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II. The beginnings 
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of course, well known in organometallic chemistry, and because these metal 
hexacarbonyls as well as their substituted derivatives also seemed appropriate 
for very obvious reasons (solubility in organic solvents, stability in air etc.), I 
decided to study first their ligand displacement reactions, as shown in eq. 
l--3. 

M(CO)6 + C6R6 + C6R6M(C0)3 f 3 CO (2) 

IMPLY + C6R6 --f C6R6M(C0)3 + CO + 2 L (3) 

Fortunately, I did not know that at about the same time Bob Angelici at 
Iowa State and David Brown at Dublin had become interested in the same 
problems. When learnt about this (through the first publications of these 
groups [1,2]), we were already out of the woods [3]. The rapid and really 
impressive progress made in the field of the kinetics of substitution reactions 
of carbonylmetal complexes in the short period between 1963 and 1968 had 
been well documented in four independent reviews [4], as well as in an additional 
chapter (of nearly 100 pages) included in the second edition of Basolo and 
Pearson’s textbook which was published in 1967 [ 53. 

III. The first borazinemetal complexes 

The experience which we gained during our studies on the kinetics and 
mechanisms of the ligand replacement reactions mentioned above prompted 
us to use, besides arenes and triolefins, some related lipands, particularly those 
for which the corresponding metal carbonyl complexes were unknown. 1My 
first Ph.D. student, Richard Prinz, had started as an undergraduate at the 
University of Munich where Professor Egon Wiberg held the chair of Inorganic 
Chemistry, and he had already learned in his second and third year about the 
relations between carbon-carbon and boron-nitrogen compounds. Professor 
Wiberg had worked very actively in the thirties with borazine and its deriva- 
tives, and it was he who suggested in 1940 for obvious reasons the phrase “inor- 
ganic benzene” for the parent heterocycle B3N3H6_ Thus, Richard Prinz knew 
about the analogy between C6H6 and B3N3H6, and although the reactivities 
of the two ring systems towards Lewis-acids are remarkably different, we tried 
to use borazines instead of benzenes as ligands in our substitution reactions_ We 
thought that if borazines could form any sandwich or half-sandwich type com- 
plexes analogous to the benzene derivatives, coordination to a M(C0)3 moiety 
(where M is Cr, MO or W) might offer the best prospect. 

It was actually the first run (started with 9 mg MOM and 50 mg B,N,Me, 
in 100 ml of a ‘7 : 3 mixture of decane and cyclohexane [6]) which gave strong 
support to the idea that the expected complex B3N3Me6Mo(C0)s was inter- 
mediarily formed. By using UV spectroscopic measurements, we first observed 
a decrease in intensity of the Mo(CO), band at 289 nm and a simultaneous 
increase in intensity in that region (at about 325 nm) where the UV maximum 
of arenemolybdenum tricarbonyls appears. After some time (at 112°C after 
30 minutes) the intensity of the new band decreased and the concurrent darken- 
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ing of the solution indicated that decomposition of the primary reaction product 
occurred 161. We were also unable, upon heating the same reaction on a prepara- 
tive scale, to isolate even traces of the desired complex B3N3Me6Mo(C0)3_ 

Since we nevertheless believed in the significance of our spectroscopic results 
we looked for alternative synthetic routes to borazinemetal tricarbonyls. At 
exactly the same time, Karl dfele (who worked next to our bench) discovered 
a new synthesis of arenechromium tricarbonyls ArCr(C0)3 starting with 
Cr(CO)spy3/Ar and BFs - OEtz [‘i J. Although this method worked well even 
with thiophene and selenophene, it did not open the door to the borazine 
complexes. 

The key to success was the choice of Cr(CO),(MeCN), as a starting material. 
Using dioxane as the solvent, Richard Prinz in his first experiment with the 
tris(acetonitrile) complex obtained a 90% yieId of B,N,Me,Cr(CO). [S], and 
was able to carry out with the material from this single run all the spectroscopic 
measurements described in his thesis 161. 

