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The mechanism of 1-pentene [CHD=CD(CH2)&Ha] isomerization has been examined using 
a series of four nickel catalysts and a series of three platinum catalysts t’o determine whether 
the extent of molecular crowding at active sites influences catalyst selectivity. Selectivity in 
this reaction is represented by the cis: trans ratio in the resulting 2-pentene. Forms of nickel 
used were the homogeneous catalyst NiH(P(OEt)3)a+ (Et = ethyl) in benzene, the hetero- 
geneous catalyst quartz-supported NadNiPc (PC = phthalocyanine), nickel--alumina, and 
evaporated nickel film. Platinum catalysts were PtH (SnC&) (PPh3)z (Ph = phenyl) in benzene 
(homogeneous), platinum-alumina, and platinum film. Brief details of reactions catalyzed 
by quartz-supported NadHzPc, cobalt-alumina, palladium-alumina, iron film, cobalt film, and 
palladium film are also presented. 

The kinetics of 1-pentene and I-butene isomerization are briefly reported; several systems 
showed first-order reversible behavior and, for these, relative rate coefficients are presented. 
The initial kinetically determined cis:trans ratio in the 2-pentene varied widely with catalyst 
type from 2.5:1, for reactions in which the metal at,om is surrounded by bulky phosphorus- 
containing ligands, td 1:2.1, for reactions over nickel film. The mode of deuterium movement 
reveals that all reactions, except those over NalHtPc, occurred via the formation of pentyl 
intermediates. Iron, cobalt,, and nickel catalysts caused the double bond to migrate one position 
along the hydrocarbon chain initially, whereas palladium and platinum catalysts caused 
multiple movement of the double bond. The observed distributions and locations of deuterium 
in the products of nickel-catalyzed CHD=CD(CH,)&H, isomerizat,ion are compared with 
calculated distributions and locations. Values of three disposable parameters reveal that the 
fraction of 1-pentene converted to 1-pentyl is small (10 to 35yo) and the fraction converted 
to 2-pentyl is large (63 to 90%) irrespective of the catalyst used. However, the fraction of 2- 
pentyl converted to 2-pentene varies widely with catalyst form, from 9 to 92yo; this fraction 
is related to the degree of congestion at the active site and correlates with the observed selec- 
tivity. It is concluded that the cisS-pentene yield in this reaction is a convenient measure of the 
extent of molecular congestion at a catalyst site. 

INTl<.ODUCTION clusters, and they may bc present in the 

Reactions catalyzed by metals normally 
occur via the formation of intermediates 
which are chemisorbed at active centers. 
These centers may be single metal atoms or 

surfaces of metal particles or as constituents 
of metal complexes. 

The degree of molecular congestion at 
such active centers will vary considerably 
depending on the type of catalyst. Thus, 

1 To whom correspondence should be addressed. it is expected that a metal atom in a com- 
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pkx iu solution having, say, a ~iu~nh of 
bulky tripht~nylphos~)l~iIl(~ ligands, \vill COII- 

stitutc a very congwtcd site, whcrcqs a 
metal atom situated at an ctdgr or corm’r 
of a small nwtal crystallit~e \vill wpwwnt 
a much lrss congrstcd site. 

This papw seeks, by consideration of in- 
formation conwrning 1-butcne and 1-pcm- 
tcnc isomwization obtained using range’s of 
wll-dcfincd catalyst)s, to assess the im- 
portancc of the cnvironmc~nt of the active 
wntcr in determining selectivity. 

Two previous stud& have shown that 
the cxtcnt of crowding at a metal atom site 
influcnccs sckctivity. Isomcrization of l-bu- 
tcno to 2-butwc catalyzed by a \vid(l range 
of metals gives profercntial formation of 
trarz,s-%-but,cnc (I), cxcqt over iridium 
where cis-2-butcnc is t’hc major product (2). 
This anomalous behavior of iridium \vas 
attributed to abnormal molwular wngw- 
tion at tho surfaw sitw. Marc rcwntly, WC 
obwrvcd that a -\vid(x rango Of rnc~tttl~ 
phosphinc con~plcx~~~ in solution cbatnlyzcl 
I-pt‘ntcw~ isomc~rization to Cpcwtcbnci via 
the formation of secondary pcntyl int,cr- 
mediates with prcfcrc>ntial formation of 
cis-2-pcntcnc (Q-5). The wlcrtivity in 
favor of cis-alkrnc formation \\-as again 
attributed to molecular congestion at the 
metal atom; the triphrnSlphosphiIl(~ ligands 
so restrict the normal rotations in the 
secondary pr,ntyl intcrmcadiatc that t’ho 
conformation of lowst molwular volume 
predominatw, and this gives 2-pentcw: in 
the cis configuration on hgdrogcn aton 
loss (5). According to this model, dc- 
congestion of the site should bc accom- 
panied by a change in wlwtivity toxvard 
prefcrcntial lrans-alkenc~ formation. Suc~li 
a change was achiewd in t\yo systems. 
First, solutions of 1 mdl RuHCl(PPh3)a 
(Ph-phenyl) and of 0.1 1dl1 RuHCl- 
(CO) (PPh3)3 in benzene at SO”C catalyzed 
1-pcntene isomerization with prcfercntial 
formation of cis-‘Apcntc>ne, but a gradual 
change to prcftrcntial formation of trarls-2- 
pcntonc occurred as solutions wcrc pr(J- 

