn-Sn, 

Sn-0-Sn, or divalent tin derivatives on the polymer during the 
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eduction-hydrolysis s uence. The polymer-bound tin hydride, 

lthough effective as a reducing agent for one turnover, is 

limited in acticali by its r d ct tion. 

A second ymer d reducing nt in the literature is 

coordinated borohydride, BH 4 
2b 

" Gibson and Bailey have 

cleverly coordinated BH 4- to a solid support by stirring an 

ueous solution4 of NaBH 4 with an anion ex ange resin of a 

bound quaternary ammonium salt. This cation exchange, sodium for 

tetraalkylammonium, fords an active und reducing agent: 

The insoluble beads reduce benzaldehyde at 65 to 72% of their 

calculated capacity .. The authors mention neither the 

r ener ili ive rohydride sites nor the possibility 

s ution contamination by lea on rivatives. e ionic 

nature of attachment of e boron moei to the polymer raises 

quest exchange at ca onic sites on the polmer tween 

ani c rane complexes and free alkoxi (from solvent)60 Such 

an d lead to borane contaminat n in the s ution 

r ced organic substrate. 

e a antages of a covalently und sodium (or lithium) 

naphth ide on a soluble plymer are multiple: 1) Generation 

i finite r neration of the active reducing ent, sodium (or 

lithium) th ide, is fected by simply stirring a solution 

pol und naph ene over emental so urn (or lithium)B. 
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Filtration from remaining met leaves a homogeneous solution of 

polymeric reducing agent which can then be used in situ for the 

r ction of or nic substrates. 2) The traditional problem 

naphth ene contamination in reduced organic substrates is 

obviated by precipitating and filtering the polymer-bound 

naphth ene 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 rough a carbon-carbon sigma bond to the polymer backbone. 

4) The soluble naphthalene polymer is amenable to several 

analyti techniques which insoluble polymers are not qualified 

for (due to their insolubility) in quantitatively determining its 

degree of funct nalization. 

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 pr ormed commerical polymer 

with naphthalene moieties or copolymerization of vinyl-

na thalene with another monomerll, both of which will be 

scus Among the methods available for quantita ve analysis 

resi th ene are UV and esr. The ul aviolet spectra 

polystyrene (a comonomer in the proposed synthesis) and 

polyvinylnaphthalene exhibit large differences in extinction 

coefficients at 279 and 320.5 mp9. Because of this difference, 

it is ssible to use UV spectroscopy to determine the weight 
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Table I -Reductions with sodium and li~hium naphthalide 

(77;;) ref 7a 

R-OTs ROH ref 7b 

R = cyclohe:h"Yl, phenyl, ~-norbornyl, etc. 

1 R R''' 
R''~-=~~~R'' 

CE OH 2)RC(O)R', R''C(O)R"' 
·ref 

(8(fo) ref 7d 

CH3 ( ~) 6~0~COOH 
( 8Cfl'c) ref 

+ 

(95%) ref 7f 

(6Ch) ref 

R 
R 
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fraction each component, styrene and and vinyl-naphthalene, in 

0 ct erlO® 

e first oposed synthesis is the less complicated of the 

o oaches for making th ene (Scheme 1) o 

s 

1 

The first step, lithiation of the phenyl rings of polystryene 

(1), is well ecedented12. Soluble polystyrene is widely 

avail e in a range polymer chain length 30 Reaction of e 

phenylli thium polymer 2 with bromonaphthalenel4 should proceed 

without difficultyl2c. Precipitation from the benzene solution 

with methanol f lowed by filtration completes the preparation 

naphthalene-substi ed polystyrene. 

The advanta this route oducing resino-naphthalene 

is that the ils of polymerization technology are 1 t to the 

iers. The drawbacks in ude limited control over th the 

ext ctionalization ubstitution) and the polar nature 

the polymer back ne. For example, 50% substitution of 

styrene monomers by naphthalene leads to a polymer which is 

approximately 65% styrene in composition; although not 

necessarily t:rimental, a inant styrene character will govern 

the polymer's 

tra s 15 • 

compatibility with future solvents and 
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Alternatively, copolymerization of vinylnaphth ene offers 

greater contr in reg ti concentration of naphthalene in 

the final polymer. In choosing a comonomer, two factors are 

taken into consideration: polari and ability to polymerize. 

rst, e hy ophil /hydrophobic nature e ymer can be 

varied according to the composition of the polymer backbone. 

