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ASSOCIATIVE SUBSTITUTION REACTIONS OF 18-ELECTRON
TRANSITION METAL ORGANOMETALLIC COMPLEXES

FRED BASOLO
Department of Chemistry, Northwestern University, Evanston, IL 60201 (U.5.A.)

I wish to start by thanking the organizers for kindly inviting me to
participate in this symposium honoring Professor Luigt Sacconi on the
occasion of his retirement. Knowing both Luigi and his wife Maria. [ am
certain that retirement to them means to continue working and having a
productive life together. In this we all wish them well. Now | want to
reminisce a bit to tell you how we first met. and what our relations have been
with the Sacconis (some of you may want to skip this portion of the article).

The academic year 1954-55, my family and I experienced a delightful
year in Copenhagen where 1 was associated with Professor Jannik Bjerrum.
That being our first time abroad. my wife Mary and 1 spent the month of
May 1955 driving through Europe. We arrived in different cities unan-
nounced, and after getting situated in a hotel I would call some friend at the
university. This was usually someone I had never met. but with whom I had
either corresponded or whose publications in inorganic chemistry I had read.
In Florence, I called Sacconi and he was excited about my being in town
because he said they were carefully studying one of our papers. This
telephone conversation started in English, but Sacconi said that my Italian
(as bad as it was) was preferable so we ended the conversation in Itahan.

Sacconi took me to his laboratory where they did have a volume of JACS
opened to our paper [1] on changes in configuration of nickel(Il) Schiff base
complexes in solution. We had reported the isolation and characterization of
the first bis(pyridine) adducts of some nickel(II) Schiff base complexes.
These six-coordinate nickel(II) complexes were paramagnetic, thus support-
ing the earlier view [2] that diamagnetic nickel(II) complexes give para-
magnetic solutions in coordinating solvents because of the formation of
six-coordinate species. In non-coordinating solvents where diamagnetic
nickel(II) complexes give paramagnetic solutions, it was then believed that
this was caused by the presence of tetrahedral species. It was left for Sacconi
[3] and others [4] to show that this is often due to axial interactions between
nickel(II) chelates. In my opinion, this series of papers reporting the elegant
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work of Sacconi and his students established his research on coordination
chemistry as being second to none.

Permit me one more true happening with Sacconi, because I know this can
be of help to young people who heed his advice. His first trip to the United
States was in August 1961 in order to take part in the 6th International
Conference on Coordination Chemistry (ICCC). He arrived in Chicago by
way of New York, where he had changed planes and gone through customs.
When I picked him up at the airport he was very angry because he said
“Americans could not speak English”. He had been studying and practicing
English with a private tutor for a few months and was certain he would have
no difficulty with the language, yet at the New York airport he had a hard
time understanding. He finally explained that people say “whatcha doen”
instead of “what are you doing”. His advice was to always speak slowly and
correctly to foreigners. Advice which I have since followed with considerable
success, as exemplified by foreigners often asking me how it is they can
understand my English much better than that of my wife. The answer is
simple, Mary talks to them as she does to other Americans—fast, using
idioms and slang expressions. Take the advice of Sacconi when speaking to
foreigners, it works!

Now back to our tour of Europe, which started with attending the 3rd
ICCC in Amsterdam. There I was fortunate to hear the late Professor Walter
Hieber, the “father” of metal carbonyl chemistry give a plenary lecture
summarizing the work done in his laboratory on metal carbonyls. After his
long lecture, I congratulated him and his students for all of the fine work
they had done and I asked if they had any information as to how these
reactions take place. With the aid of an interpreter, Professor Hieber kindly
responded “we have been interested in real chemistry (reactions and synthe-
ses) not the philosophy of chemistry (bonding and mechanisms)”. His talk
and his comment were largely responsible for my becoming interested in
doing some work on the kinetics and mechanisms of metal carbonyls. Very
little research of this type had been reported, and in the late fifties there was
not much interest in the chemistry of metal carbonyls. This meant that
almost anything we did would generate new publishable results, and also the
field was not crowded with large numbers of investigators all rushing to do
the same or similar experiments.