grcwsiwly diluted to 0.04 and 0.01 ml1, 
rcqwt.iwl~~ (,k). It! \~as dcmonstratt>d by 
dcuterium trawr c~xporimc~nts t,hat this 
changct of wlcctivity n-as not associat,t>d 
\vith n chnngo in mwhanism, but that it, 
was uttribulnblc t,o a progrwsivc dwon- 
gestion of th(h catalytic sitcls brought about 
by a gradual incwasc in the degroc of dis- 
sociation of phosphinc: ligands from t,he 
catalytically ac%iw cwmplcx. Swond, a 
similar sclrctivity c~hnngc, nhich occurrcld 
when oxygen was inwrtctd into the iridiun- 
phosphorus bond of wrtain homogcwcous 
catalysts consisting of triphc~Iiylpliosphinct- 
iridium con~plcxrs in bcnzw(~, uxs similarly 
intcrprctchd as due to a wlic>f of congwtion 
at. t,hc metal atom site ($1). 

Thrso studiw cmployc~d homogcwrous 
cata1yst.s which \ww ill d(+inttd because 
they \y(w pwpnred by methods that in- 
volved an indctcrminatc dt>grcc of solvol- 
JGs or of oxidation of t,ho original complc>x. 
Hy cont,rast, NT have in t’hc prcwnt study 
c~xamincd the same rcwtions using series of 
I)cltt,rr-dcfinc,d nick1 and platinum catalysts 
in the c~xpwtation of swing changw in 
sclcctivity on passing across clash writs. 
The scriw of nickrl catalysts consists of 
(i) a nickel complex in solution, (ii) qunrtz- 
supported nickel phthalocyaninc activatrd 
by sodium, (iii) alumina-supportt~d nickel, 
and (iv) waporatcd niclwl film. The> plati- 
num wriw was tmal~~gous, wmyt that th 
phthalocyaninc \vas not inwstigatcbd. 

1-Pcntc~nc isonlc~riz:tt,ions catalyzed in 
brnzcno solution by KiHIP(OEt)a]lS 
(Et-cthl.1) and 1~~7 PtH(SnCla) (PPha),, 
\vhich constitute the first mcmb(lrs of each 
wriw outlined abow, have bwn rcyortcd 
fully (Sa, 11) and only tho final form of the 
results \vill bc quoted in this paper. Tha 
llotcrogc~ncousl~ catalyzed rwctions haw 
not bwn rcportc>d c~lw\vhcw. 

This work c,nablcs thrw other compari- 
sons t,o bc wtablishcd. First, homogeneous 
and h&cwjgcncwus nick1 catalysts having 
single (i.e., isolated) mct,al atom sites arc 
compared for t’hc first time. Sownd, rcac- 
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tions catalyzc>d by substances having iso- 
lated metal atom sites arc compared to 
those catalyzed by polycrystalline metal. 
Third, some general comparisons arc made 
of catalysis of a simple alkcnc rt>action by 
nickel and platinum. 

EXPEliIMENTAL 

Materials. I-Butcnc (Mathcson) and 
1-pentene (Newton-Maine) were purified of 
isomers ; the latter was dcperoxidized by dis- 
tillation and stored over magnesium pcr- 
chlorate. 1,2-Dideutero-1-pentenc (CHD= 
CD(CH.J&HI) was prepared by the rcac- 
tion of I-pentyne with deuterium catalyzed 
by RhCl (PPh3)3 in 1: 1 benzene :phenol 
(8). The product was purified by distillation 
and preparative glc. 

Metal-free phthalocyanine and nickel 
phthalocyanine were purified by vacuum 
sublimation. 

Hydrogen and dcutcrium wcrc purified 
by diffusion through heated palladium- 
silver alloy thimbles. The concentration of 
oxygen normally present in White Spot 
nitrogen was reduced by passage of the 
gas through Fieser’s solution; the gas was 
subsequently dried. 

Tetrahydrofuran was distilled under ni- 
trogen from sodium-lead alloy to remove 
the stabilizer (0.1 y0 quinol). Sodium stored 
under liquid paraffin was washed with dry 
diethyl ether (dried by distillation from 
calcium hydride) to remove the paraffin 
and submerged in dry ether. The oxide 
layer was then removed, and the metal 
was used immediately as clean lumps. 

Catalyst preparation. The preparation of 
catalytically active solutions of NiH- 
[P(OEt)a]J+ and of PtH(SnC13)(PPhB)2 in 
benzene has been described (5b, c). 