Incorporation of a non lar comonomer such as styrene or 2,3-

dimethylbutadiene extends the hy ocar n nature established 

the naphthalene monomer, whereas methyl methacrylate or 

vinylpyridine comonomers would render a more polar polymeric 

environment. In anticipation of the wide ranges of 

functionali es t will be present in organic substrates to be 

reduced by the naphthalide polymer (cf. Table 1), a styrene or 

tadiene copolymer avoids the problem of heteroatom involvement 

arising from the polymer backbone in the reduction ocess. On 

o er , the solubili a methyl methacrylate copolymer 

in ar organic vents broadens its applica lity to systems 

where more polar solvents are r uired. Bo copolymers are 

worthy pur s ng. 

e second factor, the requirements of a comonomer, is a 

function of r, ev and Q values. The polymer industry has 

d ri par am rs for aracterizing e reactivities 

monomers toward polymerizati Bri ly, for a monomer I 

M1 and M2 , four reaction rate constants are possible (shown for 

free r ic er iza tion): 
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The reactivity ratios, r 1 for M1 and r 2 for M2, are defined as 

and 

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. 

e scheme, at st, is an empirical approach at quantifying 

monomer reactivity@ o1 describes the resonance effects in 

monomer radical M1; e1 describes the polarity of monomer and 

The three rameters are drawn together in the 

f lowi r ation: 

an anal 

for r 2 >0 

ili 

The 

edi 

e. tern at 

) ] 

essi.on with the appropriate substitutions 

actical value these parameters carry is the 

compatibility o monomers® Applied to 

ee, vinylnaphth ene and a second monomer, 

the following values for r, e, and Q are provided in the 

1 tE:rature17,19 (also inclu d below are the parameters of the 

well known styrene~divinylbenzene copolymerization for 
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rison): 

.b. ~ Q 

M "" inyl th ene 1.4 +/~ 0.1 -0.2 1.35 
~ styrene 0.5 +/- 0.1 -0.8 1.0 

"' inylnaph ene 1.0 +/~ 0.15 ·-0. 55 lo25 
methyl me acrylate 0.4 +I- 0.05 0.4 0.74 

"" s ene 0. 65 lS 

"" divi lbenzene 0.60 19 

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

styrene reference of e = ~0.8 and Q = L 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 

Knowing the e and Q ues 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 

s ene 
~lie thy 1 rneth 

nyl me ami 
toxystyrene 

Methyl-5-vinylpyridine 
nylpyridine 

N,N-Dimethylacrylami 
Dimethyl- vinylph lsilane 

(CH 2>4_9methacrylate 

.8 
0.4 

• 78 
-0.65 
-0.58 
-0.20 
-0.5 
=0.04 
-0.32 to -0.14 

Q2 

LO 
o. 7 4 
0.85 
0.82 
0.99 
0.82 
1.08 
0.97 
0.70 to 0.97 
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'J'hese monome Sv while having suitable parameters for 

erization with vinyl ene, must so be consi ed 

for their reactivity toward organic substrates that the sodium 

(or li um) th ide polymer will reduce. As seen from Table 

1, sters, k tones, and amines remain intact un r reduction 

tionse Hence, a s ges cornonomers are igible 

on e sis rtnesse For ir comonomers, several 

t ial po merizations should be rformed to determine their 

reactivi ratios s outl in r 19L tions require 

a polymer consisting total of carbon and hydrogen, then 

ers v th ene and styrene or butadiene22 fulfill 

is r uirernent. 

e v lnaphth ene r cal copolymerization should proceed 

wi az o tr e (AIBN, [ ( 3 > 2 <CN)CN""] 2> as ini ator 

In summ a uble ymer containing naphthalene units 

us and r nerable reducing nt for 

synthetic emist T\vo meth for synthesizing the polymer 

are pro sed: naphthalene functionalization of a pre-existing 

commercial lymer or copolymerization of 2-vinylnaphthalenee 

The oduct na thalene polymer is converted to the active 

i nt, ium or li ium naphthal radi anion, 

stirring over elemental metale The characteristic ep 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 ecipitation, leavi behind a 

s ution only or nic substra The elf life of polymeric 

naphthalene should indefinite. Regeneration of the active 

sodium (or lithium) naphthalide moieties is achieved from a 

solution of the polymer and sodium( or lithium) metal ior to 

its use. 
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G n: co f ients styrene (0.13 ~em at 
1/g-cm at 320$ mp), 

f i s poly-ft~vinylnaph 
at 9 mp 2e29 1/g-cm at 320e5 

e co the ymer in 1 in the e 
1, 
e cell th length, 

the UV spectrum of the copolymer with the total 
e c on fi ent (Etot> at 9 mu and 320.5 mu, 

en the 
ot ( 

fr ion 
(0"13)X + 

is given by: 