B3N+% 
‘B-N’ 

‘I ’ 
[MeCN13Cr(C013 + 3 h+CN (4 

ldioxane) /cib=.co 

OC c 
0 

The ease of formation and the stability of B xN ,Me,Cr(CO) 3 made us euphoric, 
and after the isolation and characterisation of some other half-sandwich type 
complexes of general composition R3BJNsR’$r(CO)3 [ 9 ] containing hexaalkyl- 
borazines as ligands, we started a series of experiments directed towards the 
synthesis of the “full” sandwich, e.g. Cr(BsN@e&. Since we had learnt in the 
meantime, particularly from the results of the X-ray analysis of B3N3Et6Cr- 
(CO), [lo], that the bonding between benzene and the Cr(C0)3 fra,@nent was 
comparable to that between borazine and this fragment [ 111, we concluded 
that the synthetic pathways known for bis(benzene)chromium might also be 
applicable for the bis(hexamethylborazine) analogue. 

It soon became apparent that this was an obvious misjudgement. My 

coworker Karl Deckelmann performed probably more than one hundred experi- 
ments all directed towards the synthesis of Cr(R,B,N,R’3)2 (R, R’ = Me, Et) 
or the corresponding cation, but had no real success [ 121. Since we had at least 
some vague indications that hexaalkylborazines might form a sandwich com- 
plex (see, e.g. the results of the ring ligand exchange reactions between the 
compound “3[Cr(C6H& JAICly - 4 AlCls” and Et3B3N3Me3 [lZ]) and since we 
knew about Ruth’s prediction [13] that Cr(B,N,H,), should compare in stability 
with Cr(CgH&, we did not, in spite of all our disappointments, discard the 
project, but looked for alternative routes which had not been tried for Cr- 
(C6H&. The principal idea was to use either a preformed (and labile) sandwich- 
type molecule or something like a “naked” metal atom and react this with the 
borazine ligand. We failed again (as did Peter Timms who some years later tried 
to synthesize Cr(B3NsMe,)* by using the metal atom technique [14]), but during 
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this time we gained some knowledge about the reactivities of sandwich com- 
plexes in general, and we tried to use this for other purposes_ 

IV. The jump from the borazines to the triple-decker sandwiches 

Upon looking over the numerous results on reactions of dicyclopentadienyl- 
metal and dibenzenemetal compounds with Lewis-bases we felt that at least 
one of them seemed rather unusual. Whereas Cr(C,H,),, CsHsMnCsHs, Fe(C5H5)2 
and most of the other metallocenes M(C5H& (M = V, Cr, Ru, OS) are inert 
towards CO, CNPh or PPh, under normal conditions, Ni(C5H5)2 reacts with 
these ligands even at 25°C or below to form the nickel(O) complexes NiL4 [15]. 

Ni(C,HS)2 + 4 L --f NiL, c C,,H,, (5) 

We saw no obvious reason why this process (in which two metal-to-cyclo- 
pentadienyl bonds are broken) should have such a fairly low activation energy, 
and started to study the kinetics of this ring-ligand displacement reaction [16]. 
Using pseudo first-order conditions and P(OEt), as the ligand L, we found a 
third-order rate law which was somewhat difficult to interpret [17]. As we 
thought (in accordance with some ideas of Ustynyuk and coworkers [lS]) that 
a compound like III’ must be an intermediate in the reaction of Ni(C,H,)Z 
with P(OR)3, we proposed the following reaction scheme: 

SCHEhIEl(fromref.19) 

- P(GR), 

%(CRl, 

t 

._-L.. cI.lI? . I ‘, \.___’ 
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One of our crucial assumptions (supported by UV spectroscopic measurements 
[20]) was that in the primary intermediate II one of the cyclopentadienyl 
rings behaves as a donor towards the phosphite and that this interaction facili- 
tated the attack of the second P(OR)3 molecule to form III. In those days we 
had trouble in obtaining acceptance of our idea that in the assumed 1 T 1 
adduct nickelocene plays the role of a nucleophilic and the phosphite that of 



an electrophilic reagent. But there were some arguments from our own work 
which could be seen to support our proposal. Following the conclusions which 
I had drawn from the work done in J.H. Richard’s group at Caltech [21], we 
postulated that Ni(CSH5)2 should react with carbonium ions to produce a 
substituted cyclopentadienylnickel cyclopentadiene cation [C5H5Ni(CsHsR)]‘. 
However, when we used Ph$Cl as a source of a stable carbonium ion R’ we 

isolated, instead of the expected salt [CSH5Ni(C5H5CPh3)]Cl, the hydrocarbon 
Cz4Hz0 (a mixture of l- and 2-triphenylmethylcyclopentadiene) and NiCl, in 
quantitative yield [ 221. 