Electron donor-acceptor complexes of 
phthalocyanine and of nickel phthalocya- 
nine with sodium, each supported on quartz 
wool, were prepared by a variation of the 
method of Naito et al. (7). Because extreme 
care was required to produce catalysts of 

consistent activity, briclf d&ails of th(b pre- 
cautions taken arc rcportcd. The all-glass 
apparatus (8) consisted of a preparation 
vessel and a reaction vessel conncctcd by 
a tube containing a glass sintcr and a con- 

striction. With the apparatus in a nitrogen- 
filled glove box, phthalocyanine (ca. 0.1 g) 
was added to 100 ml of distilled tetra- 
hydrofuran in the preparation vessel fol- 
lowed by small lumps of clean sodium. The 
preparation vessel was immersed in liquid 
nitrogen and evacuated. After several 
freeze-pump-thaw cycles, the apparatus 
was warmed to room temperature, where- 
upon reaction started immediately. The 
solution was stirred for 4X hr to ensure 
that the required reduction state was 
achieved ; the colors of the various electron 
donor-acceptor complexes in tetrahydro- 
furan solution provide a reliable guide to 
the reduction state obtained (9). The solu- 
tion was transferred through the glass 
sinter (to filter out excess metallic sodium) 
to the evacuated reaction vessel which 
contained 1 g of quartz wool. Solvent was 
distilled from the reaction vessel back to 
the preparation vessel, leaving most of the 
complex supported on the quartz wool and 
a little adhering to the vessel wall. The 
removal under a vacuum of 10e5 Torr of 
final traces of solvent was slow. With appa- 
ratus evacuated to 10e5 Torr, the prepara- 
tion vessel was separated from the reaction 
vessel by sealing at the constriction. When 
the study of a given catalyst was complete 
the reduction state was checked by opening 
the reaction vessel, extracting the contents 
with water, and titrating the base so 
liberated with standard acid. Such titra- 
tions for NalNiPc (Pc-phthalocyanine) 
catalysts confirmed that a mean oxidation 
state in the range 3.9%4.00 had been 
achieved. 

Nickel supported on alumina (10% w/w) 
was prepared by the impregnation of 16- 
to 22-mesh Peter Spence Type A alumina 
with an aqueous solution of Analar nickel 
nitrate, followed by calcination at 6jO”C 



for 6 hr and reduction in hydrog(tn at, 450°C ratio in t~ho products dimiuish(~d smoot~hl) 
for 6 hr. Platinum supportcbd ou the same \vitli incrcsasing tcmp(~raturc, typical valucbs 
alumina (0.5y0 w/w) was supplied by John- being 4.0 at, 45”C, 3.5 at 75”C, 2.2 at lOO”C, 
son Matthey & Co., Ltd. Typical catalyst and 1.3 at 125’C (prcssurc = 50 Torr). 
\\-eights wcrc Ni-Al&,, 0.30 g, and Pt- Value of hhc first-order rate coefficient’s, 
AlaOs, 3.20 g. 1~1, liz, /i:s, 1<-1, 11:-z, k-3, dcfincd :ts folio\\-s, 

Evaporated films of nickel and platinunl 
were prrparcd under high vacuum by 
standard methods. During film deposition, 
the pressure was CR. 10e5 Torr, and the 
vr~cll wall tcmpclrature was 0°C. Film 
weights were Ni, 17.8 mg, and Pt, 18.5 mg. 

Apparatus and ~nettrods. The apparatus 

1-alkene 

tram-2-alkene --2 \ cis-2-alkene 
\ 

k2 
- 

usrd for the study of reactions in solution are given in Table 1. 
has been described (Z-5). The kinetics of 1-prntcnc isomcrization 

Heterogeneously catalyzed reactions w(‘r(: at 6G”C w(‘rc similar to those observed for 
examinc>d using a conventional grease-free I-butane isomcrization, except8 that the 
high-vacuum system constructed in glass. cis: traus ratio in the products was about 
Cylindrical reaction vcssc~ls 100 (supported unity. The mechanism was invrstigated by 
metal catalysts), 200 (metal films), or 3GO examination of the isomerization of a 
ml in volume (sodium phthaloqanines) 460-Torr sample> of CHD=CD(CHg)&H, at 
were used. Reaction mixtures jvcrc analyzed 9S”C. Table 2 shows the following fcaturrs : 
and, when rcquirod, scparatcd int,o pure (i) Dhc d&crium number (i.(>., the mran 
components by glc. Low-voltage (12 cV) number of dcuterium atoms prchsclnt per 
mass sptrctra and loo-MHz nmr spclctrs of molccul(l) of 1-pc~ntc~nct fell as that rraction 
dcuterium-containing pc~ntc~nc~s \v(‘rc ob- procccldrd, and the dcuttxrium number of 
tained and worked up in the c~onvc~ntional the 2-pentcncs \vas higher than that of the 
manner. The distribution and location of original reactant. (ii) Considerable deu- 
deuterium in each product w(‘rc calculated terium redist,ribution accompanied isom- 
by Hudson’s method (10). The method erization, and a shift of deut,erium from 
used for the determination of first-order C2 to Cl occurred in I-pcntene and in 
rahc coefficirnts is d(>scribrd in Ref. (4). 2-prntcne formed by isomrrization. (iii) 