1l.A po mer made from vinylnaphthalene monomers would 
1 to such a high i naphthalene that steric and 

ectro c oblems are antici ted in subs uent reductions 
and xidat ons. Hov;everu its tential as a conductor is 
worthy consi ration. 
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l2.a. C.H.Brubaker et • , J". Am. em. Soc., , 2128 0975). 
b. N.M.Weinshenker, G.A.Cro , and J.Y Wong, J. Org. Chern., 

40, 1966 (1975). 
c. M.R.Farrall and J.M.Frechet, 

(1976). 
,J. Org. Chern., 41, 3877 

13.See, example, the catalogues 
sciences Inc , and Aldrich Chemic 

BioRad Laboratories, Poly~ 
Corp. 

omonaphth ene are available from Aldrich ernical 

lS.N.Takaishi, H.Irnai, C.Bertelo, and J.Stille, J. Am. em. Soc., 
100, 264 (l 8) r s 11~19 then::in. 

16.Suggested texts and references: 
a. G.Odian, 'Principles Polymeriza on•, 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. yrner Handbook', J.Brandrup and E.Irnmergut, Eds., Inter~ 
science Publi ers, New York, 1 6. 

17.See ref 16c, Tables on ppii~270, 358, and 359. See also ref 9. 

l8.r1 is the monomer reactivity ratio styrene relative to 
Vlnt~l infditvhinyl~enz1ene, and ~ 2 ids.t~e rn

1
obnorner react1ivi~y ra 10 o e v1ny group 1n 1v1ny enzene re at1ve to 

rene. 

19.rl and r2 were de rmined experimentally by analyzing 
the percent compositin of polymers derived from seven 
different ratios monomers. Given M1 = mole fraction 
comonomer 1 and M2 = mole fract comonomer 2, then the 
copolymerization equation (deri on p.367 of ref l6a from 

uilibrium expressions and steady s te assumptions) is: 

where d[M1 J [M 2J is the ratio rates at which the two 
monomers enter the polymer (=copolymer composition). 

and r2 are cul by otting e rearranged 
copolymerization uation as a straight line with r 1 as e 
abscissa and r2 as the ordinate, and obtaining their res~ 
pective intercepts. Q and e for 2~vinylnaphthalene were 
rived using eviously known Q and e values for styrene and 
methyl methacrylate and the above-determined r values. 
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20.See r 16c, Tables on pp.II~340~362. 

2l.Q and e v ues can va considerably for a single monomer, 
depen on its comonomer (an inherent def iency in the 

s erne). Not only are steric factors disregarded in 
this s emer but assigning the same e value to a monomer and 
its corresponding radical is inaccurate. 

22.A vi 
kne 
New 
and 

lnaphthalene~butadiene copolymer is cited by 
tin 'Vinyl and ted Polymers', John Wiley 

York, 1952, p.160, use in tire manufacture 
PB 16,714). 

C.EeSchi1 
and Sons, 
(PB 11,193 
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PROPOSITION 4 : Migrations of Alkyl Li nds to clopentadienyl 

Ligands in Organometallic Complexes A Literature Overview, 

Me anistic Possibilities, Substantiating E riments. 

Alkyl ligands in some organometallic complexes have been 

known to 1 migrate' from the metal to a second ligand in the 

complex: R-M L ~"~-> M L~R. One of the most fr uently noted of 

these rearrangements is migration of an kyl group to a me 

bound 1 , creating an a 1 ligand (also referred to as CO 

'insertion' into a metal~alkyl bond): RM(CO) -~> M(COR). Less 

wildely observed, yet now backed by numerous examples2, is the 

migration an alkyl li nd to a lopentadienyl (Cp) li nd: 

This too can be viewed as a net 

insertion of e 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 tt,ansformation also 

inv ves loss of a hydrogen f om the clo ntadienyl ring. To 

te, a oposed intermedia for the alkyl migration, M(CsHsR), 

has en observed only twice2e,g. This proposal focuses on 

mechanisms and supporting experiments for the migration of an 

kyl to the lopentadienyl ring in organometallic compounds. 