& 
I 

Ni 
1 Cl 

2 Ph3CCI 
e+ Ni(CgHcJ2 - 2 (61 

CPhj 

+ NiC12 

Although at first sight this result seemed rather disappointing, the formation 
of the cyclopentadiene derivative indicated that the cation [C,HjNi(C,H,CPh,) 1’ 
possibly had been formed as an intermediate which had reacted with a second 
molecule of trityl chloride to yield the products. 

Since chloride might not be a good anion to trap the dienyl-diene cation, 
we repeated the reaction of nickelocene with [Ph$]PF, instead of Ph,CCl. 
The result was completely different, but again we did not isolate the expected 
complex [C5H5Ni(C5H5CPh3)]PF,. The dark microcrystalline product was 
actually the hexafluorophosphate of the first triple-decker sandwich, but 
although the material already obtained from the fist run proved to be analytical. 
ly pure, it took us quite a long time to recognize what a prize we had won. 
The stoicheiometry of the reaction is formulated in eq. 7 [ 23 ] _ 

2 Ni(CSH5)2 + [Ph&]PF, + [Ni2(C5H5)3]PF6 + C5H5CPhs (7) 

The idea that triple-decker sandwiches of general composition [M,(C,H,),] 
could exist and be stable enough to be isolated under ordinary conditions, 
was first put forward by Schumacher and Taubenest in 1964. These authors 
investigated the fragmentation behavior of dicyclopentadienylmetals in the 
mass spectrometer under various conditions and found that for R/I = Fe and Ni, 
binuclear species M2(C5H5)3* can be observed [24]. An ion-molecule reaction 
(shown in eq. 8) was assumed to be the final step in the formation of these 
binuclear cations. 

WW-M, -+ M(C&b)z+ ; MC5HS+ - 
--W% 

M(C5H5)2 M2(C5H5)3t 
(8) 

Confirmation that the compound which we had prepared according to eq. 7 
was in fact the salt of a triple-decker sandwich was primarily based on the 
results of reactions of [Ni2(C5H5)3]PF6 (and the corresponding tetrafluoro- 
borate) with Lewis-bases. In nearly all cases we observed the quantitative 
formation of nickelocene and the mononuclear cation [C5H5NiL2]+ (L = PPh3, 
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PBu,, P(OMe),, P(OPh)s, AsPh,, etc.) [25] _ 

[Ni,(C,H,),]X + 2 L + Ni(CjH5)2 + [CSHSNiL2]X (9) 

With regard to the mechanism of this process, we assumed that the ligand L 
attacks one of the nickel atoms; this in turn leads to the removal of one “storey” 
of the triple-decker sandwich and finally (by addition of a second molecule of 
L to the fragment &HsNiL’) to the two products. 

It was mainly the results of these cleavage reactions (and not those of the 
‘H and i3C NMR spectroscopic measurements) which favored our propcsal 
of the triple-decker sandwich structure (A) and not the alternative (B), also 
mentioned in our first paper [ 23 ]. 

+ 

iA) 18) 

After the confirmation of structure (A) by X-ray analysis 1261, we learned 
from further studies on the reactivity of [Ni2(CSH5)3]BF4 towards n-donor 
ligands, that whereas diolefins such as norbornadiene or 1,5-cyclooctadiene 
react the usual way (i.e., analogous to 2,2’-bipyridine or diphos) to form the 
cations [&H,Ni(diene)] + 1271, acetylenes behave quite differently. The 
products with C,R, = C2Ph2, PhC?H and C2(COOMe)2 are not Ni(CSH5)2, but 
r&her the corresponding cation and the bin&ear complexes [C5H,Ni]2- 
(p-C2R2) [28], which are structurally somewhat related to the compound (B) 
mentioned above. 

r”“““_ Ni(C,H,), + 

I 
I 

1 

(10) 

(11) 

The reasons for the difference in reactivity between diolefins (and all the 
other “ordinary” ligands like PRs, P(OR)s, etc.) on the one hand and acetylenes 
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same conditions and with comparable intensities in the mass spectra? Is there 
anything wrong with the mechanistic concept which considers the ion-molecule 
reaction between MCSH5+ and M(CSH5)2 (see eq. 8) as the critical step in the 
formation of the dimetal cation? 

