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Two types of donor ligands are differentiated in their effect on the rho- 
dium-catalyzed codimerizalion of ethylene and butadiene to form truns-1,4- 
hexadiene. Weak oxygen donors, with pKa of -5 to -2, such as ethers, ketones, 
and esters, will increase the rate of reaction but have no effect on the ratio of 
tr~~rzs to cis isomers. Stronger donors, with pKa of -2 to 0 such as alcohol, 
water, DMF and phosphorus osides increase the reaction rate and also give in- 
creased stereoselectivity in formation of the truns isomer; these donors all in- 
hibit catalyst activity at high donor/Rh ratio. 

Introduction 

Catalytic codimerization of ethylene and butadiene by a rhodium catalyst 
to form predominantly 1,4-hexadiene was first carried out by Alderson [ 11. 
Cramer [2] investigated the kinetics and mechanism of the reaction and the 
nature of the active catalyst species. This elegant work was carried out in al- 
cohol, a medium in which the rhodium is solvated. Such solvation is well 
known to influence the path of transition metal-catalyzed reactions. It was 
therefore of interest to investigate this reaction in a nonpolar medium so as 
to determine the effect of added coordinating ligands on catalyst activity and 
stereoselectivity. The latter aspect is of special interest because the formation 
of 1,Chesadiene is the simplest reaction which provides insight into the coup- 
ling reaction of syn- and anti-7r-crotyls with olefins. 

* Contibfhon No. 321. 
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Results acd discussion 

Donor effect on catalyst activity 
Cramer [2] showed that sr-crotylrhodium chloride (I) was a key precursor 

to the active catalyst species which forms 1,4-hexadiene. We found that I is 
relatively inactive as a catalyst in a nonpolar medium such as toluene even in 
the presence of HCl*. However, it becomes very active in the presence of cer- 
tain donors. It therefore provides an ideal system to determine the effect of 
added donor ligands. 

Figure i shows in detail bow the catalyst activity changes with concen- 
tration using four donors: ethanol, dimethylacetamide, tri-n-butyl phosphine 
oxide (Bu3PO) and diglyme. With a donor such as diglyme, the catalytic acti- 
vity increases with increasing concentration and then levels off. With donors 
such as alcoho1 and DMAC, the catalytic activity reaches a maximum and then 
decreases with further increase in the donor concentration. With a donor such 
as Bu,PO, the activity increases slightly and then drops off rapidly with donor 
concentration. Each donor has a particular concentration at which maximum 
catalyst activity is reached. The results are summarized in Table 1 showing, for 
a variety of donors, the donor/Rh ratio required for maximum rate and the rel- 
ative maximum rate attainable. 
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TABLE 1 

RELATIVE EFFECT OF VARIOUS DONORS ON CATALYST ACTIVITY 

Donor pKa” opllmlml 
donor/Rh 

Relatwe 
reacL,v,ty~ 

None 1 

Bu 3PO 0 2 1.3 
CHJC(O)N(CH~~ -0.5 300 5 

HzO= -1.9 300 8 
Alcohols -2to-1 -500 6.8 

THF -2.1 ==500 5 
Dlgl>-llle =+ 300M000 6 

Elbyl acetale -6.5 -lo00 6.5 
Phenoid -6.8 e 1 (Dooor/Rh = 200) 

Acetone -7 4000 6 
3 (Donor/Rh = 200) 

Pyndlne >5.3 0 

a Ref. 3. b Based on amount of l.Chexa&enes formed in fnst 15 mm reaction time. ’ Rescr~on cxned 
out u1 diglyme. d Phenol LS anomalous; see dlsrusuon. e NOL determmed. 

We have found that the effects of these donors on reaction rates and on 
stereochemistry can be correlated with the pKa of their onium salts. This mea- 
sure was chosen because the complexation of Rh with a donor can be viewed 
as an acid-base reaction: 

pKa =O’H ==O+H+ 

Complex formation :0:Rh3’ + >O + Rh” 

The higher the pKa of the onium salt, the greater will be the unprotonated 
donor ligand’s affinity for protons and to a first approximation its affinity for 
complexing rhodium. Thus, diglyme (pKa -4) is a weak donor; Bu3P0 (pKa 
= 0) is a strong donor. 

The results in Table 1 show that those donors (u-electron donors with 
oxygen donor sites) with pKa values between -5 and 0 increase catalyst acti- 
vity when used in suitable quantity. This group can be further divided as fol- 
lows: dor?ors with a pKa value between -5 and -2 enhance the activity re- 
gardless of the quantity used. Donors whose onium salts have pKa values be- 
tween -2 and 0 enhance the catalyst activity when present in limited quan- 
tity, but slow down the reactions when present in larger quantity. As out- 
lined in the following section, this group of donors also affects the product 
isomer distribution. 