In some MR stems, migration of an alkyl group to the 

clo ntadienyl ring has been observed to r uire assistance 

from external ligands. Fachinetti2e and coworkers treated 

CO to yi d a vana cene a ogue which contained 
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1 s tituted 

Ph 
co 

1 2 3 

The assignment of the endo position for the phenyl group on the 

clo ntadiene was on basis an exo-cyclopentadienyl C-H 

3 e IR ctrum of 2 (for the cyclopentadienyl hydrogen 

gemi to phenyl)@ Compound 2 r dly evolved CO (1 eq) and 

at room temperature to yield 3@ 

Another li ssisted kyl-t migra on was reported 

by Benfield and Green2g, It too produces an isolable 

interme ate 5 in which the Cp ligand has five hydrogen atoms in 

tion to e ne~;ly ir al ky 1: 

5 6 

A unique feature of Benfield and Green 1 s system is that the 

:migration was o e:rved to be 'reversible 1
; treatment of 5 with 
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thallium tetrafluoroborate regenerated a molybdenum et 1 

compound (6) (I cautiously quote the author's use of the term 

reversible since strictly s king, the reaction 4 ~ .. ~> 5 has not 

been reversed in the oduction 6). 

Wilkinso j and 2f h ttman ave r rted similar mo denum 

chemistry in which alkyl substitution on Cp occurs without the 

assistance d ligan In both cases, solid samples of 1 on 

therm ysis produced substitut metal 

or no kyl substituents on the Cp li nd: 

7 

R2j = Et 

R2
f = ~Ph 

8 

mers with tvJo, one~ 

(1 0 0) 

Only one author2j reports trace amounts of hydrogen while th 

teet alkyl co ed pr cts, R~R, un r certain nc'li tions. 

An exampl from our labs2a is a cyclopentadienyl cobalt 

alkyl in which the cobalt bound methyl exhibits migratory 

itu either with or wi out a 
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+ + 

9 10 

ne o ced in this w from d ~9 (perdeuterated methyl and 

3 gr in ute:rated solvent was mostly B, implicati 

e Bs li as e source me ane 1 s four en. 

A seco exam e ri substitution from our labs2h arose 

from a mild solu n thermolysis: 

1,0 

(CO) ;(n ~ M::> (CO) 
2 

·I 

erm lyses in which either the methyl or the were labelled 

'I?Jith deuterium indicated that the aldehydic hydrogen was being 

ovi d at least in rt by the ring. 

Finally, Boekel and coworkers2d, through use of isotopic 

1 lli esent i ormative results from an alkyl vanadocene 

stem: 

v + v + 

1\ 

du + 
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(no r rted yiel 

F'rom the location of deuterium in the products, it can be 

stulated that alkyl migration is intramolecular, whereas 

nzene formation can occur intermolecular! 

The existence of one unifying me nism 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 emed worthwhile to probe any number 

se systems for mechanistic information on alkyl migration. 

The net transformation that occurs in moving an alkyl to 

can be viewed as a reductive elimination from the metal: 

RMn<c 5H5) ·~· ~> Mn- 2 <c 5H5R>. Four (at least) major alternative 

me anisms are seen for moving an alkyl to the ring: 

A) concerted intramolecular migration; B) homolysis to a radical 

pair (M· + R·) followed by cage at:tack by R· on Cp (cage 

disproportionation); C) homolysis to a radical pair (M· + R·), 
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age escape, and subs quent free radical attack by R· on a Cp 

ligandJ and 4) a bim ecular me anism in which two metal centers 

a e involved in the transition state for alkyl transf r. 

the e four alternativ Su no single thway is expected to 

pr dominate; a combination of two or more probably determine 

fina ct distri tions. 