The answer to the last question is probably in the negative. We were able to 
prove that in the reaction of nickelocene with acids HX, the cation [C5H5NiC5- 
H,]’ (with the added proton in the exo-position of the cyclopentadiene 1331) 
is initially formed, and that (under the influence of electrophilic reagents) it 
loses the diene to yield the “naked half-sandwich” [C5H5Ni]+_ Salts of this 
14-electron species could be isolated with BF4 and SbF, as anions [34]; they 
react, as expected, with Ni(C,H,), to give a quantitative yield of the triple- 
decker sandwich. A mechanism of its formation using the proton as the elec- 
trophile was thus formulated as shown in eq. 12. 

e 
I 

Ni 

& 
H+ 

H 

L+ 
Ni+ 

& 

a 
I 

-cgHg Ni+ 
Ni(CgH& 

-1' 
I 

I 

& (121 

tbi 

The disappointing feature of this piece of work was, of course, that the 
extremely reactive cation [C,H,Ni]’ did not react with ferrocene to form 
the heterometallic dinuclear complex [ FeNi(C5H,) 3]+ which had previously 
been observed in the mass spectra *_ The explanation, like many other expla- 
nations in the last ten years, came from Roald Hoffmann [35]. He and his 
coworkers calculated that triple-decker sandwiches [MZ(C5H5)3] as well as 
structurally similar complexes such as [C5H5M(C0)3MCSH5] or [(C0)3MC,-H,M- 
(CO),] should be stable if they have either 30 or 34 electrons in the valence 
shell. Whereas [NiZ(CSH5)3] l is a 34-electron complex, [ FeNi( CSHS) 3] + is a 
32-electron species and should behave as a diradical. This may explain why we 
failed to isolate it. [Fe2(C5HS),]’ on the other hand is a 30-electron complex 
and should be stable-The barrier to its synthesis is probably the exceptional 
stability of ferrocene, which readily reacts with electrophiles R’, but, in 
contrast to nickelocene, does not give [C5H,FeC,HSR]’ and (after elimination 
of the diene C,H,R) the cation [C5H5Fe]’ but rather the substituted products 
C5H5FeC5H4R_ 

Although our last paper concerned with the chemistry of triple-decker sand- 
wiches was sent to the editors of this Journal about four years ago, we still 
hope that we are not at the end of the project. We succeeded quite recently in 
isolating for the first time the two sandwiches CSH5NiCSMe5 and Ni(C,Me,), 
[36], a result which may pave the way to corresponding palladium and platinum 
compounds, which are necessary as starting materials for triple-decker sand- 
wiches such as [M,(C5Me5)3]+, {C5Me5MC,H5MC,Me5]+ (M = Pd, Pt), etc. 

= The reaction of CCsHsNilBF4 with Fe(CsH& sields the ferricenium salt fFe(CgH5)2lBF4 1341. 



343 

V. The most recent step: the bimetallic sandwiches 

Whereas the first synthesis of the triple-decker sandwich [Ni2(CSH5)3]f was 
only loosely connected with our activities in the field of reaction mechanisms, 
the discovery of the novel binuclear (Pd--Pd) compounds (cl-CSH5)(p-allyl)- 
Pd2L2, which are structurally reIated to the bimetallic sandwiches (c(-C~H~)~- 
PdzLr, proved to be a direct consequence of our kinetic and mechanistic 
studies. As previously mentioned, we had had some difficulty in interpreting 
unequivocally the kinetic data which we had obtained for the reaction of 
Ni(CSH5)-r and P(OEt)3 [17]. As n-allyl-7r-cyclopentadienylnickel has a structure 
similar to nickelocene (i.e., the planes of the ring and the carbon atoms of the 
ally1 moiety are parallel to each other), we included this complex, which also 
reacts with various Lewis-bases L to yield NiL+ in our studies. In contrast to 
Ni(CjH5)2, the n-ally1 complex C3H5NiC5Hj has the advantage of being diamag- 
netic, and therefore the course of its reactions with L can be followed by NMR 
spectroscopy_ 