One would think that graduate students should want to work on such
problems which are almost certain to lead to publications and to acceptable
doctoral theses. Yet, at first, students were reluctant to choose a thesis
problem dealing with metal carbonyls because all of the other people in my
research group were working on Werner complexes in aqueous solution.
Students felt more comfortable working with Werner complexes than with
toxic metal carbonyls. Wojcicki was the first brave student willing to work



9

with metal carbonyls, and largely because of his excellent work 1t later
developed that students often preferred to work with these systems.

He and I decided that since almost nothing had been reported on the
kinetics and mechanism of substitution reactions of metal carbonyls we
should stick to the simple binary metal carbonyls and to their *‘uncom-
plicated” carbon monoxide exchange. We decided to work with only the first
row transition metals and to ask and seek answers to questions such as (1)
the effect of coordination number on the rates and mechanism of reaction,
and (2) whether bridging carbonyls and terminal carbonyls react at different
rates.

We were in for several surprises, because little had been done on the
mechanisms of substitution reactions of metal carbonyls and we had little to
base any “educated” guesses on. We and others had, however, done consid-
erable work of this type on the substitution reactions of the classical metal
complexes [S]. Most of that work was on the six-coordinate cobalt(III)
complexes and on the four-coordinate platinum(II) complexes. The general
picture that had emerged from those studies was that octahedral substitu-
tions take place by dissociative S, 1 (or I,) [6] processes, whereas square
planar substitutions are associative S, 2 (or I,) reactions. Because of this, we
were not prepared to find that the four-coordinate Ni(CO), reacts by means
of a dissociative process [7]. Our initial experiments on the rates of carbon
monoxide exchange were done by circulating 'YCO through a solution of
Ni(CO), and monitoring the change of radioactivity of the CO in the gas
phase. Because of experimental difficulties the experiments had to be re-
peated later by Day [8] using C'*O and an infrared technique. He also
carried out substitution reactions using triphenyl phosphine. The data col-
lected fit the rate law (1)

Rate = k[Ni(CO),] (1)

which is in accord with the dissociative mechanism represented by (2) and

(3).
Ni(CO), 5 Ni(CO), + CO (slow) (2)
Ni(CO), + L — Ni(CO), L (fast) (3)

This mechanism is also in accord with the enthalpy (24 kcal mole ') and
entropy (+ 14 e.u.) of activation.

The surprise to us was that a four-coordinate metal complex does not
expand its coordination number and react by an associative process. Why
should this be different than the four-coordinate platinum(Ii) complexes?
My pedestrian understanding at the time (and now) was that the platinum(II)
had a vacant p_ orbital which could accommodate a pair of electrons from
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the entering nucleophile and provide a low energy path for ligand displace-
ment. In contrast, when a nucleophile takes a look at Ni(CO), it sees the
four carbonyls and between these are five d orbitals, each containing a pair
of electrons for this ¢'” system. The entering nucleophile finds no easy place
to put its pair of electrons unless one of the carbonyl groups leaves by a
dissociation process. This same concept also helped me understand the
dissociative substitution reactions of Fe(CO); and Cr(CO),.

After our work on Ni(CO),, it seemed only logical that we should
investigate the isoelectronic and isostructural Co(CO),NO [9], Fe(CO),(NO),
[10] and Mn(NO),CO [11]. These three compounds are identical except for
the number of protons in some of the nuclei, which meant that we were
prepared to have the nitrosyl compounds behave the same as did the parent
Ni(CO),. This was not to be, and we were surprised to find that the nitrosyl
compounds readily undergo associative (S,2) carbonyl substitution reac-
tions. The rate law for substitution is first-order in both the nitrosyl and the
nucleophile concentrations (4).

Rate = k[Co(CO,)NO]IL] (4)

This means that the mechanism of reaction can be represented by (5) and

(6).
Co(CO),NO + L = Co(CO) ,NOL (slow) (5)
Co(CO),NOL — Co(CO),NOL + CO (fast) (6)

Since these nitrosyls are “identical” with Ni(CO), except for containing one
or more NO groups instead of all ligands being CO, we focused our
attention on how NO and CO may differ. One difference is that NO is
present in these compounds formally as NO ¥ | whilst CO is neutral. Another
difference is that nitrogen is more electronegative than carbon. Both of these
differences favor the localization of a pair of electrons on nitrogen, relative
to carbon, in the transition state for reaction. This would vacate electrons
from a metal orbital, thus freeing it to accept a pair of electrons from the
entering nucleophile and provide a low energy path for a displacement
reaction. A schematic representation is shown by (7).