Pr ed thw ), cancer ed intramolecular migration, 

uld occur with inve sian stereo emistry at the migrati 

car n, viz 

For inversion to have occurr two assumptions about e 

migrat cess can rna t migration ocee d en s 

two esearchers have observea2e,g) and that no ring exchange or 

racemization of the tet ahedral car n took placee In order to 

st for stereo cif ici ty in the migration, the me starti 

om ex, c * RR 1 R", w o u 1 d h ave to synthesized from an 

ical 

reactlono 

sis 

ive 

e f 

e 

1 ecursor in ster em 1 i 

reaction s emes are sug sted. 

kylating ent: 
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RC110 

R-11 

, or 

nthesis star ng met c ex: 

+ 

The stereoselectivity of the migration could be checked by 

cleava the li nd from the metal compex: 

5 could r with an indepe ntly synthesized model: 

+ s 2 -> 5 

Steroechemical purity in the cleaved Cp ligand would serve as 

strong evidence for a concerted alkyl migration6. While these 
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eses ar str t?l orward on theses of ically 

ct ubstrates and eir ubs uent stereos cific reactions 

cLre often complicated and achallenging 1
, especia11y in 

or nomet lie stems 

e next two mechanisti possibilities (B & C) both arise 

from m t 1 carbon nd homolysis and will be treated together" 

Th re has be n much interes ing dis ussion and experimental 

evi nee recent on hom sis transition metal- kyl bonds7 

e onvincing evidence of Hal rn et a1.7a for homolysis of 

meta ds to o ce and metal~centered raclic s 

fa ilitates o sing that the first step in alkyl migration 

might be homolysis to a radical pair, M" + R·. is ir can 

either remain within a cage or escape to two free radicals. 

Should th take the former th, two t least) reactions can 

ensue: r ination to form the original molecule or attack 

the alkyl radical on another part of the metal complex 

Cdispro rtionation), e.g., attack on the ligand to yield a 

new u tituted ta ene on E: met 
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The same oduct 17 could result from attack by free radical 

R· on an unsubstituted 8; however such an attack would 

probably proceed exo for steric reasons3c. 

substitution is occuring via free radicals or 

~'lhether alkyl 

e recombination 

is easily probed by a crossover e eriment2d: tagging both the 

alkyl and Cp ligands the metal complex (with 2H, 3H, 13c, or 

1 4c) and allowing it to react in the esence of its unlabeled 

analogue. This crossover reaction is valid only if starting 

material ligands are not labile and do not exchange2a. Mass 

spectral analysis of the products should reveal if the two 

labeled ligands have remained confined to the same molecule, 

e., that the migration has oceeded 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 

ould be rimentally distinguishable. If e scrambling has 

resulted from free radical attack, it is likely that other 

products of free radicals will observed: R~R, M M, R-H, etc. 

An effective w to test for free radicals is by addition of a 

r ical 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 

The effect of radical chain inj.tiators, e.g., 

azoi tyronitrile (AIBN), on reaction rates and product yields 
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can also support e i nt free radicals in the studied 

eact ions. In :fact, it is ssible3d that primary reaction 

cts can ems ves 0 e, oducing radicals which then 

catalyze the reactions suspected of proceeding via radical 

me nisms catalysis)@ Ther ore, the product met dimers 

whi ten res t in e kyl migrations might also 

serve as ra i at.ors in rea ons ng tested for r ical 

anisms. 

Variation of the alkyl ligand can aid in establishing the 

esence radic So For exam e, R itself can ain a moiety 

which is capable of reacting in an intramolecular fashion with 

e r c nerated on e a-carbon, by cyclizing or ring-

o ning Several examples of such R ligands are 1-hexenyll8, 

allylo t or methylcyclopropylcarbinyl20® Otherwise, 

variation of the alkyl ligand can also serve to stabilize (or 

s e) the cipient R·, this stabilization being r e d 

in reaction rates and product yields. For example, a benzyl 

radicaPs ·being 35 kcal mole-1 more stable than a phenyl 

r icallO mi t re t. in faster reaction rates or more products 

from radical precursors from a MCH 2Ph complex than from a MPh 

ex un r similar concH tions. In experiments this kind, 

however, caution must be taken to differentiate between 

thermodynamic (e.g., radical stability) and kinetic (e.g., 

reaction ra ) contr Lack response in changing the nature 

the kyl ligand s not necessarily imply that the reaction 

not i ve ra s; rather, it most likely indicates that 
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e :r a limiti step does not involve radicals. 