Although a little deutcrium appeared at 
RESULTS cl5 in trans-2-pentcnc, the general absence 

Catalysis by Nickel l’hthalocya~~it~e ard by 
of deuterium from the ethyl group of 

linwzetalated Phthalocyanine 
2-pcntcnc shows that the doublr bond 
moves ody 011~: position along the hydro- 

1-Butene isomerization catalyzed bs carbon chain. Features i and ii demonstrate 

quartz-supported NadXiPc was examined that intermolecular transfer of hydrogen 
in the range 4&120°C. The initial rate atoms accompanies isomcrization. 
increased with increasing 1-butene pressure Exposure of the catalyst to lo-50 Torr 
over the range 12-200 Torr, the order being of carbon monoxide at 100°C reduced 
0.9 at 66°C. The rate of disappearance of activity for 1-butrne isomerization and 
l-butene diminished in a strictly first-order reduced the cis: tram ratio in the product 
manner until conversions exceeded 90%. to 0.6. Partial regeneration of activity and 
Activation energies (44-120°C) were 35 f 4 of t,he original selectivity was achieved 
(pressure = 50 Torr) and 46 & 4 kJ mol-l by prolonged pumping, but not by ex- 
(pressure = 200 Torr) . The initial cis: trans posurc to hydrogen. Exposure t’o sub- 
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TABLE 1 

Catalyst Reactant 

” k:< = 1.0. 

stantially higher pressures of carbon mon- of deuterium in the initial 1-pentcne, in 
oxide poisoned the catalyst completely and I-pentene after 13yn reaction, and in trans- 
irreversibly. 2-pentene after 13% reaction are identical. 

We wished to determine whether the A transfer of deuterium from C2 to Cl 
above results constitute catalysis by nickel appeared to occur during cis-2-pentene 
in the environment of Na4NiPc, or whether formation which is not readily understood. 
complexes in other reduction states or the (iii) A trace of deutcrium appeared at C5 
phthalocyanine ligand exhibit isomcrization in trans-2-pentene. 
activity. WC noted that quartz-supported Thus, although Na IHzI’c exhibits a higher 
NazNiPc was inactive for 1-butene isom- activity than Na&il’c for alkene isom- 
erisation at these temperatures and that erizaGon, this higher act’ivity is achieved 
similarly supported NasNiPc exhibited almost entirely via a mechanism involving 
only very low activity. The complex of un- intramolecular protium transfer from C3 to 
mctalatcd phthalocyanine lvith sodium, Cl, whereas NaJNiPc catalyzes isomeriza- 
Na4HzPc, exhibited a substantial activity tion by a mechanism involving intermolec- 
for 1-butene and 1-pentene isomerization, ular hydrogen transfer. The intramolecular 
the initial rate at 100°C being about thrre hydrogen transfer mechanism may involve 
times that given by NadNiPc under ?r-allylic intermediates as in the reaction 
comparable conditions. Initial rates of catalyzed by solutions of Fes(CO)lz (11). 
isomerieation increased with increasing 
1-butenc pressure up to 150 Torr and were 
independent of pressure thereafter. The 

Catalysis by Nickel-Alumina ard by Plati- 

activation energy over the range 43120°C 
nuvn-Aluvv&a 

was 41 f 4 kJ mol-’ (pressure = 200 Torr). Isomerization catalyzed by nickel-alu- 
Table 2 shows the results obtained when mina at 105°C was kinetically well behaved. 
476-Torr CHD=CD(CH,)&H, was isom- The initial rate of isomcrization increased 
erized over Na4H2Pc at 103°C; the 2- with increasing initial pressure up to 100 
pentene composition at 130/, conversion Torr (I-pcntene) or 150 Torr (1-butcne) 
was 29% tram isomer, 71% cis isomer. The and was constant thereafter (Fig. la). 
main features are as follows: (i) The During a given reaction the rate of removal 
deu terium numbers of reac tant and products of 1-alkene diminished in a first-order 
are identical and remained constant as the manner (Table 1). Reactions gave prefer- 
reaction proceeded (conversions, O-50%). ential formation of the trans isomer, and 
(ii) Very little deuterium redistribution cis-trans isomerization was slow. The acti- 
accompanied isomerization ; the locations vation energy for each reaction (40-130%) 
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FIG. 1. I-Bntene isomerizxtion at 100°C over 
alumina-supported cobalt (open circles) and nickel 
(filled circles). (a) Variation of initial rate, T,,, with 
inib pressure, P ; (b) linear represent,al.ion of (a) on 
the assumption t,hat I-butene adsorption obeys the 
Langmuir equation. 

~vas 59 A 4 k.J mol--1. The support and 
supported nickel oxide wcrc inactive for 
l-hutcnc isomcrization at 100°C. 