Effect of donor ligands on stereoselectivity 
Alderson [ I] had observed that the amount of dcohol present strongly 

influences the ratio of the f-runs- to ck-diene formed. With little or no alcohol, 
the tmnskis ratio is less than 5; in the presence of a large excess of alcohol 
the trans/cis ratio rises to 10 or 20. 

We found that oxygen donors with a pKa between -2 and 0 are capable 
of increasing the trans/cis ratio of the 1,4-hexadiene formed. The effect on the 
trans/cis ratio is proportional to the donor strength and concentration. 

For example, when a relatively weak donor such as alcohol was used, a 
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TABLE 2 

EFFECT OF VARIOUS DONORS ON THE RATIO OF fmns/cisHEXADIENE 

DOIltXS pKa DOoOrlRho Relative effectiveness5 

None 0 

AceLone -7.2 d 0 

CH~COOCZHS -6.5 d 0 

Dlglyme (or ethers) (-3 Lo -4) d 0 

CHJOH -2 1000 1 

H20C ==(-1.9) 250 4 

CH$(O)NtCHs)-. -0.5 50 20 

Bu3PO “0 5 200 

I(CH3)2N13PO ==O 5 200 

o Donor LO Rh I-&JO required to brag about a t/c of 13-15 (>92% tmns). b RelaUve effectiveness in form- 

ing a t/c ratio of >13. This equals lOOO/[Donor/Rhl. c Reaction carned out III diplyme. d Did not give 
the high t/c rauo regardless of concentration. 

donor to catalyst ratio of 1000 was required to bring about an appreciable 
increase in the trarzs/cis ratio. When a strong donor such as Bu3P0 was used, a 
donor to catalyst ratio of only 5 was needed to bring about the same change 
(Table 2). Donors with pKa of less than -2 such as ethers or ketones are too 
weak to cause any appreciable change in the trans-to-c& ratio. The extent 
of change in the transkis ratio with changing donor concentration can be 
seen in Fig. 1 and is summarized in Table 2. Water is a very effective donor 
for improving the truns/cis ratio but its effect can be realized only when it is 
used in a medium such as glyme in which it is soluble. 

No correlation was observed between the dipole moment of the additive 
and its effect on the stereoselectivity. Thus the dielectric constant of CH,CN 
(c = 35) lies between that of CH,OH (E = 53) and CIHsOH (E = 24); but CH&N 
has no effect on the (t/c) ratio of the product. 

Effect of ethylene concentration 
Cramer [ 21 has shown that the rate of formation of 1,4-hexadiene is first 

order in ethylene at low concenh-ations. We have found that the product ratio 
is al.50 affected. 

At constant donor/Rh (enough ethanol was present to give adequate re 
action rate but not to influence isomer distribution), the t/c ratio of the pro- 

TABLE 3 

EFFECT OF CHANGE OF ETHYLEKE PRESSURE ON THE R.4TIO OF I~~~~/cI~-HEXADIENE AND 
REACTION RATP 

E Cpsijb tmns/crr RaLe (g of 1 .4_hexa&eoe/l5 mm) 

10 22 2-3 

20 17 
30 11 8 

loo 3 41 

o The reaction was canied out in Lbe mesence of small amount of alcohol. not enough to enhance the 
t/c ratio. b Derived Tom the differemx in meLor pressure before and after the mtroduction of ehylene. 
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duct drops from 22/l to 3/l as the ethylene partial pressure is increased from 
10 to 100 psi. (Table 3). 

Discussion of mechanism 

Donor effect on catalyst activity 
In the absence of donor species complex I is relatively inactive in codim- 

erizing ethylene and butadiene to form C-6 dienes. Cramer has shown that the 
active catalyst is a monomeric Rh complex. This low activity of I can be attri- 
buted to its dimeric structure (I or H) under the reaction conditions [ 2,8]. 
Addition of suitable electron donors converts the dimer first into the mono- 
meric form III and then into IV (Scheme 1). 

SCHEME 1 

(0) cm) (iz) 

The effect of donors on the catalyst activity can be explained if we as- 
sume that III with ethylene coordinated to one site and a donor to the other 
is the active catalyst and that IV, with both coordination sites occupied by 
donors, is catalytically inactive. 

With weak danors such as ketones or ethers (Fig. Id), the reaction rate 
increases slowly, reaches a maximum and levels off at the maximum as the 
concentration of the donor is increased. These donors break up dimer II to 
form III but do not compete with ethylene for a second coordination site. 
Phenol with an aromatic substituted oxygen is anomalous; although it has a 
pk’a comparable to acetone, it has i-10 effect on catalyst activity. 