Thermolysis carried out in an ESR probe would provil'le 

convincing evi nee for the esence radical speciesll. Using 

either literature values for g9b, 12c, or ones derived from 

independently generated standards of the organicl2c and metal 

centered9b radicals, quantitative information on the relative 

predominance of radical species in the studied reaction could 

so be provided by ESR. 

Another spectrome ic method of termining radicals is NMR-

monitored CIDNP (Chemically Induced Dynamic Nuclear 

Polarization)ll. CIDNP offers the advantage (over esr) that 

radical cage escape processes can be differen ated from radi 

cage combination. Although CIDNP of organometallics is 

number of literature examples are fewl3, r at e new 

in principle it is capable of providing useful information on 

gra tive thw s for metal complexes. Briefly, CIDNP is 

obse as enhanced absorptions or emissions r a combina on 

of the two) in the NMR spectrum of products arising from 

reactions which inv ve a radical pair. These spectr features 

arise from the pendence of the electronic spin state on the 

nuclear spin states of the coupled nuclei in the radical ir. 

The method can be used to distinguish: singlet from triplet 

radical pairs (jl), cage combination from cage escape products 

(E), the radical pair 1 s relative g-values ( 8 g), and the sign 

of the ectron-nuclear coupling constant (a). For the rpose 
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of probing the me anism by which an alkyl ligand moves to the Cp 

ligand, 13c or 1 H CIDNP of the migrating alkyl is hoped to 

ovi a st.inc on tween ination and free radical 

at sms B C). Given ei s formul 5 for CIDNP 

net -~ a e ct n for the NMR spectrum e 

1 1 '1 
.,<, can m For e therm ly induced homolysis, 

(singlet tri et) can be assi ed a ne tive sign (singlet 

ecursor)l e ectron~nuclear co constant par am r.r 

a, will ne tive for a car n c ntered radical and sitive 

for the proton attached to the carbon radicall6; and the 

difference in g values between the metal-centered and alkyl 

r i s, lkyl - e , can postula as ve, sed 

on evious literature r tsl3b, 17. Whether net enhancement 

r net emission will be observed de nds then onE, the symbol 

for ca es combination. According to Kaptein1 s form a 

e sign assignments made above, 

the oton NMR of the migrating alkyl should show either net 

emission if substitution is occurring via cage combination or 

convers net d the i ve free r ic 

e 13c NMR should show the site effect (o site sign in 

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

ence a r i mechanism. 

Finally, mechanism (D) (a binuclear transition state for 

tran er) co d st inst a concerted unim ec ar 

mechanism multi e dilution experiments (in addition to 

ce f om crossover riments esented ea ier). Running 
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the e riment under high lution should disfavor the formation 

of binuclear species (for entropic reasons), reflected in 

reaction rates or in a redistribution of oducts arising from 

competing pathw s. Such a transition state, 

might account for anomalously lov-1 barriersl3b or high 

selectivity2d for M-R nd dissociation observed in other 

stems. 

In summary, an overview of literature reports of alkyl 

migration to cyclopentadienyl ligands in organometallic complexes 

has en presentede Proposed are m stic possibilities and 

riments si d stinguish tween them. The mechanisms 

include concerted, radical, and bimolecular thw ayse The 

me tho i u isotopic ling, su tituent fects, radical 

tection and CIDNP), dilution 
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PROPOSITION 5 : p-Keto Esters from Ester Enolates: Mechanism and 

Ester enolates 2 differ markedly from ketone or aldehyde 

en ates in eir ten n to s f condensel, ultimately yielding 

keto esters 3: 

I I 111 
HC~OOR LiC-£00R HC r- CCOOR 

I I 25° I I 
1 2 3 

m an ism of form on 3 has been fficult to elucidate 

owing to e fleeting nature of reaction i rmedia tes. In this 

proposal, a mechanism involving a ketene intermediate is 

esented, ,t er with ex riments designed to erve and trap 

the ketene. 