+:L J—
M=N=0 — M-N«_ (7)
T O
L
We did not mention a bent nitrosyl at the time, but our designation of the
nitrogen in an sp® hybrid should have implied it was bent. Positive evidence
for a bent nitrosyl was left for my colleague Professor Ibers [12] to discover.
The obvious next question, particularly as these compounds have a



tetrahedral structure, was are these classical S, 2 tetrahedral inversion reac-
tions? We decided to try our luck at answering this question, and Panunzi
{13] worked diligently on the problem for a few months. What we wanted to
do is shown in (8). The anionic complex was made but it could not be
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resolved. Had we known then about fluctional molecules, we would not even
have attempted the resolution.

These nitrosyl compounds which react by an S, 2 mechanism permitted
the first quantitative assessment of nucleophilic strengths towards metal
carbonyl substrates [9]. From the large amount of qualitative information on
reactions of metal carbonyls, it was well known that these metals in their low
oxidation states (classb or soft) prefer more polarizable (soft) ligand atoms
over less polarizable (hard) ligand atoms. Our studies quantitatively verified
the qualitative observations. The kinetic data, as expected. showed a linear
free energy relation (LFER) with protonic basicity of the nucleophile for the
same ligand atom. That is, except for steric effects, as the basicity of
phosphines and phosphites increase the nucleophilic strength of the ligand
increases. Of course, for the same base strength a phosphine (soft) is a better
nucleophile than an amine (hard). Finally, although Fe(CO), slowly under-
goes dissociative substitution, Wawersik [11] showed that the isoelectronic
Mn(CO),NO readily reacts by an associative mechanism.

At about the time we were engaged in these nitrosyl studies Dr. Oren
Williams of the National Science Foundation encouraged Professor E.O.
Fischer and me to submit a proposal to initiate a predoctoral student
exchange program. The reason being that our researches were complemen-
tary, Fischer’s group doing syntheses and our group working on kinetics and
mechanisms. This was a very worthwhile program for both groups. in
particular for the student participants. For example Schuster-Woldan was
the first student to arrive on the program and he introduced into our
laboratory the Schlenck tube technique of handling air sensitive compounds.
He had done some work with CsH;Co(CO),, and he decided to investigate
the substitution reactions of this compound as well as the corresponding
rhodium and iridium compounds. If one applies my “seat of the pants™
approach and views 1°-CsH as equivalent to three carbonyl groups. then it
follows that (5°-CsH,)Co(CO), is pseudo-isoelectronic with Fe(CO),. This
might suggest that the cyclopentadienyl compounds of the cobalt triad
would react slowly by a dissociation process. Instead substitution takes place
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readily by a second-order process, suggesting an associative mechanism [14].
From our success explaining substitution reactions of metal nitrosyl
carbonyls, we quickly concluded that here too it is perhaps possible to
localize a pair of electrons on the cyclopentadienyl ring and permit the
attack on the metal by the electron pair of the nucleophile (9). This early
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representation of ours might now more fashionably be designated as 7’-
C,H,Co(CO), going to 7*-C;H Co(CO),L. There has been some recent
evidence for the formation of such intermediate species [13].

Another important observation made by Schuster-Woldan [14] was that
the rates of reaction of 7°-C,H;M(CO), for the cobalt triad vary in the order
Co < Rh > Ir. This is contrary to the order of Co > Rh > Ir for their classical
M(III) complexes [5]. We and others found that for metals in their low
oxidation states their complexes undergo substitution for different triads at
rates such as Co<Rh=>1Ir, Cr<Mo>W [16] and Ni<Pd > Pt [17]. The
second row transition metal systems are the fastest to react in a given triad.
This may be one reason that homogeneous catalysts often involve second
row transition metal complexes such as the metals Mo, Rh and Pd.

Once we knew that cyclopentadienyl metal carbonyls may undergo as-
sociative substitution reactions, it seemed reasonable to expect arene metal
carbonyls to react by the same mechanism. This idea was tested by Zingales
[18] using (arene)Mo(CO),, where arene = toluene, p-xylene and mesitylene.
The overall reactions with phosphorus ligands involve the replacement of the
arene (10).