With donors such as alcohol or DMAC (pKa -2 to 0), the reaction rate 
increases very rapidly, reaches a maximum and then decreases with additions 
of more donor. This indicates that these compounds not ody will break up 

diner ZI but also will coordinate with III to form inactive IV. The point of 
maximum activity will be a function of the ability of the donor to compete 
with ethylene for the coordination site on III. 

With Bu~PO (a strong donor, pRa 0), the reaction rate increases only 
slightly before suggesting preferential formation IV. 

With very basic donors, such as pyridines, arsines, or phosphines, the 
catalyst is inactive, presumably due to irreversible dicoordination. 
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Tne trans/cis ratio 
The catalytic cycle for formation of 1,4-heuadiene can be represented as 

shown in Scheme 2 [ 2,4-61. 

SCHEME 2 

[ 1 H-Rh 
2’ 

‘a 

G-I.4-HEXAOIENE _ TRANS-I.4+IEXAOIENE 

+P +P 

The key intermediates in the formation of both cis- and Pans-1,4-h-a- 
dienes are the anti-ncrotylrfiodium (VIla) and the syn-isomer (VIIb). Tbe 
ratio of tmns/cis products is determined by (a) the ratio of VIIb/VLIa ini- 
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tially formed in the reaction of butadiene with the rhodium hydride V and 
(b) the extent of isomerization of VIIa to the more stable VlIb prior to re- 
action with ethylene. 

A measure of the initial anti&m ratio and of the rate of conversion of 
the anti- to the sw-n-crotyl can be obtained by raising the ethylene concen- 
tration; this should increase the rate of the forward reactions of VIIa and 
VIIb with ethylene independent of isomerization. Table 3 shows that the t/c 
ratio drops from 22 to 3 as the ethylene concentration is raised at constant 
EtOWRh ratio. This suggests that the isomerization of VIIa to VIib is occur- 
ring at a rate competitive with the insertion reaction to form Ha and IXb; 
furthermore, the initial ratio of VIIa/VIIb reaches 3/l. This is quite different 
from the nickel-catalyzed formation of 1,4-hexadiene where the f/c ratio is 
independent of ethylene concentration [ 4 1. 

Donors can intervene in this catalyst cycle to change the transkis ratio 
in either one of the two criticaI steps. Donors could change the initial ratio of 
VIIa/VIlb, possibly by affecting the mode of butadiene coordination with 
the hydride (Via vs. VIh). They could also change the reactivity of VIIa either 
by increasing the rate of isomerization of VIIa to VIIb or slowing the forward 
reaction with ethylene so that VIIa had more time to convert to VIIb. The 
present data are insufficient to resolve the relative importance of these two 
factors. It is important to note that the only donors which affect the isomer 
distribution also reduce the reaction rate at higher donor concentr&ions. This 
might suggest that the donors merely reduce the rate of the insertion reaction 
(VIla + IXa). There is, however, no simple correlation between react’ion rate 
and t/c ratio as would be required by such a mechanism. The comples relation- 
ship between rate and t/c is shown in Fig. 2. Curve a represents runs carried out 
at constant but low ethanol concentration and increasing ethylene pressure; the 
drop in t/c with increasing rate has been discussed above. Curve b is from re- 
actions carried out at constant ethylene pressure and increasing donor concen- 
tration. The t/c is at first unchanged while reaction rate almost doubles: then 
the t/c abruptly rises while reaction rate stays constant and finally continues 
to rise as reaction rate falls. 

Unless there is a rather fortuitous balancing of rates, the results suggest 
that the donors increase the rate of isomerization of VIIa to VIIb. They may 
also affect the initial ratios of these two compounds but the relative impor- 
tance of this factor cannot be determined. 

Experimental 

Equipment. The reactor system, the analytical methods and other con- 
trolling deviees are described in refs. 4 and 9. Details on general reaction pro- 
cedure are described in ref. 9. 

Standard reaction conditions. The reaction was carried out at 70” at 140 
psi. The reaction mixture consisted of 1 1 toluene, 1 mmol rhodium catalyst, 
the required amount of electron donor, 180 g butadiene and enough ethylene 
to give a total pressure of 140 psi (equal to 100 psi in ethylene partial pressure), 
unless otherwise noted. 

Standard catalyst. This was crotylrhodium chloride, (C4H,),Rb,C14 - CJH6, 
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as prepared according to the procedure given in ref. 8. The catalyst was first 
dissolved in a small amount of inert solvent such as methylene chloride or o- 
dicblorobenzene and then injected into tbe reaction system [9]. 

EfecCron donors. These were reagent grade liquids or solids further puri- 
fied by distillation or recrystallization. Tributylphosphine oxide (Carlisle 
Chemical Company) was used without further purification. 
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