Several interesting examples of ketene intermediates are 

given below@ 

ectrophi1es2 

e reaction of silver and copper ketenides with 

esum y oceeds rough a ketene interm ate 

in which the attacking electrophile has replaced the two metal 

atoms (e g., Br2c"" 0 for the case whe e the electrophile is 

Br2) : 

+ Mei 
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e trime ylsilyl derivative of a ketene, Me 3siCHCO (4), 

has served as a reactive yet reasonably stable intermediate in 

e la on 

+ ROH 

'A m anism involving nu ilic at ck on the central ketenic 

car n, followed by protonation at the alpha position, is 

s 

tri 

rted e ca ic feet d BF3 etherate. 

Allenes have been afforded from the combination of 

1 urn ylids and ketene4,5: 

R'RC=P¢3 + ~· 2c=C=O 

R "' H9 Me, ¢ 

R' "' Me~ COOEt, COMe? CO¢ 

R" "" H. ¢ 

R I RC=C=CR' I 2 

Isolation of a stable intermediate 5 (below) as a crystalline 

solid in this Wittig reaction co irmed the mechanism of 

nucleo ilic attack on the central carbon atom of the ketene by 

the electronegative carbon of the Wittig reagent, aided 

electronic interaction tween the resulting phosphorous and 

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

li ium ami ) to a THF solu on the ester maintained at 
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e ester enolate thus formed is indefinitely stable at -78°. 

warming to room t rature, followed by quenching with acid7, 

oduces co nsation ct 3. A ssi e r otonation of the 

enolate by HNR 2 to give ester which then condenses with a 

m ecule enolate to give the observed educt 3 cannot account 

f r 1 of 3 since solutions of enolate which have been separated 

from amine7b also yield some condensation product 3. An 

ternative mechanism for e formation condensation product 3 

from the ester a 2 is given in S erne 1. 

Scheme I 

-~r~~OOR 
2 

\ 0 I 

1a1~~i-£OOR 
3 

Support for proposed tene intermediate should result 

from e followi e r irnents. 

Low rature IR ra taken during the conversion of 2 

to 3 uld contain bands corresponding to the ketene8,9 at =2100 

The reaction should be rforrned by slowly warming a 

solution of 2 in a low temperature IR cell from -78° to room 

t rn rature (as in the literature ration6v7 of 3}, and 

monitoring for disappearance of the enolate bands of 2, 

arance of ketene bands (vi s a) v and finally ap a r ance 

educt 3 1 s p-keto ester nds (on addition of acid). A 
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similar e riment could carried out in a vari e tem rature 

NHH probe as well, monitoring the 13c s ctrum for chemical 

ifts acco 

icar 1 3. 

ing e transitions from enolate 2 to ketene to 

ditional evidence for a ketene intermediate can be 

.r:ti ned emi tr ng. tion an imine ac or 6 

(e.g., benzyl analine) to solutions containing ketene should 

resultS in formation of the [2 + 2] adductv 7 (the 

stereochemistry a similar addition has been found to be a 

func on the or r Clition the reactants8b)~ 

~0 

+ 

6 7 

e reaction could rform un r e same conditions as e 

evious scri d reaction, 

2 and 6 from -78° to room tern 

e., slow warming a s ution 

rature in an IR cell or NMR probe. 

In this way ketene would be generated in the esence of the 

imine acceptor 6, and the appearance of adduct 7 could be 

mo tared s ctrometric e i tif ica tion of 7 should 

of 

e d by it isolation from 

racterization. Ample i erma 

e reaction mixture 

n on compoun of its 

is available in the lactam literature. 

orough 

ner 

Ano er means for probing ketene formation involves reversal 

e uilibrium \<Vhich led to its formation. Addition of an 
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alkoxide to a solution sus cted of containing ketene should 

result in eduction enolate ester 2': 

+OR~ 
e 

2 2' 

The new enolate ester 2 1 could 

means. This proposed initial 

tected by above~described 

uilbrium between enolate 2 and 

ketene could also be 'observed 1 by rforming a crossover 

riment tween two different enolates: 

~ e e e 
.MeCH~COC11e + EtCH-QX:lEt MeGl~OOEt + EtCH-{XX)!V'..e 

8 9 

tection of 8 and 9 would support the initi reversible 

uilibrium ketene formation from a 2 ( erne lL 

In summary, a me anism involving ketene formation is 

esented to account for the formation of B-keto esters from 

ester enolates@ o sed e eriments to support this 

me anism inclu v a r i a b 1 e t e m r a t u r e s c t r o s copy , c h em i c a 1 

ng, and substitutent scrambling studies. 
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