The kincttics of I-pmtc>no isomcrization 
over platinumn-alumina n-erc complex. The 
initial rate: incrcascd with initial prc’ssurc, 
the order at 103°C hcing 0.5 over the range 
O-225 Torr, and the rate of d(tcay of 
1-pcntcne prcssurc with time was not first 
ordtr. However, the reaction was similar 

indicating that multiple movement of t)hc 
double bond had occurred. 

Treatment of nick&alumina with 50 
Torr of carbon monoxide at 100°C greatly 
rcduccld isomcrizat,ion activity and rcduccd 
the proportion of tpans-2-butcnc in t,he 
product by 10%. Similar t,rcatmcnt of 
platinul~~-alm~~i~l:~ with carbon monoxid(l 
cnuscd conlplf+c dc~:lc~tivatic~n. 

Catalysis by Fi/ttts 01 Nidd arid I’latittuttt 
Rates \vcrc inconvcnicntly low for kinetic 

mcbasurcmcxnts. CHD=CD(CH2)&H3 was 
isomcrizcd by a 17%mg film of nickel, the 
conversion being 10% aftrr 26 hr at 102’C. 
Products \vrrc CiS% Iratls-2-pcntcnc 32% 
cis-%prntcwr. Table 2 shows that isomcriza- 
tion occurrrd acrompanird by considrrablt: 
int,c~nnolccular hydrogen transfer. From 
the mrasurablc (~on(,c~Ilt,r:2tioIl of dcutcrium 
at C4 in the produrt,j but) its virtual alxw~wc 
from C3 and (I,?, WV cc)ncludr t,hat a single 
n~o~cm~nf~ of t>hcr double hmd occurred and 
that a spcG1 procrss is rcsponsiblc for ox- 
chang(~ at C-l [SW Eq. (5) and Discussion]. 

An 1S.Smg platinum film isomcrized 40s 
Torr of labclcd I-pcnt,cnc to 7% conversion 
in 79 hr at 100°C. Products wcw 47y0 
tl~atrs-2-prIlt(111~, %oj, cis-2-prntclne. Table 
2 sho\vs that a gctncral redistribution of 
dcutcrium took place ; the high drutcrium 
content at each carbon atom in L’-pentcam: 
indicntc>s that multiple movcmcnt of the 
double bond occurred during isomcrization. 

to t,hat catalyzitd by nirkcl in that t’hc: 
initial cis:tmrrs ratio in tho product was 

Excellent mass balancrs wf’rc rccordrd 

1.10 (1-butcnr) or 0.G (1-pcntcnc) and 
for all reactions involving dcutcrium- 

cis-bans isomrrization \vas slow. 
lab&d 1 -pentcne. Surprisingly, no cx- 

Rchuctions over nic~k~~l-alumin:1 sho~3:d 
change of dcutcrium from t)hc hydrocarbon 

t,he same general fcaturcs in rrgard to 
with protium of the phthalocyanine ligands 
or of the hydroxyl groups on the support 

dcutcrium movrmclnt as those over nickrl of the mrt,al-aluminas occurred, despite the 
phthalocyaninc (Tublr 2). In t,hc platinum- fnc tS that rxchangc lxhwn molrrular 
catalyzed react,ion, dcuterium was redistrib- deut~crium and thc~e protiunl sourc(‘s is 
utrd throughout t,he product) Spcntenc, normally rapid at, 100°C: (1.2, 13). 
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I>ISCUSSION 

Kirretics 

The increase in the initial rate with 
initial reactant pressure in the range O-100 
or 150 Torr and the independence of initial 
rate upon initial reactant pressure therc- 
after are attributed to the attainment of 
full surface covcragc at prcsxurrs above 
100 or 150 Torr. Thus, it, is expected that, 
providing 

and 

plots of I’l&ene versus P1-alkene/rO should bc 
linear. Examples of such linear brhavior 
are shown in Fig. lb. The positive orders 
observed for the isomcrieation of I-butene 
and of 1-pentene catalyzcld by quartz-sup- 
ported NaaNiPc and for 1-pcntcnc isomer- 
ization catalyzed by Pt-alumina indicate 
that chcmisorption at all available sites 
was not attained within the prrssurc range 
studied. 

Catalysis by Nickel 

The principal object of this study was to 
investigate the influence of congestion at 
a catalyst site on selectivity, using different 
forms of catalyst to provide various extents 
of site congestion. For this strategy to 
succeed, the molecular processes that consti- 
tutc the mechanism must bc the same for 
each reaction, so that changes in selectivity 
can be relat,ed simply to the effect of molec- 
ular congestion on t,he conformations of 

the intermcdiatcs involved. Thus we com- 
mence with a discussion and comparison 
of mechanisms. 