Despite this advantage, the nickel compound CjH5NiC5H5 presents problems. 
As it only reacts at higher temperatures, e.g. with P(OEt)3 in toluene, to form 
Ni[P(OEt)J,, and as the primary steps seem to be the rate-determining ones 
1371, we failed to detect any definite intermediate and hence did not learn 
anything more about the separate steps of the ligand displacement process. 
The palladium complex CJH,PdC5H5 was a better prospect_ It also reacts with 
Lewis-bases such as tertiary phosphites P(OR), to yield Pd[P(OR),],, but 
under much milder conditions than the nickel analogue. When we learned about 
this, and afterwards combined the kinetic measurements with low-temperature 
NMR studies, the following mechanistic picture (which represents the course 
of the reactions of C5H,Pd(all), where all = C3HS, ZMeC,H,, 2-t-BuC,H,. 
l,I,Z-Me,C,H,) emerged [37,38] : 

C,H,Pd(all) 5 C5H,Pd(all)L 2 C5H5Pd(all)L2 2 2 PdL4 (13) 

According to this interpretation, the formation of the palladium(O) com- 
pounds PdL, is not initiated by the displacement of one of the organic groups 
but by addition of L to form a “1 : l-adduct” as the primary intermediate_ 
Most noteworthy, for all = 2-CIC3H4, the reaction stopped at the first stage, 
and we were able to isolate the complexes CSH5Pd(2-CICsHd)L, which in some 
cases are stable at room temperature. They do not react with L to form C5H5Pd- 
(all)L, etc., but lose allene to yield C5H5Pd(L)Cl [39]. 

The stability of the primary intermediate C5H,Pd(all)L, however, is depen- 
dent not only on the type of the allylic ligand but also on the type of the 
ligand L. When we recognized this, we tried to isolate the corresponding com- 
pounds, e.g. with all = 2MeC,H, and L = P(OPh)3 and PPh3. During these 
experiments, we obtained a surprising result. The reaction of CsHsPd( 5%MeCjH4) 
with L in an exactly 1 : 1 stoicheiometric ratio primarily yields C5H5Pd- 
(2-MeC,H,)L, but these intermediates react further in solution to give stable 
binuclear complexes of the composition (C5HS)(2-MeC3H1)Pd2L2. The X-ray 
structural analysis proved that a sandwich-type species had been formed, 
in which the two organic ligands coordinate to both palladium atoms and 
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enclose the Pd-Pd bond in sandwich fashion [40,41]. There is an almost 
linear P-Pd-Pd-P arrangement completely analogous to that found pre- 
viously by Yamazaki et al. [42] in the complex (C,HS)(I)Pd,(PPh,),. 

I 
2 Pd + 2L - L-W -Pd- L +.\ / Q (14) 

C3H4R 

Our next goal was to elucidate the mechanism of formation of these unex- 
pected products_ As there was no doubt that the first steps in the reaction 
were those already depicted in eq. 13, we postulated that an intermediary 
compound PdL? is formed, either directly from CSHSPd(all)L and L or by elimi- 
nation of the organic hgands from C=,HsPd(all)L,, and then reacts with one 
molecule of the starting material &H,Pd(all) to yield the binuclear complex 

1301. 

SCHEME 3 

C&Pd(all) 2 CjHSPd(all)L 2 C,H,Pd(all)LZ 

+CSHgPd(aU) 

(C,HS)(all)Pd,L, 

We had good luck because at about the time we first proposed the reaction 
sequence shown in Scheme 3 1433, both Musco [44] and Otsuka 1451 described 
the preparation of the-compounds PdL?, where L is P-i-Pr3, PCy,, P-t-Bu3, 
PPh-t-Bu,, etc. These electron-deficient compounds are remarkably stable, a 
fact which is probably due to steric protection of the palladium atom by the 
bulky R groups. By using the PdL2 complexes, we were able not only to con- 
firm our assumption regarding the final step in the synthesis of (CSHj)(all)Pd2L2 
(Scheme 3) but also to show that analogous binuclear complexes which contain 
two platinum atoms [46,47] or one platinum and one palladium atom 1481 were 
accessible by the same route. 