(arene)Mo(CO), + L = cis-Mo(CO),L, + arene (10)

The reactions are second-order, with the initial step being rate determining
and all subsequent steps being fast (11).
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Zingales [19] also investigated the kinetics of the substitution reaction of
Mo(CO), (1,5-cyclooctadiene) (12). The rates of these reactions follow a

{OQC) Mo/ “+~ 2L
) \g (12)

Cis - MolCO), L, + CgHya
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two-term rate law, one term which is zero-order and one which is first-order
in entering ligand. A possible mechanism is shown by the scheme (13).

(OC)4M0<:) K (OC).MO/H M2 e (OCIMo + ¥
"3lL 21{ tast (13)

/L
I I (-7 13
{oC) Mo a8t o (OC)Mo
4 L \L
L
Unlike the other examples of associative reactions of 18-electron systems
when a pair of electrons are localized on one of the ligands, this chelate ring

opening process involves a dissociative process.

The work described above was all done before the seventies, and for the
past decade we have worked only on synthetic oxygen carriers. Thanks to
encouragement by Professors Shriver and Trogler, and some students, we
have recently started again to do research on metal carbonyls. Pertinent to
this discussion of Sy 2 reactions is the work just completed by Chang [20] on
iron tricarbonyl-1,4-dimethyltetraazadiene, Fe(CO),(N,Me,). This com-
pound reacts by a displacement process, although it relates to Fe(CO),.
Second-order kinetics are obtained for the substitution reactions (14). The

Me Me
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data plotted in Fig. 1 give no evidence of a non-zero intercept, and even the
poorest nucleophile used reacts completely by a second-order process. This is
believed to be the first report of a displacement reaction of a metallocycle
compound. Again it is possible tc write a valence bond structure of the
transition state which localizes a pair of ground state electrons onto the
transition state (15). Iron in the transition state can now accommodate a pair
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ground state transition state

of electrons from the entering nucleophile and allow for a displacement
reaction path.

It may be of interest to further mention that some years ago I met Tolman
for the first time at a National Meeting of the American Chemical Society in
Washington, D.C. He invited me to have lunch with him because he wanted
to try out his 16,18-electron rule on me prior to publication. I fear I was not
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Fig. 1. Plot of A, (s~') versus ligand concentration (M) for reaction 14. X, L=PEt,Ph.
Temp. 296 K. @, L=P(OMe),, Temp. 343 K. A, L=Me,CNC, Temp. 343 K. OO, L=AsMe;.
Temp. 343 K.

a very good guest because I could not get too excited about the rule. I may
even have said that I saw no reason to publish such a rule because it was
generally understood without it having to be stated as a rule. Fortunately
Tolman [21] did not heed my advice and as we know the rule has focused
attention on the importance of electron counting in these systems, and the
rule has been particularly helpful to students and beginning investigators.
This and “hard and soft” have taught me a lesson—if you can formulate a
rule or give something a name then by all means do it.

With this in mind, the time is long past when we can state the following
rule: substitution reactions of 18-electron transition metal organometallic com-
pounds may proceed by an associative mechanism provided the metal complex
can delocalize a pair of electrons onto one of its ligands. The previous section

TABLE 1

Mechanisms of substitution reactions of pseudo-isoelectronic 18-electron compounds

Cr(CO), Sy! Fe(CO); Syl Ni(CO), Syl
Mn(CO),NO S, 2 Co(CO),NO S,2
(arcne)Cr(CO); Sy 2 (CsH;)Co(CO), Sy 2 Fe(CO),(NO), S, 2

Fe(CO),(NyMe,) Sy 2 MnCO(NO), Sy2
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summarizes our studies which permit the statement of this rule, and the
18-electron systems and their mechanisms of reaction are listed in Table I.
These examples show that 18-electron complexes will not go to 20-electron
intermediates, but will react by dissociation involving a l6-electron active
intermediate. Associative reactions may, however, occur in an 18-electron
system if electrons can transfer to one of the ligands, or in a 16-electron
system. The latter is true of Werner complexes of platinum(ll). Vaska’s
compound and many other low-spin d% square-planar complexes [1.2]. In
these cases the 16-electron substrates react by an S, 2 mechanism involving
an 18-electron species (not by S, 1 via a 14-electron intermediate).
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