In principle, isomcrization may occur 
either by an abstractionaddition mctaha- 
nism involving ?r-bonded allylic inter- 
mediates, or by an addition-abstraction 
mechanism involving u-bonded alkyl intcr- 
mediates. The former process involves 1,:s 
shifts of hydrogen, whcrcas the lattrr is 
accompanied by 1,2 shifts. Furthermore, if 
the catalyst contains single metal atom 
siks, and the site can accommodate only 

one hydrogen atom as a ligand, then the 
abstractionaddition mclchanism involvos 
intramolecular transfer of hydrogen [as 
was observed (11) in the isomerization 
of CHD = CD(CH2)&H3 catalyzed by 
Fc~(CO)~~ and by PdC12(C6HjCN)e], 
whereas, by its very nature, the addition-ab- 
straction mechanism involves intermolecu- 
lar hydrogen t’ransfer [as in 1-pentene isom, 
erization catalyzed by NiH(1’(OEt)3)4+- 
PtH(SnCIa) (PPha),, and many other hydri- 
docomplexcs of the platinum metals (4, S)]. 

The use of CHD = CD(CH2)&H3 as 
reactant immediately shows whether the 
double bond moves one position along the 
hydrocarbon chain during isomerization, 
in which case the ethyl group of 2-pcntenc 
contains no deutcrium, or whether multiple 
movement occurs giving 2-pcntcne with a 
deuteratcd ethyl group. When the double 
bond moves only one position, a movement 
of deuterium from C2 to Cl in 1-pentent? is 
clxpectcd [Eqs. (1) and (g)] together with 
an accumulation of dcuterium at Cl in 
2-pentcne [Eq. (3)]. 

CHX=CD(CH,),CH, + 1) 
RI 

CHD=CD (CHz)&H3 + X ti CHDX-CD(CH2)&Hy + or 0) 
I I 

Al 31 CDX=CD(CH&CH3 + 7 
M 

CHD=CD(CH,),CHa + X + CHD--CDX(CH&CH:< --f CHD=CX(CH2)&HD + 7 (2) 
I I ;\I 

nr 31 
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CHDX-CD (CHz),CHs -+ CHDX-CD=CH-CsHj --+ 
I I 

;\I XI-H 

CHDX-CD=CH-C-H;, + i (3) 

[X = H or D] 

Equations (l), (a), and (3) dcscrihc 
CHD = CD(CHJ&H3 isomerization cata- 
lyzed by NiH(P(OEt)s)? in brnzenc (5~). 
Moreover, these equations interpret the 
movements of deutcrium shown in Table 2 
for reactions catalyzed by nickel phthalo- 
cyanine, nickel-alumina, and nickel film. 
Table 2 also contains calculated dist’ribu- 
tions and locations of dcuterium; the calcu- 
lations (10) involve three disposable pa- 
rameters : 11, thr probability t,hat 1-pmtcno 
will undergo rxchangr at C2 via thn forma- 
tion of a primary pmtyl intcrnwdiatc 
[Eq. (a)] ; s, the probability that I-pcxntcne 
will undergo exchange at Cl via the forma- 
tion of a second prntyl intermediate 
[Eq. (l)]; and i, the probability that a 

second pcntgl intrrmcdiato once formed 
will bc conwrted to Spcntcnct [Eq. (3)]. 
The values of p, S, and i used for the calcula- 
tions given in Table 2, together wit’h those 
presented in Ref. (5~) for the reaction 
catalyzed by the homogrneous nickel cata- 
lyst, are given in Table 3. For each catalyst, 
11 < (s + i), that is, the forma,tion of 
scrondary pentyl intcrmediatrs is more 
highly favored than that of primary pent?1 
intcrmcdiatcx. This is the rcvcrsc of t,hc 
situation rccordcd by Kaito et al. for the 
isonwrization of I-hutcnr over Na41viPc in 

the prcscnrr of molecular dwtc~rium at 
150°C in lvhich the primary butyl spwics 
was the main intcrmodiatc (14). 

On passing from Icft to right across Table 

Comparison of Behavior for the Series of ru‘ickel Catalysf~ 

NiH[P(OTCt,),]r+ NadNiPc NiLalumina Ni film 

Type of site Single metal atom Single metal Multiple metal Multiple metal 
dile (homogeneous) atom aite atom site” atom site” 

(heterogeneolls) 

Product (% ) 
cis-2-p 70 42 
trans-2-p 30 .iS 

Parameters used iu 
calculationsb 

P 0.10 0.17 
s 0.82 0.25 
i 0.08 0.38 

-.-~~-. ~~ ~~~_ _~--~ ~. 

” That, is, metal atom site having ot.her metal atoms as tlrighl)o,r. 
b I)efined in the text. 

3; 32 
64 W 

0.10 0.35 
0.17 0.05 
0.73 0.60 
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~H,(CH,)~HC=CH, cH, (CH,),CHCH, rotc WCH (CH&“, CH,CH=CHC,H, 

‘m’ 
’ I ‘H 

* ‘m’ 
‘I’0 

e 
I 

‘m’ 
‘I’0 

* ‘m’ 
’ I ‘H 

FIG. 2. The critical rotation in I-pentene isomerization to 2-pentene at a catalyst consisting of 
single metal atom sit,es. 