C5H5Pt(2-RC3H4) -I- ML2 - L-Pt -M-L (15) 

T== (M = Pd, Pt) 
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(CSH5)2Pd2L2 by a reductive route, it would be necessary to use a very strong 
halide-abstracting reagent, e.g. sodium sand or activated zinc. But even upon 
treating C5HSPd(PR3)C1 or C5H5Pd(PR3)Br (R mainly i-Pr) with these reagents 
we failed. Just a small (seemingly unimportant) modification, namely the 
use of CSHSPd(P-i-Pr3)0COMe instead of the corresponding complex halide, 
brought success_ As shown in Scheme 4, the cyclopentadienyl(phosphine)- 
palladium acetates react with sodium-potassium alloy NaK,_s to form the 
binuclear sandwiches in relatively good yields [ 541. During further experiments, 
aimed at improving the preparation of the acetates CSH,Pd(PR,)OCOMe, we 
observed that if instead of an exactly 1 : 2 ratio of [Cl(L)Pd(p-OCOMe)], 
and TICjHS an excess of the thallium cyclopentadienyl is used, the desired 
sandwich complexes (C5H5)2Pd2Lz are directly formed. This “one-pot synthesis” 
proceeds via (sr-CSHs)Pd(L)(a-C,H,) as intermediates; they probably react 
by homolytic fission of the Pd--o-CSH, bond to yield the products. 

SCHEhIE 4 

Cl 2 TIC& 
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2 TlC+j 
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Imen we also succeeded in isolating the mononuclear dicyclopenta- 
dienyl(phosphine)palladium complexes, we had killed two birds with one 
stone. First we now had a rather simple route to the bimetallic sandwiches, 
and second we had found (really not deliberately) novel types of fIuxiona1 
molecules. As immediately became obvious from the NMR spectra at various 
temperatures, the compounds (r-C,-H,)Pd(L)(o-C,H,) undergo two independent 
dynamic processes [ 551: that with the higher activation energy (for which the 
coalescence temperature depends upon the size of the phosphine and decreases 
along the series P-i-Pr, > PPh3 > PMe3, is a r/o-exchange of the two differently 
bound C5H5 ligands, while that with the lower activation energy, which for 
the three phosphines can be frozen out only below -8O”C, is a metallotropic 
rearrangement (or, according to Cotton, a 1,2-shift). 

The most recent result in this field is the synthesis of bimetahic sandwiches 
(CSH5)(C5MeS)PdZL2 which contain one pentamethylcyclopentadienyl ring as 
a bridging Iigand [ 561. The next step must be, of course, the preparation of 
(CSMeS)zPd,L,, which we expect to be much more inert than the bis(cyclo- 
pentadienyl) compounds, and which may give a hint about how to isolate 
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(or trap) the corresponding “ordinary” sandwich Pd(C,Me,),. Recalling all 
the unsuccessful attempts to prepare the compound Pd( C&)2 [ 571, and 
considering the importance of the homologue Ni(C,H,), as a starting material 
for the synthesis of hundreds of organometallics, the efforts seem to be worth- 
while. 

VI. Outlook 

I have tried to summarize some of the results which we have obtained dur- 
ing the last 12-15 years and which may have some objective validity. It is 
possible of course, that the reader of the review could get the impression that 
the investigations carried out by my coworkers and myself developed straight- 
forwardly without hindrance by high barriers and painful interruptions. This 
is the bright side of the picture. But there is another aspect and that is the 
real and great enthusiasm of the coworkers involved in that research; this 
always helped us to surmount the difficulties and to gain good results. 

Although most of the work reported in this publication is concerned with 
the synthesis (and structure) of novel sandwich-type complexes, it must be 
emphasized that at various stages kinetic and mechanistic studies were the 
forerunners of success. In our hands the combination of kinetic and preparative 
work proved fairly often to be a good choice, and thus I feel that the final 
sentence of my first review written in 1968 [4] that “this combination _._ 
will continue to be fruitful in the future” is still valid. 
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