3 the selectivity changes from preferential 
formation of cis-2-pentene to preferential 
formation of trans-2-pentene, and at the 
same time there is a change from a situation 
in which s >> i (only a small proportion of 
secondary pentyl groups are converted to 
2-pentene) to one in which s << i. The condi- 
tion s>> i was discussed in Refs. (5~ and Zb) ; 
when a reaction takes place at a single 
metal atom site the chance that isomeriza- 
tion will occur is related to the likelihood 
of the rotation of the second pentyl group 
as shown in Fig. 2. In catalysis by NiH- 
(P(OEt)Jr+ in solution, the bulky phos- 
phorus-containing ligands strongly hinder 
this rotation and hence the normal fate of 
the secondary pcntyl group is reversion to 
l-pentene [Eq. (l)], i.e., s >> i. Such 
secondary pentyl groups as do achieve 
this rotation are caused, by interaction 
with the triethylphosphite ligands, to adopt 
preferentially the conformation of lowest 
molar volume which, on hydrogen atom 
loss, gives cis-2-pentcne. Prcfcrential cis-2- 
pentene formation when s >> i is thus 
interpreted. 

Nickel is present as single metal atom 
sites in NakNiPc, and its environment in the 
center of the planar phthalocyanine ligand 
is expected to be less congested than is the 
case in NiH(P(OEt)s)*+. Accordingly WC 
observe that the fraction of 2-pcntenc 
formed in the cis configuration is much 
reduced (Table 3), and this is consistent 
with the calculation which shows i > s, 
i.e., a larger proportion of secondary pcntyl 
groups achieve the critical rotation (Fig. 2) 
and are convrrtad to 2-p(antcnc than rcvcrt 
to I-pcntcnc. This romparison of the bc- 
havior of nickel in NiH(P(OEt)s)*+ and 
in NalNiPc is an important feature of the 

present work. The basic similarity of the 
mechanism emphasizes that the catalytic 
properties of nickel are similar in the homo- 
geneous and the heterogeneous environ- 
ments, and differences of selectivity are 
attributable solely to changes in the en- 
vironment at the single metal atom. 

Nickel atoms have like neighbors in their 
crystalline environment in nickel-alumina 
and nickel film. Hence, isomerization may 
not require a rotation analogous to that 
shown in Fig. 2, since a hydrogen atom 
expelled from 2-pentyl may be chemisorbed 
at an adjacent site. Nickel atoms in close- 
packed low-index planes mill experience 
an environment similar in planarity to 
that! of nickel in nickel phthalocyaninc; 
however, a proportion of the surface atoms 
will be at edges, corners, and defects, and 
these are located in less congested environ- 
ments. The experiments (Table 3) indicate 
that, on passing from nickel phthalocyanine 
to nickel-alumina to nickel film, a progres- 
sive increase occurs in the proportion of 
2-pentme formed in the trans configuration. 
On the basis of the argument presented 
above, this increase is also an averaged 
measure of the extent of further decon- 
gestion at the surface sites. This intcrpreta- 
tion is supported by the calculated dis- 
tributions which reveal that the proportion 
of 2-pcntyl groups converted to 2-pentene 
increases with the increase in the yield of 
trans-2-pcntenc. 

Together with tlhn work published pre- 
viously concrrning the decongestion of 
sites in homogcwwus catalyst (SW Intro- 
duction), this ~work establishes uGthout doubt 

that chanye.s it, selectivity accompary chanyes 

in the extent of congestion at catalyst sites. 

Figure 3 shows the relationship of one 
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% chance of P-panty1 being converted to pent-2-me 

= lOOi/(i + s) 

PIG. 3. Graphical representation of the relat>ionship between the variom catalysts of the nickel 
series. 

catalyst type with another. The difference 
between the homogeneous nickel catalyst 
and tctrasodiumnickelphthalocyaninc is 
greater than the diffcrenccs lwtwcn the 
various heterogeneous catalysts. 

Only reactions catalyzed by KaiNiPc 
gave cis:tra~ ratios that \I-erc markedly 
temperature dependent. The trend, from 
high values at 40°C to lower values at 
12O”C, implies that, as the temperature is 
lowered, so the secondary alkyl groups are 
progressively less able to acquire the kiwtic 
energy to achieve the critical rotation 
(Fig. 2.). Changes from preferential cis 
formation to preferential tra7r.s formation 
have been observed previously in the isom- 
erization that accompanies 1-butcw hy- 
drogen catalyzed by platinum-alumina in 
the range 14 to 5BT (15) and ovrr 
rhodium-silica and rhodiunpalumina in 
the range - 20 to 25°C (I 6). These changes, 
which n-crc not adcquatcly intcrpwtcd at 
the time, may now bc attributrd to t’hc: 
&lcts of incrcascd site congestion at low 
tctmpcraturc. In thrsc casts, the congtwkn 
must arise from the prcsc~nw of absorbc~d 
C,, cntitim at sit,cls adjamit, to t,lint, oc~mipicd 
by absorbfbd 2-butyl. 

Trc~atmtmt of cluart,z-supportcld NntKiPc 
\vith CO cnuscld a c~onsidcrahlc drop in the: 

cis : frans ratio (SW text above). Our model 
implies that a decongestion of the site was 
thereby achirvrd ; this is difficult to envisage 
unless the carbon monoxide so prrturbs 
the system as to lift nickel atoms out of the 
plane of the phthalocyanirw ligands so that 
thry then constitute less congested sites 
for 1-pentcne chcmisorption. Somewhat 
similar behavior has been reported by 
Burwell et al. (17) who have proposed 
that 2,2’-5,5’-tetramcthyl+hexyne chemi- 
sorbs on supported platinum at sites where 
m&al atoms can be displaced from their 
normal lattice positions to locations slightly 
above the plane. 

Exposure of nick&alumina to carbon 
monoxide caused slight enhancement of 
the cis-2-alkcne yield in subsequent isom- 
erizations. In this cast it is likely that 
the prcsrncr of absorbed carbon monoxide 
incwasrd the cxtcnt of molecular congrstion 
at thr actiw sikcs. 

Movcmc~nt of the double bond one place 
only along the hydrocarbon chain, such as 
\I-as ohscrvc*d in all of the nickel-catalyzc>d 
reactions, occurs \\-hen 2-pcmtmc is chcmi- 
sorbed (or ccwrdinntcd) nit11 such a 
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strength that its desorption is fast com- tene is more strongly chemisorbcd the 
pared with its further reaction with a process shown in Eq. (4) may follow that 
hydrogen atom (or ligand). Where 2-pcn- in Eq. (3), leading to the formation of 

CHDX-CD=CH-CzHj ti CHDX-CXD-CH-GH:, + 
I I 

X-M 3’1 

CHDX-CXD-CH=CH--CHa + 7 \I, (4) 
1’ 

[X = H or D] 

%-pentene having deuterium at C4 and C5. 
Such multiple movement of the double bond 
occurs in 1-pentene isomerization catalyzed 
by Pt-alumina and Pt film at 100°C (this 
work, Table 2) and by PtH(SnC13) (PPh3) 2 
in benzene at 80°C (5b). This common 
behavior of homogeneous and heterogeneous 
platinum catalysts, when compared with 
the common behavior of homogtncous and 
hetcrogcneous nickel catalysts, supports 
the important generalization that8 the 
chemistries of the metals in their reactions 
with pentcne arc not greatly modified by 
by profound changes in the environment of 
the active sites. 

The initial cis :trans ratio in 2-pcntenc, 
R, varied with catalyst type thus: Pt- 
H(SnCL) (PPhs)z in benzene at SO%, 
R = 3.0; Pt-Al203 at lOO”C, R = 1.2; 
Pt film at lOO”C, R = 1.1. 2-Pentme 
formed in Eq. (4) will have a cis: trans 
ratio of 1.0 because of the symmetry of 
the 3-pentyl intermediate. Thus, the cis: 
tlans ratio in the platinum-catalyzed reac- 
tion continues to reflect the contribution 
of Eq. (3), and it remains valid to attribute 
a change in the cis : trans ratio from a high 
to a lower value to decongestion of the 
catalytically active site. Once again, the 
homogeneous catalyst provides the highly 
congested sit{,, whcrcas alumina-supported 

metal and metal film provide less congested 
sites and behave similarly. 

Catalysis by Other Metals 

I-Butene and 1-pcntene isomerization 
was also catalyzed at 100°C by Co-alumina 
(10% w/w), Pd-alumina (0.5% w/w), 
Fe film, Co film, and Pd film. Rate cocffi- 
Gents for reactions catalyzed by Co- 
alumina and Pd-alumina are contained in 
Table 1. During CHD=CD (CH,)&Hs isom- 
crization over iron and cobalt the double 
bond moved one position along the hydro- 
carbon chain (as over nickel) whereas 
multiple movement occurred over palladium 
(as over platinum). Initial cis : tram ratios 
in the 2-pcntene were: Fe film, 0.60; Co- 
alumina and Co- film, 0.55; Pd-alumina, 
0.70, Pd- film, 0.77. Thus these reactions 
were catalyzed at) relatively uncongestrd 
sites. 

Reaction over iron and cobalt films 
showed a further feature in common with 
nickel in that the %-pentcne contained con- 
siderable exchange of C4 (deuterium num- 
ber at C4 was 0.28 for reaction over iron 
at 32% conversion and 0.21 for reaction 
over cobalt at 21% conversion) but little or 
no exchange at C3 or C5. Such exchange 
at C4, which cannot bc interpreted by 
Eq. (4), is attributed to the process : 

CHrCH=CH-CH&H 
I 

3 s CH$H=CH--CH-CH 3 2 CH,CH=CH-CHD-CHa. (5) 
I I I 

M ?\I M R/I 11 M 
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